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Abstract 

Rainwater harvesting (RWH) is the collection of rainwater runoff for use. Runoff can be collected 
from roofs, streets, parking lots and all other impermeable areas. That kind of collected runoff is 

stored, and then it can be used for a range of non-potable purposes, for example, flushing toilets, 

washing machines, irrigation etc. In this paper is examined possibility to use rainwater harvesting 

system for washing cars. The examination was done for a period of five years, between 2013 and 

2017, for two different impermeable areas: building rooftop, and parking lot. In both areas, 

different size of storage tank was set. In results are shown graphic view of water level in tanks. In 

conclusion is explained for what this kind of examination can be used, and what are the 

possibilities for using rainwater runoff.  

 

Keywords 

Rainwater harvesting; RWH; runoff; precipitation; car washing; rooftop; parking lot 

 

 

INTRODUCTION 

Rainwater harvesting (RWH) is the collection of rainwater runoff for use. Runoff can be collected 

from roofs and other impermeable areas, stored, treated (where required) and then used as a supply 

of water for domestic, commercial, industrial and/or institutional properties. The collected water 

can generally be used for a range of non-potable purposes, such as flushing toilets, washing 

machines (which may require adaptation) and for external uses such as car washing and irrigation 

(Woods Ballard et. al., 2015). 

 

Rainwater harvesting (RWH) system 

Rainwater Harvesting (RWH) is probably the most ancient practice in use in the world to cope with 

water supply needs. In recent decades, as a result of new technological possibilities, many countries 

are supporting updated implementation of such practice to address the increase in water demand 

pressures associated with climatic, environmental and societal changes (Amos et al., 2016). 

 

In urban areas, RWH consists of the concentration, collection, storage and treatment of rainwater 

from rooftops, terraces, courtyards, and other impervious building surfaces for on-site use. Civil 

uses of collected rainwater are disparate, but all aim to reduce consumption of drinking water from 

centrally supplied sources (Campisano et al., 2017). 

 

GhaffarianHoseini et al. (2016) suggest these uses can globally account for 80-90 % of overall 

household water consumption, and highlight the significant water conservation benefits associated 

with RWH implementation. Consequently, installation of RWH systems increases water self-

sufficiency of cities and can help delay the need to construct new centralized water infrastructures 

(Steffen et al., 2012). 

 

mailto:lazar.andjelic@ribeograd.ac.rs
mailto:lazar.andjelic84@gmail.com
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TESTING POSSIBLE APPLICATION OF RWH SYSTEM FOR CAR WASH  

Input data 

In this paper the application of RWH systems for car wash was examined for 2 different 

impermeable areas: rooftop of building with 20 apartments (cars) and parking lot for 100 cars. 

Based on research and experience, the assumption is that the required amount of water for washing 

one car is 200 l (0.2 m3). In this calculations, the system for automatic car washing is provided. The 

example of that kind of system for washing cars is shown in the Figure 1.  

 

 
Figure 1. System for automathic car washing 

 

The examination for this paper was done for a period of five years, between 2013 – 2017 year, for 

“non-winter season” (march – november), with real recorded precipitation in the urban area of 

Belgrade, Serbia. In Figure 2 are shown the graphic views of precipitation in period march-

november, 2013 – 2017. 

 

For this work, different volume of water tank was tested, and in this paper is presented the results 

for the tank that will not be empty for more than 10 consecutive days, during the examination 

period, for the adopted conditions. 
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Figure 2. Daily recorded precipitation in the urban area of Belgrade, Serbia, for 2013 – 2017 year 

 

Also, the assumption is that after the rain, more people will wash their cars, but the longer the 

drought period (period without rain), the smaller that number will be, so it was adopted for this 

paper that 10 % of all users wash their car every “dry” day (day without precipitation). It cannot be 

precisely predicted, but for this level of examination, it is good enough. 

 

Results 

In this paper is shown that urban rainwater harvesting system can find good application for car 

washing. It is important to note, that in combination with other possibilities for using rainwater 

(irrigation, for example), the results could be much better, and the need for drinking water could be 

significantly reduced. As results, in this paper, is shown graphic view of water tank volume 

changing, for both cases of impermeable areas, during all five years. According the results, in the 

paper is given the recommendation for tank size for both cases.  

 

For the first case, the rooftop of the building is 300 m2, and the volume of the tank is 15 m3. 

Number of the apartments in that kind of building is 20, so it was predicted that there is 20 cars. The 

volume of water for washing one car is 200l (0.2 m3), and according to an earlier assumption, it will 

be 2 cars washed every day without precipitation (0.4 m3). In Figure 3 is shown graphic preview of 

water level in tank for first case, for period 2013 – 2017 year. 
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Figure 3. Water level in tank – volume 15m3 for building rooftop area for period 2013 – 2017 year 

 

In second case, the parking lot is oin the area of 2500 m2, and it is set for 100 cars. The volume of 

water for washing one car is 200l (0.2 m3), and according to an earlier assumption, it will be 10 cars 

washed every day without precipitation (2 m3). In Figure 4 is shown graphic preview of water level 

in tank for second case, parking lot for 100 cars, for period 2013 – 2017 year. 
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Figure 4. Water level in tank – volume 30m3 for parking lot area (2500m2) for period 2013 – 2017 

year 

 

 

CONCLUSION 

Rainwater harvesting (RWH) is the collection of rainwater runoff for use. The collected water can 

generally be used for a range of non-potable purposes, such as flushing toilets, washing machines 

(which may require adaptation) and for external uses such as car washing and irrigation. In this 

paper the application of RWH systems for car wash was examined for 2 different impermeable 
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areas: rooftop of building with 20 apartments (cars) and parking lot for 100 cars.  

 

As it is shown in graphic previews in results, predicted tanks are big enough for water storage and 

usage for car washing. It is important to note, that storage tanks are not too big, considering surface 

of area of rooftop and parking lot. Also, for using rainwater runoff in this purposes it is necessary to 

made some kind of water treatment, to remove all large and coarse particles. 

 

This kind of examination, made for longer period, and for some specific location, can be used to 

predict volume and manage use of rainwater runoff in different purposes. Also, can be used to plan 

different kind of combinations for using the water from tank, not only for car washing. 

 

Maybe one of the biggest advantages of setting this kind of system is that can be used for flood 

protection and also for protection from storm (big volume of rainwater in small period of time). 

Before predicted storm, or big rain, the tank can be emptied, by discharging water into the 

atmospheric sewer. Also, the tank can be made with permeable bottom, or sides, to slowly 

discharge water in the ground. 

 

All of this mentioned are just some of the possible ways to use rainwater. The theme of this paper is 

possibility to use rainwater for car washing, and conclusion is that this is possible, this can reduce 

usage of clean, drinking water, it doesn't take up too much space, does not require too much 

construction work, and it is applicable in a large number of urban locations. 
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Abstract 

Nowadays, knowledge and using of software packages during the production and monitoring of 

condition of rainwater sewage at urban basins became very important and even necessary. EPA 

Storm Water Management Model (SWMM) is dynamic, physically based and conceptual model 

which serves for simulation of processes transformation of precipitation to flow, and which is 

based on the basic hydrodynamic laws. It can be used to simulate one happening or for continual 

simulation of flow quantity and quality, primary from urban basins. In this paper are shown 

possibility of application of this software package in domain of flow and rainwater sewage from 

urban basins with the example drainage at Combined Cycle Power Plant. 
 

Keywords 

EPA Storm Water Management Model; SWMM; sewage model; atmospheric sewage; model 

 

 

INTRODUCTION (ABOUT SWMM) 

The Storm Water Management Model (EPA SWMM) is a hydrologic and hydraulic model use to 

simulate flows in both storm water runoff and sanitary sewage (Martinez-Solano et al., 2016). It 

was developed by the United States Environmental Protection Agency, and it is a program that is 

able to solve the hydraulic equations of a network by using three different algorithms: steady flow, 

kinematic wave and dynamic wave (James et al., 2011). EPA Storm Water Management Model 

(SWMM) is dynamic, physically based model which simulate transformation process of 

precipitation to run off (Lewis and Rossman, 2010). This is conceptual model based on basic 

hydrodynamic laws (the law of energy conservation and the law of mass conservation). It can be 

used for simulation of one development or for continuous simulation run off quantity and quality. 

 

It is primarly used for runoff simulations from urban catchments. Network design (Mays and Yen, 

1975; Elimam et al., 1990), real time control (Van Nooijen and Kolechkina, 2013) are some 

examples of applications that require a hydraulic simulation of the sewerage network. 

 

This model calculates the flow through collectors, nodes and objects network, for flow distribution 

to the system output nodes. The following objects are simulated in this way: collectors, overflows, 

openings and outflow objects. The system is idealized system as a set of links or pipes that are 

connected by nodes. Nodes are elements of a water retention system that, in a real physical system, 

correspond to manholes or pipe connections. Variables related to nodes are volume and piezometer 

levels. The primary dependent variable is the piezometer level. Inflows or input hydrographs, as 

well as output hydrographs, in the idealized network, are in nodes. The change in the nodes 

volume during the time step is the basis for calculations of piezometer levels and flows. Collectors 

are pipes or channels that transport water from upstream to downstream node of the system. The 

choice cross section is done by selection one of the program defined shapes. 

 

mailto:nandjelic@ep-entel.com
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SWMM program offers the choice of the calculation model. The choice is possible between steady-

state, kinematic or dynamic wave models. It use Manning equation to define the relationship 

between flow (Q), cross section area (A), hydraulic radius (R) and slope of opened and partially 

filled closed collectors. 

 

 

DESCRIPTION OF THE STORM WATER SEEAGE NETWORK CALCULATION 

Pollution of atmospheric water depends on the pollution of surfaces through which they are drawn. 

Storm waters from the new roadways, roofs and plateaus shall be collected by a special network of 

closed collectors installed beneath the road which gravitate towards the cadastral parcel boundary 

line, and then towards the recipient. 

 

Calculation of discharge of the atmospheric water is done for rain return period 5 years, duration of 

20 min and, according to the data issued by the Republic Hydro-Meteorological Institute in 

Belgrade, amount of water is 145.70 l/s/ha.  

 

Figure 1 shown layout and area organization within plant, which is base for calculation of discharge 

water amount. For every area, runoff coefficient is defining which is taken into account for 

calculations.  

 

 

 

 

 

 

 

 

 

 
Figure 1. Area catchment within Power Plant 
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The amount of water is calculated as follows equation 1: 
 

Q=A*I*Ψ/10000,                              (1) 
 

where Q - total outflow [l/s]; Ψ - outflow coefficient (adopted outflow coefficient for asphalt 

surfaces is 0.85, for gravel 0.5 and 0.2 for grass); I - rain intensity [l/s/ha] for rainfall duration 

corresponding to the time of the concentration of the system for selected return period             

(145.7 l/s/ha); A - catchment area [m2 ]. 

 

Total amount of water collected by atmospheric sewage system within the Plant from different type 

of catchment areas is shown in the Table 1. 

 

Table 1. Amount of water in depending of catchment type 

Catchment type Area Return 

Period 

Rain 

intensity 

Runoff 

coefficient 

Flow 

[m2] [years] [l/s/ha] [-] [l/s] 

Grass 2579.04 5 145.70 0.20 7.52 

Gravel 789.94 5 145.70 0.50 5.75 

Plain concrete 1089.48 5 145.70 0.85 13.49 

Concrete tile 284.88 5 145.70 0.85 3.53 

Roofs 6523.99 5 145.70 1.00 95.05 

Roads 6284.86 5 145.70 0.85 77.83 

Total:                203.18 l/s 

 

Total amount of clean atmospheric water discharging in recipient is approximately 203 l/s. 

Atmospheric water collected by collector diameter of DN 200 mm to DN 500 mm with slope 

between 0.5 % and 1.5 %. The main collector, diameter DN 500 mm and slope of 0.5 %, discharge 

collected water out of CCPP boundary and towards to recipient. 

 

 

ATMOSPHERIC SEWAGE MODEL IN SWMM  

The SWMM program provides a hydraulic calculation of atmospheric wastewater flow through a 

sewer system. A network of collectors and manholes has been entered. 

 

The equations which are necessary for calculation are choose in the program. Velocity and pipe fill 

are calculated for every section using the Darcy - Weisbach/ Colebrook-White equation for the 

gravity flow of partially filled pipes (no flow under pressure), all based on the recommendations of 

the applicable. The equation 2 is: 
 

V=(-2*log(k/3.7/4/R+2.51*ν/4/R/√(2*g*4*R*Id))*√(2*g*4*R*I)),            (2) 
 

where V - flow rate for partially filled pipes [m / s]; g - gravitational acceleration [m/s2], g = 9.81 

m/s2; R - hydraulic radius [m], R = A / O; A - area of broken cross section [m2], and O;                  

O - bevelled volume [m]; I - pipe slope [m/m]; k - absolute pipe shortness, for PP and PVC pipes is 

k = 0.01mm; n - kinematic viscosity of water at a temperature of 10 ° C in m2 / s. 

 

Hydraulic calculation is done using the Manning’s equation 3:  
 

                                         Q=1/n*A*R2/3*√I,                                                           (3) 
 

where Q - channel flow [m3/s]; n - Manning friction coefficient [sm-1/3]. 
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The Figure 2 shows the model in the program. The picture on the left shows the nodes on the model 

(manholes), while the figure on the right shows the name of the sewer system collectors. This model 

consist 34 pipes and 35 nodes. The most downstream node (SkOut) represent outfall for discharge 

water to recipient. 

 

Figure 2. Model in the program SWMM 

 

When creating a model, the program requires defining the diameter, and the slope of the pipe. In 

addition to this information, each node introduces its inflow, which is calculated through the 

rational method, which is explained in the DESCRIPTION OF THE STORM WATER SEWAGE 

NETWORK CALCULATION. The surface runoff from the catchment areas, as well as the runoff 

from the roof surfaces of the facilities, was taken into account. 

 

 

RESULTS  

After a successful calculation, the result can be presented as a diagram or as a table. Depending on 

the interest, the need for further analysis and the transparency of the results, the following are 

presented: 

 For collectors – flow, velocity, depth (filling), capacity,  beveled volume, 

 For nodes – volume, depth, lateral or total inflow, 

 For catchments – precipitation,  evaporation,  infiltration, discharge or 

 Longitudinal section with filling of the collector network in every time. 

 

After successes the calculation for the model of power plant is completed, the results are 

summarized within the tables, showing the flow, velocity and filling of each collector. The Table 2 

shows the data on the collectors given in the model (diameter and length of the pipe), with the 

aforementioned data representing the result of the calculation (flow through the pipe, the velocity of 

the water in the pipe and the filling of the collector. 
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Table 2. Data on the collectors given in the model and results of calculation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition to the table view, SWMM provides the ability to view longitudinal profiles of 

atmospheric sewage model. By looking at the longitudinal profile at the critical moment of the 

calculation (when all the pipes are maximally filled), it can be concluded whether the network is 

satisfactory, ie whether the diameters and slopes of the collector adopted are sufficient to carry the 

required amount of water to the discharge. The Figures 3, 4 and 5 show the three most critical 

profiles in a given network, namely the pipelines between the collectors: Sk00- SkOut, Sk14- SkOut 

and SkJ5'- SkOut. 
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[m] [m] [l/s] [m/s] [m] 

k1 20 0.2 9.58 0.85 0.39 

k2 36.85 0.2 9.57 0.84 0.39 

k3 17.7 0.2 9.57 0.86 0.39 

k4 21.8 0.2 17.89 1 0.55 

k6 18.15 0.3 21.59 1.03 0.34 

k7 12.95 0.3 30.19 1.13 0.4 

k11 6.5 0.5 34.16 1.14 0.44 

k12 17.45 0.5 42.73 1.22 0.5 

k13 13.6 0.5 55.11 1.34 0.56 

k14 2.32 0.5 151.71 1.73 0.46 

k15 26.5 0.2 185.98 1.74 0.53 

k16 20.5 0.2 193.59 1.83 0.52 

k17 29.55 0.3 197.11 1.84 0.53 

k18 29.8 0.3 202.68 1.73 0.57 

k19 9.65 0.3 6.81 0.77 0.32 

k20 14.85 0.3 59.56 1.76 0.48 

k21 10 0.3 63.21 1.78 0.5 

k22 21 0.3 66.29 1.8 0.52 

k23 33.5 0.3 70.58 1.44 0.65 

k24 15.5 0.3 87.35 1.95 0.61 

k25 21.7 0.3 90.2 2.28 0.55 

k26 10.3 0.2 1.68 0.45 0.13 

k36 15.1 0.3 3.29 0.59 0.18 

k37 21.7 0.3 6.26 0.73 0.28 

k27 9.1 0.2 14.13 0.92 0.46 

k28 17.6 0.2 23.62 1.38 0.5 

k29 20.2 0.2 28.45 1.42 0.56 

k30 6.78 0.2 31.64 1.45 0.6 

k31 20.2 0.2 1.63 0.46 0.13 

k32 28.3 0.2 3.19 0.56 0.18 

k33 11.5 0.2 15.8 1.04 0.49 

k34 25.3 0.2 59.56 1.76 0.48 
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Figure 3. Longitudinal section from Sk00 to outfall SkOut 

 

 

Figure 4. Longitudinal section from Sk14 to outfall SkOut 

 

 

Figure 5. Longitudinal section from SkJ5’ to outfall SkOut 

 

The longitudinal sections show that there are no manholes with overflow, there is no pressure flow 

in the pipes and the network is dimensioned that all the water collected from the plant is drained and 
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discharged into the recipient. 

 

 

CONCLUSION 

The Storm Water Management Model (EPA SWMM) is a hydrologic and hydraulic model use to 

simulate flows in both storm water runoff and sanitary sewage. This program can be used to 

calculate runoff mainly from urban areas, as well as to simulate flow through closed collectors and 

hydraulic flow calculation. 

 

SWMM program offers the choice of the calculation model. The choice is possible between steady-

state, kinematic or dynamic wave models. It use Manning equation to define the relationship 

between flows, cross section area, hydraulic radius and slope of opened and partially filled closed 

collectors. In this regard, in the program it is necessary to choose equations first and the model of 

the flow calculation through the collector network. After the calculation method is selected, the 

network geometry is set. For each pipe, a length, a cross-sectional view, and a slope (given through 

the start and end levels of the pipe) are specified. 

 

The network modelled and presented in this paper consists 34 pipes, 35 nodes and outfall.  

 

The results can be presented in the form of tables, graphs or with longitudinal sections at the most 

critical moment, when the pipes are most filled. 

 

For the pipes, a table with all the data and calculation results is presented, as well as the three most 

critical action profiles. The calculation is stable and the results show that there are no manholes 

with overflow, there is no pressure flow in the pipes and the network is dimensioned that all the 

water collected from the plant is drained and discharged into the recipient.  
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Abstract 

In accordance with the principles of EU Water Framework Directive (EU WFD), the decision 927-
N of the Government of the Republic of Armenia (RA) has highlighted the necessity to ensure the 

ecologically balanced status, as well as the proper management and conservation of RA water 

resources. Baseline hydro-biological studies in the areas of 6 basin management areas (BMA) 

established in RA have been initiated since 2012. Current work completes the results of hydro-

biologic baseline studies of ecological status conducted in the territory of Arpa River drainage 

basin which covers the biggest part of “Ararat BMA”. Rapid Biological Assessment methodology, 

developed for Armenia and 5 other Eastern European countries in accordance with the EU 

requirements was used and the results of assessments were mapped. Baseline study showed that 

only river mouth parts of Darb and Yeghegis tributaries as well as of Arpa River were not in 

compliance with the minimum requirement of EU WFD towards surface water bodies – to achieve 

“good” ecological status. Even though there were no parts where Rapid Biological Assessment 
score were the highest, but the ecological status of upper course parts of Yeghegis and Darb 

tributaries were corresponded to “high” quality. Also, it’s been shown that although the ecological 

status of river mouth part of Darb tributary was assessed as moderate, but it’s hardly affected the 

ecological status of Arpa River as even during the minimum flow period the ecological status of 

Arpa River was good after confluence with Darb tributary. 

 

Keywords 

Arpa River; ecological status; rapid biological assessment; EU WFD; benthic macroinvertebrates 

 

 

INTRODUCTION 

Following the principles of EU Water Framework Directive (EU WFD 2000/60/EC, 2000) the 

decision 927-N of the Government of the Republic of Armenia (RA) (Decision, 2011) has 

highlighted the necessity to ensure the ecologically balanced status, as well as the proper 

management and conservation of RA water resources. For that, 6 basin management areas (BMA) 

have been established in RA and baseline hydro-biological studies according to requirements of EU 

WFD have initiated since 2012. Biological assessments of ecological status are mainly addressing 

the cumulative impacts of all stressors, especially habitat degradation, and chemical contamination, 

which result in a loss of biological diversity. In order to make biological assessments more cost and 

time effective, various Rapid Biological Assessment (RBA) methods were developed (Barbour et 

al., 1999; Wright et al., 1993). But the most popular among that methods are the RBA’s based upon 

the benthic macroinvertebrate assemblages (Southerland and Stribling, 1995). The approach of 

assessing rivers’ ecological state based on its ecological components - specifically 

macroinvertebrates – is being testing in different river basins in Armenia (Fokkens et al., 2013), and 

Arpa River is one of the first studied areas. 

 

Thus, the aim of this study was the baseline assessment of the ecological status of Arpa River using 

RBA method/index established for the needs of Armenia, Georgia, Azerbaijan, Belarus, Moldova 

and Ukraine according to EU WFD (Cheshmedjiev, 2013; Rapid, 2013). The advantages of chosen 

technique are as following: 
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 cost-effective, scientifically valid procedures for biological surveys, risk assessment and 

integrated monitoring and assessment in compliance with WFD principles. 

 Provisions for multiple site investigations in a field season  

 Quick turn-around of results for management decisions. 

 Monitoring and survey report easily translated to decision-makers/water managers and the 

public. 

 

Arpa River is the largest river in Ararat BMA and the main water vein of Vayots Dzor region. 

Being transboundary river between RA and Azerbaijan it's intensively used for irrigation and 

production of electricity in the territory of RA. The study also shows that more than 80% of used in 

domestic and agricultural fields water is returning to the river (Sargsyan and Abrahamyan, 2007). 

The baseline study is of high importance because since 2016 the works on exploitation of gold ore 

mining site Amulsar has begun in the upper course part of the river and at the end of 2018 new 

government of Armenia has frozen the project to carry independent research of ecological status of 

the river and assess potential risks of further exploitation. Thus, the role of current study as a 

baseline assessment of ecological status of the river before Amulsar mining exploitation is of 

paramount importance. Also, since the end of the current study, 22 small hydropower plants 

(SHPP’s) were established or planned to operate on the tributaries (National Statistical, 2018) and 

could seriously alter the structure of macrozoobenthos of the basin. Thus, the manuscript could also 

serve as a platform for assessments of changes in the structure of macrozoobenthos and ecological 

status of the river under the impact of SHPP operation. After the establishment of pilot BMO’s in 

Armenia few studies related to biology and ecology of Arpa River were conducted based on 

phytoplankton, zooplankton and microbial communities (Hambaryan and Gevorgyan, 2019; 

Gevorgyan, 2017; Hayrapetyan et al., 2016) as well as hydro-chemical status (Gevorgyan et al., 

2017; Pirumyan and Simonyan, 2016). Thus, the studies of the benthic-macroinvertebrates and the 

Rapid Biological Assessment of ecological status of Arpa River in the current period were carried 

out by us for the first time. 

 

 

MATERIAL AND METHODS 

Study area and sampling sites 

Arpa River originates in North-West of Syuniq plateau and southern slopes of Vardenis range, at an 

altitude of about 3050 m, then flows 92 km in the territory of Armenia and 36km in the territory of 

Azerbaijan (Nakhichevan Autonomus Republic) where confluence with Araks River on the border 

with Turkey. The drainage basin area is 2630 km² (Hydrology, 1981). Two relatively big water 

reservoirs are built in Arpa River – Kechut in the upper course part and Her-Her on the tributary. 

River flows through the gorge in the upper course part then through the wide valley in the middle 

course, and Araks plain in lower course parts. Major tributaries are Yeghegis, Darb and Her-Her. 

GIS analyses of its watershed show that the drop of elevations in the territory of Armenia is about 

2100 m, thus, the average stream gradient is 22,8 ‰, which seriously contribute in self-purification 

potential of Arpa River in the upper and middle course parts. It feeds mainly by meltwater (57 %), 

which means that variations in extreme flows are huge – from 4 m3/sec to 136 m3/sec (Vardanian 

and Muradyan, 2014). Part of annual flow every year is being transported into Lake Sevan from 

Kechut reservoir by Arpa-Sevan hydro-technical tunnel. About 56000 people living in the drainage 

basin (National, 2018) and leaving their ecological footprint by consuming river ecosystem services 

like water for irrigation and electricity generation, fish farming, waste dumping and sewage 

discharge (Support, 2016). Sampling sites network (Figure 1) was included all parts of Arpa River 

and main tributaries which allows also to estimate their effects on the main river water quality. 



Water Management 
 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

25 

 
Figure 1. The sampling sites of Arpi river basin 

 

Sampling procedure and ecological status assessment 

Studies were conducted during summer seasons in 2012 and 2013 which coincides with minimum 

flow. This let us to carry sampling at all parts of river transect. Sampling was carried out using 

Surber sampler with the frame of 0.09m2 and mesh size of 500µm in accordance with the EU 

standards (EN ISO 10870:2012; EN 16150:2012; AQEM Manual, 2002; Rosenberg et al., 1998). 

Samples were fixed in 96 % solution of ethanol and placed into a collection jar clearly marked with 

the sample geographical coordinates recorded by Garmin eTrex 20 GPS receiver and sampling date 

and time. Further processing of samples and determination was realized in the laboratory using the 

keys (Bestimmungshilfen-macrozoobenthos, 2010; Waringer and Graf, 2011; Taxonomie fur die 

Praxis, 2010). 

 

Relative abundance of benthic macroinvertebrates was assessed according to Cheshmedjiev (2013) 

(Table 1). 

 

Table 1. Relative abundance of benthic macroinvertebrates (individual/m2) 

Individual/m2 Relative Abundance 

1-5 Few 

6-20 Present 

21-50 Common 

51-100 Plantiful 

100+ Dominant 

 

Following RBA requirements, Hirudinea, Mollusca, Megaloptera, Ephemeroptera and Turbellaria 

taxa were identified to genera level and Oligochaeta, Crustacea, Plecoptera, Trichoptera, Odonata, 

Heteroptera, Coleoptera, Diptera taxa - to family level. Also, the tolerance groups (from the 

sensitive taxa (A group) to the most tolerant taxa (E group)) were considered according to 

Cheshmedjiev (2013). RBA was conducted by the following form (Table 2). 
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Table 2. Scheme of RBA of ecological status for Armenian BMAs 

Indicator groups N of taxa in the indicator group Total number of taxa 

0-1 2-5 6-10 11-15 ≥16 

Ecological Status 

Bad Poor Moderate Good High 

Value of RBA index (%) 

A (sensitive) ≥3 N/A 75 80 90 100 

2 N/A 60 75 80 95 

1 5 40 60 75 85 

B (less sensitive) ≥4 N/A 40 60 75 80 

1-3 5 25 50 65 70 

C (tolerant) All above indicator groups absent 5 25 35 45 55 

D (very tolerant) All above indicator groups absent* 5 20 25 30 N/A 

E (most tolerant) All above indicator groups absent* 0 10 15 N/A N/A 

Note: * few specimen of above indicator groups could present in the sample 

 

Spatial interpolation of ecological status assessment by RBA method and mapping of the results 

was realized by ArcMap10.6 software. 

 

In order to reveal quantitative changes in assemblage of benthic macro-invertebrates among 

different parts of the river Sorensen-Dice index (Concise, 2014) was used equation 1: 

,      (1) 

where J is the number of species common for both sites, A and B are the total number of species at 

each site. 

 

 

RESULTS AND DISCUSSION 

The results of RBA showed that in general there are three parts which are not in compliance with 

the minimum requirements of EU WFD towards ecological status of surface water bodies: river 

mouth parts of the left left-hand tributary Darb (A4 station) and the right-hand tributary Yeghegis 

(A7 station) as well as the lower course part of Arpa River (A8 station). Spatial generalization of 

the results showed, that the main course of Arpa River was mainly corresponded to “good” 

ecological status. Both the parameters of total number of taxa and RBA was corresponded to high 

ecological status only in the upper course parts of Darb and Yeghegis tributaries, which were 

initially chosen as reference areas for the basin along with A1 station (Table 3). However, it was 

revealed that there was no part in the basin with the highest score of RBA, thus, A1 station initially 

chosen as reference site was not corresponding to that role in the scale of all basin. 

 

Although, ecological status recorded at the lower course part of Darb (station A3) tributary was 

“moderate”, but the ecological status of Arpa river downstream from conjunction with Darb was 

''good''. This means that the negative effect of Darb on Arpa River is weak. The main reason for 

such “worsening of ecological status” of the tributary in the river mouth part could be the alteration 

of river regime through the operation of SHPP nearby as representatives of 3 “less sensitive” taxa 

were registered there, which prove the absence of strong pollution. 

 

Stronger effect on Arpa River was revealed in case of Yeghegis tributary. The main economic 

activities in the basin of Yeghegis are hydroelectricity production, cattle farming and breeding, 

livestock grazing as well as crop harvesting and wine making. As there is no any water treatment 

plant in Yeghegis tributary basin, besides strong and regular alterations of hydrological parameters 



Water Management 
 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

27 

of the river, all the wastewater and sewage discharges into the river, making water quality worse at 

lower course part (A6 station). Because Yeghegis has higher discharge than Darb, it’s also 

contributed more in worsening of Arpa River ecological status after conjunction. The situation with 

Yeghegis tributary is the most worrying now, as many new SHPP’s are being built on the tributary 

since the end of the studies and ecological transformations are already obvious (Gevorgyan, 2017). 

 

Table 3. The structure of benthic community of the Arpa River basin and Indicator Groups (IG) 

Order Family Genus IG A1 A2 A3 A4 A5 A6 A7 A8 

Trichoptera Lymnephilidae Lymnephilus B 53+ 6 7 8 2 2 2 0 

Trichoptera Rhyacophilidae Rhyacophila B 9 7 1 0 0 1 0 0 

Trichoptera Hydropsychidae Hydropsyche C 27 81+ 70+ 68+ 38 34 225* 14 

Ephemeroptera Heptageniidae Ecdyonurus B 4 53+ 20 60+ 51+ 61+ 9 1 

Ephemeroptera Ephemerellidae  Ephemerella B 2 9 43 6 33 0 16 5 

Ephemeroptera Caenidae Caenis C 0 1 0 5 0 0 4 12 

Ephemeroptera Baetidae Baetis C 344* 122* 63+ 28 23 28 6 1 

Diptera Chironomidae - D 651* 102* 4 7 115* 1 415* 73+ 

Coleoptera Helmidae Helmis C 14 6 209* 7 3 40 1 0 

Diptera Athericidae  Atherix B 0 0 0 0 0 9 0 0 

Diptera Simuliidae - C 5 30 57+ 13 0 0 2 1 

Diptera Tabanidae Tabanus C 1 0 1 0 0 1 0 0 

Tricladida Dugesiidae Dugesia B 1 0 14 0 0 0 0 0 

Plecoptera Perlodidea Perlodes A 2 0 7 0 0 1 0 0 

Diptera Blephariceridae Blepharocera A 0 6 1 0 1 1 0 0 

Gastropoda Lymnaeidae Lymnaea D 0 0 0 0 14 0 0 0 

Hygrophila Planorbidae Ancylus C 0 0 1 0 1 0 0 0 

Amphipoda Gammaridae Gammarus C 0 0 7 0 0 0 0 0 

Odonata Aeshnidae Aeshna B 0 0 0 0 1 0 0 0 

Total number of taxa  12 11 15 9 11 11 9 8 

RBA   75 75 80 50 60 80 50 50  

Note: * - Dominant taxa, +-Plentiful taxa;  

 

Not less important factor is uneven distribution of settlement system in the basin of Arpa River due 

to terrain. Particularly, the biggest part of population of the region live close to the lower course 

part of Arpa River and Yeghegis tributary in relatively lower altitudes. The intensity of agriculture 

in these parts are consequently higher. 

 

The analysis of dominant groups of benthic macroinvertebrates at all stations on Arpa mother bad 

showed that there were no A (sensitive) or B (less sensitive) group representatives in the studied 

parts. The dominant taxa at all stations was represented by C (tolerant) or lesser groups. This means 

that pollution to some extent is present at all parts of the river.  
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Figure 2. Spatial interpolation of the results of ecological status assessment by RBA index 

 

Sorensen-Dice index calculation has shown that the composition of benthic macroinvertebrates has 

not been dramatically changed along the river course and even between the parts where water 

quality has worsened by two categories (Tab. 4). However, the analysis of changes has revealed the 

main pattern of structural changes in the community of macrozoobenthos - sensitive and less 

sensitive taxa representatives have disappeared in lower course parts of both the river and its 

tributaries and only tolerant species have been registered. The most significant changes in the 

structure (by 58 %) was registered among A6 and A8 sites, where the difference in ecological status 

was also the highest. This also means, that the use of RBA method for the assessment of ecological 

status and its changes for Arpa River is efficient enough. 

 

Table 4. Coincidence of species composition between sampling sites by Sorensen-Dice index (%)  

Sampling site A2 A3 A4 A5 A6 A7 A8 

A1 78 88 76 60 78 76 60 

A2  76 80 72 72 90 73 

A3   66 69 76 66 52 

A4    70 60 100 82 

A5     63 70 52 

A6      60 42 

A7       82 

 

In general, the comparisons of the results of baseline assessment of ecological status of Arpa River 

based on RBA method with the current works carried by different specialists has shown the 

worsening of both hydro-biological and hydro-chemical conditions nowadays, thus it could be 

valuable to start a new stage of studies in the basin based on RBA approaches. 
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CONCLUSION 

The baseline study of ecological status of Arpa River has shown, that before the exploitation of 

Amulsar mining site as well as the system of newly established SHPP’s, there were no serious signs 

of pollution in the upper course parts of the river and its tributaries. The main sources of pollution – 

agriculture and domestic wastewater mainly threat the lower course parts of the river which at that 

period of time was not corresponded to “good” ecological status desirable for the Government of 

Armenia. As the main direction of economic development were changed in the region and newly 

established industries was spatially allocated mainly close to the upper course parts of the river, it 

can be expected to have the changes in ecological status of all the system of the river in a short time 

perspective and current work could strongly contribute in revealing of those changes. The issue is of 

high importance nowadays as the last studies based on different components of ecological state has 

already fixed the increased level of pollution in the basin (Hambaryan and Gevorgyan, 2019; 

Gevorgyan, 2017; Gevorgyan et al., 2017; Pirumyan and Simonyan, 2016). Also, it can be 

concluded that because of differences in discharge between Arpa River and its tributaries, as well as 

gradient of the river in the upper and middle course parts the negative effects of Darb tributary on 

water quality of Arpa River were weaker than its self-purification potential. 
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Abstract 

In this study, characterizations of some bipolar membranes have been compared 

by considering different amine groups and membrane thickness. In total, 4 types 

of membranes produced which their electrical resistances were 6.45, 290, 8.7 and 

25.65 ohm respectively. The initial water separation potentials of these 

membranes were 8.4, 31, 2.9 and 9.6V, respectively. Moreover, the thickness of 

these membranes were determined as 130, 290,120 and 220µm, respectively. The 

result of the study showed that the single kind of amine group was more effective 

on the electrical resistance on the membrane compared to the mixed amine 

groups. Another result showed that membrane thickness was an important 

parameter in bipolar membranes. 
 

Keywords 

Ionic membranes; membrane resistance; amine groups 

 

 

INTRODUCTION 

Bipolar membrane (BM) consisting of cation and anion exchange layer can split water into OH- and 

H+ ions at the intermediate layer under reverse bias conditions and directly convert organic salts 

into organic acids (Liu., 2014.; Hwang., 2016). When a direct electrical potential is applied, water 

molecules present in hydrophilic part between cation and anion exchange layers of bipolar 

membranes are split into H+ and OH− ions. Anions and cations of salt solution passing through 

anion and cation exchange membranes combine with H+ and OH− ions to produce a separate 

mixture of corresponding acid and base, respectively (Badruzzaman., 2009). 

 

The basic working principle of bipolar membrane is the separation of water molecules under 

electrical field (Shee, vd. 2007). Separation of membrane water into hydrogen and hydroxyl ions by 

means of electrolyte solution due to electrical field effect (Amokrane vd. 1997). It is possible to 

produce acid and base salt from the salt without secondary salt pollution with bipolar membranes. It 

is therefore a technology that provides economic and environmental benefits.  

 

Due to its benefits, electrodialysis bipolar membrane systems (EDBM) are used in the chemical, 

food, biochemical and environmental protection sectors. Bipolar membrane electrodialysis (BMED) 

is a method which has high efficiency to produce acid and base from the salt solution (Li et al. 

2016). This process includes three types of membranes which are cation exchange, anion exchange 

and bipolar membranes. The BMED technique is an integration of bipolar membrane (BM) with 

conventional electrodialysis. Meanwhile, the BM comprises an anion-exchange layer, an 

intermediate catalytic layer, and a cation-exchange layer. 

 

mailto:aytekincelik23@gmail.com
mailto:hhasar@firat.edu.tr
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The aim of this study manufacture bipolar membranes and determine their electrical resistance and 

some proporties  

 

 

MATERIAL AND METHODS 

The polymers used in the study were polystyrene and Polychloromethylstyrene for anion exchange 

layer and the polybutadiene-co-styrene for cation exchange layer. The functional group bound to the 

cation exchange polymer of bipolar was the sulfone, while the functional group bound to the anion 

exchange polymer was triethylene amin and diamine propane. H2SO4 was used as the sulfone 

source. And chloroform was used as the polymer solvent. While the bipolar membrane was formed, 

the cation exchange polymer layer was first cast and then the anion exchange polymer was poured 

onto it. It is then left in the oven at a certain temperature and left to the coagulation bath consisting 

of 0.1M NaCl solution.  

 

Bipolar membrane pouring/casting system 

Flat sheet membrane casting system consist of micrometer adjustable film applicator and stand in 

the operation. Micrometer adjustable film applicator, sheen instruments which adjust the thickness 

and casting of the polymer, code 096114/25, 1117 / 200 mm blade was used. The stand which was 

made of glass placed on a 3cm thick Zehnter Zaa 2300 pulling mechanism. A magnetic stirrer, 

shaker, coagulation bath made of 30 L plastic in which the solvent was separated from the polymer 

and an oven were also used to provide operation at a certain temperature in this system.  

 

Chemicals 

The chemical agents used during the study were N, N, N ', N'-tetramethyl-1,3-propanediamine (Cas-

no: 110-95-2), triethyl amine (Cas-no: 121-44-8) as the amine group and % 96 of 306657-encoded 

sulfuric acid as sulfone group. The polymers were polystyrene (Cas- no: 9003-50-4) for the anion-

exchange membrane and poly (butadiene- co-styrene) (Cas-no: 9003-55-8) for the cation exchange 

membrane. In addition, solvents were chloroform (Cas- no 67-66-3), n, n-dimethyl form amide 

(Cas- no 68-12-2). Formaldehyde (Product No: F 3402), hydrochloric acid (Cas- No: 7647-01-0) 

zinc sulfate (Cas- no: 7546-85-7) were also used for the chloromethylation process. Methanol and 

distilled water were also used as washing solution. 

 

Chloromethylation of Polymers 

The polymer was first chloromethylated to fix a neutral polymeric anion exchanger group. In this 

study, chloromethylation was applied to polystyrene and polysulfone polymers were prepared as 

follows: 20 gr of polystyrene was first dissolved in chloroform, then 50 ml of formaldehyde + 50 ml 

of HCl and 5 gr of zinc sulfate were added as catalyst and the reaction was allowed at 60 oC for 3 

hours. The mixture was then poured into methanol to precipitate the chloromethylated polymer and 

then the polymer was further purified by reprecipitation in chloroform. Finally, it was washed with 

pure water and left to dry at 80 oC 

 

Sulfonation of Polymers 

Firstly, sulfone group was fixed to polymer which was prepared as follows: 10 g of poly (butadiene-

co-styrene) and 50 ml of sulfuric acid were added to the glass bottle and the mixture was stirred at 

60 ° C for 1 hour. Then this sulfonated polymer was washed with methanol and the excess sulfuric 

acid on the polymer was removed roughly to used in the preparation of the cation exchange 

membrane. The polymer was dried at 70 °C after washed several times with dimethyl form amide 

and finally washed with methanol and distilled water. Thus the sulfonated poly (butadiene-co-

styrene) was prepared for dissolving in chloroform. 
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Electrical resistance  

The apparatus for calculating the electrical resistances of bipolar membranes was shown in Figure 

1. The surface area of each membrane was 12.56 cm 2. The active surface area of each membrane 

used in the electrodialysis cell was 64cm2. In addition, two-part electro dialysis cell, two 

platinum-plated titanium electrodes, a calomel electrode, two Huber-luggin capillary, a voltmeter 

and a power supplier were used to read potential and to determine resistance between the 

membranes. 

 

 
Figure 1. Electrical resistance determination system 

 

 

RESULTS 

In this study, four types of bipolar membranes were produced. The membrane cation side 1 was 

composed of a 20 % polybutadiene-co-styrene anion side of 17 % polystyrene and 

polychloromethylstyrene mixture with NNNN diamine propane + trimethylamine. The difference of 

membrane 2 from membrane 1 was only thickness. The difference of membrane 3 from membrane 

1 was the amine group, whereas the difference of membrane 4 from membrane 3 was only 

thickness. As the amine groups of membrane 1 and 2 were the same but the thicknesses were 

different, the electrical resistance of the membrane 1 was 6.45 ohm and the number 2 membrane 

was 290 ohms in Figure 2. Although the thickness of the membranes 1 and 3 were close electrical 

resistance of the membrane 1 was lower than 3 because of different amin groups. 
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Table 1. Characterization of bipolar membranes 

Membran 

No 

Anion groups Thickness  

(mm) 

Initial water 

separation 

potential  

(V) 

Swelling 

(%) 

Membran 

stress  

Mpa 

Contact 

Angle 

 

 1 2ml NNNN 

diamin propan + 

2ml trietilamin 

 

0.13 

 

8,4 

 

18,4 

 

786.52 

 

68.93±0.29 

 2 2ml NNNN 

diamin propan + 

2ml trietilamin 

0.29 31 24,4 1271.34 64.69±0.93 

 3 4ml NNNN 

diamin propan 

 

0.12 

 

2,9 

 

17,5 

 

1076.46 

 

67.61±0.23 

 4  4ml NNNN 

diamin propan 

 

0.22 

 

9.1 

 

27 

 

581.07 

 

66.68±0.1 

 

 

Figure 2. Electrical resistance of different bipolar membrane 
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Figure 3 showed SEM images of bipolar membranes. A showed the SEM images of the anion layer, 

B, the intermediate layer and C, the cation layer of the bipolar membrane in figure 3. When SEM 

images of membranes 1, 2, 3 and 4 were examined, it was understood that micro-nano level 

polymers did not dissolve in the membrane as general. In addition, these images showed that the 

membranes produced were not porous. 

 

 
Figure 3. SEM images of Bipolar membranes 
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INTRODUCTION 

The accelerated and large-scale urban growth leads to land use conversion and impacts on 

ecosystem services, which relationship between them depend on study area characteristics (Wang et 

al., 2019). Ecosystem services are the benefits obtained by people that are related to human well-

being, whether directly or indirectly (MEA, 2005). By applying the concept of ecosystem services 

to the urban sphere, this paper analyzes how the Water Ecosystem Services (WES) is affected by 

the urbanization in residential areas. Including, stormwater runoff provides ecosystem services, as 

soil moisture, interflow, baseflow, groundwater recharge, and filtration of water through the 

environment (Roy et al., 2008; Burns et al., 2012; Barbosa et al., 2012; Walsh et al., 2016; 

Prudencio and Null, 2018). 

 

Water management is one of the challenges of urbanization and land use policies have to defined in 

order to achieve sustainable urban development. Drainage is an interface between the occupation of 

urban space and stormwater runoff. Therefore, land use planning laws should be applied to guide 

urban development and this demand detailed data about the built environment (Lam and Conway, 

2018). Mapping using urban morphology examines the urban fabric details, observing the layout of 

buildings, infrastructure, and green spaces. Then, Urban Structure Types (UST) are defined as areas 

with homogenous characteristics, which are distinguished in the built environment by a specific 

form of buildings and open spaces (Wickop, 1998). The USTs also are characterized by urban 

density, buildings structure and constructive materials, amount of green areas, and surface 

imperviousness and it is a good classification to evaluate the ecosystem in an urban environment. 
 

The Federal District (FD) – Brazil characterized by intense and uncontrolled urban expansion and 

growing economic inequality, that is strongly reflected in absence of appropriated land use 

planning. Castro et al. (2019) developed tools to support decision-making in managing the land use 

and sustainable development of urban areas, considering 25 types of urban structure in FD, where 

the most extensive areas were Remaining Spaces (29 %), Green Spaces (10 %), Agricultural Spaces 

(9 %), Consolidation Areas of type SH1 (7.6 %), Community Equipment (6.7 %) and Residential 

Areas of type RH1 (5.9 %). 

 

The purpose of this paper is to analyze the impact of urban residential patterns on water ecosystem 

services by using the Storm Water Management Model (SWMM) and the Urban Structures Types 

(UST) method, applied by GIS software. Thus, this study identified and systematized the interfaces 

between land use occupation at Riacho Fundo watershed in Brazil with 3 main groups of UST to 

provide for decision-makers with the scientific and technical knowledge required to develop an 

integrated urban water management strategy. 
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MATERIAL AND METHODS  

The study area is the Riacho Fundo watershed, situated in Paranoá river’s basin, in the Federal 

District, Brazil. The watershed has 225.5 km² and is the most urbanized of the Lake Paranoá 

watershed (Mitsuko et al., 2019). In recent years, water resources availability is becoming critical, 

and thus preservation of water resources has extreme importance, therefore the evaluation of the 

impacts of urban morphology in ecosystem services such as groundwater recharge and infiltration is 

very relevant. 

 

The climate of the study area is tropical, with two very defined seasons: very dry from May to 

September with low precipitation rates and high evaporation rates, and a rainy season between 

October and April, with storms with and very high rainfall intensity. The average annual 

precipitation varies in the range of 1,200 to 1,700 mm in a territory of about 6,000 km² (Fonseca et 

al., 2001). 

 

The Riacho Fundo watershed major type of soil is Latossol, very permeable, with low silt content 

and high clay percentage. Even though the high clay percentage, Latossol has a different hydraulic 

behavior, due to its strucuture, it can be classified as a soil of group A, in USGS hidrological 

classification (Reatto et al., 2004; Carvalho et al., 2012). 

 

For this article, some residential structure types are defined for this analysis and its characteristics 

are: 

 RH1: high population density, units with residential parcels of less than 250 m² (Figure 1). 

 RH5: low/medium population density, units with residential parcels with area between 

1,000 and 2,000 m² (Figure 2). 

 GS: green areas between urbanized areas. May have infrastructure like buildings and 

parking lots. 

 

 
Figure 1. Schematic RH1 occupations and Curve Numbers 
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Figure 2. Schematic RH5 occupations and Curve Numbers 

 

 
Figure 3. Schematic GS occupations and Curve Numbers 

 

For the simulation on SWMM it was adopted a rectangular flat slope, similar to the original 

geomorphology of the study area. It was assumed a unitary rainfall with 24 hours of duration to 

simulate the infiltration and runoff index, calculated using the hydric balance. The infiltration was 

modeled with the SCS Curve Number method, and the CN adopted to each UST was 88.73 to RH1, 

56.12 to RH5 and 41.73 to GS. 

 

The runoff results obtained in this study allow the Aquifer Recharge Potential to be calculated 
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throught two indicators: Maximum Soil Water Retention Capacity (S) and Potential Water 

Availability, using the methodology of Gonçalves et al., (2009). 

 

The maximum soil water retention capacity (S), also expressed as soil saturation capacity, is 

influenced by the infiltration/runoff ratio. It is expressed in millimeters and can be obtained by the 

Equation 1: 

 

S = 25400/X - 254,                                                          (1) 

where X is the runoff obtained in the SWMM method. 

 

Potential water availability is given as a percentage, referring to the percentage of water that may be 

available for the recharge, and is calculated as the ratio between the value of S and the amount of 

millimeters of rainfall. Aquifer recharge potential is given as a percentage of the amount of 

available water that can be used for aquifer recharge, calculated by the multiplication between the 

potential water availability value and infiltration index, for each UST. 

 

 

RESULTS AND DISCUSSION 

Based on the UST classification, three structural parameters can be determined: the amount of green 

and paved spaces, soil retention based on geomorphology and land use. These parameters were used 

to quantify the infiltration ecosystem service in each UST, to make a qualitative analysis. 

 

Appling a unitary rainfall, with 1 cm per hour of intensity, for 24 hours (240 mm of rainfall), the 

results showed that RH5 has more infiltration potential then RH1. The hydric balance is showed in 

Table 1. Evapotranspiration was disregarded in this analysis. 

 

Table 1. Hydric Balance and Infiltration Index for the studied USTs 

 Total 

Rainfall 

Infiltration 

Loss  

Runoff Infiltration Index 

 (mm) (mm) (mm)  

UST Green Spaces (GS) 60.603 51.759 8.844 85.41 % 

UST Residential Low Density (RH5) 60.603 46.434 14.169 76.62 % 

UST Residential High Density (RH1) 60.603 21.054 39.549 34.74 % 

 

The behavior of aquifer recharge potential, potential water availability and maximum soil water 

retention capacity followed the same logic: the higher the urban density, the lower the ecosystem 

service provided. Table 2 shows the results obtained for PWA and its indicators, calculated for each 

UST, using the runoff value from Table 1. 

 

Table 2. Results for aquifer recharge potential, potential water availability and maximum soil water 

retention for each UST 

 Aquifer 

Recharge 

Potential 

Potential Water 

Availability  

Maximum Soil Water 

Retention 

 (%) (%) (mm) 

UST Green Spaces (GS) 36.90 43.20 2618.00 

UST Residential Low Density (RH5) 19.45 25.39 1538.65 

UST Residential High Density (RH1) 2.23 6.40 388.24 
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The hydrographs presented in Figure 3, shows the magnitude difference of the runoff flow in each 

UST, with the same rainfall volume. The runoff rate of RH1 is almost the double of the rate in GS, 

due its high tax of imperviousness. The runoff rate of RH5, on the other hand is closer to GS, due 

its parcel size and minor allotment occupation tax.  

 

 

 
Figure 3. Rainfall/Runoff response of the USTs 

 

Regarding the allotment occupation in each UST, an analysis in a parcel scale can accurate more the 

functionality of the ecosystem services. The RH1 pattern is characterized by a smaller allotment 

area and higher building density. In the other side, RH5 has a bigger allotment area and a low-

density occupation. This can be observed by the building characteristics material, allotments 

arrange ant the presence of improvements such as swimming pools and private gardens. The 
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presence of this improvements can also tell us about the socioeconomic characteristics of the UST 

formation.  

 

Clearly building density affects directly the infiltration capacity. In regions that the urbanistic index 

(allotment permeability, front and side setbacks, building pattern) is more permissive, it is possible 

to have a situation which the allotment occupation is 100 %, and it doesn’t have any permeable 

area. Here in Brazil, we have a lot of cases like that in many cities around the country. Rethink the 

allotment occupation and implementing green infrastructure in parcel or regional scale is a good 

instrument to re-establish the ecosystem services nearly urban development, and improve water 

quality and quantity. Besides that, the idea of Low Impact Development – LID applied a drainage 

system help to controls stormwater volume and timing, however they also promote ecosystem 

services, which are the benefits that ecosystems provide to humans (Prudencio and Null, 2018). 

 

The UST RH5 allows water to infiltrate more easily than RH1, so in regions with a A or B 

hydrological soil group, and more sensitive to urban deployment, the UST RH5 is more indicated 

than RH1. The urban planners must predict before the installation of new building parcels, the best 

urban morphology that takes advantage of the basin natural conditions, such as geomorphology, 

soil, hillslope features and vegetation cover. 

 

Conventional stormwater management directly routes runoff to nearby bodies of water through 

storm drains, gutters, and underground systems, reducing ecosystems services from stormwater 

(Roy et al., 2008) by reducing infiltration and groundwater recharge, and contaminating stormwater 

as runoff over impervious surfaces picks up pollutants such as heavy metals, suspended solids, 

nutrients, salts, oil and hydrocarbons (Tsihrintzis and Hamid, 1997). 

 

Papers discussed ecosystem services, but less than 40 % quantified ecosystem services. 

 

 

CONCLUSIONS 

We recommend that future research provide metrics and quantify ecosystem services, integrate 

disciplines to measure ecosystem services from green stormwater infrastructure, and better 

incorporate stormwater management into environmental policy. Our conclusions outline promising 

future research directions at the intersection of stormwater management and ecosystem 

services 

 

 

REFERENCES 

Barbosa, A. E., Fernandes, J. N., David, L. M. (2012) Key issues for sustainable urban stormwater 

management. Water Res,. 46, 6787-98. 

Burns, M. J., Fletcher, T. D., Walsh, C. J., Hatt, B., Lason, T. (2012) Hydrologic shortcomings of 

conventional urban stormwater management and opportunities for reform. Landscape Urban 

Plan., 105, 230-40.  

Carvalho, J. C., Gitirana Jr, G. F. N., Carvalho, E. (2012) Infiltration Topics: Theory and practice 

applied to tropical soils. Technology College, University of Brasilia (UnB), Brazil. 

Castro, K. B., Roig, H., Rolim, M., Rossi, M., Paula, A., Réquia, W., Barbosa, A. B. C., Höfer, R. 

(2019) New perspectives in land use mapping based on urban morphology: A case study of the 

Federal District, Brazil. Land Use Policy, 87. DOI: 10.1016/j.landusepol.2019.104032. 

Dobbs, C., Kendal, D., Nitschke, C. R. (2014) Multiple ecosystem services  and  disservices  of the  

urban forest establishing their connections with landscape structure and sociodemographics. 



Water Management 
 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

43 

Ecological Indicators, 43, 44-55. 

Lam, S. T., Conway, T. M. (2018) Ecosystem services in urban land use planning policies: A case 

study of Ontario municipalities. Land use policy, 77, 641-651. 

MEA, Milennium Ecosystem Assessmen. (2005) Ecosystems and human well-being: current state 

and trends. Island Press, Washington, DC. 

Niazi, M., Nietch, C., Maghrebi, M., Jackson, N., Bennett, B., Tryby, M., Massoudieh, A. (2017) 

Storm Water Management Model: Performance Review and Gap Analysis. J. Sustainable Water 

Built Environ., 3(2):04017002, 1-32. DOI: 10.1061/JSWBAY.0000817. 

Prudencio, L., Null, S. E. (2018) Stormwater management and ecosystem services: a review. 

Environ. Res. Lett., 13, 033002. 

Reatto, A., Martins, E. D. S., Farias, M. F. R., da Silva, A. V., de Carvalho Júnior, O. A. (2004) 

Pedological digital map: Federal District scale 1: 100,000 and a explanatory text. Embrapa 

Cerrados-Documentos. 

Roy, A. H., Wenger, S. J., Fletcher, T. D., Walsh, C. J., Ladson, A. R., Shuster, W. D., Thurston, H. 

W., Brown, R. R. (2008) Impediments and solutions to sustainable, watershed-scale urban 

stormwater management: lessons from Australia and the United States. Environ. Manage., 32, 

344-59. 

Tsuji, T. M., Costa, M. E. L., Koide, S. (2019) Diffuse pollution monitoring and modelling of small 

urban watershed in Brazil Cerrado. Water Sci. Technol. 

Walsh C. J. et al (2016) Principles for urban stormwater management to protect stream ecosystems. 

Urban Streams Perspect., 35, 398-411. 

Wang, J., Zhou, W., Pickett, S. T., Yu, W., Li, W. (2019) A multiscale analysis of urbanization 

effects on ecosystem services supply in an urban megaregion. Science of The Total 

Environment, 662, 824-833. 

Wickop, E. (1998) Environmental Quality Targets for Urban Structural Units in Leipzig with a 

View to Sustainable Urban Development. In: J. Breuste, H. Feldmenn, & O. Uhlmann (Eds.). 

Urban Ecology (Chap. 01, pp. 49-55). Springer-Verlag Berlin Heidelberg, New York. 



Water Management 
 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

44 

Patterns of Changes in Soil Moisture Content Depending on 

Agrolandscapes Structure in Southern Ukraine 
 

 
Iu. Danylenko* and V. Bohaienko** 
 

 

* Institute of Water Problems and Land Reclamation of NAAS of Ukraine, Kyiv, Ukraine 
(E-mail: iuliia.danylenko@gmail.com) 
** VM Glushkov Institute of Cybernetics of NAS of Ukraine, Kyiv, Ukraine 
(E-mail: sevab@ukr.net) 
 

 

Abstract 
In the paper, we study the impact of agrolandscapes components, particularly, 

shelterbelts on biomass response to soil moisture content for the arid conditions of 

southern Ukraine. Biomass and soil moisture content are determined by NDVI 

(Normalized Difference Vegetation Index) and VTCI (Vegetation Temperature 

Condition Index) spectral indices, correspondingly. Dependencies between soil 

moisture content and the values of VTCI index were obtained along with the 

dependencies between VTCI and NDVI. It is shown that, such relationships differ 

in time and with the change of biomass. The presented analysis shows NDVI and 

VTCI indices allow estimating the level of shelterbelts influence both in field and 

in regional scales. 

 

Keywords 
Water management; soil moisture; remote sensing; agrolandscapes 

 

 

INTRODUCTION 
Anthropogenic changes within catchment areas performed without considering the structure of 

landscapes have a negative impact on the restorative and self-regulating capacity of ecosystems, 

transformed agricultural and urban landscapes. Together with climate change, this causes a 

deterioration of the state of territories and increases aridization. Thus, it is highly important to study 

the principles of how agrolandscapes should be spatially organized and how their components 

influence the formation and distribution of water resources. Such principles can be considered in 

regional scale planning of agrolandscapes’ development to minimize climatic and weather risks for 

local population and agricultural producers. 
 

For the arid conditions of the south of Ukraine, irrigation and shelterbelts should be emphasized as 

the most influential components of agrolandscapes. Shelterbelts positively influence soil state and 

the formation of microclimate (Siryk, 1991). They help fighting against droughts and wind erosion 

of soils (Vysotsky, 1983), absorbs the surface water runoff protecting soil from water erosion, 

hinders the formation and growth of ravines and hollows (Zonn, 1959), improves the distribution of 

snow on fields (Logginov, 1949). Due to political and economic reasons, the development and study 

of protective forestry in the South of Ukraine was almost completely stopped within the last 25 

years. Most of the published papers focus either on engineering effects in the small scale specific 

situations (e.g. Maliuga, 2012) or on theoretical aspects in the country scale (e.g. Stadnyk, 2004). 

The issue of medium scale agrolandscapes’ influence on such an important for the South of Ukraine 

economic factor as soil moisture distribution remains poorly studied. Since the determination of 

statistical descriptions of shelterbelts’ and irrigation’s impacts requires a large amount of ground 
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measurements, the use of selectively verified remote sensing data is relevant. Indirect estimation of 

moisture content in the root layer of soil can be carried out using the data of passive remote sensing 

based on the hypothesis that the volume of moisture available to plants correlates with their biomass 

in the dry Steppe zone of Southern Ukraine. Currently, studies on establishing such correlations 

between moisture content and vegetation indices (Lui and Kogan, 1996; Farrar et al., 1994), in 

particular NDVI (Normalized Difference Vegetation Index) and EVI (Enhanced Vegetation Index), 

are fairly widespread (Wang et al., 2007). The means of active remote sensing also permit 

estimating soil moisture content due to its influence on soil dielectric properties (Jackson et al., 

1995; Sahebi et al., 2004; Yu and Zhao, 2011). Another type of methods, the so-called drought 

indices, are aimed at the determining the state of drought (Zargar et al., 2011) and, thus, indirectly, 

soil moisture content. Among the indices that combine information of different physical meaning 

there are temperature vegetation index (Deering et al., 1975), temperature vegetation dryness index 

(Sandholt et al., 2002), and vegetation temperature condition index (Wang et al., 2001). 
 

Within the above-mentioned broader context, we study the impact of shelterbelts and irrigation on 

soil moisture distribution. The main goal of the presented study is to analyze differences between 

how moisture content and biomass are spatially interconnected on agricultural lands in Southern 

Ukraine depending on the saturation by shelterbelts and irrigation; and to obtain the corresponding 

relationships that can be further used to optimize the structure of forest plantings in regional scale. 

We use remote sensing to assess biomass by NDVI index and to assess soil moisture content by 

VTCI index. 
 

 

AREA OF STUDY 

Field studies were conducted in 2018 on the fields of the State Enterprise “DG Brylivske" located in 

the Kherson region of Ukraine (Figure 1). Annual precipitation in the area of study is equal to 300 - 

450 mm. The vegetation season accounts for 2/3 of annual rainfall that often occurs in the form of 

showers accompanied by hails and storms. The hydrothermal coefficient of the territory is about 0.7. 

Almost annually, there are significant periods without precipitation. In average, once per two years, 

such periods last more than 40 days leading to soil droughts. Soil moisture measurements were 

carried out using a portable MG-44 device on irrigated and non-irrigated fields in points organized 

as a grid. Irrigation in the area of study is performed using center pivot irrigation machines. Further, 

we made a survey of the structural components of agrolandscapes for the fields of the farm and 

neighboring fields outlining separate fields with different number of shelterbelts around it. 

 
Figure 1. Area of study 
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SOIL MOISTURE CONTENT ASSESSMENT USING REMOTE SENSING 

To assess soil moisture content we use Vegetation Temperature Condition Index (VTCI) 

(Wang et.al, 2001) which can be considered as a generalization of the Temperature Vegetation 

Dryness Index (TVDI) (Sandholt et al., 2002) and combines the assessments of surface temperature 

and biomass state. We calculate the values of VTCI index using the images acquired by the Landsat-

8 satellite.  

 

VTCI index (Wang et.al, 2001) values are calculated upon the following formula: 

VTCI=(a+bNDVI- Ts)/(a+bNDVI- a'-b'NDVI),                                    (1) 

where Ts is the temperature of surface, a+bNDVI is the linear dependency of the maximal surface 

temperature for a fixed value of NDVI from NDVI, a'+b'NDVI is the linear dependency of the 

minimal surface temperature for a fixed value of NDVI from NDVI; NDVI is a value of the 

Normalized Difference Vegetation Index. 

 

The linear dependencies present in formula (1) are calculated manually based on the distribution 

graph of the NDVI values and the surface temperature within the studied area. The quality of  

computation of their coefficients significantly influence absolute values of the VTCI index while 

maintaining the following general tendency: at a fixed level of biomass, considering that the 

evaporation is directly proportional to soil moisture content and is the main factor of the surface 

temperature changes, the higher surface temperature means less evaporation and, accordingly, lesser 

moisture content and lesser VTCI values. The values of the VTCI index was calculated using the 

Landsat-8 satellite images with a spatial resolution of 30 m for the bands needed to calculate the 

NDVI index and 60 m for the bands needed to calculate surface temperature. Such a resolution 

allows evaluating moisture content within a specific field and, to a certain extent, to capture the 

influence of agrolandscape components on it. 

 

We calculate NDVI as NDVI=(b5-b4)/(b5+b4) where b5 and b4 are digital numbers from 5-th and 

4-th bands of Landsat-8 image. Land surface temperature was calculated according to the algorithm 

used in Anandababu et al., 2018. 

 

 

VERIFICATION OF VTCI USAGE FOR SOIL MOISTURE CONTENT ASSESSMENT 
To verify the reliability of VTCI usage for evaluating soil moisture content in the considered 

conditions, we obtained the correlations between its values and the average moisture content in the 

layer of soil with the depth up to 50 cm measured on August 8, 2018 by a portable moisture content 

sensor MG-44 on the experimental field of the State Enterprise “DG Brylivske". 36 values of 

moisture content in the grid of points were obtained averaging the results of 3 measurements in each 

point. A linear correlation with R2=0.48 was observed between the values of VTCI and NDVI 

indices. The similar correlation between VTCI and moisture content has R2=0.65. The satellite 

images were acquired on August 10, 2018. 

 

The determination coefficient R2=0.65 of linear dependency between VTCI values and the 

measured soil moisture values is significant but, unlike theoretical expectations, had an inverse 

character. At the same time, there is also a weaker (R2=0.48) negative correlation between the 

values of the VTCI and the NDVI indices. The dependency between the NDVI and soil moisture 

content is significantly weaker. The reason for the differences between the theoretical expectations 

and the resulting dependencies may be due to the passage of some time between the measurements 

and the reception of satellite images. Cumulative evaporation during this time significantly 

influenced the moisture content while much less influencing the surface temperature. On the other 

hand, the absorption of moisture by plants increases the values of the NDVI biomass index. 
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Regardless the above mentioned, the high correlation between the measured soil moisture content 

and the values of the VTCI index allows it to be used as an indirect indicator for the evaluation of 

moisture content. Additionally, within the experimental fields, the possibility of remote sensing 

identification of the influence of agrolandscapes’ components on soil moisture content was studied. 

Changes in the values of the NDVI and VTCI indices were analyzed for two lines within a field 

were sunflower was grown without irrigation. The first one (line 1) on the one side borders with the 

adjacent irrigated field, and on the other side - with a medium density shelterbelt. The second one 

(line 2) borders with two shelterbelts of high and medium density. Changes in the NDVI are shown 

in Figure 2 for 10.08.2018 and 27.05.2018. Changes in the VTCI for the same dates are shown in 

Figure 3. 
 

As can be seen from Figures 2,3, remote sensing data captures the influence of shelterbelts on soil 

moisture and biomass. The value of the VTCI index, and therefore soil moisture, decreases in the 

zone of influence of the dense shelterbelt (Figure 3, line 2, points 1 and 2, distance from 30 m to 60 

m from the shelterbelt) and increases in the zone of influence of the adjacent field where irrigation 

was carried out (Figure 3, line 1, points 1 and 2). Biomass in both cases increased (Figure 2). The 

average shelterbelt’s density (lines 1 and 2, points 10, 11) significantly reduced the moisture content 

while positively influencing the growth of biomass. 

1 2 3 4 5 6 7 8 9 10 11

0,3

0,35

0,4

0,45

0,5

0,55

Line 1, 10.08 Line 1, 27.05 Line 2, 10.08

Line 2, 27.05

point

N
D

V
I

 
Figure 2. Changes in the NDVI values 
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Figure 3. Changes in the VTCI values 
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BIOMASS RESPONSE TO MOISTURE CONTENT CHANGE FOR THE DIFFERENT 

STRUCTURES OF AGROLANDSCAPES 

To study the changes in the correlations between biomass and moisture content for the different 

structures of agrolandscapes, on the studied territory we selected areas that have up to four 

shelterbelts around the fields. Then, for satellite images acquired on May 27, 2018, July 11, 2018, 

and August 10, 2018 the correlations between the values of NDVI and VTCI indices were obtained. 

 

For an image with low average biomass (NDVI <0.4) acquired in May, there were inverse linear 

correlations between NDVI and soil moisture content indirectly estimated using VTCI index. With 

an increase in the number of shelterbelts up to two, slope of the correlation increased (Figure 4). 

This fact can be explained by the extraction of soil moisture by shelterbelts and, thus, a decrease in 

moisture with an increase of biomass. In the case of three and four shelterbelts, the slope of the 

correlation decreased comparing with the case of two shelterbelts. This may be due to the reduction 

of evaporation from the fields surrounded by shelterbelts caused by the lowering of wind velocity 

and their other reclamation effects. 
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Figure 4. Scatterplot of NDVI and VTCI values on the fields with two shelterbelts for the image 

acquired May 27, 2018 

 

For the image taken in July, trends were similar to those observed in May. However, the inverse 

correlation here persists only when no shelterbelts are present. When irrigation was used and in the 

presence of shelterbelts, the greater biomass corresponded to higher moisture content. The 

distributions of NDVI and VTCI values for the image taken in August behave the same way. 

Moreover, primarily due to intensive irrigation, the correlations had a weak exponential form. 

 

The distribution of index values in July and August can be divided into three groups in which the 

nature of the correlations between them varies. These groups include areas of weak or absent 

vegetation (NDVI<0.3), areas of rainfed crop cultivation (0.3<=NDVI<0.6) and irrigated areas. We 

assume that area was irrigated in the case of NDVI>=0.6 since, as it was previously established, in 

the conditions of arid climate of the Kherson region of Ukraine and in the absence of regular 

precipitations, the achievement of such level of biomass is possible only when irrigation is applied.  

The linear correlations between VTCI and NDVI values for the three NDVI ranges computed based 

on the image acquired on August 10, 2018 are shown in Table 1. 
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Table 1. VTCI=a+b*NDVI correlations for different number of shelterbelts and different NDVI 

ranges for the image acquired on August 10, 2018 

 NDVI<0.3 0.3<=NDVI<0.6 NDVI>=0.6 

Number of shelterbelts a b A b A b 

0 -0.23 1.59 0.91 -1.65 -1.54 2.67 

1 -0.09 1.12 2.73 -7.07 -0.62 1.35 

2 -0.12 1.22 -1.58 4.90 -0.32 0.96 

>=3 -0.22 1.53 -0.58 2.18 -0.74 1.47 

 

The correlations in the case of absent or weak vegetation are close. In the case of rainfed crop 

cultivation, the number of shelterbelts substantially affects the slope of correlation: it is negative 

when number of shelterbelts is less than two and positive when there is a complete or almost 

complete contour of shelterbelts. This can be explained by the retention of moisture by shelterbelts 

which leads to an increase of moisture content with the increase of biomass when two or more 

shelterbelts are present in the structure of the plot. 

 

The correlations for the irrigated fields are close in all cases of shelterbelts presence. These areas 

are irrigated by center pivot machines, and this behavior of dependencies shows the impact of 

irrigation as a key factor for the development of biomass and maintaining a level of soil moisture 

content, leveling other factors (e.g. the positive or negative effects of shelterbelts), the impact of 

which is not so great comparing with the effect of irrigation, especially for the conditions of the 

Steppe. The greater slope of the correlation between moisture content and biomass for the areas 

with no shelterbelts is because these areas are small private fields where excessive watering is 

usually applied.  

 

 

CONCLUSIONS 
The conducted analysis of field and remote sensing data shows that the usage of NDVI and VTCI 

indices allows estimating the level of shelterbelts influence on biomass response to soil moisture 

content. Linear dependencies between soil moisture content and the values of VTCI index were 

obtained along with the dependencies between VTCI and NDVI. In the conditions of southern 

Ukraine, such influence differs in time and with the change of biomass.  

 

The obtained dependencies allow determining the conditions when such aspects of shelterbelts 

influence as the extraction or retention of soil moisture, or the reduction of evaporation are 

manifested. Further studies can use the results of the paper to produce recommendations on 

planning the creation or reconstruction of shelterbelts in the South of Ukraine. 
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Abstract 

Increase of the flow transporting capacity in the non-pressure sewage pipelines at low water flow 

rates is one of the ways to ensure the operating efficiency of the pipelines. This aim is highly 

relevant for the narrower diameters of the pipeline network, where it is necessary to prevent 

sedimentation of suspended substance (sand) from falling in the tray sections of the pipeline 
networks. Prevention of suspended substance sedimentation in the pipelines tray is theoretically 

possible by using textured surfaces, for example during trenchless repair-works by pulling special 

flexible polymer sleeves with a corrugated surface into the pipeline. The main aim of this research 

was to study the fluid flow behaviour around artificially- created obstacles and identify 

opportunities to utilise vortex flow to increase the transport capacity of pipelines. 

 

Keywords 

Microturbulence; suspended substance; artificially-created obstacles; turbulence; sewage pipelines  

 

 

INTRODUCTION 

The problem of sediment deposition in pipelines can lead to multiple problems; many being 

environmental. Formation of a dense layer of sediment in the tray part of the pipeline can lead to 

certain problems, besides the high increase in friction losses. One example would be the potential 

microbiological corrosion under the deposit layer, as well as needed of more frequent cleaning of 

the pipeline, which in turn increases the cost of sewage networks operation. 

 

The main idea of design is to create a microturbulence effect in pipelines with low speed flows. 

This can be achieved by placing obstacles on the inner surface of the pipeline tray. This will create 

microturbulence in the flow, forcing suspension of sediment up into the flow instead of enabling 

deposition (Ebtehaj, 2014; Grossmann, 2017). Thus, experimental research of improving the 

transporting ability of non-pressure sewage pipelines at low water flow can be considered as an 

actual direction of scientific research and an extremely important aspect for development of 

pipelines reconstruction projects (Santiago, 2013). 

 

The research and its results were aimed to study the behavior of fluid flow around various 

artificially-created obstacles with the identify of the optimal patterned structures as to ensure 

microturbulence due to the geometric shape and location of the obstacles and the increase of the 

flow transferring ability. In parallel, the aim was to investigate the influence of fine and coarse 

sediments (loose and cohesive sand) to the vortex formation in the transition from laminar to 

turbulent flow (Loisel, 2013; Kleinstreuer, 2017). 
 

 

MATERIALS AND METHODS 

The first stage of experimental research of turbulence on corrugated surface has been studied on a 

specially designed and patented “Testing stand for the study of turbulence and carrying capacity of 

the fluid flow by optical means”. The experiments were carried out based on the light-shadow effect 

with relevant cameras. 
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Figure 1. Schematic depiction of the testing stand: 1 - fixed frame; 2 - movable platform; 3 - open 

tray; 4 - rubber corrugated pipe; 5 - holding tank for liquid; 6 - removable mesh trap of foreign 

particulate inclusions; 7, 8 – cameras, respectively, of frontal and coaxial shooting; 9 - source of 

light; 10 - mechanical jack; 11 - waterway; 12 - flexible transparent connecting pipes; 13 - movable 

measuring lines; 14 - plate; 15 - laser plummet; 16 - receiving measuring tank 

 

The corrugated surfaces in the tray sections of the pipeline were created by sets of different 

obstacles (wedges, corners, etc). Obstacles were located in the middle of the flow or with some 

relative displacement (small and large) from the tray axis. It was critical to detect the sizes (nature, 

length and width of turbulence zone) of vortices (per object) and overpressure, in the form of 

ripples, in front of the obstacle. 

 

The shape, size, quantity, and locations of the obstacles will differ depending on the type of pipe, 

sediment, and typical rates of water flow within the pipeline. It is not a “one size fits all” solution – 

the obstacles will be customised in order to create maximum efficiency for the specific system. It is 

this personalization that especially makes the product stand out. A “saltation” (leap-frog) movement 

of the sediments in the flow was considered as an effective model of the motion. In this case, the 

amount of sediment remains minimal regardless of the speed and water level in the pipeline. 

 

 
Figure 2. General view of the obstacles: on the left and right photos from different angles: wedges, 

corner, and pyramid 

 

11 types of obstacles were investigated (rectangular bars (also on a hydrophobic surface), cylinders, 

an extended hexagonal prism, an inverted spherical segment, a hexagon in the form of a nut, etc.). 

 

Specific nature of the flow is observed on a hydrophobic surface with the group of obstacles. 
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Figure 3. Dynamic of the flow pattern change on a hydrophobic surface with obstacles with a 

gradual increase of the flow speed from 0.08 to 0.35 m/s 
 

The results of experiments are described and interpreted in the form of the formation of vortices 

(coherent flow or vortex flow), considering the sizes of the vortices and geometric characteristics of 

the turbulence zones (both lengths and areas, before and after obstacles). 
 

Below, as an example, are presented some of the most characteristic results of the experiments 

carried out with the group obstacles in the speed range of 0.2-0.6 m/s. 
 

 
Figure 4. The obstacles in the form of narrow rectangular cross section, arranged crosswise 
 

The main conclusion is that the active turbulization of the flow can be observed at speeds of 0.4 

m/s, i.e. below the self-cleaning speed, which was used for subsequent experiments. Based on the 
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obtained results, it is shown that practically any obstacle can in some way influence the turbulence 

effect of the flow at less than its rate of self-cleaning. 

 

The second stage of experimental research were carried out on an updated testing bench.  

 

 
Figure 5. Testing stand for the research of the transportation ability of the open trays with different 

relief of their inner surface: 1 - fixed frame; 2 - movable platform; 3 - open tray; 4 - rubber 

corrugated pipe; 5 - holding tank for liquid; 6 - removable mesh trap of foreign particulate 

inclusions; 7 – small mechanical jacks; 8 – pipeline section in form of open tray with the different 

relief of the inner surface; 9, 10 – cameras, respectively, of frontal and coaxial shooting; 11 - source 

of light; 12 - big mechanical jack; 13 - waterway; 14 - flexible transparent connecting pipes; 15 - 

plate; 16 - movable measuring lines; 17 - laser plummet; 18 - retractable measuring line, connected 

with plate; 19 - receiving measuring tank 

 

Vortex flow has been investigated behind obstacles in the form of refraction (deformation) of the 

reflected light from a special lamp with two parallel installed spotlights. 

 

Results of one experiment (the one with the “pyramid” obstacles) are presented on the figure 6 

below. The photograph clearly shows the contour of the light-shadow path, which is refracted with 

increasing flow velocity. The last line (number of experiment 4) already shows signs of coherence, 

i.e. separation of the vortexes. 

 

The third stage of experimental research. The experiments were carried out on the same stand, 

which was mentioned earlier. The subject of the study was two-phase flow "water + sand", where 

sand of various fractions dimensions was used (0.01-0.3 mm) together with the presence of the 

different types of obstacles with a different location order (direct and reverse herringbone, etc.) and 

a certain area (length) of the sand belt with the similar mass of sand. 

 

The final stage of the experiments was the calculation of the relative transport capacity of the 

stream with the different locations and types of obstacles, specifically: 

– per cm2 of the area of the sand dune (ridge): mg/s per cm2; 

– per cm of the length of the sand dune:  mg/s per cm; 

– per second. 

 

In parallel, experiments were conducted on the open pipeline tray without obstacles, which made it 

possible to determine the delta between the flow rates of water along a tray with sand without 

obstacles and with obstacles, at which the effect of transporting the sandy mass is observed. 

Example of the observed results is presented below on the figure 7. 
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Figure 6. Flow visualization and its characteristics 

 

 
Figure 7. Illustration of the sand dune development in the open tray in time 
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The dynamic of sand mass removal in time is traced here with a gradual increasing of speed and its 

stabilization by the time of intensive sand removal (after 174 seconds), which is indicated in table in 

the form of constant speeds and water levels. 

 

Table 1. Dynamic of the sand mass removal from the tray  

№ of  

experiment 

Time Tmd 

(per 1 m) 

Speed 

Vmd 

Height 

hmd 

Water level 

h/dmd 

(s) (m/s) (mm) - 

1 2 3 4 5 

1  Initial condition of the sand dune   

2 7.6 0.131 25 0.192 

3 6.5 0.154 35 0.269 

4 4.9 0.204 45 0.364 

5 2.9 0.345 58 0.426 

6 2.9 0.345 58 0.446 

7 2.9 0.345 58 0.446 

8 2.9 0.345 58 0.446 

 

 

CONCLUSION 

1. Experiments were carried out to study the hydraulic parameters of single-phase and two-phase 

flows in the open trays without a textured surface and with different relief of their inner surface in a 

wide range of water level in the pipeline (0.05-0.6) and velocities (0.1-0.6 m/s) of fluid flow, as 

well as transportation of various sand fractions (0.1-3.0 mm). 

 

2. It has been established that the obstacles in form of the wedge or semicircular, located with a 

sharp end to the flow, are the most effective solutions for transportation of sand fractions along tray. 

Ranges of their transporting abilities are in the speed range (0.345-0.5 m/s) and water levels (0.377-

0.446) for sand with a fraction size of 2.5-3 mm were their transporting abilities, respectively, per 

the dune areas 1,336-1.482 mg/s per cm2 and per dune lengths 6.01-6.67 mg/s per cm. 

 

3. It has been established that in a tray without obstacles and with the obstacles in the form of 

wedges, under identical conditions, speed range more than 0.588 m/s and water level not less than 

0.446 are necessary for complete removal of sand fractions. At the same time, the transporting 

capacity is, respectively, per unit area of the dune, 1.155 mg/s per cm2 and per unit length of the 

dune, 5,2 mg/s per cm, which is 18 % less than in the pipeline trays with modified surface. 

 

4. It was found out that depends on the type and location of obstacles, the transporting ability of 

sand removal significantly differs for a fraction size of 0.1-0.3 mm and for a fraction size of        

2.5-3.0 mm. The difference per unit area is about 53.1 %, and per unit length of the dune is 46.6%. 

Thus, the smaller the size of the sand fraction is, the more efficient is the transporting. 

 

5. Experiments have shown that the obstacles in the form of pyramids and the corners are 

ineffective because they do not provide complete removal of sand fractions from the surface of the 

tray. 
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Abstract 

Emerging Contaminants (ECs) are substances that are not monitored nor regulated in a consistent 

matter, however they pose negative effects on human health and ecosystem balance. Common 

products, such as pharmaceuticals and personal care products (PPCPs) are one of the main sources 

of these contaminants. The problem starts when they are disposed into the environment, because 

the current wastewater treatment plants (WWTPs) do not have the capacity to retain, treat or 

eliminate the great majority of them. In this study we identified some ECs in the secondary 

effluent of the WWTP of the City of Prague and selected three of them that, to the best of our 
knowledge, did not have toxicology information based on Artemia Salina as study model. A. salina 

is an important organism for ecological balance and also of great economic relevance in 

aquaculture. We performed toxicity test to determine the LC50 at 24 and 48 hours at room 

temperature and 28 °C for Furosemide, Hydrochlorothiazide and Tramadol. The lethal doses for 

half the population ranged from 225,01 mg/L for furosemide up to above 14000 mg/L for 

tramadol. We also determined the changes in enzymatic activity of glutathione-S-transferase 

(GST), glutathione peroxidase (GPx), and lactate dehydrogenase (LDH) when the organism was 

exposed to the LC25 identified for each contaminant. Toxicity in associated changes in these 

biochemical markers was evident. Our findings demonstrate the toxicity of these commonly used 

pharmaceuticals in a aquatic specie as Artemia salina, and proves the need of further research on 

the implications of their bioaccumulation, and on the toxicity of other emerging contaminants. 

 

Keywords 

Emerging contaminants; eco-toxicity; Artemia salina; LC50; oxidative stress; enzymes 

 

 

INTRODUCTION 

Most research about water quality and its impact in human health is focused mainly in physico-

chemical and microbiological parameters, heavy metals, pesticides and petroleum hydrocarbons. 

However, the increase in the global population and the need to cover more food and services 

requirements, have redirected our attention to a new and growing environmental threat known as 

Emerging Contaminants (ECs). These new pollutants are defined as natural or synthetic substances 

that are not monitored nor regulated in a consistent matter, however they pose negative effects on 

human health and ecosystem balance (Geissen et al., 20015). The main concern about this group of 

pollutants is that their effects can start manifesting from concentrations as low as μg/L (Jurado et 

al., 2012). Common products, such as pharmaceuticals and personal care products (PPCPs) are one 

of the main sources of these contaminants. The problematic of these compounds starts when they 

are disposed into the environment, because the current wastewater treatment plants (WWTPs) do 

not have the capacity to retain, treat or eliminate the great majority of the ECs reported (Tong et al., 

2011). This has caused the occurrence of these contaminants in water bodies and even in drinking 

water sources around the world (Rosi-Marshall and Royer, 2012). 

mailto:diana.cardenas@tec.mx
mailto:diazsosv@vscht.cz
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However, there is not much information available about this kind of pollutants, so in vivo studies 

are needed to establish possible effects along with determining the concentration in which the 

repercussion are relevant in an ecological and economical level. In a previous study we analysed the 

secondary effluent of the WWTP of the City of Prague for a spectrum of 47 emerging contaminants, 

where only 9 of them were not present in the water samples. It is important to mention that this 

effluent is usually discharged into natural water bodies. Many of the ECs detected in such effluent 

had already some degree of toxicity information available, but from the ones that –to the best of our 

knowledge– did not have reports of toxicity on Artemia salina are: furosemide, hydrochlorothiazide 

and tramadol.  Furosemide and hydrochlorothiazide are known diuretic pharmaceuticals used to 

treat high blood pressure and swelling due to fluid build-up; whereas tramadol is a very common 

analgesic known for its strong effect due to the fact that it is a derivate from opium. 

 

 Artemia was chosen as study model because its great economic relevance in aquaculture, 

constituting the principal component of the diet of fish and shrimp and its important role in marine 

ecological balance. Therefore, this project aims to evaluate the effect of the three ECs above 

mentioned and characterize their toxicity using an important indicator organism such as Artemia 

salina, and also to set a precedent on the monitoring and regulation of ECs for the treated 

wastewater disposal and/or the different processes for water consumption. In addition, being a 

reference for the study of other pollutants in Czechia and all over the world. 

 

 

MATERIALS AND METHODS 

Artemia Salina was purchased as canned cysts (Biogrow, Proaqua® - Mexico). A pre-treatment for 

decapsulation was firstly applied to the cysts: 7.6ml of commercial chorine (bleach) combined with 

7.6ml of distilled water and 150mg of NaOH. One gram of cysts were mixed in this solution and 

stirred continuously for 7 to 10 minutes. Later the mix was diluted with tap water and filtrated.  

Filtered cysts were then placed in a glass container with marine water (Instant Ocean® 29.9mg/L 

and distilled water) under constant aeration for 24 hours. Since nauplii are attracted to light, a lamp 

was placed on one side of the container to concentrate them.  

 

LC50 determination 

Chemical contaminants (analytical grade) were supplied by Sigma-Aldrich® (MO, USA). These 

were dissolved in milli-Q water (tramadol) or methanol (furosemide and hydrochlorothiazide). The 

different concentrations of each compound were prepared using marine water in order to maintain 

same salinity concentration among treatments. Toxicity tests were performed in Artemia nauplii at 2 

temperatures: room temperature (ranging from 20.5 to 23.5 oC) and at 28 oC, and 2 exposition 

times: 24 and 48 hours. All individuals were kept fasting during the total length of the bio-assays. 

Experiments were performed in 96-micro well cell culture plates: first adding 20μl of marine water 

containing 10 nauplii and then adding 230μl of each contaminant dilution to the well (250μl total 

working volume). Negative and positive controls containing marine water or potassium dichromate, 

respectively, were included in all the experiments. Each compound was evaluated by triplicate for 

each condition and after 24 or 48 hours the survival was recorded. Lethal concentration for half the 

population (LC50) was determined by linear regression for each bio-assay and then compared to 

calculate an average. These regressions were obtained using Microsoft Excel® software. 

 

Enzymatic activity 

To test the effect of each emerging contaminant on oxidative stress enzymes of Artemia Salina, it 

was exposed to the LC25 of each one, at 24 and 48 hours, and at room temperature and 28 °C; this 

concentrations were calculated using the same equations obtained for LC50. 100mg of Artemia 

biomass from each assay were resuspended into phosphate buffer, sonicated and centrifuged at 4°C 
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and 3500 RPM during 10 minutes. The supernatant was recovered and used to perform the 

enzymatic analysis. Glutathione peroxidase (GPx) and Lactate dehydrogenase (LDH) were assayed 

using kits and protocols provided by Cayman chemical® (MI, USA) and reactions were measured 

quantifying the absorbance at the wavelengths of 340 and 490nm, respectively. For glutathione-S-

transferase (GST), we used a continuous spectrophotometric rate determination method described 

by Habig et al. (1978), employing 1-chloro-2, 4-dinitrobenzene as substrate and measuring the 

absorbance at a wavelength of 340nm. 

 

 

RESULTS AND DISCUSSION 

The LC50 values calculated from the three assays performed for each emerging contaminant at 

different experimental conditions are showed in Table 1. Furosemide was the most toxic compound 

as the median lethal concentrations were the lowest of the three contaminants tested. This effect 

remained quite stable for all conditions, with concentrations ranging between 225 and 274 mg/L. 

Tramadol followed the expectation that LC50 would be lower at 28 °C (1748,57 mg/L) than at 

room temperature (>14000 mg/L), as even the positive control tends to have lower survival at this 

temperature; however, furosemide and hydrochlorothiazide had an inverse behaviour. The lethal 

concentrations 50 for these two compounds was always higher at 28 °C, and the LC50 for 

hydrochlorothiazide at this temperature and 24 hours exposition was not possible to obtain in an 

accurate matter as it exceeded 3000 mg/L, concentration where the compound tended to precipitate 

in the dilution, interfering with the results analysis. Tramadol showed the least toxic effects in terms 

of killing half of the population, although the concentrations reached were very high (e.g. 14,000 

mg/L at room temperature for 24 h). However, the effects of the compound could be seen almost 

immediately as Artemia salina started swimming very slowly, almost like trembling and not 

displacing from one side to another, as it commonly moved (data not shown). Survival for negative 

control (containing only marine water) was over 95 %, and the LC50 for the positive control 

K2Cr2O7 ranged 4,36 to 37,07 mg/L depending of temperature and time of exposition.  

 

Table 1. Mean values of three or more bio-assays to calculate the LC50 for each of the three ECs 

evaluated, at two different temperatures and during 24 and 48 hours. The LC50 of potassium 

dichromate used as positive control is also shown along with the survival on the negative control 

where only marine water was used as medium 

Emerging 

Contaminant 
Temperature 

LC50 

(mg/L) 

LC50 

(mg/L)  
  

LC50 

K2Cr2O7 

(μg/L) 

LC50 

K2Cr2O7 

(μg/L) 

  

Control 

Survival 

(%) 

Control 

Survival 

(%) 

24 h  48 h    24 h  48 h    24 h  48 h  

FUROSEMIDE 28°C 273.95 242.27 
 

22.73 5.92 
 

98±4 96±7 

  Room Temperature 256.63 225.01   37.07 8.62 
 

96±5 90±8 

HYDROCHLOR
O-THIAZIDE 28°C 

>3000 957.99 
 

22.49 5.40 
 

97±7 96±6 

  Room Temperature 1564.13 918.42   35.78 5.29 
 

98±5 90±9 

TRAMADOL 28°C 4419.41 838.46   26.73 4.36 
 

99±3 97±6 

  Room Temperature >14000 1748.57   36.42 9.28 
 

98±4 98±4 

 

As for the enzymatic activity, it is possible to see on Table 2 that only applying the concentrations 

corresponding to the LC25 of these compounds had impact in a cellular level for these organisms. 

The role of Glutathione-S-transferase (GST) is to detoxify and defend the cell against oxidative 

stress. GST detoxifies cellular endogenous compounds that are helpful in breaking down harmful 

xenobiotic compounds. It is remarkable how the enzymatic activity of GST is significantly bigger 
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for the samples exposed to the three compounds tested. Furosemide had been the most toxic of the 

three according to the LC50, and this can be confirmed by having very high enzymatic activity at 24 

hours, especially at room temperature where it reported the highest activity of the three compounds. 

However, at 48 hours the enzymatic activity reported is much smaller but still reaching increases of 

three times the control GST activity. 

 

Similar to GST, Glutathione peroxidase (GPx) is another enzyme with peroxidase activity, whose 

primal role is to protect the organism from oxidative damage (Muthukumar and Nachiappan, 2010). 

Nevertheless, we can see in the results that the control activities of GPx at room temperature were 

even higher than the ones observed for the assays employing the emerging contaminants at same 

temperature. At 28 °C the effect was different, all compounds presented a higher GPx activity, 

especially tramadol at 24 hours of exposition, where the activity went above the double of the 

control, and furosemide at 48 hours that increased almost 50 % the control activity. This means that 

somehow the higher temperature, the higher the oxidative stress of Artemia, and at lower 

temperatures the oxidative stress caused by the pharmaceuticals was reduced. 

 

Table 2. Mean values and standard deviation of the enzymatic activity (mU/ml) measured for 

glutathione-S-transferase (GST), glutathione peroxidase (GPx), and lactate dehydrogenase (LDH) 

from three assays of each compound and experimental condition (two different temperatures during 

24 and 48 hours). The control is also reported, where no contaminant was added and the medium 

consisted of plain marine water 

Emerging Contaminant Temperature 

GST activity  

(mU/ml) 
  

          GPx activity  

            (mU/ml)   
  LDH activity (mU/ml) 

24 h  48 h  
 

24 h  48 h  
 

24 h  48 h  

FUROSEMIDE 
28°C 296.56 ± 41.44 83.12 ± 3.87 

 
15.89 ± 7.29 29.57 ± 4.87 

 
2.4 ± 0.2 1.5 ± 0.2 

Room Temperature 
242.44 ± 32.07 161.38 ± 26.17   34.32 ± 4.91 20.59 ± 1.44   2.3 ± 0.2 2.6 ± 0.2 

HYDROCHLORO-

THIAZIDE 

28°C 109.79 ± 20.24 218.87 ± 21.0 
 

16.67 ± 1.61 19.28 ± 3.18 
 

1.1 ± 0.1 1.9 ± 0.1 

Room Temperature 182.91 ± 18.52 16.79 ± 1.89   22.74 ± 0.67 19.29 ± 0.94   6.9 ± 0.5 0.8 ± 0.1 

TRAMADOL 
28°C 335.41 ± 15.05 160.36 ± 21.89   32.77 ± 2.10 20.93 ± 2.17   2.1 ± 0.2 1.6 ± 0.1 

Room Temperature 156.79 ± 13.39 174.19 ± 12.84   22.92 ± 2.93 22.59 ± 3.18   6.4 ± 0.6 2.1 ± 1.1 

CONTROL  

(not contaminated) 

28°C 69.72 ± 1.42 26.76 ± 3.19   15.87 ± 2.49 20.68 ± 1.63   1.5 ± 0.2 1.19 ± 0.2 

Room Temperature 114.56 ± 5.39 83.26 ± 8.88   36.6 ± 4.09 22.33 ± 2.39   1.3 ± 0.1 1.39 ± 0.2 

 

Lactate dehydrogenase (LDH) is an enzyme in nearly all-living cells. It is released during tissue 

damage, and is a marker of common injuries and disease; in these cases the LDH activity level 

tends to be very high. In the present study, the three compounds reported an increased activity 

compared to the uncontaminated control assay. For 24 hours exposure, room temperature tended to 

increase the activity of this enzyme in A. salina above 5 times for Hydrochlorothiazide and 

Tramadol and almost double for Furosemide. At 28 °C the increased activity was much lower, 

except for furosemide, which had already shown the tendency to be behave in an inverse manner in 

respect to temperature. For 48 hours exposure the enzymatic activity increase is higher at room 

temperature than at 28 °C for furosemide and tramadol, which is easier to explain in tramadol as 

room temperatures had higher doses, but for furosemide this principle does not apply. However, for 

Hydrochlorothiazide it caused a decrease of LDH activity at room temperature and around the same 

activity as the control for 28 °C, following its LC50 where smaller concentrations were needed at 

room temperature. 
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There is no proof in this study that the tested compounds were up-taken and that bioaccumulation 

through the trophic chain can be possible, however, other studies in Artemia salina have proved the 

bioaccumulation of other kind of contaminants (nanoparticles particularly) and the possible 

biomagnification of these when Artemia salina fed from algae that had up-taken the particles 

(Madhav et al., 2017; Bhuvaneshwariet al., 2018). 

 

 

CONCLUSION 

We might conclude from these results that the three pharmaceutical compounds tested, and included 

in the Emerging Contaminants classification, are indeed toxic for Artemia Salina in a higher or 

lower degree depending on the environmental conditions and the compound itself.  The 

concentrations found for LC50 range from 225,01 mg/L for furosemide up to above 14,000 mg/L 

for tramadol; these concentrations are quite high compared to the ones found in the secondary 

effluent of the City of Prague in our previous study, which range from 810 to 2700 ng/L. However, 

it is important to emphasize that the three pharmaceutical compounds tested are very commonly 

used and have been found in water bodies around the world, therefore the accumulative effect of 

them must not be ignored, requiring further and intensive studies. Artemia salina is the base of 

marine trophic chain, meaning that whatever it can uptake and bioaccumulate can be passed through 

all of the species involved in that chain. Aside of that, it is the main food source of food for the 

aquaculture industry, that is why it is a very important indicator organism for toxicology. If our 

results indicate that being in contact with a small dose, such as the calculated LC25 for a period of 

24 and 48 hours disrupts the cellular balance and triggers enzymatic activity to protect the cells, 

being exposed to lower concentrations for longer period could have the same effect, possibly even 

worse. Attention must be paid to these and many other emerging contaminants to set proper water 

treatment to remove these concentrations and to start regulating the disposal and concentration 

limits for water supply around the world. 
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Abstract 

Centrifugal pumping equipment is widely applied in modern industrial activities, like water 

production and distribution, sewerage systems, oil industries, and many others. These centrifugal 

pumping plants are one of the major electrical power consumers nowadays. It is estimated that 
pumps consume from 10% to 40% of total produced electricity.  The automation of the processes 

that take place in the centrifugal pumping plants will certainly help to improve their performance. 

It makes the centrifugal pump system a subject of intensive study for efficiency improvement. One 

of the most important parameters of the pumping systems is flowrate. It is necessary to find ways 

for affordable and at the same time effective flow estimation possibilities. 

 

Keywords 

Centrifugal pumps; flow measurement; simulation; modelling 

 

 

INTRODUCTION 

The main goal of this paper is to represent the model of the centrifugal pump system that is designed 

to calculate the flowrate of the pumping unit. The calculated data can be used later for the 

stabilization and maintenance of flow at a determined level or regulation in accordance to needs of 

specific industrial conditions (A. T. De Almeida, 2011). The main advantage of designed model is 

that it contains standard functional blocks and, therefore, is easy to readjust for various pumping 

systems with different parameters. The developed algorithm for a programmable logic controller 

allows implementing the real flow calculation based on the model parameters (Ferreira, 2011). Thus 

helping to tune real pumping control system respectively. 

 

The structure of the paper is following. At the beginning, a functional circuit of developed Simulink 

model is described. Next, the developed method of sensorless flow calculation system is presented 

with the received simulation data. At the end, the experimental outcomes of developed model are 

discussed and the conclusions drawn. 

 

 

STRUCTURE OF CENTRIFUGAL PUMP SYSTEM 

A conventional topology of centrifugal pumping system consists of several main components: 

Pipeline for fluid transportation. 

Centrifugal pump. 

Variable speed drive (VSD). 

Feedback with a flow sensor. 

Regulation valve. 

Fluid tank. 

 

Figure 1 represents the structure of a centrifugal pump system. 
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Figure 1. Structure of pumping system 

 

The system consists of the centrifugal pump directly connected to induction motor that is fed by the 

power converter. The supply grid is connected to the power converter. A power converter, induction 

motor and the programmable logical controller (PLC) represent main parts of VSD. The liquid 

enters the centrifugal pump along the rotating axis. This side is called suction side of the pump and 

after acceleration by the impeller, it flows outward into a diffuser from which it exits the pump. 

 

Every centrifugal pump can be described with the help of its main parameters, capacity Q (m3/s), 

energy head H (m) and pressure p (bar) at a certain rotational speed n (rpm). Every manufacturer 

usually supplies pumps with manuals that include working characteristics. These characteristics 

consist of nonlinear dependences between Q and H, Q and P - power for the nominal rotational 

speed nnom. Particularly working characteristics for Ebara CDX 120/12 centrifugal pumps from ABB 

company that have been used in experiments are given in (Centrifugal Pumps CDX). 

 

Dependences between main characteristics of hydraulic system can be expressed in the form of 

affinity laws (Krivchenko, 1994): 
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where index 1 is related the initial state and index 2 – is related to the final state of the process 

variables 
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SIMULINK MODEL OF A CENTRIFUGAL PUMP 
Centrifugal pump model consists of several blocks. The structure of developed Simulink model is 

shown in Figure 2. Main block consists of two sub-blocks Figure 3, Figure 4. 

 

 
Figure 2. Sub blocks of a model 

 

 
Figure 3. First sub block of a model 
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Figure 4. Second sub block of a model 

 

Figure 2 represents two main sub-blocks of developed model. The first block contains ideal angular 

velocity source that allows setting desired speed of the pump. This function block generates speed 

proportional to input signal. In addition, sub-block contains speed, pressure-measuring tools, Figure 

3. Measuring blocks contain special converter block that transfers measured numerical values into 

physical values (Qiu, 2010). These values later are stored in the memory and can be used for 

graphical plotting. Description of the nodes and functional blocks are following: 

In1 – speed input. 

Conn2 – connection of hydraulic pressure to measuring device (in Pa). 

Conn4 – input of regulation valve. 

Out1 – flow measurement output (in m3/h). 

Out2 – torque measurement output. 

Out3 – pressure measurement output (in bar). 

Out4 – speed measurement output. 

 

First sub block plays the role of control system. The control signal from PI regulator is connected to 

In1. The output signal of ideal angular velocity source is connected to centrifugal pump that is 

located in second sub block. Thus this block helps to operate the pumping system and regulate the 

flow in accordance to reference signal. Second block contains centrifugal pump, reservoir, regulation 

valve, pressure and flow sensors, and plays the role of main part of pumping system, Figure 4. 

 

The reservoir is represented as a hydraulic reference block. Pipeline is a connection between suction 

side of a centrifugal pump – T and discharge side – P, Figure 4. To measure the pressure, hydraulic 

pressure sensor is used (Ghafouri, 2012). The outputs are denoted on Figure 4. The parameters of 
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centrifugal pump were taken from manufacturer’s documentation. To create a correct model of a 

centrifugal pump, parameterization by pressure differential p – Q and brake power versus capacity P 

– Q was used. For estimation liquid volume in the reservoir and other hydraulic parameters, some 

additional measurements have been conducted: 

tank total volume – 0.12264(m3), 

fluid volume – 0.09417(m3), 

pipeline length – 3.7(m), 

pipe inner diameter – 58(mm), 

wall thickness – 1.5(mm), 

pipe material – stainless steel, 

pipe roughness – 0.15(mm), 

type of valves – ball valve, 

angle of pipeline bends - 90˚. 

Δz – pipeline elevation, 1.1 (m). 

 

To evaluate the model some tests were conducted. At first so-called system curves were estimated 

for different rotational speeds: 2760, 2500, 2200, 1800, 1000, Figure 5. The accuracy of designed 

model varies from 0.6 % to 3.1 %. That shows high precision of the model. 

 

Figure 5. Family of system curves at – n=2760, 2500, 2200, 1800, 1000 rpm for pump model - ‘o’, 

and ‘x’ for real test bench 

 

The developed flow rate control system is based on the ABB AC500 PLC chosen because of a 

powerful processor and large memory. To establish communication with other devices, this PLC 

uses such possibilities like Ethernet, Profibus DP, Modbus TCP, and Modbus serial. PLC is 

connected with the frequency converter. CM572 DP is used as an interface between CPU and 

profibus adapter module. The system topology is shown in Figure 6, it represents how the system 

looks in reality. 
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Figure 6. Experimental pumping station 

 

To design the system, the ABB Control Builder was chosen. This software possesses all the 

necessary tools needed for programming, simulation and maintenance of the projects related to 

automation field. For this particular application of AC500 PLC, the control panel with switches, 

resistive potentiometers, and a voltage measuring device has been designed (Centrifugal Pumps 

CDX). 

 

The algorithm of the designed PLC program is based on the performance curves (p-Q) of a 

centrifugal pump shown in Figure 7. When the flow changes because of the system curve transition 

from the solid line to the dashed one, the algorithm searches a new performance curve (dashed line) 

to keep the previously assigned flow rate Qref. As a result, in the previous working point (1) and in 

the new one (2) the flow is the same though the pressure is different. Thus, the constant flow on the 

outcome of a pump is maintained. 
 

p

Q

Performance 
curves

System curves

①
 

②

Qref
 

Figure 7. Performance and system curves 

 

 

EXPERIMENTAL RESULTS 
To validate the model, a series of experiments has been conducted based on the experimental pump 

test bench accomplished with the developed flow rate control system. AC500 PLC has been 

connected to the frequency converter ACQ810 and the flow rate was regulated and maintained from 
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the user interface. During these experiments, the flow has been stabilizing at the rate of 3.5 m3/h. 

To change the system curve, a discharge valve has been installed in the pipeline (Figure 6). The 

discretely changed valve angles and the appropriate speed- flow responses are shown in Figure 8. 

 

 

Figure 8. Speed–flow transients 

 

 

CONCLUSION 

The developed model of centrifugal pump and related simulation approach are proposed in the 

paper. Simulations show that designed model is quite flexible and easy to tune. High accuracy of 

the model during dynamic and static modes, allows using this model for sensorless flow-

measurement system for centrifugal pumps. 
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Abstract 
A significant amount of compounds occurring in the water environment undergo different 

transformations. These transformations lead to the formation of a large number of intermediates, 

which are considered to be toxic against living organisms even in trace concentrations. The paper 

presents an attempt of the identification of by-products generated during the decomposition of 

selected contaminants of emerging concern subjected to single chlorination and UV-based 

processes supported by the action of chlorine and hydrogen peroxide or ozone.  

The chromatographic analysis of post-processing water samples containing benzocaine, acridine 

and β-estradiol indicated the formation of 7, 5 and 3 compound intermediates respectively. The 

number and the concentration of the by-products decreased with the time of UV irradiation. The 

UV-based processes had also a beneficial influence on the decrease of the toxicity of post-

processed water solutions. 
 

Keywords 

Organic micropollutants; advanced oxidation processes; chlorination; by-products 

 

 

INTRODUCTION 

The chlorination process is still one of the most common used and effective methods for water 

disinfection during the treatment of drinking water in Water Treatment Plants. This disinfection 

method is mainly performed using Cl2, ClO2 or NaOCl reagents. The main reactive agent, which is 

responsible for the oxidizing effect is hypochlorous acid (HOCl). This reactant is formed by the 

aqueous transformation of chlorine (Cl2) according Equation (1) (Rott et al., 2018). HOCl can 

dissociate to hypochlorite anions (ClO−), which are considered to be a less effective oxidant in 

samples of a neutral pH (Deborde et al., 2008).  

 

Cl2 + H2O → HOCl + Cl− + H+                      (1) 

 

The addition of another reactive agent to the reaction medium, like H2O2 or O3, can improve the 

decomposition of compounds by the direct action with the contaminant molecule or by the 

generation of other high reactive species (Kudlek and Dudziak, 2018). Also the implementation of 

the chlorination process in assistance with UV irradiation can lead to the improvement of the 

contaminant decomposition. This is related to the generation of several radicals, like: HO•, Cl• and 

O-• (Yang et al., 2016; Li et al., 2016). Oxidizing agents and formed radicals not only lead to the 

removal or deactivation of pathogenic microorganisms but also reaction with compounds present in 

the disinfected water matrix. 

 

The most known chlorination by-products are trihalomethanes (THMs) and haloacetic acids 

(HAAs) (Legay et al., 2019; Villanueva et al., 2015). However these intermediates are not the only 

that are present in water after disinfection. Also chlorination by-products of several organic 

micropollutants, belonging to the group of contaminants of emerging concern (CECs), are identified 
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in chlorinated water. The occurrence of these compounds especial in drinking water can have a 

harmful impact on human health (Bolong et al., 2009).  

 

The paper presents the identification of decomposition by-products of selected CECs, which belong 

to the group of pharmaceutical compounds, day additives and synthetic hormones formed during 

UV-based oxidation processes preformed in the presence of chlorine hydrogen peroxide and ozone. 

The tests were carried out on both deionized and surface water micropollutant solutions. The 

generated compound intermediates were identified based on their mass spectra compared to the 

National Institute of Standards and Technology NIST v17 database. Additionally a toxicological 

evaluation of the post-process water samples was performed. 

 

 

MATERIAL AND METHODS 

The research subject constituted water solutions prepared on deionized water and surface water 

matrices spiked with CECs: benzocaine (BE), acridine (ACR) and β-estradiol (E2). The 

concentration of the contaminants was set on 500 µg/L. Standards of the tested compounds with a 

purity of over 99 %, 97 % and 98 % were purchased from Sigma-Aldrich (Poznań, Poland). The 

characteristic of the compound is presented in Table 1. 

 

Table 1. Physicochemical characteristic of studied contaminants of emerging concern 

Compound group pharmaceutical compound 
dye and pharmaceutical 

additive 
hormone 

Name 
benzocaine  

(BE) 

acridine  

(ACR) 

β-estradiol  

(E2) 

Structural formula 

 
 

 

Molecular formula C9H11NO2 C13H9N C18H24O2 

CAS-RN 94-09-7 260-94-6 50-28-2 

Molecular weight, g/mol 165.19 179.22 272.38 

Solubility in water, mg/L 1310 5.6 3.6 

 

All water matrices were subjected to the chlorination process, which was carried out by the use of 

sodium hypochlorite (NaClO) with a nominal free chlorine content of 6 % (w/v) purchased from 

Chemoform (Sosnowiec, Poland). The chlorine dose, measured as a total chlorine concentration, 

used in the experiment was equal to 0.5, 1.0, 2.0 and 3.0 mg/L. The single chlorination process was 

carried out in a dark chamber to omit the influence of any light source on the decomposition of 

tested micropollutants. Chlorinated water samples were also exposed to UV irradiation supported 

by the presence of hydrogen peroxide (H2O2) or ozone (O3). The H2O2 and O3 dose was estimated 

in preliminary studies and set on 3.0 mg/L. The single chlorination process was carried out 10, 20 

and 30 min and stopped by sodium thiosulphate (Na2S2O3) at a dose of 100 mg/L, which act as an 

excess chlorine removing agent. Na2S2O3 with a purity of 98 % was purchased from Merck KGaA 

(Darmstadt, Germany). O3 was generated by Ozoner FM500 WRC Multiozon (Sopot. Poland) and 

introduced in the tested CECs water samples by the use of a ceramic diffuser. The O3 was measured 

by the use of a photometric method O3 Spectroquant® by Merc Sp. z o.o. (Warszawa, Poland). The 

reaction was topped after the end of the UV irradiation time by sodium sulphite Na2SO3 at a 
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concentration of 24 mmol/L. Furthermore the UV irradiation was carried out by the use of a 150 

Watt mercury lap placed in a glass cooling sleeve by Heraeus (Hanau, Germany) with a radiation 

flux summarized in Table 2. The time of irradiation was set on 2, 5, 10, and 20 min. 

 

The experiments were performed for all CECs separately in neutral conditions, therefore the pH of 

each tested matric was adjusted to 7.0 using 0.1 mol/L NaOH. 

 

Table 2. Physicochemical characteristic of studied contaminants of emerging concern (Data 

achieved from the supplier of Heraeus UV lamp reactors KENDROLAB Sp. z o.o.) 

 
Radiation flux Ф, W 

Wavelength λ, nm 238/40 254 265 280 297 302 313 334 366 390 405/08 436 492 546 578 

Direct lamp 

radiation 
1.0 4.0 1.4 0.7 1.0 1.8 4.3 0.5 6.4 0.1 3.2 4.2 0.1 5.1 4.7 

Radiation passing 

through the sleeve 
- - - - 0.1 0.5 2.5 0.4 5.8 0.1 2.9 3.6 0.1 4.6 4.2 

 

The analytical procedure of investigated compounds was performed by solid phase extraction of the 

analytes and their chromatographic analysis according to guidelines presented in (Kudlek, 2018). 

The chromatographic measurement was carried out by the use of the 7890B GC-MS(EI) 

chromatograph by Perlan Technologies (Warszawa, Poland). The column oven temperature 

program was set on: 80 °C (6 min), 5 °C/min up to 260 °C, 20 °C/min up to 300 °C (2 min). Helium 

was used as the carrier gas. The temperature of the ion trap, ion source and injector were equal to 

150 °C, 230 °C and 250 °C respectively. The mass detector operated in the total ion current (TIC) 

mode in the range of 50 to 400 m/z.  

 

Toxicological evaluation of the post-processed samples was carried out by the use of 

bioluminescent Aliivibrio fischeri bacteria indicator organisms in the Microtox® test by Modern 

Water (Warsaw, Poland). To exclude the impact of the possible chlorine which left in the post-

processed water solutions, the collected samples were subjected to toxicological test after 24 h 

incubation in a cooled dark chamber. 

 

Assignment errors marked on figures, were estimated on the basis of the standard deviation for 

three repetitions of each test. The errors values for all tested samples did not exceed 2.0 %. 

 

 

RESULTS AND DISCUSSION  

Figure 1 shows the influence of chlorine dose on the decomposition of tested CECs in deionized 

water solutions. It was noted, that the removal degree of all compounds increases with the increase 

of the chlorine concentration. BE was characterized by the least susceptibility to decompose under 

the influence of chlorine. The removal of BE noted after a 10 min reaction time for the chlorine 

dose equal to 0.5, 1.0, 2.0 and 3.0 mg/L was only  2, 3, 5 and 6 % respectively. An extension of the 

reaction time to 30 min allow for a 3.5 % removal of this compound noted for 0.5 mg/L of chlorine 

and a 10 % removal for the chlorine content equal to 3.0 mg/L. Higher removal degrees were noted 

for ACR. This contaminant decomposed in the presence of 3.0 mg/L of chlorine by over 20 % after 

10 min and over 26 % after 30 min of process duration. It can be concluded that single chlorination 

by the use of NaClO is not sufficient for the decomposition of BE and ACR. A reverse observation 

was noted in the case of E2 chlorination. The addition of 0.5 mg/L of chlorine to the compound 

solution leads to his over 75 and 98 % decomposition after 10 and 30 min respectively. A complete 

removal of E2 was observed after 30 min of reaction with the chlorine dose equal to 2 mg/L. Li et 
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al. (2017) also noted a complete removal of E2 during the chlorination process carried out in neutral 

conditions. 

 

The results obtained for test carried out on surface water were similar to those obtained for 

deionized water (Figure 1S). Only in the case of the decomposition of ACR a 5 % increase of the 

compound removal was noted. 
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Figure 1. Change of a) BE, b) ACR and c) E2 concentration during chlorination of deionized water 

solutions 

 

The low removal degrees of BE and ACR observed during single chlorination forces the use of 

another treatment process. Therefore UV-based processes supported by the presence of H2O2 and 

O3 were implemented. Figure 2 compares the decrease of CECs concentration observed in 

deionized and surface water solution subjected to UV irradiation in the presence of chlorine and 

H2O2 (UV/Cl2/H2O2 process) or O3 (UV/Cl2/O3). In both processes preferable removal degrees were 

observed for micropollutants occurring in deionized water matrixes. This difference in process 

effectiveness was especially notable during the UV/Cl2/H2O2 process. For example, 2 min of 

process implementation lead to the 60 % removal of E2 in the surface water solution, while the 

removal of this compound noted in the deionized water matrix exceeded 93 %. After 20 min of 

process duration a complete removal of E2 in deionized water was noted. The concertation of this 

contaminant occurring in surface water was reduced by 80 % (20 min of process duration).  The 

final removal of BE and ACR noted in deionized water samples was equal to 27 and 53 %, whereas 

the removal of this compounds observed in surface water reached only 22 and 43 % respectively. 

Higher removal degrees were noted during the UV/Cl2/O3 process. E2 occurring in deionized was 

completely removed after 5 min of UV irradiation, and after 20 min of process implementation a 
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completely removal of this compound was also noted in the surface water matrix. The concertation 

of BE and ACR was decreased in deionized water by over 63 % and in the surface water only by  

45 %. It can be concluded that the higher effectiveness of the UV/Cl2/O3 against the UV/Cl2/H2O2 

process was the result of the formation of a larger number of radicals during the O3 self-

decomposition in water. Among these radicals HO•, HO2
•, HO3

•, HO4
•, O2

-• and O3
-• can be 

mentioned (da Silva and Wilson, 2006). Whereas the irradiation of H2O2 with UV light leads to the 

formation of OH• radicals. (Mierzwa et al., 2018). However OH• radicals are endowed with the 

strongest oxidation potential and they are able to abate compounds which are resistant for O3 or 

H2O2 decomposition (Bourgin et al., 2017). 

 

The implementation of the tested CECs decomposition processes not only allows for a decrease of 

the contaminant concentration but also leads to the generation of several by-products. These 

intermediates were formed during reactions occurring between the parent compounds and chlorine 

and/or other reactive species. 
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Figure 2. Change of compound concentration during the a) UV/Cl2/H2O2 and b) UV/Cl2/O3 (dej. 

wat. – deionized water solutions, sur. wat. – surface water solutions) 

 

By-products were identified based on their mass spectra by the use of the NIST v17 database (Table 

1). The identified intermediates decompose more slowly than the parent micropollutants and were 

detected even after 20 of UV-based process implementation. The single chlorination process lead to 

the formation of four BE intermediates: Ethyl 4-chlorobenzoate, 4-Chloroaniline, 

Chlorohydroquinone and 2,5-Dichlorohydroquinone, while the chlorination of ACR solutions 

resulted in the formation of 9-Chloroacridine and Salicylic acid. During the implementation of both 

UV-based processes, the occurrence of all CECs intermediates listed in table 3 was noted. 

Intermediates detected in each individual process were summarized in Table S1.  

 

Ethyl 4-hydroxybenzoate and Ethyl 4-chlorobenzoate were formed by the denitration of the BE 

molecule and the substitution of the nitric group by the hydroxyl group and chlorine respectively. 

Other BE intermediates were possibly generated by the attack of OH• and chlorine on the phenolic 

ring of the compound. The ACR decomposition by-products Acridone, Acridine-10-oxide and 2-

Hydroxyacridine were mainly formed by the attack of oxygen reactive species of the compound 

molecule, while 9-Chloroacridine is the result of the substitution of chlorine to the phenolic ring.  

 

The applied analytical method based on gas chromatography allow only for the detection of three 

E2 intermediates, which are results of oxygen reactive species action. Li et al. (2017) pointed that 

the decomposition of E2 take place by the halogenation of the aromatic ring followed by the 
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cleavage of the benzene moiety and chlorine substitution formation, and generation of THMs and 

HAAs from phenolic intermediates. 

 

Table 3. Identified CECs by-products during the performed experiments 

Parent 
compound 

Identified compound 
Structural  
formula CAS-RN Similarity,% 

Molecular 
weight 

BE Ethyl 4-hydroxybenzoate C9H10O3 120-47-8 74 166.17 

Ethyl 4-chlorobenzoate C9H9ClO2 7335-27-5 84 184.62 

4-Chloroaniline C6H6ClN 106-47-8 86 127.57 

4-Chlorophenol C6H5ClO 106-48-9 99 128.55 

3,4-Dichlorophenol C6H4Cl2O 95-77-2 98 163.00 

 Chlorohydroquinone C6H5ClO2 615-67-8 75 144.55 

 2,5-Dichlorohydroquinone C6H4Cl2O2 824-69-1 80 179.00 

ACR Acridone C13H9NO 578-95-0 70 195.22 

Acridine-10-oxide C13H9NO 10399-73-2 75 195.22 

2-Hydroxyacridine C13H9NO 22817-17-0 90 195.22 

9-Chloroacridine C13H8ClN 1207-69-8 72 213.66 

Salicylic acid C7H6O3 69-72-7 80 138.12 

E2 2-Hydroxyestradiol C18H24O3 362-05-0 92 288.40 

Estradiol-3,4-quinone C18H22O3 144082-88-2 78 286.40 

4-(1-Hydroxyethyl)phenol C8H10O2 2380-91-8 80 138.16 

  

It shout be noted that chlorine is used in water treatment processes to protect water before 

secondary contamination (Du et al., 2017). Therefore it should be toxic to pathogens and so also to 

small test organisms. The adopted sample preparation methodology before the proper toxicological 

test allowed for the exclusion of chlorine influence on test bacteria. Chlorinated water samples 

without the addition of tested CECs were characterized by a toxicological effect lower than 9 % 

(Figure S2), which classified them, according to the guidelines given by Mahugo Santana et al. 

(2009), as non-toxic. The results shown in Figure 3 present the toxicological effect resulted from 

the generated parent compound intermediates.  

 

ACR surface water samples before the addition of NaClO were low toxic (25.0 % < toxic effect ≤ 

50.0 %) against the test bacteria. Whereas BE and E2 were non-toxic (toxic effect ≤ 25.0 %). The 

presence of chlorine initiated the decomposition of the compounds, and therefore also leads to an 

increase of the toxicity. It was noted that the toxic effect increases with the increase of the chlorine 

dose (Figure 3a). For example BE and E2 solutions treated by 1.0 mg/L of chlorine were still non-

toxic, while the dose of 3.0 mg/L resulted in the increase of the BE solution toxicity to a toxic level 

(50.0 % < toxic effect ≤ 75.0 %) and the E2 solution toxicity to a low toxic level. The highest 

toxicity was observed for ACR post-processed solution. The addition of 0.5 or 1.0 mg/L of chlorine 

to the ACR water solution lead to the formation of several toxic intermediates, which increased the 

toxicity to a toxic level, and the addition of 2.0 and 3.0 mg/L of chlorine resulted in the generation 

of high toxic solutions (toxic effect > 75.0 %). The results obtained for deionized water solutions 

were characterized by the same tendency (Figure S3). The toxicity noted for BE, ACR and E2 

https://pubchem.ncbi.nlm.nih.gov/search/#query=C9H9ClO2
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deionized water solutions was 5 %, 8 % and 2 % respectively higher than those noted for surface 

water solutions. 

 

The post-processed samples obtained during the UV-based treatment methods were also subjected 

to toxicological tests (Figure 3b). It was noted that the implementation of UV irradiation supported 

by the action of 1.0 mg/L chlorine and H2O2 or O3 resulted by an increase of the toxicity of all 

tested compound solutions in the first 5 min of the treatment process compared to the single 

chlorination process. This phenomenon confirm the generation of toxic by-products identified 

during the chromatographic analysis. In general, the toxicity of samples collected after the process 

carried out with the presence of H2O2 was higher than the toxicity of samples subjected to the 

simultaneously action of UV light, chlorine and O3. For example, E2 solutions irradiated for 10 and 

20 min in the presence of H2O2 were characterized by non-toxicity, while samples of the same 

contaminant subjected to O3 supported irradiation were classified after 10 min as low toxic but after 

20 min as non-toxic. The chromatographic analysis indicted that signals caused by the formed 

intermediates after 10 min of UV irradiation become weaker. This means that after this time of the 

process, the concentration of by-products decreases. This was also reflected in the toxicity results. 

The toxicity decreased after 10 and 20 min of process implementation. For example the toxicity of 

the ACR solution treated by UV light supported by NaClO and H2O2 decreased form a high toxic 

level to a toxic level and the BE and E2 solutions decreased during both treatment processes from a 

low toxic to a non-toxic level.  

 

Donner at al. (2013) noted an increase of the toxicity during the irradiation of carbamazepine 

solutions with UV light in the first 30 min. ACR is a toxic decomposition by-product of 

carbamazepine. The occurrence of this compound and other carbamazepine intermediates increased 

the toxicity. A future irradiation of the pharmaceutical solution leads to the decomposition of 

acridine and a decrease of the solution toxicity.   
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Figure 3. Change in the toxicity of the CECs surface water solution after a) single chlorination (30 

min of process duration) and b) selected UV-based processes (5, 10 and 20 min of UV irradiation) 

 

 

CONCLUSIONS  

The chlorination process of organic contaminants occurring in deionized and surface water lead to 

their decomposition and the formation of several intermediates. With the increase of the chlorine 

concentration a decrease of compound concentration and an increase of the forming by-products 

were observed. The implementation of the UV radiation in the presence of oxidants results in the 

decrease of the number and concertation of forming by-products. The UV-based processed had also 

a beneficial influence on the toxicity of the post-processed solutions. 
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Abstract 

The phenomenon of beach wrack, occurring all over the world, has not been given too much 

attention so far. It is a material with a specific composition, whose precise qualitative description 

is difficult. Material washed out by the sea during the year changes quantity and quality. 

Establishing a precise definition and the amount accumulated on beaches is a task that causes 

problems. The law clearly does not specify what is included in it and how it should be dealt with, 

which is a challenge for institutions managing beaches. In addition in the Baltic Sea region, beach 

wrack is a factor that enhances the problem of eutrophication, through the high content of nutrients 
released during the decomposition of accumulated material on the coasts of beaches. As part of the 

CONTRA project, various options for beach wrack management in the region of the Baltic Sea 

will be explored. An interesting solution seems to be the use of reed bed system technology, which 

has been used in the case of sewage sludge, as a beach wrack processing method. This solution 

seems to be a good idea due to similar material of beach wrack and sewage sludge. In addition, 

this solution fits in with the circular economy that is being introduced now, departing from a linear 

approach. 

 

Keywords 

Beach wrack; eutrophication; utilization; reed bed system; fertilizer; compost 

 
 

BEACH WRACK PROBLEM 

Beach wrack is a natural occur phenomenon, which is observed on the beaches around the word. 

The sea thrown out organic material by waves, tides and wind. These factors are also responsible 

for recycling it back to the sea (Macredie et al., 2017). Determining what is actually beach wrack is 

not as easy as according to Macredie et al. 2017. The material washed out to coast does not consist 

only of organic ingredients, but also can be find plastics, glass, metals (mainly wastes made by 

human beings).  

 

In Poland term beach wrack was not found. In Polish literature, can be found the term "kidzina" 

which means a beach roller created by organic debris thrown by waves to the seashore., and it is a 

natural habitat protected in the Natura 2000 network. It is understood as principally organic 

vegetable matter; snail and mussel shells; small organisms and eggs of marine animals; all material 

thrown by wave and currents on the sea shore. The material thrown out to the beaches changes in 

terms of quality throughout the year. On the Polish side of the Baltic Sea coast you can find: 

summer- mainly scums of cyanobacteria; autumn- seagrass and shells, which are thrown by storms; 

winter and early spring- bridge remains of sticks and leaves; may- filamentous algae. (Szymelfenig 

et al., 2005). Kidzina includes both items of natural and antropogenic orgin. The plant material 

contained mainly vascular plants (Potamogeton spp.) and macroalgae, with a small proportion of 

seagrass (Zostera marina) and unicellular algae. Identified – green algae (Cladophra spp., 

Enteromorpha spp.) brown (Pilayella littoralis, Ectocarpus spp.) and red algae (Furcellaria fastigata, 

Ceramium spp), with the dominant species being Cladophora spp., Enteromorpha spp., Pilayella 

littoralis and Ceramium spp. (Filipowska et al., 2008). Manmade waste include: miscellaneous 

plastic, glass, rubber, paper and textile impurities, mainly from households. 

mailto:alikupcz@pg.edu.pl
mailto:katkolec@pg.edu.pl
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Another term used in Poland in reference to beach wrack is seagrass. It's mainly about organic 

material. Characteristic long sea grass leaves, in various degradation states, fresh green leaves on 

the water line, close to dunes, the material is completely dried out. Typically seagrass (Zostera 

marina) without the addition of other organic components. A small part is anthropogenic waste 

(plastic, glass, metal, etc.). 

 

This raises a discussion about what should be call the term "beach wrack". The basic question that 

comes to mind in this case is whether it is only organic material or also that which contains 

inorganic ingredients and whether the term beach wrack can be combined only with natural 

ingredients or also those of human origin. Based on current research and discussions with countries 

struggling with the beach wrack problem, it can be described as a mixture of marine vegetation, 

animal waste, and natural and ananthropogenic land wastes. In order to take effective actions to 

management the beach wrack, it is necessary to establish a clear definition of what exactly it is.  

 

Impact of beach wrack on environmental and social 

Beach wrack material has many benefits for the marine ecosystem, which is not covered by the 

problem of eutrophication. It is a habitat for various animals, including birds. In addition, the beach 

wrack affects the protection of the coastline by establishing a physical barrier that disperses the 

impact force of waves. The fibrous structure perfectly binds the sand, affecting the reduction of the 

erosion process of the dunes. The beach wrack phenomenon supports the marine food chain by 

providing nutrients from the decomposing material (Government of south Australia).  

 

Beach wrack thrown out the shore is rich in nutrients, which released to the sea cause the 

eutrophication process, which is disadvantageous for high-trophic reservoirs like Baltic Sea. 

According to the research conducted for the benefit of: the Assessment of the state of the 

environment of Polish sea areas of the Baltic Sea on the basis of monitoring data from 2017 against 

the background of the decade 2007-2016, the state of none of the basins (The Bornholm Basin, The 

Eastern Gotland Basin and The Gdańsk Basin) has not been assessed as good, which indicates that 

the Baltic Sea is struggling with the problem of eutrophication. The direct cause is mainly the high 

content of total and mineral nitrogen and phosphorus, which caused increased blooms of 

phytoplankton, which contributed to a higher concentration of chlorophyll-a and increased turbidity 

of Baltic waters as well as poor oxygenation of the deep-water zone (Krzymiński, 2018). Certainly, 

supplying an additional dose of nutrients from decomposing beach wrack material will not 

contribute to the improvement of the quality of the Baltic Sea. 

 

Furthermore organic material quick decompose on the shore, giving off unpleasant smell, which 

deter tourists (Szymelfenig et al., 2005). The material washed out by the sea, reduces the 

attractiveness of seaside resorts, whose economy is based mainly on local activities directly related 

to tourism. 

 

Beach wrack is not only environmental problem for  eutrophicated water reservoir but also a 

specific social problem for local authorities, which in accordance with the European Union 

Directive on bathing water quality (2006/7 /EC), are obligated to remove of macroalgae laying on 

the coast. Pursuant to Directive 2006/31 / EC of the European Parliament and of the Council (EU) 

2018/850, material of beach wrack must be utilize, because the collection of biodegradable waste on 

landfills is prohibited. Proper management of beach waste material is therefore a challenge, the 

solution of which will not only benefit the environment, but also for society. 
 

Possibilities of Beach Wrack management tested in CONTRA. 
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Gdańsk University of Technology (Poland) is involved in the project CONTRA- "Baltic Beach 

Wrack- Conversion of Nuisance To a Resource and Asset", which raise the problem of beach 

wrack, as part of the Interreg Baltic Sea Region program. The project assumes a thorough 

examination of the problem of the beach wrack phenomenon. The main goal is to change the 

approach to the material thrown out by the Baltic Sea. Project is to contribute to finding positive 

aspects of this material, which has been recognized as a nuisance, and to show how it can be a 

source of benefits for institutions dealing with beach management. The result of the work under the 

project is to be a toolkit that propose specific beach wrack processing technologies and the positive 

effects that flow from them. The project will conduct research on six case studies.  

 

 
Figure 1. The distribution of planned research in the Baltic Sea countries participating in the 

CONTRA project (based on google maps) 

 

Table 1. Main assumptions of CONTRA case studies 

Case Study Name Place Main aim 

1 Wreck4soil Bad-Doberan 

Macklenburg Western 

Pomerania, Germany 

Fertilizer and soil improvement 

products recycled from beach wrack 

2 BWC- Beach Wrack 

Conversion 

Island Rügen, Germany Pre-feasibility assessment of 

development of special technologies 

of bio-char production and its further 

possible applications 

3 Wracover- beach 

wrack for bio-cover 

Køge Municipality, 

Denmark 

Using beach wrack as compost 

material in a methane inhibiting 

biocover 

4 Wrack4coast- beach 

wrack for costal 

protection 

installations 

Curonian Spits, Russia Assessment of beach wrack 

applicability for dune restoration 

measures 

5 ALERA- 

AlgeaReactor 

Kalmar, Sweden Gasification, experimental setup and 

testing of innovation feasibility 

6a WAIT- 

WAterinprovmenT 

Puck Bay, Poland Beach wrack removal for water 

quality improvement 

6b FERTIWRACK  Swarzewo, Puck Bay, 

Poland 

Use beach wrack for fertilizers 
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Occurrence and quantity of beach wrack 

The lack of monitoring in the area of polish shore of the Baltic Sea as like seasonal changes in 

occurrence of beach wrack contribute on difficulties the accurately estimate of the quantity of it. 

According to Maritime Institute in Gdańsk , the amount of biomass of algae lying on the beach in 

Sopot (North Part of Poland, famous place for holidays) ranges from 160-800 tons dry weight per 

year (Schultz-Zehden and Matczak 2013). According to MOSiR Sopot (Municipal Sports and 

Recreation Center) it is possible to collect from 180 to 796 tons of wet weight from beaches for the 

season. IO PAN (Institute of Oceanology, Polish Academy of Sciences) estimated this amount at 

220 - 440 tons per season (Hansson et al., 2013). 
 

 

FERTIWRACK- CASE STUDY   

One of the idea of beach wrack utilization is used a reed beds system to obtain final product- more 

likely as fertilizer or as a additions / enrichment to compost. 

 

The reed system is related on the simulation of processes occurring in natural wetlands ecosystem. 

Until now, this technology has been used to dewatering and stabilize sewage sludge. The use of this 

system in relation to beach wrack is an innovative solution.  

 

The dewatering process take place in similar way as naturally occurring in wetlands, mainly  the 

water infiltration through the bed and  outflow in the form of reject water and the evapotranspiration 

of water from above-ground parts of reeds (Nielsen and Cooper 2011). This process leads to a 

reduction in both the volume and mass of the raw material as well as the increase in the content of 

dry matter.  

 

Stabilization occurs through differences in oxidation-reducing potentials, resulting in mineralization 

of organic matter as well as nitrogen transformations. The effect of stabilization is to lower the 

content of organic compounds, which reduces the combability and elimination of unpleasant odors. 

To array of this method’s advantages could be included: 

-simple construction of reed system (Kołecka and Rohde, 2018) - simple technical solutions 

influence to easier availability for layman, easier understanding of technology and also lower risk of 

expensive repairs during exploitation time; 

-low invest and exploitation costs (Kołecka and Rohde, 2018) –finance is a very important issue for 

local authorities responsible for beach wrack management, low costs related to the construction and 

maintenance of reed bed systems are a factor favoring the choice of this method, additionally, it is 

intended to produce a fertilizer that can be an extra influence to the budget of the instytution which 

will decide on such a solution; 

-natural look, which is enable easy fit in existing landscape (Sobczyk and Sypuła, 2011)- natural 

and easily fitting appearance of reed bed systems in the case of application beach wrack is a factor 

increasing its potential, the profitability of this type of method depends on the distance of the raw 

material colecting site to the processing site, due to the eye-pleasing appearance, the object can be 

built in close distance to the beach because it will be a great complement to the seaside landscape ; 

-lack necessity use of chemicals; low emission and energy consumption (Obarska-Pempkowiak et 

al., 2015)- the processes occurring in the reed bed are based on natural mechanisms, do not need, as 

in the case of mechanical dewatering, the addition of polyelectrolytes to improve the efficiency of 

the process, lack of additional foreign substances introduced into the environment provides 

ecologicalfriendly solution, this method also consumes energy only for the supply of the sewage 

sludge by pump to beds, low emissivity is associated with lower production of carbon dioxide than 

in the case of traditional methods and reduction of methane by plants in a well-functioning system. 
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Technological aspects 

Planned pilot reed system will used cubes, situated on the wooden pallets. As a filing will be used 

some aggregate, gravel and sand. On the layer of sand will be situate reed. Each cube will be 

divided into four parts. From the bottom of each part of cube will be lead out drain pipe, which will 

drain away reject water and will introduce air to the reed system. In different parts of cube will be 

put different form of algae structure or mix algae with addition of compost in the different ratio. 

 
Figure 1. Scheme of pilot reed system based on cube's  modules (own study) 

 

During the CONTRA project duration, tests will be carried out on the quality of the stabilized and 

dewatered beach wrack material and beach wrack mixed with compost (to improve fertilizer values) 

as well as reject water from individual parts. An effect similar to that obtained for the use of sewage 

sludge on reed bed sytem is expected- the volume is reduced and the dry matter content is increased 

by dewatering, as well as elimination of odors and lowering the content of organic compounds 

occurred by stabilization. 

 

Management aspects  

Different amounts and seasonally occur of beach wrack are not problems for the reed system, 

because it works in an alternating cycle (irrigation and rest phase). The reed bed system, will use 

beach wrack to produce some kind of fertilizer, which means change nuisance to resource. 

Moreover use of this end product can allow to reuse biogenic compounds, which means 

reintroduction them to the matter cycle. The reed bed systems fits in circular economy methods, 

because they use processes which natural occur in wetlands, they do not need additional chemicals 

so they haven’t got negative influence to the environmental. This solution is also low-energy 

consumption and low-emission. Such a solution would cause the reuse of biogenic compounds, thus 

entering the circular economy, which is in accordance with European Union recommendations. 

 

What's more, the reed system can be built close to the beach, which reduces the distance needed to 

transport the beach wrack. The system can be used to build and reconstruct the dunes. Reed system 

produced fertilize, which could be income and additional advantage for potential users. The reed 

system will be profitable, if it will be situated in neighborhood of place where beach wrack is 

collected. High water content makes transport for a long distance too expensive. For the reed 

system necessary is adequate surface. It could be a problem for potential interested invest. In 

addition different amendments like mature compost or biopreparates to enhance the decay are to be 

tested. 
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SUMMARY 

Beach wrack is a specific problem. It is necessary to do research to management material from 

beaches located at highly eutrophicated water reservoirs such as the Baltic Sea. Collecting beach 

material and using it on a reed system, seems to be good idea. 
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Abstract 

This paper is focused on the description of time series of water consumption in the non-transit 

consumption area. The described minimum night flow and maximum water consumption per hour 

characteristics are one of the important quantities of water consumption. The aim of the paper is to 
find the most reliable method for determining these characteristics. The presented statistical 

method of percentile is compared with other statistical methods and adjusted on the basis of their 

results. This article describes how to determine the basic characteristics of water consumption 

using statistical methods, thereby speeding up and simplifying the entire process of water 

consumption analysis. 

 

Keywords 

Water demand; water consumption; district metered area; minimum night flow; maximum water 

consumption per hour 

 

 

INTRODUCTION 

For the efficient operation and management of the drinking water distribution systems (DWDSs) 

it is necessary to have a detailed overview of the technical and hydraulic parameters of the network 

(dimensions, material, pressure conditions, etc.). One of the basic entry data is the water 

consumption in a consumption area. The analysis of water consumption determines the basic 

DWDS data, thanks to which we may consider other technical interventions (e.g. reduction or 

increase of pipeline capacity). Such data include determination of average and maximum 

consumption per day, maximum consumption per hour, minimum night flow, minimum water 

consumption per hour respectively. The determination of the minimum night flow, which is used to 

evaluate the water losses from the DWDSs, is essential. For DWDSs, the design or redesign is 

usually based on mathematical modelling and simulation methods (Kovar et al., 2014). 

 

Act No. 274/2001 Coll., on public water mains and sewerage for public use, stipulates by Decree 

No. 428/2001 Coll. an obligation for water infrastructure owners to record technical and operational 

information about the distribution network. Operational data include, for example, the total amount 

of water entering the system and the volume of water loss related to the length of the DWDS. This 

information is forwarded to the competent water authority. The water authority processes this 

information and submits it to the Ministry of Agriculture of the Czech Republic, which, in 

cooperation with the Czech Statistical Office, publishes this data in Annual Report.  

 

Water supply systems in the Czech Republic are provided with relatively detailed monitoring. 

Operators and owners of water infrastructure have a relatively good overview of the amount of 

water flowing in the DWDS. The flow is monitored on many parts of the distribution system: on the 

water inflow pipe from the water source, on the water outflow pipe from the tanks and water 

treatment plants, on the main trunks connection (if there is only one water source for more than one 

consumption areas). Measurement is also performed on the entrance pipe each district metered area 

(DMA) into which the large DWDS is divided. Each connection is also equipped with a water 
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meter, which is the second method of measuring household water consumption in addition to group 

measurement (Maksimovic et al., 2003). The accuracy of measuring devices plays an important role 

in monitoring. Accuracy of flow meters and water meters is ensured by proper design (correct 

nominal flow rate, maximum and minimum flow rate etc.), correct installation and regular 

calibration of measuring devices (Holyszewski, 2017). Incorrectly measuring devices can cause 

significant financial losses to the operator, among other things, because each cubic meter of raw 

water taken from source is charged, even though it was not actually consumed in consumption area. 

Accurate and detailed monitoring of the water supply system (house connections as well as partial 

measurement on the network within self-contained measuring districts) is also a tool for loss 

reduction, as it enables faster and more accurate identification of pipeline failures and thus their 

faster correction (Klucka, 2019; Jeremiah, 2018). 

 

Reducing water losses has been one of the priorities of water utilities for a long time. And this goal 

is the same regardless of whether the DWDS is operated and managed by professional water utility 

or by the municipalities, which are also owners of distribution systems. With the reduction of water 

losses, the optimization of pressure conditions in the DWDS is very closely related (Tuhovcak et 

al., 2018). Water losses are unavoidable part of the MNF. The lowest technically achievable annual 

volume of Real Losses, at the current operating pressure, is the Unavoidable Annual Real Losses 

(Lambert and Fantozzi, 2005). In connection with the drought and the related decrease in the 

capacity of some water sources in the Czech Republic, the issue of reduction of water losses has 

become a populist slogan used for political purposes, which creates even greater pressure on water 

utilities. The reduced capacity of water resources due to drought also presents other related 

problems, for example, reduced water consumption and associated increased water residence time 

in the pipeline and increased water age. In combination with other factors (such as increased 

outdoor temperature that heats the flowing drinking water through the soil in which the pipeline is 

stored; deteriorative raw water quality due to climatic conditions supporting the development of an 

organic water component and, for example, or inappropriate dose of water disinfectant), certain 

parts of the DWDS are at risk of deteriorating drinking water quality. The deterioration of water 

quality may cause loss of hygiene safety. To avoid this, various operational measures must be taken. 

One of them is regular flushing of the pipeline. So called dead ends and part of DWDS with low 

consumption are most vulnerable to this problem (Rajnochova et al., 2019).  

 

Water losses in the Czech Republic 

The level of water losses in the Czech Republic is generally very good even in comparison with 

economically more advanced countries. Water losses have been systematically reduced since 1994. 

One of the most used characteristic of water losses is % NRW (non-revenue water). The average 

value of % NFW (a ratio of total volume water incoming to DWDS and total volume of water 

which has not been bill to consumers) was 16.4 % in the Czech Republic in 2017. 

 

Water demand in the Czech Republic 
Another characteristic of Czech water management is specific water demand (qspec). Its level has 

been rapidly decreased during the past 30 years. In 1989, specific water demand of households was 

171 litters per person per day, in 2017 it was only 88.7 litters per person per day. With actual level 

of qspec per households, the Czech Republic is categorized to the group of countries with lower 

water demand. Water demand is influenced by several factors (Nguyen and Teller, 2018). 

 

Difference between water consumption during working days and water consumption during 

weekends and public holidays is typical for the Czech Republic and is shown on the Figure 1. This 

difference is due to other habits and daily routine of consumers during these days. One curve shows 

the course of water consumption during working days in 2016 (total 252 days) and the second one 
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shows the course of water consumption during all weekends and public holidays in 2017 (total 114 

days), third curve shows the course of consumption irrespective of the type of day. Morning peak 

usually occurs between 06:00 – 09:00 a.m. during working day. During non-working days, the 

morning peak starts at 08:00 a.m. and slowly decreases until afternoon. Evening peaks occur at the 

same time (between 07:00 – 10:00 p.m.).  
 

 

Figure 1. Courses of water consumptions in the DMA 7 in 2016 
 

 

METHODOLOGY 

The statistical description of the time series of water consumption was performed using statistical 

functions of MS Office Excel software. Maximum water consumption per hour (Qh) and minimum 

night flow (MNF) were described by quantiles (also called percentiles), which are defined as 

statistical characteristics of the statistical file level indicating the magnitude of the phenomenon in a 

given set of data. Percentiles were determined from raw input data of average hourly flows by the 

MS Office Excel statistical function. It was not differentiated whether it was a working day or a 

non-working day. 

 

The percentiles from x0.02 to x0.08 were determined to define MNF. This means that 2 – 8 % of the 

total input data set (depending on the selected percentile) is less than or equal to the values 

corresponding to the percentiles x0.02 - x0.08. The rate of MNF determined in this way includes the 

actual amount of water consumption and the losses that are greatest in this period. Values lower 

than the set percentiles are, for example, measurement failures, instrument error, or sudden and 

exceptional consumer consumption. 

 

The percentiles x0.80, x0.82, x0.84, x0.86, x0.88 and x0.90 were determined to define Qh. Flow rates higher 

than those corresponding to the specified percentiles include error flows, consumption for 

firefighting purposes, water used for pipe flushing and other unexpected and non-regular 

consumptions.  

 

Verification of specified percentile levels 

To determination the specific percentile value representing MNF and Qh a comparison was made.  
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Accordance with the most frequent flow rate interval was decisive for determining the correct 

percentile value. This interval was determined by frequency analysis. 

 

In the first step of the frequency analysis step, a suitable range of values was chosen, the size of this 

interval depended on the rounding rate of the input data and the total range of values. In the first 

step of the frequency analysis step, a suitable range of values was chosen, the size of this interval 

depended on the rounding rate of the input data and the total range of values 
 

In the second step the frequencies of occurrence of flow rates at these intervals were determined. 

The comparison interval was based on the assumption that MNF occurs between 02:00 and 04:00 

and Qh occurs at evening peak hours between 19:00 and 22:00. 
 

In addition, the raw input data determined the mode with which the percentiles and frequency 

analysis intervals were compared. The mode determination was only applicable to those input data 

files that were rounded by average hourly flow rates (to tenths, quarters, or half integers). 
 

 

Figure 2. Flow rate frequency analysis in DMA 7 
 

 

CASE STUDIES 

The minimum and maximum hourly flow rates were determined on 9 DMA real distribution 

networks. For all DMA, these flow characteristics were determined by the indicated methods and 

confirmed by the indicated statistical quantities. The measuring areas are summarized in the 

following table. 
 

All DMAs are non-transit, that is, the water flowing through the input node into the DMA is 

consumed in this zone and is not transferred to the next pressure zone.  Average hourly flows were 
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available over a period ranging from 2 months (DMA 1) to 1 year (DMA 2 – DMA 9).  

 

Table 1. Selected technical and operational indicators characterizing DMAs 

 Length of 
DWDS 

Pipe material  Household 
connections 

Population 
supplied 

Average 
pressure 

Type of 
development 

(km) (pcs) (persons) (MPa) 

DMA 1 20.20 Plastic, steel, 

cast iron 

448 1400 48.37 Rural 

DMA 2 

 

5.22 Plastic, steel     248 1296 2.96 Rural 

DMA 3 2.83 Plastic, steel, 
cast iron 

41 741* 43.46 Housing estate 

DMA 4 7.12 Plastic, steel, 

cast iron 

267 1867* 48.69 Urban 

DMA 5 10.85 Plastic, steel, 
cast iron 

242 2846* 44.64 Individual  

DMA 6 4.43 Plastic, steel, 

cast iron 

128 1163* 52.24 Rural 

DMA 7 9.79 Plastic, steel, 

cast iron 

361 2568* 43.42 Individual 

DMA 8  8.92 Plastic, steel, 
cast iron 

230 524* 43.19 Rural 

DMA 9 11.93 Plastic, cast 

iron 

367 886* 43.67 Rural 

*) estimate based on the number of water connections and the type of development (real values are 

not known) 

 

 

RESULTS 

The minimum night flow rates determined by these methods are shown in the following table. 

Conformity of the established percentile with frequency and modus analysis results are highlighted. 

 

Table 2. Determination of minimum night flow 

 Percentile  Frequency analysis  Mode of 

the  

ToO 
x0.02 x0.03 x0.04 x0.05 x0.06 x0.07 x0.08 MNF 

interval 

Frequency 

of MNF 

Time of 

Occurence 

DMA 1 1.91 2.00 2.07 2.12 2.18 2.22 2.27  2.25 - 2.50 22 2:00 - 3:00  NA 

DMA 2 0.17 0.18 0.19 0.20 0.21 0.21 0.22  0.15 - 0.20 135 2:00 - 3:00  0.18 

DMA 3 0.05 0.05 0.05 0.10 0.10 0.15 0.15  0.10 - 0.20 159 3:00 - 4:00  0.05 

DMA 4 0.75 0.75 1.00 1.00 1.00 1.00 1.25  0.75 - 1.00 100 3:00 - 4:00  1.00 

DMA 5 0.50 0.50 0.60 0.60 0.60 0.70 0.70  0.45 - 0.60 115 3:00 - 4:00  0.60 

DMA 6 0.20 0.30 0.30 0.30 0.30 0.40 0.40  0.30 - 0.40 124 2:00 - 3:00  0.40 

DMA 7 0.60 0.60 0.65 0.70 0.70 0.75 0.75  0.60 - 0.75 142 3:00 - 4:00  0.70 

DMA 8 0.20 0.21 0.24 0.25 0.28 0.31 0.34  0.20 - 0.30 106 3:00 - 4:00  0.21 

DMA 9 0.20 0.20 0.20 0.20 0.40 0.40 0.40  0.30 - 0.40 144 2:00 - 4:00  0.40 
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The most common agreement of all variables was observed at the percentile x0.06.  

 

The maximum hourly flow rates determined by these methods are shown in the following table. 

Conformity of the established percentile with frequency and modus analysis results are highlighted. 

 

Table 3. Determination of maximum hourly flow 

 Percentile  Frequency analysis  Mode of 

the  

ToO 
x0.80 x0.82 x0.84 x0.86 x0.88 x0.90 Qh interval Frequency 

of Qh 
Time of 

Occurence 

DMA 1 10.20 10.29 10.42 10.51 10.60 10.73  10.75 - 11.00 11 20:00-21:00  NA 

DMA 2 1.37 1.40 1.44 1.48 1.52 1.57  1.55 - 1.60 38 19:00-20:00  1.60 

DMA 3 2.10 2.20 2.25 2.35 2.40 2.50  2.60 - 2.70 28 20:00-21:00  2.65 

DMA 4 5.50 5.50 5.75 5.75 6.00 6.00  6.00 - 6.25 41 20:00-21:00  6.50 

DMA 5 5.10 5.30 5.40 5.60 5.90 6.10  4.65 - 4.80 25 20:00-21:00  4.70 

DMA 6 2.20 2.30 2.30 2.40 2.50 2.60  2.30 - 2.40 31 20:00-21:00  2.40 

DMA 7 4.05 4.10 4.20 4.30 4.45 4.60  4.50 - 4.80 34 20:00-21:00  4.70 

DMA 8 1.70 1.74 1.79 1.84 1.89 1.96  1.70 - 1.80 46 19:00-20:00  1.59 

DMA 9 2.60 2.80 2.80 3.00 3.00 3.20  2.70 - 2.80 43 20:00-21:00  2.80 

 

Multiple recurrences of all occurring quantities were not proved. If the rounding level of these 

values were changed and if only two (and not all three) values had to be matched, the maximum 

hourly flow would be closest to the percentile x0.90. 

 

The following table shows the values of MNF and Qh, which correspond to the minimum and 

maximum flow values contained in the input data which were not adjusted or cleaned in any way. In 

the next columns there are input data, which were sorted and cleaned under 3σ-rule. This statistical 

methodology is based on the precondition that the relevant statistical set values are at a maximum 

distance of 3 times the standard deviation from the mean value. This means that all values that do 

not accomplish the μ ± 3σ condition are excluded from the data set. 

 

Table 4. MNF and Qh values determined from input data and adjusted according to the 3σ- rule 

 MNF input data MNF 3σ-rule Qh input data Qh 3σ-rule Compliance with 
percentile, frequency 

analysis or mode 
(l.s-1) (l.s-1) (l.s-1) (l.s-1) 

DMA 1 1.71 1.71 12.90 12.90 No match 

DMA 2 0.02 0.02 4.58 2.55 No match 

DMA 3 0.00 0.05 4.30 4.30 No match 

DMA 4 0.00 0.25 9.50 9.00 No match 

DMA 5 0.00 0.20 12.00 10.30 No match 

DMA 6 0.00 0.10 10.70 4.50 No match 

DMA 7 0.40 0.40 13.10 6.55 No match 

DMA 8 0.00 0.10 6.29 3.55 No match 

DMA 9 0.00 0.20 10.60 5.20 No match 
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The values of MNF and Qh in the raw input data represent random extremes in the outflow of water 

to the DMA, which may have occurred in real terms (unless it was a measurement error) but do not 

characterize the consumption from a long-term point of view. According to the original assumptions 

of the authors, by applying the 3σ-rule, the flows should have cleared of these random extremes or 

zero flows. In relation to the size of the DWDSs, complexity, material variability, pressure 

conditions and age of the DWDSs, the occurrence of zero flow rates in these consumption areas is 

unlikely. These DMAs are prerequisites for water leakage. 

 

Zero values of MNF are also refuted by the theories of theoretically unavoidable water losses 

(UARL). UARL are water losses that can never be completely avoided on the DWDS, their value 

depends on household connection density and average operating pressure (Lambert, 2002). 

However, as can be seen, the application of the 3σ-rule was not reflected in some DMAs. In other 

cases, Qh was decreased by 3σ-rule. However, when these results are compared with the Qh 

established percentiles, verified by frequency analysis or modus, they are still very high and do not 

correspond to the statistically most frequent flow rates in DMA. 

 

 

CONCLUSION 

The basic characteristics of water consumption can be determined in several ways. The advantage 

of the presented methodology based on the determination of the percentile is speed and simplicity. 

This methodology for the determination of MNF and Qh does not need to sort the input data into 24-

hour sub sets. At the same time, it is not necessary to create hourly averages if we have available 

flow rates in a shorter time step. The determined percentile values correspond to the minimum and 

maximum hourly consumption in selected consumption areas in the Czech Republic. 

 

The paper had fulfilled its aims. Percentiles to describe the minimum night flow and maximum 

hourly water consumption have been defined. When defining the percentile describing the 

minimum night flow, compliance with the most commonly occurring MNF value has been 

demonstrated.  Frequency analysis also confirmed that MNF occurs between 02:00 and 04:00 a.m. 

In the case of the Qh,definition, the percentile method was not as accurate. Only the approximate 

agreement of the percentile value with the flow intervals during the evening peak period was 

demonstrated. 

In the future, the issue of describing the characteristics of the time series of water consumption 

offers the opportunity to focus on the definition of maximum hourly consumption, respectively to 

finding a suitable statistical quantity that would more accurately describe this flow characteristic.  
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Abstract 

Rainfall-runoff modelling is important for the improvement of water resources management and 

planning. Forecasting of runoff can take a significant role for the prevention of natural disasters 

such as droughts and floods in the future. In this study, performance of Support Vector Regression 

(SVR), Symbolic Regression based Genetic Programming (SR-GP) and Ge´nie Rural a` 4 
parame`tres Journalier (GR4J) models were compared for daily rainfall-runoff modelling in two 

rivers, USA. As evaluation criteria, Nash Sutcliffe efficiency (NSE), root mean square error 

(RMSE) and Kling-Gupta efficiency (KGE) were used. Accordingly, it was obtained that GR4J 

lumped conceptual model yields better than SVR and SR-GP models in case only precipitation    

(P (t)) and evapotranspiration data (PE (t)) are used as input. On the other hand, it was observed 

that selection of input variables affect the performance of SVR and SR-GP models, considerably.  

 

 Keywords 

 Modelling; rainfall; runoff; USA 

 

 

INTRODUCTION 

Hydrological modelling has become more important for the future projections with regard to the 

better planning and management of water resources as well as taking precautions against the natural 

disasters which occur more frequent especially due to the climate change in recent years. In this 

regard, there have been a lot of studies that focus on the determination of relationship between 

hydrological variables and prediction of them (Anctil et al., 2004; Goyal et al., 2017; Sezen et al., 

2019). Aqil et al. (2007) implemented two types of the artificial neural network (ANN) structures 

(i.e. recurrent and feed forward neural networks) by using different training algorithms for river 

flow forecasting. They indicated that feed forward neural network which is trained with Levenberg-

Marquardt algorithm yields better performance for the river flow prediction. Komasi and Sharghi 

(2016) investigated the performance of wavelet based Support Vector Machine (SVM) for the 

rainfall-runoff modelling in Aghchai and Eel Rivers. They stated that wavelet based SVM is more 

convenient than the ANN and SVM models because of the multi scale analysis of rainfall and 

runoff data. Kurtulus and Razack (2010) used the ANN and Adaptive Neuro-Fuzzy Interference 

System (ANFIS) for the daily discharge forecasting of karstic aquifers in south-western France. 

They referred that ANFIS exhibits a better performance than the ANN model especially with regard 

to the forecasting of high flow. Furthermore, they also pointed out that usage of different input data 

affects the performance of both models. Hadi and Tombul (2018) used the Discrete Wavelet 

Transformation (DWT), Continuous Wavelet Transformation (CWT) and hybrid Discrete 

Continuous Wavelet Transformation (DCWT) with the data-driven models such as ANN, SVM, and 

ANFIS models for streamflow forecasting. They stated that the new approach (i.e. DCWT) 

developed particularly the performance of ANN as compared with the SVM and ANFIS models. 

Tian et al. (2013) implemented the Ge´nie Rural a` 4 parame`tres Journalier (GR4J), Hydrologiska 

Byråns Vattenbalansavdelning (HBV) and Xinanjiang models for the high flow simulation for the 

period of 2011-2040 in Jinhua River basin. They maintained that risk of flood could be higher in the 

future according to the GR4J and HBV model predictions, whereas it can be lower estimated by 

Xinanjiang model under the scenario A1B. Zhu et al. (2016) researched the performance of SVM 
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by combining it with the different decomposition methods such as DWT and Emprical Mode 

Decomposition (EMD) for the streamflow forecasting in Jinsha River. All these studies aimed to 

improve the performance of hydrological models.  

 

In this study, the performance of GR4J, SVM and Symbolic Regression based Genetic 

Programming (SR-GP) is investigated for the daily rainfall-runoff modelling in two rivers in USA. 

The model results are compared by using the Nash Sutcliffe efficiency (NSE), root mean square 

error (RMSE) and Kling-Gupta efficiency (KGE). 

 

 

DATA AND METHODOLOGY 

Data 

To compare the performance of GR4J, SVM and SR-GP models for rainfall-runoff modelling,  

daily temperature (T) (used for the evapotranspiration calculation), precipitation (P) and streamflow 

(Q) data of Blanco River and Chunky River in USA were used. Data cover the period of 

01.01.1982-30.09.2002 for both rivers. %75 of dataset was used for the training, whereas rest of 

dataset was used for testing. Statistical information regarding the precipitation, temperature and 

streamflow data was given in Table 1. Used data is part of the MOPEX dataset (URL 1, 2019). 

Evapotranspiration (PE) was calculated by using the formula which was given by Oudin et al. 

(2005). One can refer Oudin et al (2005) for the calculation of evapotranspiration. 

 

Table 1. Daily data statistics in used rivers 

 

 

 

 

 

 

 

 

 

Methods  

Support Vector Machine 

The Support Vector Machine, which was improved by Vapnik (1995), is a learning algorithm that is 

used for the classification and regression analysis of data.  Support Vector Regression (SVR) is a 

methodology which is based on a regression problem by using SVM (Zhu et al., 2016). Details 

regarding the formulations for the SVR can be found in the literature (Lin et al. , 2009; Zhu et al., 

2016; Goyal et al., 2017). In this study, different kernel types such as linear and radial were chosen 

and cross-validation was performed to find the most convenient model. For the SVR model, 

different input combinations which include P, PE, Q were used for the daily rainfall-runoff 

modelling. 

 

Symbolic Regression based Genetic Programming 

Symbolic regression includes certain techniques that target producing equations which determine 

the relationship between variables from a dataset (Confroth and Lipson, 2015; Koza and Koza, 

1992; Schmidt and Lipson, 2009; Klotz et al., 2017). In this study, genetic programming was used 

for producing the symbolic regression models in order for the daily rainfall-runoff model. For the 

SR-GP model, different input combinations which contain precipitation, evapotranspiration and 

streamflow data were used as input data in similar with the SVR model. Regarding the symbolic 

regression models one can refer (Koza and Koza, 1992; Augusto and Barbosa, 2000). 

Rivers Period P  T  Q 

  Mean Std.  Mean Std.  Mean Std. 

  (mm)  (°C)  (mm/d) 

Blanco River 01.01.1982-30.09.2002 2.4 7.8  19 7.9  0.5 2 

Chunky River 01.01.1982-30.09.2002 3.9 9.4  17.5 8  1.3 2.7 
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GR4J Model 

GR4J model is a daily lumped conceptual model which was developed by Perrin et al. (2003). Daily 

precipitation and evapotranspiration data are used as input data for runoff modelling in GR4J model 

which has four free parameters, x1 (Maximum capacity of the production store), x2 (Groundwater 

exchange coefficient), x3 (One day ahead maximum capacity of the routing store) and x4 (Time base 

of unit hydrograph). GR4J model was used via airGR package (Coron et al., 2017; Coron et al., 

2019) that is part of R software. One can refer the study of Perrin et al. (2003) for the elaborate 

description of GR4J model.  

 

Evaluation Criteria for Model Performance 

To assess the performance of SVM, SR-GP and GR4J models, Nash Sutcliffe efficiency (NSE), 

root mean square error (RMSE) and Kling-Gupta efficiency (KGE) are used. The equations belong 

to each criteria can be seen as follow, respectively. 

 

 

                                                                                                        (1) 

 

 

 

                                                                                                                                                           (2) 

 

 

                                                                                                                                                           

              (3) 

 

 

N, Qobs,i and Qsim,i represent the length of data, observed flow and simulated flow for ith time, 

respectively in equation (1) and equation (2). 
obsQ  is the mean of the observed values in        

equation (1). Furthermore, r is the correlation coefficient between observed and simulated flow, α is 

the proportion of mean simulated flow to mean observed flow and β is the proportion of standard 

deviation of the simulated flow to the standard deviation of the observed flow in equation (3). 

 

 

RESULTS  

First, the P (t) and PE (t) (input combination 1) were used as input in each model to evaluate their 

performance in case the same input data are utilized. It is seen that GR4J model outperforms 

SVRlinear (SVR for linear kernel type) and SVRradial (SVR for radial kernel type) and SR-GP models 

according to Table 2 when all evaluation criteria are taken into consideration in both rivers. As for 

the SVR and SR-GP, performance of SR-GP model yields better than SVR models (both SVRlinear 

and SVRradial ) especially in Blanco River. SVR models seem to be worst among all models for daily 

rainfall-runoff modelling in both rivers. Then, different input combinations which include 

precipitation data the preceding days such as P (t-1) and P (t-2) and stream flow data the preceding 

days such as Q (t-1) and Q (t-2) were also tried for SVR and SR-GP models. The results for the 

input combination (input combination 2) that contains the P (t-2), P (t-1), P (t), PE (t) and Q (t-2), 

Q(t-1) were presented in Table 3, Fig. 1 and Fig. 2 for Blanco River and Table 3, Fig. 3 and Fig. 4 

for Chunky River.  
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Table 2. Performance of models for input combination 1 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Performance of SVRlinear, SVRradial and SR-GP  models for the input combination 2 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Relationship between observed and simulated flow for (a) GR4J, (b) SVRlinear, (c) 

SVRradial and (d) SR-GP model in Blanco River (input combination 1 for GR4J; input combination 2 

for SVRlinear, SVRradial and SR-GP models) 

 

  Performance of the Models for Validation Period 

Stations Models  NSE  RMSE 

(mm/d) 

 KGE 

 

Blanco River 

GR4J  0.71  1.6  0.75 

SVRlinear  0.02  2.9  -0.19 

SVRradial  0.13  2.7  -0.06 

SR-GP  0.37  2.3  0.59 

 

Chunky River 

GR4J  0.84  0.9  0.81 

SVRlinear  0.04  2.1  -0.15 

SVRradial  0.04  2.1  -0.14 

SR-GP  0.03  2.1  -0.08 

  Performance of the Models for Validation Period 

Stations Models  NSE  RMSE 

(mm/d) 

 KGE 

 

Blanco River 

SVRlinear  0.27  2.5  0.27 

SVRradial  0.18  2.6  0.08 

SR-GP  0.41  2.2  0.69 

 

Chunky River 

SVRlinear  0.85  0.8  0.87 

SVRradial  0.83  0.9  0.82 

SR-GP  0.83  0.9  0.85 
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Figure 2. Scatter diagrams for (a) GR4J, (b) SVRlinear, (c) SVRradial and (d) SR-GP model in Blanco 

River (input combination 1 for GR4J; input combination 2 for SVRlinear, SVRradial and SR-GP 

models) 

 

 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Relationship between observed and simulated flow for (a) GR4J, (b) SVRlinear, (c) 

SVRradial and (d) SR-GP model in Chunky River (input combination 1 for GR4J; input combination 

2 for SVRlinear, SVRradial and SR-GP models) 
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Figure 4. Scatter diagrams for (a) GR4J, (b) SVRlinear, (c) SVRradial and (d) SR-GP model in Chunky 

River (input combination 1 for GR4J; input combination 2 for SVRlinear, SVRradial and SR-GP 

models) 

 

Accordingly, it is seen from Table 3 that performance of SVR and SR-GP models remarkably 

developed by the addition of precipitation and streamflow preceding day data to the input 

combination in both rivers. Even though performance of GR4J is still higher than the other models 

in Blanco River, performance of SVRlinear, SVRradial and SR-GP models is very similar to the GR4J 

model in Chunky River. In Figure 1 and Figure 2, it can be observed that GR4J model is better than 

the other models for the daily flow forecasting especially with regard to the high flow estimation for 

Blanco River. On the other hand, SVRlinear, SVRradial and SR-GP exhibit also a good performance 

for the daily rainfall-runoff modelling in Chunky River as seen in Figure 3 and Figure 4. When 

scattering diagrams are taken into consideration in Figure 4, scattering is a little bit more for the 

GR4J model as compared with the data-mining models. In this regard, it is seen that utilization of 

different input combinations affect the performance of data-mining models. In other words, the 

relationship between input variables and target variable could be significant in terms of the 

forecasting performance of data-mining models. 

 

 

CONCLUSION 

Hydrological modelling becomes more important not only for water resource management but also 

prevention of natural disasters such as drought and floods. In this study, daily rainfall-runoff 

modelling was carried out by using GR4J conceptual model and SVRlinear, SVRradial , SR-GP data 

mining models in Blanco and Chunky Rivers, USA as a case study. It is found out that in case only 

precipitation (P (t) and evapotranspiration (PE (t)) data are used as input in data mining models, 

GR4J outperforms the SVRlinear, SVRradial  and SR-GP models in both rivers. On the other hand, 
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usage of additional input variables such as precipitation the preceding days (P (t-2, P (t-1)) and 

stream flow the preceding days (Q (t-2), Q (t-1)), the performance of data mining models 

significantly improved especially for Chunky River. As a result, it was observed that performance 

of conceptual and data mining models can change from catchment to catchment and the selection of 

input variables is important for the performance of data mining models. In future studies, 

performance of conceptual and data mining models in different catchments and possible drivers, 

which affect the model performance, will be investigated.  
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Abstract 
Approaches for integrated assessment of the aquatic ecosystems ecological state and the level of 

anthropogenic impact with the determination of changes in abiotic and biotic components are 

considered. Seasonal researches data are generalized and analyzed and indexes and complex 

indexes of water bodies of various types for the long-term period are calculated. The method of 
integrated assessment of technogenic load on water bodies is developed. 

 

Keywords 

Integrated assessment; integrated approach; technogenic load; aquatic ecosystems; species 

diversity; hydrochemical indexes 

 

 

INTRODUCTION 

Assessment and regulation of technogenic load on aquatic ecosystems, due to the interaction of 

heterogeneous factors, is determined by a set of biotic and abiotic parameters and characteristics. 

Only a comprehensive assessment of these indicators allows us to assess the level of a man-made 

impact, positive or negative, with the specification of the list of impact indicators and methods for 

determining its absolute and relative values, conclusions about the likely values of impact indicators 

and impact in general (Stroganova, 2017; Shishkin et al., 2018). For each of the considered systems 

"technogenic influence – water object" the most significant factors of influence and their indicator 

indicators are defined. 

 

 

METHODS AND MATERIALS 

The integrated assessment of the ecological state of the aquatic ecosystem is based on the principle 

of establishing the boundaries of quantitative changes in ecosystem parameters, provided that its 

structure and functions are preserved, as well as all environmental components necessary for 

accounting in household activities (Khaustov and Redina, 2008).  

 

The process of assessing the anthropogenic impact begins with the analysis of the impact of various 

factors, both natural and anthropogenic, on the ecosystem. This approach is implemented in three 

stages: impact assessment, ecosystem sustainability assessment and impact assessment, i.e. changes 

in ecosystem functions. Impact assessment is understood as a quantitative (integral) assessment of 

the response of the ecosystem as a whole to anthropogenic load (Galtsova and Dmitriev, 2007). An 

integrated ecosystem approach to assessing the quality of the aquatic ecosystem requires taking into 

account the natural relationships between them, for example, migration routes of chemical 

elements, and thresholds of impact on biota. 
 

In reference (Shitikov et al., 2003) presents a review of integrated assessments that include an 

integrated hydrochemical and hydrobiological indicators. Identification of zones of an emergency 

ecological situation taking into account change of natural environment of surface reservoirs is 

mailto:masha199407@list.ru
mailto:kushnerov.a.i@yandex.ru
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carried out separately on chemical and biological indicators (Shitikov et al., 2003). In their work, 

the criteria for the assessment and degree of chemical pollution of surface waters are hydrochemical 

and hydrobiological indicators of natural water quality and indices by which the level of water 

pollution is judged. In addition, it was noted that the parameters of the indicators proposed for the 

allocation of environmental safety zones should be considered taking into account the regional 

characteristics, category and trophic status of the reservoir. In the analysis of the literature, a 

classification of existing methods for assessing the quality of water bodies was developed (Figure 

1). 
 

 
Figure 2. Classification of existing methods of water quality assessment 
 

In the course of research work, a generalized assessment of the trophic state index, Shannon index 

and ecological state is given in Table 1. 
 

Table 1. Generalized assessment of indices and water quality indicators (Stroganova, 2017) 

 

The developed indicator of trophic state (Index of tropical state) for rapid assessment of the state of 

aquatic ecosystems is based on the theoretical position that the violation of the production-

destructive balance leads primarily in any ecosystem to a change in the ratio of the concentrations 

of oxygen O2 and carbon dioxide CO2 (Tsvetkova et al., 2007). When the rate of decomposition is 

ahead of the rate of formation of organic substances, the concentration of CO2 in the environment 

increases, and the concentration of O2 falls, and vice versa. 

Shannon 

Index 
ITS 

Environmental 

assessment of 

trophicity 

Saprobity 

index 
WPI Pollution rate 

Water 

quality 

class 

>4.00 < 5.7 ±0,3 Ultraoligotrophic ≤0.50 <0,2 Very clean I 

2.51-4.00 6.3 ±0,3 Oligotrophic 0.51-1.50 0.2–1.0 Clean II 

2.01-2.5 7.0 ±0.3 Mesotrophic 1.51-2.50 1.0–2.0 
Moderately 

polluted 
III 

1.01-2 7.7 ±0.3 Eutrophic 2.51-3.50 2.0–4.0 Polluted IV 

<1.00 > 8.3 ±0.3 Hyper-eutrophic 3.51-4.00 4.0–6.0 Dirty V 
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The state of the biotic balance of the water body, expressed in terms of "trophic state", is a function 

of f(pH, O2, %) and can be characterized by a relationship between the pH and oxygen saturation of 

the water. The following formula 1 is used to calculate ITS (Tsvetkova et al., 2007): 
 

                          
 

where pHi- the pH as measured for a certain period, [O2] - the concentration of dissolved oxygen in 

percent saturation,%; n – number of measurements, a - the constant. 
 
The index of trophical state (ITS) is calculated on the basis of pH values and the level of water body 

saturation with dissolved oxygen. The Shannon index determines the species diversity of 

zooplankton and the trophic status of the water body. 

 

The interrelation between WPI and the saprobity index is determined (Table 1). The water pollution 

index is calculated using 6 hydrochemical indicators – ammonium, iron, phosphates, nitrites and 

limiting indicators - BOD5 and dissolved oxygen: 
 

 ,                       (2) 

 

where Ci is concentration of the ith component; n is the number of indicators used for calculating the 

index (n = 6); TLVi is the established threshold limit value for the ith component for the appropriate 

water body type (Shitikov et al., 2003). 

 

The approach of integrated assessment of natural water quality is also considered. Determination of 

water quality by individual indicators (concentration of pollutants, dissolved oxygen, BOD, 

hydrogen index, the number of zoobenthos and zooplankton organisms, etc.), and on their basis the 

calculation of integrated indicators (WPI, ITS, Shannon index, saprobity index, etc.) is a 

comprehensive assessment, which is widely used at the present stage. But with this approach, each 

indicator or index gives its own qualitative characteristic, that is, the assessment is ambivalent. 

 

A great contribution to the solution of this issue was made by Dmitriev V. V., who was able to give 

an objective integral assessment, including various hydrobiological and hydrochemical parameters. 

This approach for integrated assessment is called the "composite indicator method" CIM (Dmitriev 

and Frumin, 2004) and is used in many scientific fields. CIM is used to collate information and 

allows for the integration of various indicators, ranging from "simple" to complex, which has 

different ranges and dimensions. For the tasks of assessing the quality of watercourses and 

reservoirs as criteria is individual, complex and integrated assessment. After selecting the criteria in 

the second stage combine their classification into a single system. 

 

The third step refers to the translation of all the scales (dimensions) criteria to a single scale in the 

following way (Kushnerov, 2012): 

1. Defining the type of criteria: 

• "direct" criterion – the greater their value, the better; 

• "reverse" criterion – the smaller their value, the better. 

2. Recalculate the criteria scales from 0 to 1 (0 is the best value, 1 is the worst value) using the 

following formulas: 

- for the "direct" criterion: 
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,                             (3) 

where qi - is the converted criterion value; xi is the current criterion value; mini - is the minimum 

criterion value; maxi - is the maximum criterion value. 

- for the "reverse" criterion: 

,                             (4) 

 

At the fourth stage, the type of integral indicator Q(q, p) is chosen. The integral index is constructed 

in such a way that it depends not only on the qi indicators, but also on their significance determined 

by the weight coefficients pi, the sum of which should be equal to 1. As an expression for an 

integral indicator, we can offer a linear convolution of indicators of the form: 

, ,                                                                (5) 

where n - is the number of evaluation criteria. 
 

At the fifth stage, the values of the weight coefficients pi are determined using different methods 

(Fedorov, 2007): 

1. Ranking method: 

Consider the problem when there are three criteria. Originally carried out the ranking of criteria by 

experts. Suppose the following ratio of criteria and, accordingly, their weight coefficients: p1>p2>p3. 

To determine the values of the importance coefficients, use the following formula depending on the 

ordinal number of the criterion: 

.                                                                     (6) 

Then p1=0.55; p2=0.27; p3=0.18. 

2. The method of paired comparisons: 

Consider the same case p1>p2>p3. Make a Table  to compare the importance of criteria (Ki). 
 

Table 2. Comparison of importance criteria 

Кi К1 К2 К3 νi
 pi 

К1 X 1 1 2 0.67 

К2 0 x 1 1 0.33 

К3 0 0 x 0 0 
 

When comparing, the following conditions are used: it makes no sense to compare the same criterion 

(x), if the criterion located vertically is more important than the criterion located horizontally, then 

assign 1 point; if the criterion located vertically is not more important than the criterion located 

horizontally, then assign 0 points. 
 

Next, for each criterion, the points are summed and the importance coefficients are calculated by the 

formula (7): 

,                                                                      (7) 

where νi – is the total number of points for each criterion. 
 

The disadvantage of this approach is that the numerical value of the importance coefficient for the 

third criterion p3=0. In order to avoid this, a conditional criterion with a coefficient of importance 

p4* is introduced. Wherein p1>p2>p3>p4*. A new Table 3 is drawn up taking into account the fourth 

criterion, the importance of which will eventually be zero. 
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Table 3. Comparison of criteria importance given, the conditional criterion  

Кi К1 К2 К3 К4
* νi pi 

К1 X 1 1 1 3 0.50 

К2 0 X 1 1 2 0.33 

К3 0 0 x 1 1 0.17 

К4
* 0 0 0 X 0 0 

 

If the criteria are equal or it is impossible to determine their weights, the following formula is used 

to calculate the importance factor: 

,                                                                         (8) 

where n – is the number of evaluation criteria. 

 

On the sixth the final stage displays the formula of the integral index using equation 3-5, and then 

calculated the boundary values for the development of a new classification. Based on this method, a 

comprehensive assessment was carried out taking into account the abiotic and biotic components of 

the quality of water bodies. In the framework of composite indicators, there are the following 

indexes - saprobity index by R. Pantle and G. Bukka, F. Woodiwiss index, specific combinatorial 

water pollution index (SCWPI). Next step - enter the General quality classes for the three indexes 

and adjust the index values (Table 4). 
 

Table 4. The original classification to assess the quality 

Class/ 

indication 

Relatively clean 

Oligosaprobity 

 zone I 

Slightly 

contaminated 

β-meso-

saprobity 

zone II 

Contaminated 

α- meso-

saprobity  

zone III 

Dirty 

polysaprobity 

zone IV 

Very dirty 

hypersaprobity 

zone V 

SCWPI [0; 1] (1; 2] (2; 4] (4; 8] (8; 11] 

Saprobity index 

by R. Pantle 

and G. Bukka; 

[0; 1.5] (1.5; 2.5] (2.5; 3.5] (3.5; 4] (4; 4.5] 

Biotic Index of 

F. Woodiwiss  
[10;7] [6; 5] [4; 3] [3; 2] [1; 0] 

 

The next step is to translate all the scales to a single, that is, get rid of the dimension. The best value 

was 0 and the worst value was 1 (Table 5). 
 

Table 5. Rationed values of initial parameters 

Class/ 

indication 

Relatively clean 

Oligosaprobity 

 zone I 

Slightly 

contaminated 

β-meso-

saprobity 

zone II 

Contaminated 

α- meso-

saprobity  

zone III 

Dirty 

polysaprobity 

zone IV 

Very dirty 

hypersaprobity 

zone V 

SCWPI [0; 0.09] (0.09; 0.18] (0.18; 0.36] (0.36; 0.73] (0.73; 1] 

Saprobity 

index by R. 

Pantle and G. 

Bukka; 

[0; 0.33] (0.33; 0.56] (0.56; 0.78] (0.78; 0.89] (0.89; 1] 

Biotic Index 

of F. 

Woodiwiss  

[0; 0.3] [0.4; 0.5]  [0.6; 0.7] [0.7; 0.8] [0.9; 1] 
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After transferring to a single dimensionless scale, over the values of the criteria, it is possible to 

perform mathematical operations in order to obtain an integral indicator.  

 

Next, choose the type of integral indicator Q(q, p). The complex index is constructed in such a way 

that depends not only on qi indicators, but also on their significance, determined by weight 

coefficients pi, the sum of which should be 1. As an expression for the integral indicator, we can 

offer a linear convolution of type indicators (formula 5). The estimated weighting coefficients p i are 

determined. In the simplest case, with equal weights of the initial parameters, the weight is 

determined by a simple formula: 

.                                                                          (9) 

In that case: . 

 

For the left and right borders of each cash desk, the value of Q i is calculated. The results are 

presented in Table 6. 

 

Table 6. Estimated values of water quality indexes 

Class/ 

indication 

Relatively clean 

Oligosaprobity 

 zone I 

Slightly 

contaminated 

β-meso-

saprobity 

zone II 

Contaminated 

α- meso-

saprobity  

zone III 

Dirty 

polysaprobity 

zone IV 

Very dirty 

hypersaprobity 

zone V 

SCWPI [0; 0.09] (0.09; 0.18] (0.18; 0.36] (0.36; 0.73] (0.73; 1] 

Saprobity 

index by R. 

Pantle and G. 

Bukka; 

[0; 0.33] (0.33; 0.56] (0.56; 0.78] (0.78; 0.89] (0.89; 1] 

Biotic Index of 

F. Woodiwiss  
[0; 0.3] [0.4; 0.5]  [0.6; 0.7] [0.7; 0.8] [0.9; 1] 

Integral quality 

parameter Qi 
[0; 0.26] [0.26; 0.43] [0.43; 0.61] [0.61; 0.82] [0.82; 1] 

 

As a result of mathematical calculations using the method of summary indicators was derived 

formula multi-criteria index Q: 
 

,                                                         (10) 

 

where q1 - is the specific combinatorial index of pollution (SCWPI); q2 - saprobity index according 

to R. Pantle and G. Bucca; q3 - biotic index according to F. Woodwyss. 

 

Further, a new classification of water quality by the multi-criteria index Q was formed, which 

allows determining the class and characteristics of water quality (Table 6). Using the method of 

summary indicators, many researchers have already developed various integrated assessments, but 

the inclusion of the SCWPI index was first implemented in this work. An integrated approach using 

a multi-criteria index based on monitoring of water bodies is one of the mechanisms for managing 

the quality of water bodies, which allows for the allocation of more and less polluted water bodies.  
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The integral index Q can be used for determine the qualitative characteristics of water bodies, 

comparing the results over time, comparing of water sites, water bodies and the basin as a whole in 

terms of power of impact, determine the load on the water body, identify sources of pollution. 

 

 

RESULTS AND DISCUSSIONS  

The objects of research in the period from 2015 to spring 2019 were 20 objects of the Kurortny 

district of St. Petersburg and the Vyborg district of the Leningrad region.  

 

Based on the method of complex of parameters, a comprehensive assessment was carried out taking 

into account the abiotic and biotic components of the quality of water bodies using the example of 

the basin of the north-eastern part of the Gulf of Finland. With the help of the IndQ program, the 

water quality index was tested according to the environmental monitoring data of the northeast part 

of the Gulf of Finland basin. Calculated complex indicators and indices for Malaya Sestra river, 

Suzdalski Lakes, Sestroretsk reservoir, Blue Lakes. 

 

Baseline data for 2010 on water bodies of the Leningrad Region as well as the results of 

calculations of a multi-criteria index are shown in Table 7. 

 

Table 7. Estimated table of multi-criteria index of water quality 

Name of water body 

 

 

Water quality indexes 

SCWPI 

Saprobity index 

by R. Pantle and 

G. Bukka; 

Biotic Index of 

F. Woodiwiss 

Integral quality 

parameter Qi 

Blue lakes 2.37(III) 1.56 (II) 3.37 (III) 0.41(II) 

Gladyshevskoe lake 2.43 (III) 1.45 (I) 2.5 (IV) 0.43 (III) 

River Black 3.39 (III) 1.74 (II) 1.94 (IV) 0.50 (III) 

Smolyachkov stream 6.45 (IV) 1.86 (II) 2.82 (IV) 0.57 (III) 

Sestroretsk reservoir 3.32 (III) 1.6 (II) 2.27 (IV) 0.48 (III) 

River Malaya Sestra 4.23 (IV) 1.59 (II) 2.44 (IV) 0.50 (III) 

 
It should be immediately noted that with insufficient data, we get a very rough estimate. There is a 

need to increase the number of water quality classes. The result of the analysis was that, in addition 

to hydrochemical parameters, it is also necessary to use hydrobiological to determine the quality of 

water bodies. The integrated assessment of water quality by species diversity and hydrochemical 

indices of the water bodies studied is presented in the diagram (Figure 2). 

 

For the entire period of research on Shannon, species diversity is less in spring than in summer. The 

smallest variety of zooplankton was recorded in March 2017 (0.56), and the maximum in August 

2015. 

 

The general trend for the study period is decreasing diversity. The trophic index gradually increased 

from 7 to 10 in the direction of the eutrophication of water bodies. An increase in pollution by the 

saprobity index is also observed, but at the same time, the values of the hydrochemical index of 

water pollution decrease.  

 

Thus, based on the method of complex of parameters, a comprehensive assessment was carried out 

taking into account the abiotic and biotic components of the quality of water bodies using the 

example of the basin of the north-eastern part of the Gulf of Finland. Calculated complex indicators 

and indexes for Malaya Sestra River, Suzdalski Lake, Sestroretsk reservoir, Blue Lakes. The result 
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of the analysis was that, in addition to hydrochemical parameters, it is also necessary to use 

hydrobiological to determine the quality of water bodies. 

 

The combined use of hydrobiological and hydrochemical indicators allows you to perform a 

comprehensive assessment of water quality and apply it to standardize and distribute the load 

among water user groups. It is supposed to take into account territorial inter-branch norms and 

standards of environmental safety. 

 

 
Figure 2. Seasonal changes in water quality indices of the studied aquatic ecosystems 
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Abstract 
Biobutanol is an important alternative to fossil fuel. It has superior properties compared to the 

some of known biofuels. Aim of this study is to dewatering of biobutanol for the using as fuel in 

the engine. Hydrophilic chitosan membrane was synthesized for that purpose and it was used in 

pervaporation system. In order to improve the separation performance of chitosan membrane, 

UiO-66 nanoparticles were synthesized and added to the membrane. The separation performances 

of membranes were investigated at different UiO-66 ratios and different feed concentration. 

Swelling behaviours of membranes were compared by using pristine chitosan membrane and UiO-

66 loaded chitosan membrane. Membrane structure was characterized by FTIR and SEM. 

Separation success of membranes was calculated by using flux and separation factor values. The 

highest separation value was obtained at UiO-66 loaded chitosan membrane. The highest 

separation factor of 249 and flux of 1.28 kg/m2h were obtained at 4 wt.% feed water concentration 
when the UiO-66 loaded chitosan membrane was used.  

 

Keywords 

Biobutanol; chitosan; dewatering; UiO-66; pervaporation 

 

 

INTRODUCTION 

Pervaporation is a membrane-based separation process for the liquid-liquid mixtures. Pervaporation 

has three successive steps: (i) adsorption from the liquid phase on the membrane surface, (ii) 

diffusion through the membrane; (iii) desorption into the vapor phase. The membrane allows the 

target component in the mixture to transport through it (Smitha et al., 2004; Wijmans et al., 1995; 

Huang et al., 1991). Pervaporation is generally use for the removal of minor component in feed 

mixture, thus rather low amount liquid is evaporated, and less energy is consumed in the separation 

process. In recent years, the alcohol dewatering gain interest owing to the application of alcohols as 

biofuels. Alcohol-water mixtures are mostly azeotropic mixtures. Azeotropic mixtures can be 

separated by traditional methods such as distillation, but these processes are high energy 

consuming. The dewatering of alcohols is the high cost step in the production of biofuels (Huang et 

al., 2014 ). Pervaporation is a good alternative to conventional separation processes because of their 

unique properties such as low energy consumption, easy operation, low cost and high selectivity. 

 

 

Butanol is an important biofuel of the future. It has superior fuel properties compared with ethanol. 

Butanol is mainly obtained from biomass by the fermentation technique. After the fermentation, the 

butanol is obtained as less than 3 % concentration. Therefore, the purification of butanol comprises 

of two stages: (i) the recovery of butanol from dilute aqueous solutions by distillation in order to 

obtain a high butanol-enriched mixture, and (ii) the dewatering of butanol in order to obtain a 

greater than 99.5 % concentration of butanol (Liu et al., 2013; Niemisto et al., 2013; Dong et al., 

2014). In literature, enrichment of butanol had been studied greatly, but application of dewatering 

of butanol are limited. Mostly, hydrophobic membranes were used (Guo et al., 2004; Lin et al., 

2018; Lizon et al., 2002; Tsou et al., 2015). In this study, pervaporation was used for dewatering of 
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biobutanol in order to fill the knowledge gaps in literature and hydrophilic membrane had been 

used. Polymeric hydrophilic membranes are widely used in pervaporation applications due to the 

advantages such as easy production, scale-up, and low cost. High permeability and high selectivity 

are the main criteria in evaluating a membrane. However, the simultaneously obtainment of them is 

difficult. Therefore, researchers are developed mixed matrix membranes.  

 

Mixed matrix membranes occur with combination of polymeric matrix and inorganic fillers. 

Zeolites, carbon molecular sieves, silicas, metal oxides, carbon nanotubes and graphene oxides have 

been widely used inorganic filler material in pervaporation applications. In addition to all these, 

metal organic frameworks (MOFs) are promising materials. They have large surface area, tuneable 

chemical properties and high adsorption capacity. Metal organic frameworks have been received 

significant attention due to the these unique characteristic properties. 

 

Among various metal organic frameworks, UiO-66 has an important place in the membrane 

application.  UiO-66 based membranes show great potential in water reuse (Xu and Chung, 2017). 

Therefore, in this study, UiO-66 was chosen as inorganic filler for dewatering of biobutanol. 

Chitosan was used as polymeric matrix. Although UiO-66 based mixed matrix membrane have a 

wide range of applications as aforementioned, to my best knowledge, there is no study of UiO-66 

based chitosan membranes for pervaporation. This study may provide useful insights to develop 

high performance UiO-66 based mixed matrix membranes for alcohol dewatering via 

pervaporation. 

 

 

EXPERIMENTAL METHODS 

UiO-66 nanoparticle synthesis 

Zirconium (IV) chloride (ZrCl4), terephthalic acid and acetic acid were mixed into 

dimethylformamide. The solution was stirred at 100 °C for 24 h. The solution is allowed to cool at 

room temperature. The UiO-66 nanoparticles were obtained by centrifugation and further purified 

by washing with fresh DMF for several times (Naixin et al., 2017). 

 

Membrane preparation 

1.1 wt.% of chitosan solution was prepared in aqueous acetic acid solution under stirring at 25 °C 

for 24 h. Chitosan membrane filled with UiO-66 nanoparticles were manufactured by certain 

amount UiO-66 addition. Priming method was applied to the mixed matrix membranes. Priming is a 

method to avoid a non-adhesive contact between the polymer and nanoparticle. Firstly, UiO-66–

water was mixed for 3 h, then it was dispersed in sonicator during 3 h. A little amount of chitosan 

membrane solution was added to the UiO-66 solution and UiO-66 particles were coated by the 

chitosan membrane solution. The mixed matrix membrane was poured on a clean plate and dried at 

room temperature. The obtained mixed matrix membrane was crosslinked with H2SO4 in 50% v/v 

aqueous acetone solution for 5 min. The prepared membranes were characterized by FTIR and 

SEM. 

 

Pervaporative dewatering  

Pervaporative dewatering experiments were carried out in a laboratory scale pervaporation system. 

It consisted of a membrane cell, agitator, thermocouple, Dewar flasks and a vacuum pump. The 

effective membrane surface area is 9.61 cm2. Feed solution was pump to a membrane cell. The 

concentration of water was changed from 5 wt. % to 35 wt. %. Pervaporation tests were also 

conducted at different UiO-66 nanoparticle loading ratio as 0.5 wt.%, 1 wt.% and 2 wt.%. UiO-66 

ratio was calculated base of PVA amount in the membrane solution. The volume of the feed 

solution was 100 ml. Performance of pervaporation process was determined by calculation of flux 
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and separation factor. The flux and separation factor values were determined as follows equations:  

tA

m
J

.
=                                                                             (1) 

feedba

permeateba

xx

yy
α

)/(

)/(
=                                                                      (2) 

where J is the flux, m is the permeation mass, t is the time in Equation 1, ya and xa is the weight 

fraction of phenol in the permeate and feed streams, and yb and xb is the weight fraction of water in 

the permeate and feed streams in Equation 2. 

 

 

RESULTS AND DISCUSSION 

Characterization of membranes   

Structural change of chemical bonds in membranes were analysed by FTIR.  Figure 1 shows the 

FT-IR spectra of membranes.  

 

 
 

Figure 1. FTIR spectrum of pristine (a) and mixed matrix membrane (b) 

 

For the pristine chitosan membrane, the adsorption bands at 3243, 2878, 1637 and 1544 cm-1 

represent the stretching vibration of -OH, C-H, C=O and N–H, respectively. For UiO-66/chitosan, 

(2 wt% loading), the -OH peak shifts to 3364, 2924, 1725, and 1402 cm-1 respectively due to the 

hydrogen-bonds formation between chitosan and UiO-66 (Fig.1 (b)). The peaks at 1725, 1402, 

1239, 1029, and 807 cm-1 are attributed to the presence of UiO-66 in the membrane (Premakshi et 

al., 2015).  

 

Morphologic analysis of membranes was carried out by a scanning electron microscopy (SEM). The 

SEM images of membranes are shown in Figure 2. Surface images of membranes show that while 

the pristine chitosan membrane has smooth surface, the surface of UiO-66 loaded chitosan 

membrane has UiO-66 nanoparticles. Mixed matrix structure of UiO-66 loaded chitosan membrane 

can be seen in cross section images. Pristine chitosan membrane has only chitosan polymer matrix. 
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Figure 2. SEM images of the (a) pristine membrane surface (b) mixed matrix membrane surface 

 

Pervaporation performance of UiO-66/Chitosan mixed matrix membranes for biobutanol 

dewatering 

Dewatering performance of biobutanol by pervaporation was determined by flux and separation 

factor. UiO-66 nanoparticle amount is an important factor for the separation performance of mixed 

matrix chitosan membranes. Therefore, UiO-66 loaded chitosan membranes were prepared with 

different UiO-66 loading ratios. Figure 3 presents the biobutanol dewatering performance of the 

pristine chitosan membrane and mixed matrix membrane as a function of UiO-66 loading at 45 °C. 

The highest flux for biobutanol dewatering is 1.28 kg/m2h when the chitosan membrane contains 30 

wt. % UiO-66. This obtained flux value is more than two times higher than that of the pristine 

chitosan membrane. The increments of flux are attributed to two factors: higher solubility and 

diffusivity. UiO-66 is a hydrophilic structure and the hydrophilic groups in UiO-66 has more water 

sorption sites and act as water selective fillers. Therefore, the UiO-66 loaded membrane has higher 

flux values than pristine membrane. UiO-66 helps diffusion of water through the membrane easily. 

As a consequence, the all UiO-66 loaded chitosan membranes present a higher flux according to 

pristine chitosan membrane. 

 

The effect of UiO-66 amount on separation efficiency could be explained as two manner. Firstly, 

high UiO-66 loading ratio would increase the free volume in the membrane matrix and this 

increment is resulted in decrease of diffusivity selectivity. Second effect, as can be seen in the 

figure of sorption degree above, a higher UiO-66 loading may result in membrane that possess 

higher solubility selectivity. High solubility selectivity has a positive effect of the separation 

efficiency and water separation factor increases. These two effects cause to occur different results 

for different binary mixtures (Xu and Chung, 2017). For butanol dewatering, as the loading of UiO-

66 particles increased, the separation factor of the mixed matrix membrane had increased, the 

permeate flux had decreased. 
 

As shown in Figure 3, UiO-66 loading ratio is increased from 10 wt.% to 30 wt.%, the separation 

factor of the mixed matrix membrane increased while the permeate flux decreased. However, when 

the amount of UiO-66 particles further increased to 40 wt.%, the separation factor of the mixed 

matrix chitosan membranes decreased while the permeate flux increased. It showed that the 

excessive loading had a negative effect on the separation performance of the mixed matrix chitosan 

membranes. This can be explained that the excess usage of UiO-66 is leading to agglomeration of 

nanoparticles, the distribution of them in chitosan matrix is not homogeneous. This situation causes 

the decrease of separation performance. Taking into account all of the flux and separation factor 

values, the optimal loading of UiO-66 particles was determined as 30 wt.% (Wang et al., 2017; Xu 

et al., 2018). 
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Figure 3. Effect of UiO-66 amount on flux (a) and separation factor (b) 

 

A mixed matrix membrane containing 30 wt.% UiO-66 was chosen to study the effect of 

temperature. Dewatering of biobutanol by pervaporation was investigated in 45, 55, 65 and 75 oC of 

temperatures. The effect of temperature on flux and separation factor is shown in Figure 4. The flux 

increases with an increase in operating temperature from 45 to 75 °C.  The operation temperature 

affects the driving force and the membrane permeability. The saturated vapour pressures of both 

water and butanol increases with increase in the operation temperature, these differences of 

temperature created driving force for the diffusion. An increase in the operation temperature 

facilitates the diffusion of the feed components and flux increases. The increase in flux is also 

related to the flexibility of polymer chains at higher temperature, flexibility causes larger free 

volumes in the chitosan membrane and diffusion of butanol and water increases. Separation factor 

decreases with temperature for this reason. The flux rises from 1.28 to 3.60 kg/m2h as the 

temperature increases from 45 to 75 oC, while the separation factor decreases from 249 to 96. The 

highest separation factor value of 249 is observed working a temperature of 45 oC. As a result, the 

feed temperature of 45 oC is optimal for the separation of water from butanol based on this work.  

 

 
 

Figure 4. Effect of operation temperature on flux (a) and separation factor (b) 

 

Feed concentration also play an important role in the PV performances of the mixed matrix 

membranes. To study the effect of feed concentration, pervaporation performance of a MMM with 

30 wt% UiO-66 loading was tested under three different feed concentrations: 4 wt.%, 8 wt.% 12 
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wt.% and 16 wt.% water. As the feed water concentration increases, the flux shows a increasing 

trend. The increase in flux may be due to the swelling of the mixed matrix membrane at the high 

feed concentration. The swollen membrane causes a decline in membrane separation factor, because 

the swollen and plasticized membrane would allow the diffusion of butanol molecules through the 

membrane along with water molecules (Devi et al., 2007; Wei et al., 2018). The results show that 

as the feed water increased from 4 wt% to 16 wt%, the flux increased from 1.28 to 3.36 kg/m2h 

whereas the separation factor dropped from 249 to 93 (Figure 5).  

 
 

Figure 5. Effect of feed concentration on flux (a) and separation factor (b) 

 

 

CONCLUSIONS 

In conclusion, membrane filled with UiO-66 nanoparticles were prepared for dewatering of 

biobutanol by pervaporation. Metal organic framework UiO-66 particles were fabricated and added 

to membrane solution, mixed matrix membrane was synthesized. UiO-66 particles have hydrophilic 

groups for the responsible in water permeation. The morphologies and structures of the pristine and 

UiO-66 loaded chitosan membrane were characterized by SEM and FTIR. The effect of UiO-66 

amount, operation temperature and feed concentration on separation performance was investigated. 

Higher feed composition and operation temperature had resulted in higher membrane swelling and 

driving force. Therefore, an increase of temperature and feed concentration had caused in the 

increase of flux and the decrease of separation factor value. The UiO-66 loaded mixed matrix 

membrane has shown excellent separation performance for the butanol dewatering. When the feed 

solution was 4 wt% water/butanol mixtures at 45oC, the separation factor and permeate flux of the 

mixed matrix membrane was 249 and 1.28 kg/m2h. Therefore, these results indicated that UiO-66 

particles can be used as a new membrane filler material for dewatering process. In conclusion, UiO-

66 nanoparticles were fabricated as porous fillers incorporated into chitosan because of their high 

thermal, water and acid stability. The morphologies and structures of the UiO-66 loaded chitosan 

mixed matrix membranes were characterized. The mixed matrix membranes used for dewatering 

butanol/water mixtures. The obtained results showed comparable separation performance with the 

membranes reported in the reference. Therefore, these results indicated that UiO-66 nanoparticles 

can be used as a new membrane material for biobutanol dewatering. 
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Abstract 

Floods are among the most common natural disasters which result in both big economic loss and 
human life. Especially, in urbanized regions with high population density, the effect of floods 

become more pronounced. One of the fatal events occurred in Ayamama River in Istanbul on 

September 9, 2009. The overall flooding was the result of successive and persistent storm with 

high intensity over a 3-day period which generated more than 250-mm rainfall over the region. 

The flood resulted in fatality of 32 people and caused extensive environmental and infrastructural 

damage in the region. In this study, a hydrological model for the Ayamama Watershed is generated 

by using Hydrologic Engineering Center Hydrologic Modeling System (HEC-HMS). The basin 

area is divided into the subbasins; the sections and parameters of the natural water channel are 

defined; infiltration is taken into account with Green-Ampt method and Clark Unit Hydrograph 

method is used for calculation of the hydrograph over the watershed. The rainfall data measured 

during the aforementioned flood event is used in simulation and the results are evaluated in light of 
observations after the flood event. Peak flow of the hydrographs for the subbasins, of which are 

heavily affected by the flood event, are obtained and compared with the results of the hydrological 

model generated by Rational Method in WMS in a former study (Gülbaz et al, 2019). The results 

obtained by HEC-HMS model are in good agreement with the results obtained by Rational Method 

in WMS. Moreover, the subbasins located downstream of the Ayamama River are determined as 

the most critical region. 

 

Keywords 

Ayamama watershed; flooding; hydrologic model; HEC-HMS 

 

 

INTRODUCTION 

The intensity and frequency of floods have increased due to several reasons in recent years (Xiao et 

al., 2019). Climate change is undoubtedly one of the most important reason. According to the 

Intergovernmental Panel on Climate Change evaluation report (IPCC, 2014), concerns about 

climate change are generally seen as an increase in temperature, an increase in heavy rainfall events 

on land, and coastal floods. Another main reason of floods is the increase in impervious surfaces 

due to urbanization (Vaillancourt et al., 2019). The decrease of vegetation and the disappearance of 

the natural reservoir result in malfunction of stream flow regime that influences the balance of 

hydrology (Legowo et al. 2019). Floods occur after extreme regional rains in many countries 

(Wurjanto et al. 2019) and it is the biggest economic natural disasters after earthquakes (Uşkay and 

Aksu, 2002). For example in United States, floods cause an annual damage over USD 4 billion and 

the deaths of almost 200 people (Pielke et al., 2002). In recent years, as a result of the increase in 

population, settlements in urbanized regions have increased and spread towards river beds in 

Turkey. As a result, the number of flood damages has increased (Bayazıt, 2002). Between 1955 and 

1995, more than 1000 people lost their lives due to the floods in Turkey. The economic loss of these 

floods was more than USD 650 million (Ceylan et al., 2007). 
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In the Marmara region, the most severe floods occurred in the last years; particularly, the one that 

occurred during the period of 7 and 10 September 2009, was one of the severe floods.  Istanbul and 

Tekirdağ provinces were the most affected provinces of the Marmara region. The said flood event 

was the third greatest disaster among the flood events in Turkey after the floods occurred in Izmir 

and in the Western Black Sea (Kömüşçü and Çelik, 2013). The flooding event occurred in 

Ayamama River in Istanbul was the result of successive and persistent storm with high intensity 

over a 3-day period which generated more than 250-mm rainfall over the region. The flood resulted 

in fatality of 32 people and caused extensive environmental and infrastructural damage in the region 

(Gülbaz et al., 2019).  

 

In order to investigate the physical mechanisms of floods and take precautions, flood simulations of 

the specific regions are necessary. Therefore, generation of hydrological models for different 

watersheds has gained importance (Sikder, 2019). The aim of this study is to generate a 

hydrological model for the Ayamama Watershed and compare its results with the results of a 

calibrated model generated in a former study by Gülbaz et al., 2019. HEC-HMS is employed for 

simulation of the flood event. Peaks of the hydrographs for the subbasins, which are heavily 

affected by the flood event, are compared with the results of the hydrological model generated by 

Rational Method in WMS in the former study. 

 

 

MATERIAL AND METHODS 

Study Site 

Ayamama watershed is located on the European Continental side of Istanbul in Turkey. The main 

stream length is 21 km with many tributaries feeding the river. The surface area of the watershed is 

74 km2. TEM highway, International Atatürk Airport and Ikitelli Organized Industrial Zone are 

located in this region and the basin is exposed to rapid urbanization (Gülbaz et al., 2019). Figure 1 

shows the location of Ayamama Watershed and Ayamama Stream and the region affected by the 

flood event. 

 

 
Figure 1. Location and boundary of Ayamama River watershed ( Google Earth, Data SIO, NOAA, 

U.S. Navy, NGA, GEBCO, Image Landsat/Copernicus © 2018 Basarsoft, © 2018 Google) 
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Hydrologic Engineering Center-Hydrologic Modeling System (HEC-HMS) 

Hydrologic Modeling System has developed by the U.S. Army Corps of Engineers (Fieldman, 

2000). HEC-HMS models precipitation-runoff processes of dendritic watershed systems. It has the 

capability of simulating the floods and natural watershed runoff as well as meteorological 

phenomena such as evapotranspiration, snow melting and precipitation. The software is able to 

report a database, data entry tools, calculation engine and results. The modeling results are 

employed in evaluating current water budget and flow estimations. The primary model components 

are basin models, meteorologic models and control specifications. A simulation calculates the 

precipitation-runoff response in the basin model given input from the meteorologic model. The 

control specifications define the time period and time step of the simulation run (Fleming and 

Brauer, 2016). All hydrological elements are connected to a network in order to model the 

relationship between precipitation and flow. Basin-subbasin, reaches and junctions are main 

hydrological elements (Scharffenberg, 2016). 

 

Basin Models. The system provides a variety of methods for calculating loss in subbasin and 

transforming of precipitation to flow. Green and Ampt, Deficit and Constant, SCS Curve Number 

are the main methods to estimate loss in basin. Green and Ampt method is chosen in this study to 

calculate infiltration. The parameters of Green and Ampt method are initial moisture content, 

saturated moisture content, wetting front soil suction head, and hydraulic conductivity (Rossman, 

2015). 

 

It is provided Clark Unit Hydrograph, ModClark, and User specified Unit Hydrograph are the 

available methods in HEC-HMS to calculate precipitation-flow transformation. Clark Unit 

Hydrograph method choosen in this study is a synthetic hydrograph method that utilizes an 

instantaneous unit hydrograph (Clark, 1945). Obtaining a unit hydrograph through the analysis of 

past observed hydrographs is not requisite (Scharffenberg, 2016). The technique called as the time-

area method (Kull and Fieldman, 1998) assumes that the discharge at any point in time is a function 

of translation and storage properties of the basin. The translation is obtained by calculating the 

surface and channel travel time of runoff. Delay caused by the storage effects of a watershed is also 

taken into account (Viessman and Lewis, 2012). The translation of the hydrograph is satisfied by 

routing through a linear reservoir to account for storage attenuation effects in the basin 

(Scharffenberg, 2016). The components of method are time of concentration and storage coefficient.  

Kinematic wave, Modified Puls and Muskingum translation are available routing options in pipes or 

open channels. The current study is performed with kinematic wave. In kinematic wave routing 

method, the acceleration and pressure terms in the momentum equation are negligible. The wave 

motion is described by the equation of continuity (Chow et al., 1988). The energy slope is equal to 

the bed slope according to this method. As the method allows flow and area to vary both spatially 

and temporally within a conduit, it can result in attenuated and delayed outflow hydrographs 

(Rossman, 2015). The parameters of the method are length, slope, Manning’s coefficient and cross 

section.  

 

Meteorologic Model. Meteorologic model purposes are to prepare meteorologic boundary 

conditions for subbasins. A common meteorologic model can be used with many different basin 

models. The method of precipitation is selected as specified hyetograph for meteorologic model of 

this study. The Specified Hyetograph method allows for definition of a specific time-series rainfall 

data  at subbasins (Scharffenberg, 2016). 
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Modeling 

For modeling of the Ayamama Watershed with HEC-HMS, a topographical map, cross-sectional 

area of the main river, soil properties of the study area and precipitation data for the flood event are 

used. Area informations and Ayamama river length of the watershed are determined based on 

ArcGIS. Cross-sectional area informations of the river are obtained from the former study on the 

region. Soil type is determined as loamy sand and required characteristics are obtained from EPA 

SWMM User’s Manual. The precipitation data for the flood event was provided by the Turkish 

State Meteorological Service (MGM).  

 

Control of a large basin is more difficult than a small basin. Basins can be separated into sub-basins 

and more precise control can be provided. For this reason, sub-basins were formed by specifying 

the relevant exit points in the Ayamama Basin. The basin area is divided into 11 subbasins and area 

information is defined. Infiltration is taken into account with Green-Ampt method. In order to find 

the amount of loss, the values of the initial moisture content, saturated moisture content, suction 

head, and hydraulic conductivity parameters are defined. These values vary according to the soil 

type. Due to the high urbanization in the wateshed, 95 % imperviousness is defined. Clark Unit 

Hydrograph method is used for calculation of the hydrograph over the watershed. Within the scope 

of the method, time of concentration of subbasins and storage coefficient parameters of the soil are 

defined in the system. Junctions are added to each sub-basin outlet to collect the incoming water. 

The reaches representing the Ayamama river are defined in the model. Total length of all reaches 

are approximately 20 km. As a routing method for each reach, the kinematic wave method is used 

which asks for the roughness and the channel cross section shape. Their length, slopes, manning’s 

roughness coefficient (n) and cross sections are defined into the model.  

 

Figure 3 presents the hydrological model of the Ayamama watershed generated in HEC-HMS. 

Here, blue squares represent the subbasins, dark blue lines represent the reaches and blue rectangles 

represent junctions. After the model is launched, the Meteorologic model is selected as a Specified 

HEC-HMS 

Basin Models Meteorologic Models 

Subbasin Junction Reach 

Loss Method Transform Method 

Green and Ampt 

Precipitation Methods 

Clark Unit Hydrograph 

Specified Hyetograph 
 

Routing Method 
 

Kinematic wave 

Output 

Surface Runoff 

Figure 2. Chart for the HEC-HMS and the selected methods of this study 
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Hyetograph. The rainfall data, which belongs to September 7–11, 2009, is provided by the Turkish 

State Meteorological Service (MGM) and is used in the watershed model to simulate the 

hydrological response of the region. Precipitation is defined in all subbasins. System control is 

provided for the related days via Control specifications. 

 

 
 

Figure 3. (a) Hydrological model of the Ayamama Watershed with HEC-HMS (b) Outlets of 

subbasins, Hydrographs for subbasins 

 

 

RESULTS 

The flood event occurred on September 9, 2009 is simulated by using HEC-HMS. The watershed is 

divided to 11 subbasins and they are called as 1B-11B, respectively. The junctions are defined for 

collection of water to outlets of subbasins and are called as 9C-15C. The flood hydrograph is 

obtained at different locations along the Ayamama River. Atatürk, Evren, İnönü, and Çobançeşme 

districts’s outlets are represented with 10C, 13C, 14C, and 15C, respectively which were heavily 

influenced by the flood. Location of these outlets is seen in Figure 4. Flood peaks of the 
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hydrographs are obtained as 40.3 m3/s, 98.5 m3/s, 105.2 m3/s and 107.4 m3/s in these locations. 

Flow reaches these values at 74th hours. 

 

Rainfall intensity of the flood is shown on Figure 4. Total amount of precipitation was more than 

250-mm rainfall over the region. As a result of the studies in the region, it was determined that the 

soil was saturated onSeptember 9 and continued rainfall caused flooding (Hızal et al., 2009). 

 
Figure 4. Rainfall intensity of flood (September 7–11, 2009) 

 
Results for critical points in HEC-HMS modeling are compared with the results of the calibrated 

hydrological model generated by Rational Method in WMS in a former study (Gülbaz et al., 2019). 

Gülbaz et al., 2019 used Rational Method which is used for hydrological modeling in WMS. WMS 

includes an interface to the rational method which can be used for computing peak flows on small 

urban and rural watersheds. In this study, the HEC-HMS model was calibrated in order to adapt to 

the same rate in the regions towards the basin exit. Table 1 presents the calibrated HEC-HMS 

results and WMS peak flow values and the difference between the two hydrological models. 

 

Table 1. Peak flowrate of the hydrographs and the difference between rational method used for 

hydrological modeling in WMS (Gülbaz et al., 2019) and HEC-HMS 

 

 

CONCLUSIONS 

In this study, a hydrological model is generated for Ayamama River Watershed in Istanbul using 

HEC-HMS. Hydrographs for the subbasins are obtained and compared with the results of the 

calibrated hydrological model generated by Rational Method in WMS in a former study (Gülbaz et 

al., 2019). The results obtained by HEC-HMS model are in good agreement with the results 

obtained by WMS. Moreover, the subbasins located downstream of the Ayamama River are 

determined as the most critical regions. The model produced in this study can be used to develop 

flood management studies for this region. 

 

 

Location 

Peak Flow (m
3
/s)  

 

HEC-HMS 
Rational Method 

(Gülbaz et al., 2019) 
% Difference 

10 C 40.3 53.6 33.0 

13 C 98.5 103 4.6 

14 C 105.2 104 1.1 

15 C 107.4 105 2.3 
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Abstract 

The article presents the results of comparative studies of drinking water in order to detect 

enteroviruses (EVs), which are controlled pathogens in the Republic of Belarus when assessing 

water safety by virological indicators, and adenoviruses (HAdVs) as supposed indicative agents of 

viral contamination of drinking water. In this study, (n= 173) water samples (water sources, tap 

and bottled water) were collected and concentrated during 2016-2019. Occurrences of contaminant 

viruses in these samples were determined using real-time PCR assays, their concentration in the 

samples were also established. 

According to the results of the molecular genetic analysis of water, the HAdV’s DNA was found 

in 5.78 % of the analyzed samples, whereas no RNA of EVs was detected in them. HAdV 

genotype 2 and HAdV genotype 5 presented the typical composition of detected waterborne 

pathogens. Obtained data on the presence of adenoviruses in water samples in which enteroviruses 

were absent suggest the use of HAdV as a relevant candidate indicator organism of drinking water 

contamination to be more apropriate. 

 

Keywords 

Human adenovirus; contamination; drinking water; virological control; polymerase chain reaction 

 

 

INTRODUCTION  

Control of the epidemiological safety of drinking water supply, aimed at ensuring the access of the 

population to consistently high-quality water, is important as a matter of health and development at 

the national, regional and local levels. Thus, according to the World Health Organization, at least 2 

billion people use a source of drinking water contaminated by feces. Experts estimate that poor-

quality water annually causes 502.000 deaths from intestinal infections (WHO, 2019). This problem 

necessitates, on the one hand, the improvement of existing water purification and treatment systems 

for water sources, and on the other, the rational choice of representative indicator microorganisms 

of drinking water contaminated assessing its quality against infectious pathogens. 

 

Microbiological water quality is usually assessed by determining the presence of bacterial indicators 

of fecal contamination such as E.coli. However, nowadays it is common knowledge that pathogenic 

intestinal human viruses can be detected in water with its normative quality according to 

bacteriological indicators, which often leads to waterborne outbreaks of various sizes (Bofill-Mas, 

2013). The reason of viral occurrence is connected with their high resistance to disinfecting 

procedures, as well as their lower infectious dose compared to bacterial and protozoal pathogens. 

On this basis, there is flagrant necessity of using direct virological indicators in the study of water 

quality and the assessment of its epidemic safety. 

 

In the Republic of Belarus, the monitoring of viral contamination of water is based on indication of 

EVs. EVs have a high epidemic significance due to their ability to cause waterborne outbreaks. 

From these positions, detection of these pathogens in water is extremely important during periods of 

epidemic rise of enterovirus morbidity (USEPA, 2016). At the same time, EVs like most other 
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intestinal viruses with water pathway of transmission (rota-, norovirus) demonstrate seasonality in 

their spread with marked ups and downs. During periods of reduced incidence of enteroviral agents 

they cannot reliably reflect the level of viral contamination of drinking water, since the intensity of 

their circulation at this time is rather low among the people. Given this circumstance, HAdVs can 

be considered as indicator objects of water analysis to detect its viral contamination as a result of 

fecal pollution (Bofill-Mas, 2013).  

 

There are several advantages of using HAdV for this purpose over other intestinal viruses. They are 

extremely widespread in waterbodies (drinking, river and wastewater) are able to persist there for a 

long time, also they are highly resistant to chemical and physical factors, including prolonged UV 

water treatment (Jiang, 2006). HAdVs are characterized by a pronounced virus infection carrier 

state, which causes their widespread and ubiquitous distribution both at the level of the human 

population and in the external environment. Of particular interest is the fact that the circulation of 

adenoviral agents among the population has no pronounced seasonality. These advantages of 

HAdVs over EVs and other intestinal viruses suggest that the levels of waterbodies contamination 

are not associated with seasonal increases in the incidence of adenoviral infections, but represent 

fecal contamination of waterbodies and violations of water treatment and water use technology. 

Also due to the double-strained DNA quantitative determination of HAdVs is simpler to carry out 

since their detection does not require a reverse transcription stage (Ogorzaly, 2013). 
 

Currently, 90 HAdV genotypes have been identified (HAWG, 2019). HAdVs have a tropism for the 

mucous epithelium of various organs and organ systems, which determines a wide range of clinical 

forms of infection, including gastroenteritis, acute respiratory diseases, conjunctivitis, hemorrhagic 

cystitis, myocarditis, damage to the nervous system, etc. (De Grazia, 2019). They are released into 

the environment with feces, urine and respiratory secretions with great intensity and the timing of 

their release from the respiratory apparatus and urinary tract is 25-50 days, with faeces is more than 

50 days. It is estimated that more than 90 % of the human population are seropositive to one or 

more HAdV serotypes, which are released in high concentrations from infected patients (about 1000 

viral particles per gram of feces) (Ogorzaly, 2013). All this makes it possible to attribute HAdV to 

reliable indicators of fecal contamination of various waterbodies (found in rivers, coastal waters of 

seas, swimming pool waters, water sources, etc.) (Jiang, 2006; Fong, 2010). 

 

Detection of AdV is carried out using both cultural (Kamen and Henry, 2004) and molecular 

genetic methods (Ogorzaly, 2013). However, intestinal HAdVs species F (40, 41 genotypes), which 

cause infections of the gastrointestinal tract and most often excreted in faeces, are poorly cultured 

and rarely isolated in cell cultures (Kim et al., 2010). Therefore, the detection of non-cultivated 

HAdVs is performed using polymerase chain reaction in real-time (PCR-RT). In quantitative 

modification, it allows to assess the viral load in the sample not only qualitatively but also 

quantitatively while maintaining high sensitivity in a short time (several hours) (Ogorzaly, 2013).  

 

The aim of this study was to conduct comparative studies on the detection and molecular 

identification of HAdVs and EVs in drinking water and water sources as part of the study based on 

the possibility of using these pathogens as indicators of viral contamination of waterbodies. 

 

 

MATERIALS AND METHODS  

Samples of underground and surface water sources, drinking water (bottled and tap), n=173 were 

collected during 2016-2019. Concentration of viruses was conducted by using Kit for adsorption 

and concentration of viruses from drinking water using trap device (RRPCEM, Belarus). Viral 

nucleic acids extraction was carried out with RIBO-prep (AmpliSens, Russia). Detection of EV’s 
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RNA was performed by using EV-PCR Kit (RRPCEM, Belarus). Detection of HAdV’s DNA and 

quantity estimate were performed by using quantitative real-time polymerase chain reaction (PCR) 

with designed and evaluated set of primer and probe sequences for a conserved region of the hexon. 

Adjusted concentration dilutions of plasmid vector containing the target sequence for the primers 

were used as calibrators. Identification of HAdV species F among the number of positive samples 

was performed with All screen-FRT (AmpliSens, Russia).  

 

Samples from water sources and drinking water (bottled and tap, n = 173) of one of the largest cities 

of the Republic of Belarus were collected and investigated during 2016-2019. The capture of 

viruses and their concentration were performed from 1000 liters of water using Kit for adsorption 

and concentration of viruses from drinking water using trap device (RRPCEM, Belarus) in 

accordance with the instructions for use. Viral nucleic acids extraction was carried out with RIBO-

prep (AmpliSens, Russia). 

 

Detection of EV’s RNA was performed by using EV-PCR (RRPCEM, Belarus) with reverse 

transcription stage conducted with REVERT-L Kit (AmpliSense, Russia). Identification of HAdV 

species F among the number of positive samples was realized with All screen-FRT (AmpliSens, 

Russia). 

 

The design of oligonucleotide primers and probes for identification HAdV’s DNA in PCR-RT was 

carried out based on the analysis of the conserved region of hexon gene using the software Primer3 

(v. 0. 4. 0) (Primer3, 2012), considering such parameters as degeneracy, Tm, GC%, ΔG, GC clamp, 

the formation of dimers and hairpins. PCR-RT mixture contained the developed primers (Primetech, 

Republic of Belarus), deoxyribonucleoside triphosphates (dNTP), 200 μmol each, 3.5mM MgCl2, 1 

unit of thermostable DNA polymerase (ArtBioTech, Republic of Belarus). Fluorescence levels were 

analyzed using the Rotor-Gene Q amplifier software (Qiagen, Germany). Adjusted concentration 

dilutions of the developed plasmid vector pJET1.2-adefib containing the target sequence for the 

primers were used as calibrators and positive control of the PCR-RT stage. 

 

Amplification of a hexon gene fragment that contains hypervariable regions was performed in a 

reaction mixture containing 1 unit of Flash DNA polymerase (ArtBioTech), 200 μM solution of 

four dNTPs mixture, 20 pmol forward and reverse primers (IDT, USA). In the second stage, the 

reaction product of the first round of amplification was used as a template for the second round with 

primers for nested PCR. The results of PCR stage were monitored with agarose gel electrophoresis. 

Necessary fragments were cut out and purified from the gel using the kit for isolating DNA 

fragments from the agarose gel ArtDNA MiniSpin Gel (ArtBioTech). 

 

Cyclic sequencing reaction products obtained using the GenomeLab DTCS kit QuickStartKit 

(Beckman Coulter, USA) were analyzed using CEQ8000 (Beckman Coulter). The deduced 

nucleotide sequences were processed using MEGA7.0 software (Kumar et al., 2016). 

 

 

RESULTS 

The algorithm of studies used to identify viral pathogens in drinking water and water sources 

included sampling and sample processing (preparation of eluates), indication of contaminant viruses 

and their molecular typing. As detected viruses in the analyzed water samples were HAdVs and 

EVs, the detection of which was carried out by PCR-RT.  

 

According to the results of the studies, HAdVs were detected in 10 (5.78 %) of the 173 water 

samples, while EVs were not identified in any of them. The analysis was done in two takes in three 
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independent assays accompanied by the presence of negative controls to be confident the false-

positive results are absent. The concentration of viruses was established using the developed 

calibrators in known concentrations. 

 

 
Figure 1. Average HAdV’s DNA concentrations in analysed samples of water 

 

Genotype of five HAdV isolates detected in water samples were established. Fragments of the 

hexone gene containing hypervariable regions (880-910 bp) were accumulated using primers for 

nested PCR.  

 

 
Figure 1. Products of hexon gene fragment amplification 
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At the next stage, sequencing of the amplified fragments was carried out in order to identify the 

HAdV’s genotype. 

 

Table 1. Results of presence and molecular typing of HAdV in source (n = 9) and tap (n=1) water 

samples 

Water sampling point  Sampling date HAdV’s genotype 

Surface source  

(before cleaning)  

October 25, 2017 HAdV 2 

Surface source  

(before cleaning)  

January 29, 2018 not established* 

Surface source  

(before cleaning) 

April 15, 2019 not established* 

Source underground November 11, 2016 not established* 

Source underground November 11, 2016 HAdV 2 

Mineral source underground November 11, 2016 HAdV 2 

Mineral source underground November 11, 2016 HAdV 2 

Mineral source underground July 20, 2017 HAdV 5 

Mineral source underground July 20, 2017 not established* 

Tap  April 19, 2017 not established* 
*
 - the genotype of the virus could not be established due to the low concentration of its genetic material in the sample 

and the inability to accumulate the necessary amount for performing a sequencing reaction 

 

 

CONCLUSIONS 

The presented results indicate the frequency of drinking water and water sources contamination 

with HAdVs was 5.78 % while RNA of enteroviruses was not detected in water samples. The data 

obtained on the detection of HAdV in samples, in which EVs were absent, indicate the need for 

further, more extensive research in this field to substantiate the use of HAdVs as the supposed 

indicative agents of viral contamination of water. The indicator role of adenoviral pathogens is 

caused not only by their significantly increased frequency of detection in the water in comparison 

with EVs, but also by resistance to environmental factors, as well as the lack of seasonality in their 

prevalence among the human population. In addition, viral load quantitative estimation may allow 

calculating the health risks associated with water use. 
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Abstract 

Pressure management is a widely adopted technique in the toolset of drinking water distribution 

system operators. It has multiple benefits, like reducing physical losses in pipe networks with 

excessive leakage, prolong the expected lifetime of the pipes and protecting home appliances from 

unacceptably high pressure. In some case, even legislation compliance can be the motivation 

behind pressure management: It is mandatory to supply water at the customer’s connection 

between 1.5 and 6.0 bar in Hungary since 2011. Diaphragm pressure reducing valves are 

widespread in the drinking water distribution networks. Although, their sensitivity for gas pocket 

accumulation in the valve house makes hydraulic calibration of these pressure managed areas a 

challenging task for hydraulic modelers and network operators. This is especially true when more 

than one inlet is used to supply the same area in order to increase resilience and flow capacity. 

This paper investigates the hydraulic properties of pressure reduced areas with multiple inlet 

points. Model calibration using a single valve and minor loss was found insufficient, because the 

additional pressure loss referenced to the pressure setting has a non-quadratic relationship with 

flow-rate on the discharge side under real-life circumstances. This phenomenon can be handled by 

using a PRV (pressure reducing valve) + GPV (general purpose valve) in series. 

 

Keywords 

Calibration; hydraulic modelling; pressure management; EPANET 

 

 

INTRODUCTION 

There are 46 pressure reduced areas in the drinking water distribution system of Budapest 

Waterworks, which are supplied by 101 pressure reducing valves. Most of the pressure reduced 

areas have at least two inlets to keep the resilience of the system high and to provide continuous 

water supply even during maintenance and repair tasks. 

 

Even with these measures, some zones had an increased number of consumer complaints about low 

service pressure. A well-metered pressure reduced area was investigated in order to find the cause 

of the increase in complaints. 

 

There are six unknown variables in the aforementioned network layout. Three pressure setting 

values and three minor headloss coefficients, which assumes a quadratic relationship between 

headloss and flow-rate. The calibration runs using this conventional setup showed a trade-off 

between the downstream pressures (Bibok and Fülöp, 2018). 

 

This paper investigates a different approach to accurately model the steady-state hydraulics of a 

multi-inlet pressure reduced zone. The evaluation and performance assessment of these diaphragm 

pressure reducing valves is essential to. 
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Figure 1. Network layout of the modelled multi-inlet pressure reduced zone 
 

 

MODEL SETUP 

A new model setup was proposed in which the minor loss coefficient was substituted by a GPV 

(general purpose valve). The advantage of this layout is that custom, non-quadratic headloss-flow-

rate relationships can be introduced into the model. It is important to note that the GPV is not 

representing a real valve, but is used to introduce the PRV’s custom headloss-flow relationship into 

the model. This approach increases the dimensionality of the problem by the additional unknown 

variables. The more detailed the GPV curves, the more complex the model gets as the number of 

unknown variables increases. 
 

As Figure 2 shows that it is not suitable to model the hydraulic behaviour of a diaphragm pressure 

reducing valve using quadratic loss functions, also known as minor losses. 

 

Figure 2. Different headloss curves against flow-rate (right) and the approximation methods (left) 
 

PRVs using EPANET 

The proposed model setup is not specific to a proprietary modeling software or framework. All the 

widespread commercial and open-source distribution network modeling tools are capable of 
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implementing the proposed PRV scheme. The main reason behind it is the EPANET compatibility 

because most of the commercial software was forked from EPANET at some point. Figure 3 

indicates the difference between the original modeling approach (above) and the proposed setup 

(below). 

 
Figure 3. Implementation of PRV+GPV layout in EPANET (left) and WaterGEMS (right) 
 

PRVs using Bentley’s WaterGEMS 

Bentley Systems’ WaterGEMS (Bentley Systems, 2019) is a commercial, closed-source hydraulic 

modeling software, which is highly popular among drinking water hydraulics professionals. It is 

compatible with EPANET input files, but it handles nodes and link slightly differently on a 

topological level. Valves are considered as nodal objects in WaterGEMS, in contrary to EPANET in 

which they are links (Figure 3). Otherwise, their hydraulic behaviour is the same, so the proposed 

calibration methodology is also valid in the WaterGEMS environment. 
 

 

METHODOLOGY 

Calibration 

During the hydraulic model calibration the following assumptions were made: 

• All the demands are met, hence DDA(demand driven analysis) is valid 

• Constant nodal demand weights are used based on the billed consumption 

• Physical losses are distributed in the network proportional to the billed consumption since 

the minimum night flow is considered low 
 

The following measurements were available for the pressure reducing valves: 

• Flow rate before the pressure reducing valve 

• Pressure on the PRV’s downstream pipe 

• Pressure on the PRV’s upstream pipe 
 

The timeframe of the available time-series started at 2017.06.01 and it was 10 days long. The 

resolution of the regular time-series was 30 minutes. The flow-rate and pressure values were time-

weighted averages calculated from irregular samplings. The time-series was divided into calibration 

and validation parts. The first 5 days out of 10 were used to calibrate the models. The last day was 

utilized to validate the calibrated model. These days were sequential, hence the day of the week was 

not stationary. The water demand patterns might change due to this aforementioned condition, but 

the headloss curves of the PRV’s do not depend on the actual water demand. It was assumed, that 

the demand weights used to distribute the zonal demand was constant during the simulating, 

because the demand weights calculated from the annual or monthly billed consumption were 

considered stationary in time. 
 

The number of free variables can be calculated from the number of inlet valves and the resolution of 

the GPV headloss-curves: 

 
,

1

PRVn

PRV segment i

i

D n n
=

= + ,    (1) 
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where: D: number of variables in the optimization problem, nPRV: number of PRV’s to calibrate, 

nsegment,i: the number of curve segments of the i’th PRV. 
 

A custom performance function was written in python utilizing scikit-learn package (Pedregosa et 

al., 2011) and epanettools. Epanettools is based on EPANET version 2.0, which lacks functions to 

alter curves in memory – version 2.2 is going to include these functions, which is not yet finalized 

and released. A custom .INP altering method was implemented in python to overcome this 

limitation, although it requires the reloading of the .INP file before every iteration. 
 

The three different unconstrained optimization methods were chosen to solve this multidimensional 

optimization problem. Constrained optimization methods were excluded from the research to have a 

more general result on optimization performance, not limited by the constraints. 
 

Powell: Powell’s method (Powell, 1964; Teukolsky, 1986) doesn’t require the loss function to be 

differentiable nor any derivatives are taken. It generates a sequence of points along each base 

vectors. It is a robust, but generally inefficient due to the geometry of multivariate functions 

(Mathews and Fink, 2004). 
 

Nelder-Mead simplex method: The Nelder-Mead is a simplex method (Nelder and Mead, 1965), 

(Gao and Han, 2012) also known as downhill simplex method. A simplex consists of N+1 vertices 

in an N dimensional search space. The hyperparameters can be adjusted in order to provide better 

performance in case of high-dimensional problems (Gao and Han, 2012). It is a widely-adopted 

optimization method, also present in MatLab. 
 

BFGS: BFGS is an implementation of the quasi-Newton method by Broyden, Fletcher, Goldfarb, 

and Shanno (Nocedal and Wright, 2006). Quasi-Newton-type methods might not converge in case 

of non-smooth optimization, although BFGS was found to have acceptable performance even in 

these cases (Bonnans et al., 2006). BFGS is also widely-adopted in cases of unconstrained 

optimization and cases of nonlinear systems of equations. 
 

Operational performance assessment of a pressure-reduced zone 

Hydraulic modeling usually assumes ideal conditions, although these conditions are rarely met in 

real-life operation. There are several measures to analyze in order to get more detailed insight into 

the operation of a pressure reduced area: 

• Pressure management index (Trow, 2009) 

• Infrastructure Leakage Index (ILI) 

• Inlet supply ratio – in case of multiple inlets 

• Inlet valve performance 
 

PMI is more useful during the design and commissioning phase of a pressure management task, but 

the latter two are more suitable to assess actual operational performance and detect anomalies in 

operation. The maintenance requirements of mechanically operated pressure reducing valves vary 

by manufacturer and model. 
 

Pressure management index (PMI): The Pressure Management Index (PMI) is a performance 

indicator introduced by Trow (Trow, 2009).It is usually used along with the Infrastructure Leakage 

Index (ILI). Both of these indicators’ optimal value is 1.0, which makes visualization and 

evaluation easier in a multi-objective optimization. Furthermore, their product is considered the 

Global Leakage Index (GLI) proposed by E. Renaud (Renaud, 2010). It gives a general overview on 

the performance of pressure management. Although, in gives no information about the remaining 

pressure reduction headroom in the system. 
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Inlet Supply Ratio: The operation of the pressure reduced zones with multiple inlets can be 

characterized by the ratio of inlet flow-rates. The actual ratio depends on multiple factors, like: 

• Headloss curves of the valves 

• Pressure setting of the valves 

• Demand distribution in time 

• Demand distribution along the network 

• Total water demand of the area 
 

The ratio of flow-rates can be calculated by the following equation for each time-step: 

 
,

, ,

,

i j

rel i j

i j

i

Q
Q

Q
=


, (2) 

where: Q.rel: ,is the unitless supply ratio of valve ‘I’ in timestep ‘j’ Qi,j: actual flow-rate at valve ‘I’ 

in time ‘j’. 
 

As Figure 4 indicates, the ratio of inlet flow-rates varies by time during the day as water demand 

changes. The resolution of the graph was the same as the default time-step of the simulation: 30 

minutes. 

 

Figure 4. Inlet Supply Ratio with a resolution of 30min. The ISR change during the day as a 

function of water demand 
 

 

Figure 5. Inlet Supply Ratio daily time-series against the daily water demand. Changes in daily 

Inlet Supply Ratio indicates events, which alter the spatial or temporal distribution of demand in the 

zone 
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The change in the daily supply ratio can indicate various events in the network: 

• Movement of the demand’s point of gravity due to: 

o Burst 

o Seasonal trends 

• Change in the performance of a valve due to: 

o Air accumulation 

o Malfunction 

 

These events can be detected by time-series analysis. ARMA models are suitable to detect level-

shift anomalies in time series like the aforementioned 

 

Valve performance evaluation 

The operation performance of pressure reducing valves can be described by the flow rate at which 

the downstream pressure head starts to drop below the pressure setting. This flow rate would be 

equal to the theoretical capacity of the valve in an ideal situation. The theoretical capacity is usually 

characterized by the Kv (or Kc in imperial units) value of the fully open valve. It is possible to 

calculate the relative opening of the valve if the valve closure curve is available. Valves have 

different closing characteristics depending on the shape of the orifice. If the operating points of the 

valve is plotted against the theoretical headloss curve, the difference between the actual and the 

theoretical operation can be visualized. The evaluation of the operating points can be enumerated by 

fitting a linear function on them. The first-order coefficient is a good indicator of operational 

performance. If the coefficient is near 0, that means the valve performance is good on the observed 

flow-rate domain. If the coefficient’s value is positive, that indicates additional pressure loss 

compared to the pressure setting. 

 

Effect of gas accumulation: Water distribution networks are generally treated as a one-phase, fully 

pressurized system. Although, air can get into the distribution network at specific events, like main 

burst, repairs or at negative pressures. Furthermore, soluted gases can dissolute if pressure drops at 

higher elevation. 

 

These small air pockets usually exit the distribution network through the consumers’ taps, hydrants 

or ventilation air valves at high points. The PRV’s characteristic headloss curve can change, if these 

traveling air pockets reach the pressure reducing diaphragm valve. 

 

Figure 6. Effect of gas accumulation in a pressure reducing valve on its capacity 
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As Figure 1 indicates, releasing accumulated gas pockets from the pressure reducing diaphgram 

valve is essential for a stable and reliable operation. Releasing trapped air is possible manually by 

opening a valve, or by automatic air-valve. If the change in headloss curve is detected, a 

maintenance checkup can be assigned to the valve preventing the valve’s subpar performance at 

peak demands. 
 

 

RESULTS AND DISCUSSION 

Calibration results 

According to Table 1 it is clear that using a simple quadratic headloss, there is trade-off between the 

downstream pressure heads. The use of segmented quadratic headlosses provided better results, but 

it is still far from the target calibration accuracy. It is possible to achieve good fit on the measured 

values using the combined PRV+GPV approach. Unitless error measures were used to evaluate the 

calibration performance because both pressure and flow-rate measurements were utilized during the 

calibration and validation as the average of Normalized Root Mean Squared Error (NRMSE) of 

measurements. The average NRMSE was 13 to 18 % regardless of the chosen optimization method. 

Although, just like every machine learning method, it tends to overfit if the iteration numbers are 

excessive. This phenomenon should be handled in future simulation runs. The GPV headloss curves 

can be directly calculated from the measured discharge pressures by fitting a multi-point curve on it. 

If all the necessary measurements are available, the utilization of meta-heuristic optimization 

methods can be omitted. If one of the downstream pressure measurements is missing, the unknown 

headloss curve can be calibrated using the aforementioned optimization methods. 
 

Valve performance results 

Real-world operational data at Budapest Waterworks showed that pressure drop usually occurred 

even at 10 % of the theoretical flow rate capacity – regardless of the manufacturer of the valve. This 

value is considered extremely low indicating that the manufacturer provided Kv coefficients are 

assuming ideal conditions, which are clearly not met in practice. Pressure managed areas with 

multiple inlets requires special care during design, commissioning and operation. Commissioning is 

possible with temporary pressure and flow-rate measurements, but the support of operation and 

maintenance can only be achieved by installed meters integrated into the SCADA system. The lack 

of instrumentation makes harder to set the valves to their target pressure settings, which was 

determined during the design phase. If additional pressure loss occurs during normal operation and 

water demand, the synchronization of the valves is exceptionally challenging, especially if the 

valves lack pressure or flow measurements. 
 

If the inlet valve lacks pressure measurement upstream it prohibits the calculation of dP, hence there 

the risk of cavitation cannot be assessed. The Table 1 summarizes, which tasks can be achieved at 

certain instrumentation levels. 
 

Table 1. The instrumentation needs of different tasks related to pressure reducing valves and multi-

inlet pressure reduced zones 
Available 

measurements 
Alternating Cavitation Performance Offset detection Capacity assessment 

Q X     
P1+Q X     
P1+P2  X    
Q+P2 X  X X  

Q+P1+P2 X X X X X 
Q+P1+P2+h X X X X X 

 

The headloss-curve of the PRVs is an important indicator of valve operational performance and 

actual capacity. Sub-par performance can be detected by evaluating these curves, hence it is 
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possible to correct it by maintenance, even before customer complaints would directly indicate the 

need of maintenance. The curve evaluation was performed manually, but automated anomaly 

detection performed on these measured headloss curves holds great potential. It has to be noted that 

the hydraulic simulations were conducted assuming steady-state conditions. This boundary 

condition prevents us from implementing hysteresis curves during steady-state hydraulics 

simulations, which affects the operating point of the valve (Talamini et al., 2018). 
 

 

CONCLUSIONS 

Hydraulic model calibration of multi-inlet pressure reduced zones can be performed accurately by 

using a PRV+GPV combination of objects using EPANET-related software. The GPV object is 

used to simulate the non-linear and non-quadratic relationship between flow-rate and additional 

headloss compared to the pressure setting of the PRV. The daily Inlet Supply Ratio of a pressure 

reduced zone with multiple inlets is a good indicator of stationarity regarding the spatial and 

temporal distribution of water demand in the distribution network. Any disturbance in this ratio 

indicates an event, which alters these distributions and should be investigated. The actual flow-rate 

capacity of the valves seems one order lower than what the technical specifications indicated 

regardless of manufacturer. The gas accumulation and the lack of automated air valves can decrease 

the flow-rate capacity and stability of these pressure reducing valves in real-life conditions. 
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Abstract 

Taste and odor in drinking water are one of the main problems of water supply and treatment 

sector. Peroxone is an effective advanced oxidation process, which combines ozone with hydrogen 

peroxide to create hydroxyl radicals that decompose organic compounds. 2-methylisoborneol     

(2-MIB) is one of the significant taste and odor causing compounds, which can be removed with 

peroxone process. In this study, removal of 2-MIB compound by peroxone process was 

investigated in a pilot scale treatment plant and optimum operational conditions were determined. 

For safety reasons, it is important that residual O3 and H2O2 concentrations in the water leaving the 

reactor should not exceed to 0.1 and 0.5 mg/L, respectively. Results indicate that while dissolved 

ozone concentration was below the indicated limit for all experiments, concentrations over 0.5 

mg/L residual H2O2 was observed during the experiments with a H2O2:O3 ratio of 0.5. This limit 

exceedance affected the decision of the ideal peroxone ratio along with the 2-MIB removal results. 

Therefore; optimum H2O2:O3 ratio was determined as 0.3. 2-MIB removal efficiency of 81 % was 

achieved at the optimum H2O2:O3 ratio with a contact time of 15 min. According to the results, 2-

MIB removal rate had a linear correlation with the contact time. 

 

Keywords 

Drinking water treatment; taste and odor; 2-MIB; geosmin; pilot plant 

 

 

INTRODUCTION 

Taste and odor in drinking water affect the perception of customers. Two of the most common taste 

and odor compounds, 2-methylisoborneol (2-MIB) and geosmin, are detectable even at 

concentrations below 10 ng/L (Fakioglu, 2017). Water authorities do not only search for the cause 

of taste and odor problem, but also try to find an effective process that can be integrated to existing 

water treatment plants. 

 

Previous studies have shown that conventional water treatment processes such as coagulation, 

flocculation, sedimentation and chlorination were ineffective for the removal of taste and odor 

compounds. However; processes including powdered activated carbon, ozonation, and biofiltration 

have been found successful for the removal of these compounds (Cook, 2001; Hsieh, 2010; Wang, 

2014; Ho, 2009; Srinivasan, 2010). 

 

Removal of taste and odor compounds by peroxone process, that is a combination of ozone (O3) and 

hydrogen peroxide (H2O2) was proven to be effective by several studies (Fakioglu, 2017; 

Srinivasan, 2010). These studies have shown that removal of 2-MIB and geosmin compounds were 

quite higher with peroxone process in comparison to sole O3 application at the same O3 dosage. 

Determining an ideal peroxone ratio (H2O2:O3 by mole) was the main objective of these studies.  
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In this study, optimum operational conditions such as peroxone ratio and contact time were 

determined for removal of 2-MIB at a pilot-scale peroxone system. Water samples used in all 

experiments were taken from one of the main drinking water sources of a mega city. Other 

important parameters such as geosmin, total organic carbon and bromate were also determined 

along with the 2-MIB. During the experimental study, residual (dissolved) O3 and residual H2O2 

were monitored in order to investigate whether the applied chemical dosages were reasonable or 

not. 

 

 

MATERIAL&METHODS 

Characteristics of raw water and reagents 

Raw water was obtained from the outlet of an aeration unit in a full-scale drinking water treatment 

plant. Characterization of the raw water is provided in Table 1. 2-MIB and geosmin concentrations 

were lower than 10 ng/L during the sampling period, which is known as the limit concentrations to 

be perceived. Therefore, 2-MIB was spiked into the water samples to obtain a concentration of 90 

ng/L. Chromatographic grade 2-MIB standard (Supelco, USA) (10 mg/ml) was used for 

maintaining the required concentration of 2-MIB in the water samples. Since 2-MIB is more 

difficult to be removed with O3 in comparison to geosmin, operational conditions for 2-MIB 

removal were investigated to set the process design requirements. All reagents and solvents for 

H2O2 analysis were at least of analytical grade. All solutions were prepared with deionized water. 
 

Table 1. Raw water quality 

Parameter Unit Value 

Chlorine  (mg/L) 20.4 

Color  (Pt-Co) 8.0 

Conductivity (25 °C)  (µS/cm) 320 

pH - 7.71 

Iron  (mg/L) 0.213 

Manganese  (mg/L) 0.058 

Sulfate  (mg/L) 19.9 

Sodium  (mg/L) 16.87 

Potassium (mg/L) 3.11 

Total Organic Carbon (TOC)  (mg/L) 2.7 

Turbidity  (NTU) 3.6 

UV254  (cm1) 0.07 

2-MIB  (ng/L) <0.5 

Geosmin  (ng/L) 0.28 

Bromide  (mg/L) 0.01 

Total Dissolved Solids (TDS)  (mg/L) 192 

Total Hardness  (mg CaCO3/L) 144 

Total Alkalinity  (mg CaCO3/L) 116.4 

 

Pilot plant set-up 

Pilot plant consisted of a raw water storage tank, reactor column (ozone contact column, with 2.4 m 

diameter and 5 m height), hydrogen peroxide (H2O2) dosing system and ozone generator along with 

the required pipes and measuring equipments (Figure 1). Raw water storage tank, which was fed 

with water from the aeration unit outlet of a full-scale water treatment plant, was made of 

polyethylene (PE) (with 2.8 m diameter, 2.4 m height and 15 m3 total volume) and contained low 

speed mixer (1.5 kW, 6-8 rev/min) along with an ultrasonic water level sensor (Sick AG, Germany). 

Ozone contact reactor was made of plexiglass (with 0.24 m diameter, 5 m height and 0.226 m3 
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volume). Raw water was fed with a centrifuge feed pump (Ebara, Japan) to the reactor. The 

ozonation reactor contained an ultrasonic water level measuring device (Keller, Switzerland), a gas 

phase ozone measuring device (2B Technologies Model 106-M, USA), a dissolved ozone 

measuring device (Chemitec 42 Series, China), a thermometer (Chemitec 42 Series, China) and a 

pH meter (Chemitec 42 Series, China). Ozone was produced by the ozone generator (BNP, China) 

which was fed with an air compressor. Ozone was then transferred to the reactor by a ceramic 

diffuser (with 0.185 m diameter). H2O2 solution was dosed by a solenoid dosage pump (Sisdoz, 

Turkey) to a pipe equipped with a static mixer (Polyvinylchloride, PVC), which delivered water to 

the reactor.  

 

Gas phase ozone at the inlet and at the outlet of the reactor was measured with  ozone measurement 

devices (2B Technologies, USA). Surplus (off-gas) ozone was destructed by an ozone destruction 

unit (BNP, China) before reaching to the atmosphere. 

 
Figure 1. Layout of the pilot-scale set-up 

 

Experimental plan 

Relation between ozone consumption and reactor height. Before starting the experiments to 

determine the ideal peroxone ratio and contact time experiments, ozone consumption versus reactor 

height was investigated through running the system in batch mode. Experiments were performed 

with different reactor heights (1 m, 2 m, 3 m, 4 m and 4.5 m) while initial ozone concentration and 

contact time were set to 4 mg O3/L and 10 minutes, respectively. Ozone consumption was 

calculated by using the inlet and the off-gas ozone concentrations. All experiments were conducted 

in duplicate and average values were used when presenting the results. 

 

Determination of ideal peroxone ratio and contact time. Different H2O2:O3 ratios were tested in 

order to find the ideal ratio for the removal of 2-MIB (Table 2). Inlet O3 dose was set to 4 mg/L and 

the reactor was continuously fed with 2-MIB spiked water. Average water temperature in the pilot 

plant was recorded as around 16 °C. After the determination of the optimum H2O2:O3 ratio, reactor 

was operated at different contact times including 5, 10 and 15 min (Table 2). TOC and geosmin 

removal efficiencies were also determined throughout the experimental study. Additionally, 

variations in residual H2O2 concentration were measured during each experiment. 
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Table 2. Experimental plan applied to determine the optimum H2O2:O3 ratio and contact time 
(a) Determination of optimum H2O2:O3 ratio  (b) Determination of optimum contact time 

H2O2:O3  Inlet O3 

concentration 

Contact time  

Contact time 

Inlet O3 

concentration 

 

H2O2:O3 

0  

 

4 mg/L 

 

 

10 min 
0.1 5 min  

4 mg/L 

 

Selected H2O2:O3  

ratio 
0.3 10 min 

0.5 15 min 

 

Analytical and instrumental procedures 

Residual H2O2 concentration in the liquid phase was analysed following the iodide/molybdate 

method (HP-02) (Klassen, 1994). Concentrations of 2-MIB and geosmin were measured by a gas 

chromatograph (Agilent Technologies 7890B, USA) using Method 8270D (USEPA, 1998). TOC 

analysis was conducted by a TOC analyzer (Shimadzu TOC-L Series, Japan). Bromate analysis was 

conducted by following the Method 300.1 (USEPA, 1999).  

 

 

RESULTS AND DISCUSSIONS 

Relation between ozone consumption and reactor height 

Results obtained from the experiments conducted in pilot treatment plant are given in Table 3 and 

Figure 1. Ozone consumption ratio was found as 51 % at 1 m reactor height and 97 % at 4.5 m 

reactor height by applying 4 mg/L inlet ozone concentration. In order to reach ozone consumption 

ratio above 75 %, at least 3 m reactor height was required. 

 

Along with the ozone consumption ratio, TOC removal was investigated during study. As seen in 

Table 3, TOC removal was lower than 6% for all operating conditions. Based on the results 

obtained from this study, ozone cannot remove TOC effectively alone. However, ozone is proven to 

increase the colloidal destabilization which dramatically increases the removal efficiencies of 

organic compounds by coagulation, flocculation and filtration units in water treatment plants 

(Yuksel, 2002).  

 

Results indicated that consumed ozone increased with increasing reactor height. With increasing 

heights, ozone contact time can be extended since water will stay longer in the reactor. Therefore, 

ozone fed at the bottom of the reactor could have more time to react with the compounds in the 

water and could be consumed in higher ratios.  

 

Table 3. Ozone consumption and TOC removal at different reactor heights 

Inlet ozone concentration (mg/m3) 4000 

Reactor height (m) 1 2 3 4 4.5 

Inlet ozone concentration (mg/m3) 4031 4072 4057 3968 3984 

Off-gas ozone concentration (mg/m3) 1976 1492 953 378 114 

Ozone consumption (mg/m3) 2055 2580 3104 3590 3870 

Ozone consumption ratio (%) 51 63 77 90 97 

TOC removal (%) 0 4 5 2 2 

 



Drinking Water 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 
 

141 

 
Figure 1. Consumed ozone ratio depending on reactor height 

 

Determination of ideal peroxone ratio and contact time 

Variations in dissolved O3 and residual H2O2 concentrations. Dissolved and consumed O3 

concentrations were measured for each H2O2:O3 ratio at a contact time of 10 minutes (Figure 3 and 

Figure 4). It is essential that the residual O3 concentration in the water leaving the reactor should not 

exceed 0.1 mg/L for safety reasons (WQTS, 2009). Considering Figure 3, dissolved (residual) O3 

concentration was around 0.05 mg/L, below 0.1 mg/L for each H2O2:O3 ratio while consumed O3 

concentration was around 4 mg/L.  

 

 
Figure 3. Dissolved O3 concentrations for various peroxone ratios 
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Figure 4. Consumed O3 concentrations at various peroxone ratios 

 

Residual H2O2 concentration in the peroxone process was recommended not to exceed 0.5 mg/L 

(Oturan, 2014) since higher concentrations might cause operational problems such as residual 

chlorine consumption in the water treatment plants. Figure 5 shows that limit residual H2O2 was not 

exceeded during the experiments at a contact time of 10 min and H2O2:O3 ratios of 0.1 and 0.3. 

However, residual H2O2 concentration of over 0.5 mg/L was observed even at the 4th min at a 

H2O2:O3 ratio of 0.5.  

 

 
Figure 5. Residual H2O2 concentrations along experiments for different peroxone ratios 

Impact of H2O2:O3 ratio on treatment performance. TOC removal efficiencies were below 10 % 

during the experiments at each peroxone ratio. Geosmin removal efficiencies could not be evaluated 

depending on the quite low initial geosmin concentrations, which were close to detection limit. 

Bromate concentrations were below detection limits for all the experiments (< 2 µg/L). 2-MIB 

removal efficiency was found to be between 37.5-57.3 % (Figure 6). High residual H2O2 

concentration was observed in the reactor effluent during the experiments with H2O2:O3 ratio of 0.5. 

According to the results obtained from the pilot plant study, ideal H2O2:O3 ratio was determined as 

0.3. 
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Figure 6. 2-MIB removal efficiency at different peroxone ratios 

 

Impact of contact time on treatment performance. Optimum contact time at the ideal H2O2:O3 ratio 

was determined regarding 2-MIB removal efficiency (Figure 7). TOC removal efficiencies were 

below 9% during the experiments conducted at different peroxone ratios. According to the results, 

2-MIB removal efficiency had a linear correlation with the contact time. Thus, the best removal 

efficiency (81 %) was obtained at a contact time of 15 min by applying an O3 dose of 4 mg/L. 

Overall results confirmed the significance of contact time on the 2-MIB removal efficiency.  

 

      
Figure 7. 2-MIB removal efficiency at different contact times (H2O2:O3 ratio: 0.3). 

 

 

CONCLUSIONS 

Relation between the ozone consumption and reactor height was determined in this study. Results 

indicated that consumed ozone increased with increasing reactor height. In order to reach ozone 

consumption ratio above 75 %, at least 3 m reactor height was needed. TOC could not be removed 

by only ozone application. 

 

Optimum operational conditions were investigated for the removal of 2-MIB by peroxone process. 

It is recommended that the residual O3 concentration in the outlet of the reactor should not exceed 



Drinking Water 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 
 

144 

0.1 mg/L for safety reasons. Dissolved (residual) ozone concentration was below the limit residual 

O3 concentration at all H2O2:O3 ratios.  Besides, it is important not to exceed 0.5 mg/L of residual 

H2O2 concentration in peroxone process. However, residual H2O2 concentrations of over 0.5 mg/L 

was measured at a H2O2:O3 ratio of 0.5. Therefore; optimum H2O2:O3 ratio was determined as 0.3 

for the peroxone process in tested conditions. 2-MIB removal efficiency of 81% was achieved at the 

optimum H2O2:O3 ratio with a contact time of 15 min. According to the results, 2-MIB removal rate 

had a linear correlation with the contact time.  

 

Authors suggest that further studies should be conducted for both ozone and peroxone processes 

regarding the formation of disinfection by-products. In addition to this, if the water treatment plant 

has a disinfection concern other than the taste and odor problem, virus and bacteria inactivation 

rates should be investigated with peroxone process. Last but not least, effect of temperature for the 

removal of taste and odor compounds in a full scale water treatment should be taken into 

consideration. 
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Abstract 

Filtration plays an important role in ensuring safe drinking water and protecting public health. The 

filtration performance is influenced by filtration rate, filter media characteristics and rate control 

system. In the Brasília Water Treatment Plant (Brasília WTP), problems related to available head 

and rate control system resulted in negative pressures in the filter media, decreasing the filter run 

length and the effluent quality. In this scenario the aim of this study was, using a pilot-scale 

filtration system, to compare the performance of a single (sand) and a dual-media (anthracite-sand) 

filter, operated under variable declining-rate filtration mode, in order to evaluate the feasibility of 

changing the filter media and the rate control system at Brasília WTP. The coagulation pH, 

coagulant dosage, influent and effluent turbidity, filtration rate and head losses in the filters were 

monitored. For the sand filter, average turbidity removal efficiencies were, 86 % and 80 % at, 

respectively, 15 m³/m².h and 19 m³/m².h filtration rates, with residual turbidity 83 % of the 

samples below 0.5 NTU. For the anthracite-sand filter, turbidity removal was around 92 %, with 

residual turbidity 100 % of the samples below 0.5 NTU, independently of the rate. The filter runs 

were about 28 to 39 h for the sand filter and around 21 h for the anthracite-sand filter operating 

under variable declining-rate filtration mode. Comparing the actual duration of the filtration runs 

at Brasília WTP, 16-20 h, whose sand filter are operated under constant-rate filtration mode, with 

the results obtained in the pilot plant operating under variable declining-rate filtration mode, it is 

suggested that rate control system of Brasília WTP should be changed. In addition, despite the 

shorter filter run lengths, independently of the filtration rate and mode of operation, the anthracite-

sand filter produces higher effluent quality and should be adopted in the Brasília WTP. 

  

Keywords 

Rapid filtration; declining rate filtration; water treatment 

 

 

INTRODUCTION 

High levels of turbidity may protect microorganisms from the effects of disinfection, and it requires 

a multiple barriers system for ensuring safe drinking water (WHO, 2017). All too often, filtration is 

the last, and sometimes the only, physical particulate barrier for removal of turbidity (pathogens and 

impurities) not removed during the preceding water treatment processes. The Ordinance No. 5/2017 

of the Brazilian Ministry of Health establishes that filtered water turbidity, in rapid filtration, should 

be maintained below 0.5 NTU (nephelometric turbidity unit) in at least 95 percent of samples 

(BRASIL, 2017). However, in several Brazilian Water Treatment Plants keeping filtered water 

turbidity consistently below 0.5 NTU requires significant improvements in filtration performance.  

 

It is well known that the filtration rate, filter media characteristics and rate control play an important 

role in maintaining optimal filter efficiency. In the Brasília Water Treatment Plant (Brasília WTP), 

the constant-rate rapid downflow filters has experienced problems with negative pressures, probably 

due the lack of proper rate control system and low head available for operation, resulting in the 

decreasing of filter run length and of effluent quality. 
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In gravity constant head filters, especially constant-rate filters, when the head loss at any point in 

the filter media exceeds the static head to that point, the absolute pressure drops below atmospheric 

pressure, causing air binding and reduction in the effective filter surface area (Di Bernardo e 

Sabogal Paz, 2008). Negative pressure tends to happen as the filter run progresses since the build-

up of head loss is not compensated for by increasing the water level above the filter. According to 

Cleasby (1990) gravity filters operated under variable declining-rate filtration (VDRF) mode 

demand less total head, avoiding negative pressures, and have less tendency for terminal 

breakthrough than constant-rate filters. In addition, VDRF systems operate without effluent rate 

control devices on each filter, which make it easy to operate. 

 

In South America, declining-rate filtration systems have been widely used as a result of Di 

Bernardo and co-workers research over 1980 e 1990 decades. The development and improvement 

of mathematical models to predict the behaviour of variable declining-rate filtration system has 

increased over the years (Arboleda et al., 1985; Di Bernardo, 1986; Akgiray and Saatçi, 1988; 

Machado and Di Bernardo, 1995), allowing the dissemination and utilisation of this system. 

According Dąbrowski (2011), several water treatment plants using declining-rate filters in the 

U.S.A. and in the European Community operate successfully. 

 

Pilot-scale comparative studies on constant-rate versus declining-rate filtration system have been 

conducted (Costa, 2001; Santos, 2004) focusing  on turbidity removal and filter run length in order 

to evaluated the feasibility of applying the variable declining-rate filtration system in existing water 

treatment plants. These studies concluded that filters operated under VDRF mode generally present 

higher effluent quality and longest filter runs. 

 

Therefore, using a pilot-scale filtration system, the aim of this study was to compare the 

performance of two different filter media (sand and anthracite-sand), regarding turbidity removal 

and filter run length, operated under variable declining-rate filtration mode, in order to evaluate the 

feasibility of changing the filter media and the rate control system at Brasília WTP. 

 

 

MATERIALS AND METHODS 

Brasília Water Treatment Plant 

The Brasília WTP is a conventional surface water treatment plant (coagulation, flocculation, 

dissolved air flotation, rapid filtration and disinfection) located in Brasília, Federal District, Brazil. 

The raw water is taken from Santa Maria Dam, Torto and Bananal Rivers, depending on seasonal 

variation and water demands. The plant, with a nominal capacity of 10.080 m³/h, is managed and 

operated by Company of Environmental Sanitation of the Federal District (Caesb). 

 

This plant has two banks of twelve filters. Each filter has a surface area of 35.75 m² and 3 m depth, 

0.8 m being the thickness of the filter media. The filters were originally designed for use with a 

dual-media configuration of anthracite over sand but this has been changed to a single-media 

configuration of sand (80 cm depth, effective size of 2.17±0.06 mm and uniformity coefficient of 

1.5). The filters are operated under constant head and constant-rate filtration mode, but with 

inadequate devices for this purpose. Currently in Brasília WTP, typical filter run is about 16-20 h. 

 

Experimental set-up 

A pilot-scale filtration system (Figure 1a) was located at the Brasília WTP. The pilot system 

consisted of two filter columns with an internal diameter of 200 mm and 3 m height. Each pilot 

filter was filled with a different filter media. The first pilot filter was filled with a sand filter bed  

(80 cm depth, effective size of 1.25±0.05 mm and uniformity coefficient of 1.2). The second pilot 
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filter was filled with a dual-media filter bed, consisting of anthracite (50 cm depth, effective size of 

1.00±0.05 mm and uniformity coefficient of 1.4) over sand (30 cm depth, effective size of 

0.53±0.20 mm and uniformity coefficient of 1.5). 

 

A constant influent flow rate was maintained by using a flow control box. Sampling points were 

properly installed and piezometers for measuring head loss were distributed along the height of the 

filter media bed, designed with 5, 10 and 20 cm intervals (Figure 1b). The filtered water from the 

Brasília WTP was used for backwashing and to achieve a bed expansion of 20 % a backwash rate 

was 82.8 m³/m².h for the sand filter and 43.2 m³/m².h for the anthracite-sand filter. 

  

 

(a) 
 

(b) 

Figure 1. (a) schematic diagram of the filtration pilot plant. (b) pilot filter column design (all 

dimensions are in cm) 

 

Teixeira’s method of pilot plant operation 

Teixeira (1991) proposed a method for estimating the filter run length under variable declining-rate 

filtration mode, based on a single pilot filter operated under a constant-rate and variable head mode. 

The pilot filter operating parameters are obtained by using a mathematical model of VDRF 

developed by Di Bernardo (1986). A recent study, commissioned by Caesb, applied the Di 

Bernardo's model considering two banks of twelve filter with maximum allowed head loss (H) of 

1.52 m, operating at average filtration rate (R) of 11.67 m³/m².h. Two situations were simulated by 

changing the percent opening of the effluent flow control valve, resulting in different ratios of the 

maximum to the mean flow rate (Table 1). 

 

Table 1. Summary of the Di Bernardo’s model results 

Valve opening  Total head loss equation Output parameters 

77.7 % 

H = 4.103⋅10-6⋅R2 + 6.9⋅10-6⋅R1.85 + 

3.29⋅10-3⋅R0.667 + 0.8⋅10-3⋅R1 +       

3.10-5⋅R1.268 

Maximum filtration rate:15 m³/m².h; 

Difference between maximum and 

minimum head loss: 0.076 m. 

100 % 

H = 7.03⋅10-7⋅R2 + 6.9⋅10-6⋅R1.85 + 

3.29⋅10-3⋅R0.667 + 0.8⋅10-3⋅R1 +      

3.10-5⋅R1.268 

Maximum filtration rate: 19 m³/m².h; 

Difference between maximum and 

minimum head loss: 0.149 m. 



Drinking Water 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 
 

148 

The pilot filter should be operated at the maximum filtration rate and the filter run should be 

terminated when the maximum allowed head loss has been reached. After obtaining the pilot filter 

run length, the filter run under VDRF mode is estimated by multiplying the pilot filter run length 

by the number of filters in a bank.  

 

Experimental procedure 

The rapid gravity pilot filters were supplied with dissolved air flotation (DAF) clarified water from 

Brasília WTP and operated in parallel at filtration rates of 15 m³/m².h and 19 m³/m².h, with 

maximum allowed head loss of 0.076 m and 0.149 m, respectively. The filtration performance was 

evaluated at coagulation pH values in a range of 6.4 to 7.1 and coagulant dosage of polyaluminum 

chloride (PAC) in a range of 4.0 to 7.5 mg/L.  

 

In order to evaluate the filtration efficiency, grab samples of DAF clarified and filtered water, taken 

every 15 minutes, were analysed regarding turbidity and pH. The effluent flow rate (determined 

volumetrically) and the head loss were monitored every 15 minutes to allow the estimation of the 

filter run length, under VDRF mode, as described in Teixeira’s method.  

 

 

RESULTS AND DISCUSSIONS  

During the pilot study, the raw water was composed of about 70 % from Torto River and 30 % from 

Bananal River. Six experiments were carried out with filtration rate of 15 m³/m².h and other 6 

experiments with filtration rate of 19 m³/m².h. The highest values of filtered water turbidity were 

observed during the ripening period and also when a filter has reached the end of its run. The pilot 

filter runs were terminated when the maximum allowed head loss, obtained when using Di 

Bernardo’s model, has been reached. The average turbidity of DAF clarified water (filter feeding 

water) was 1.37 ± 0.44 NTU for filters operated at filtration rate of 15 m³/m².h. After the ripening 

period both filters were able to maintain filtered water turbidity below 0.5 NTU, as observed in 

Figure 2.  

 

 
Figure 2. Turbidity of DAF clarified (affluent) and filtered (effluent) water during filtration runs at 

filtration rate of 15 m³/m².h. (a) sand filter. (b) anthracite-sand filter 

 

As shown in Table 2, higher filtered water quality and shorter filter runs were observed in the 

anthracite-sand filter, caused by the filter media clogging due to particulates retention, achieving 

more quickly the maximum allowed head loss, in comparison with the sand filter. Generally, with 
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both filters operating at the filtration rate of 15 m³/m².h, increasing in the PAC dosage resulted in 

shorter filter runs and inferior effluent quality, despite variations in the DAF clarified water 

turbidity. This occurs because higher coagulant dosages result in higher clogging head losses in the 

filter media bed (Eyvaz et al., 2015). 

 

Table 2. Summary of filter runs parameter at filtration rate of 15 m³/m².h in the pilot plant 

 PAC, mg/L 
Coagulation 

pH  

Sand Filter Anthracite-sand Filter 

Initial 

Turbidity, 

NTU 

Residual 

Turbidity, 

NTU 

Filter 

Run, 

min 

Initial 

Turbidity, 

NTU 

Residual 

Turbidity, 

NTU 

Filter 

Run, 

min 

E1 4.0 6.9 ± 0.2 1.23 ± 0.11 0.16 ± 0.03 149 1.20 ± 0.11 0.10 ± 0.03 101 

E2 4.0 7.1 ± 0.0 1.32 ± 0.28 0.15 ± 0.05 173 1.26 ± 0.29 0.10 ± 0.02 122 

E3 4.5 7.0 ± 0.1 1.03 ± 0.08 0.16 ± 0.06 126 1.05 ± 0.07 0.15 ± 0.03 91 

E4 4.5 6.9 ± 0.0 1.04 ± 0.04 0.17 ± 0.04 142 1.04 ± 0.03 0.12 ± 0.02 102 

E5 7.0 6.9 ± 0.1 2.33 ± 0.19 0.37 ± 0.09 104 2.35 ± 0.21 0.13 ± 0.05 80 

E6 7.0 6.9 ± 0.1 1.58 ± 0.17 0.21 ± 0.05 133 1.55 ± 0.19 0.12 ± 0.03 118 

 

Contrary to expectations, in both filter the increase in filtration rate, from 15 m³/m².h to 19 m³/m².h, 

and average DAF clarified water turbidity, from 1.37±0.44 NTU to 2.05±0.71 NTU, resulted in 

longest filter runs. However, the effluent quality degraded, especially in the sand filter (Figure 3a). 

In this filter, the Brazilian Maximum Contaminant Level (MCL) of filtered water turbidity (0.5 

NTU) has been exceeded in 33 % of samples. The anthracite-sand filter was able to produce effluent 

turbidity below 0.5 NTU in all experiments (Figure 3b). 

 

 
Figure 3. Turbidity of DAF clarified (affluent) and filtered (effluent) water during filtration runs at 

filtration rate of 19 m³/m².h. (a) sand filter. (b) anthracite-sand filter 

 

Averages of turbidity removal efficiencies at filtration rates of 15 m³/m².h and 19 m³/m².h were, 

respectively, 86 % and 80 % for the sand filter and around 92 % for the anthracite-sand filter, 

independently of the filtration rate. The experiments, especially those operating at filtration rate of 

19 m³/m².h, showed that that the filter run length was more affected by variation in coagulation 

conditions (pH and PAC dosage) than DAF clarified water turbidity, indicating that the filters were 

able to produce stable effluent quality by dampening fluctuations in DAF clarified water turbidity,  
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as shown in Table 3. The dampening effect is important, since the Brasília WTP has been facing 

operational difficulties in maintaining filtered water quality when the DAF clarified water turbidity 

changes. 

 

Table 3. Summary of filter runs parameter at filtration rate of 19 m³/m².h in the pilot plant 

 PAC, 

mg/L 

Coagulation 

pH  

Sand Filter Anthracite-sand Filter 

Initial 

Turbidity, 

NTU 

Residual 

Turbidity, 

NTU 

Filter 

Run,mi

n 

Initial 

Turbidity, 

NTU 

Residual 

Turbidity,

NTU 

Filter 

Run,min 

E7 4.0 6.5 ± 0.0 0.76 ± 0.07 0.12 ± 0.02 117 0.78 ± 0.05 0.10 ± 0.02 105 

E8 5.0 6.7 ± 0.1 2.93 ± 0.54 0.55 ± 0.10 150 3.06 ± 0.55 0.23 ± 0.08 89 

E9 5.0 - 7.0 6.6 ± 0.1 2.41 ± 0.52 0.62 ± 0.07 230 2.94 ± 0.33 0.26 ± 0.05 107 

E10 7.0 - 5.0 6.6 ± 0.1 1.87 ± 0.20 0.37 ± 0.07 239 1.95 ± 0.15 0.13 ± 0.03 124 

E11 7.0 - 6.0 6.5 ± 0.1 2.20 ± 0.11 0.43 ± 0.07 188 2.15 ± 0.13 0.14 ± 0.01 86 

E12 7.5 7.0 ± 0.1 1.78 ± 0.09 0.35 ± 0.09 246 1.72 ± 0.06 0.12 ± 0.03 134 

 

Changes in PAC doses during the filter runs operating at filtration rate of 19 m³/m².h disturbed 

significantly the build-up of the head losses, as a result of altering the rate of head loss, 

compromising the filtration performance. Those experiments in which the PAC dosage was 

maintained constant during the filter run presented a similar build-up head loss behavior with 

similar values of rate of head loss (Figure 4a). As can be observed in Figure 4b, the similarity of 

build-up head loss behavior was not observed when the PAC dosage was changed during the filter 

run length. 
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Figure 4. Build-up of total head loss during filtration runs at rate of: (a) 15 m³/m².h; (b) 19 m³/m².h 

 

The longest filter runs were obtained at higher filtration rate of 19 m³/m².h (Table 3). It was notably 

observed in the experiments in which the PAC dosage was changed during the filter run, probably 

by changing the surface charge of the particles and reducing the adhesive forces between the 

particles and the collector surfaces.  

       

The decreasing in adhesive forces may cause premature turbidity breakthrough by decreasing solids 

retention. In addition, the reduction of solids retention decreases the rate of head loss, as the head 

loss builds up as a result of filter clogging, and promotes longest filter runs. Despite PAC dose 

changes, the increase in filter runs length caused by increasing the shear stress and favouring depth 

filtration over surface filtration was also observed (Figure 5). 
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Figure 5. Increase of head loss due to solids retention in experiments conducted under similar 

coagulation conditions. (a) sand filter and (b) anthracite-sand filter operated at rate of 15 m³/m³.h. 

(c) sand filter and (d) anthracite-sand filter operated at rate of 19 m³/m³.h 

 

As shown in Figure 6, surface filtration was predominant in the sand filter, differently from the 

anthracite-sand filter, in which there was a predominance of depth filtration, independently of the 

filtration rate. Despite the surface filtration, longest filter runs were obtained in sand filter due to 

lowest turbidity removal and the media characteristics, in comparison with the anthracite-sand filter.   

 

The averages of filtration runs estimated by using the method proposed by Teixeira (1991) were 

27.6-39.0 h for the sand filter and 20.5-21.5 h for the anthracite-sand filter operating under variable 

declining-rate filtration mode. These values are higher than the averages of filtration runs observed 

in the actual filters at Brasília WTP, 16.0-20.0 h, which are operated under constant-rate filtration 

mode. Even though the effective size of the actual sand filters of Brasília WTP is significantly 

greater than the effective size of both filter media experimentally tested in this study, the sand and 

anthracite-sand filter tested were able to provided longest filter runs, probably caused by changing 

the mode of operation. Based on the comparison between the filter runs, declining-rate filtration 

mode showed a better performance than constant-rate filtration mode.  

 

 

CONCLUSIONS 

The performance of a single-media filter consisting of sand was compared with a dual-media filter 

consisting of anthracite over sand, in order to evaluate the feasibility of changing the rate control 

system at Brasília WTP. 
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At filtration rate of 15 m³/m².h there were no significant differences in filtered water turbidity 

between the single and dual media filter. However, the filter runs were shorter in the anthracite-sand 

filter. When the filtration rate was 19 m³/m².h, the sand filter was not able to maintain filtered water 

turbidity below 0.5 NTU differently from the anthracite-sand filter. Both filters can produce satable 

effluent quality by dampening fluctuation in affluent water turbidity. The increasing coagulant dose 

favored reduction of filter run length. In addition, changes in the coagulant dose during filter cycle 

may promote premature turbidity breakthrough. 

 

Averages duration of filter runs at filtration rate of 15 m³/m².h were 28±5 h for the sand filter and 

20±3 h for the anthracite-sand filter. At filtration rate of 19 m³/m².h the averages duration of filter 

runs were 39±11 h for the sand filter and 22±4 h for the anthracite-sand filter. In both pilot filters, 

the filter runs obtained under VDRF mode exceed the actual filter runs, under constant-rate mode, 

suggesting that rate control system of Brasília WTP should be changed. Also, despite the shorter 

filter run lengths, independently of the filtration rate and mode of operation, the anthracite-sand 

filter produces higher effluent quality and should be adopted in the Brasília WTP. 
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Abstract 

Cylindrospermopsin occurrence has been documented in different regions all over the globe, 

especially in water supply reservoirs, which are favourable environments for cylindrospermopsin 

producers’ blooms. Due to its high toxicological potential, it may warn to human health and safety. 

Different water treatment techniques can be applied to cylindrospermopsin removal, amongst them 

adsorption onto activated carbon in granular or powdered forms. Activated carbons can be 

produced by different activation methods and from different starting materials, in present study it 

was used coconut shell as raw material and chemical activation using phosphoric acid. Two acid 

rates were used during activation process, then both combinations led to types of activated carbons 

with high surface area and pores volume. Cylindrospermopsin adsorption experiments were 

conducted in ultrapure water and Paranoa lake water for both activated carbons. Results showed a 

slightly difference between their adsorption performances in ultrapure water. Also, it was verified 

a high impact of organic matter on adsorption efficacy in lake water experiments. 

 

Keywords 

Water treatment; adsorption; activated carbon; cylindrospermopsin; activated carbon synthesis 

 

 

INTRODUCTION 

Cyanobacterial blooms producing toxins have been reported all over the world. Favourable 

geographic spreading of toxic blooms and adequate environmental conditions emphasizes the need 

for increasing monitoring of cyanotoxins in drinking supply reservoirs in Brazil (Bittencourt-

Oliveira et al., 2014). In Brazil, major occurrence of these organisms has been reported on the 

subtropical region due to more concentration of studies in this area. Although, studies in tropical 

area has increased after a tragic event in Caruaru, state of Pernambuco, where water contaminated 

with cyanotoxins was used for a haemodialysis treatment, in 1996. 

 

According to Bittencourt-Oliveira et al. (2014), most recurrent toxins in Brazilian water bodies are 

microcystin, however cylindrospermopsin (CYN) has been reported in different reservoirs which 

may warn for the danger of their spread. CYN is classified as an hepatotoxin, which may cause 

diseases in humans related to liver disfunction. Humpage and Falconer (2003) performed 

experiments using different doses of CYN in several mices and according to their body weight 

changes, they proposed a guideline value of 1 µg/L for CYN in drinking water.  

 

 

Figure 2. Chemical structure of CYN (Ohtani et al., 1992) 
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The removal of large concentrations of CYN by conventional treatments is hampered by its 

hydrophilic property, especially when it founded in extracellular form. Faced with the challenge of 

removing these toxins, there is a need for the use of advanced water treatment techniques. As a 

method of advanced water treatment, the use of activated carbon (AC) in powdered and granular 

forms stands out. These activated carbons can be synthesized from different raw materials, which 

will develop different physical and chemical characteristics in their structure. Studies have been 

done evaluating the removal of CYN in commercial activated carbon made by vegetal and mineral 

raw materials, including coconut shell, an abundant raw material in Brazilian coast. 

 

Ho et al. (2008) evaluated two types of commercially available activated carbon at CYN adsorption 

on a reservoir water, CYN concentrations ranged from 2.7 to 37.4 µg/L. One was coal based, with 

higher micropores volume and BET surface, and the other one was wood based. The first one 

presented a better adsorption performance, reaching up to 70 % of CYN removal at 20 mg/L of 

CAP.  

 

Valencia-Cárdenas (2016) also appraised two types of commercial powdered activated carbon 

(PAC) at CYN adsorption, PAC 2 was mineral based and physically activated, PAC 1 was wood 

based and chemically activated. BET surface area in PAC 2 represented more than twice of the area 

in PAC 2 and a higher micropore and mesopore volumes, which led to a better performance of 

PAC 1 in adsorption process. Both studies indicated better removals of CYN are obtained in 

activated carbons with a higher superficial area and mesopores volume, independently of AC 

starting material. 

 

Furthermore, additional studies must be developed to define which characteristics an activated 

carbon must have to ensure high CYN removals. The aim of this study was evaluating CYN 

removal onto two activated carbons synthesised from coconut shell under different conditions. 

 

 

EXPERIMENT PROCEDURES 

Carbon synthesis started using dried endocarp of coconut origin from Brazil as precursor, which 

particles were sieved in the range of 0.177 to 0.105 mm. Two sorts of carbon were produced 

following Prauchner and Rodríguez-Reinoso (2012) study. Both were activated by chemical 

activation using phosphoric acid, the difference consisted on acid ratio utilized where AC 1 used 

0.54 g of precursor per g H3PO4 and AC 2 0.27 g/g. First the precursor was impregnated with the 

acid under the temperature of 85ºC for 2 hours and then the temperature was increased to boiling 

point to force the incorporation of the acid. Second, the mixture was carbonized in a tubular 

horizontal furnace up to 450 ºC and stayed at this degree for 2 hours.  

 

After completing the synthesis, both carbons were submitted to characterization analysis in 

Quantachrome NovaWin gas sorption equipment. Adsorption-desorption isotherms of N2 were used 

to evaluate superficial area and pores volume. Chemical characterization consisted on determining 

the potential of zero charge (pHzcp) based on Moreno-Castilla et al. (2000) study. 

 

Once synthesised both AC adsorption experiments were conducted using two study waters: 

ultrapure water and Paranoá lake water, both spiked with an extract obtained from freeze dried cells 

of a strain (CYP011K) CYN producer in order to reach an initial concentration of approximately 

60 µg/L of CYN dissolved, during preparation both waters were adjusted to pH 6.5. All samples 

were analysed using ELISA method produced by ABRAXIS. 

 

First experiments were done in order to obtain kinetic adsorption model and contact time to be used 
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on the following adsorption capacity experiments. Experimental part was conducted using carbon 

dose fixed at 6 mg/L and contact times of 0, 60, 90, 120, 180 and 240 minutes. After experiments, 

modeling part consisted on applying kinetic models to evaluate the interaction mechanism between 

adsorbate-adsorbent, thus, following models were used: pseudo-first-order (Lagergren, 1898), 

pseudo-second-order (Ho and McKay, 1999), intraparticle diffusion (Weber and Morris, 1963) and 

Elovich (Roginsky and Zeldovich, 1934). 

 

Finally, experiments determining the adsorption capacity of both activated carbons were conducted, 

following the requirements of ASTM (2014). Adsorption experiments were done using AC doses of 

0, 3, 6, 9 and 12 mg/L. The isotherm models used in this study were Langmuir, Freundlich, 

Redlich-Peterson and Sips (Langmuir-Freundlich), with their expressions are presented in the 

equations (1), (2), (3) and (4), respectively (Foo and Hameed, 2010). 

 

 
(1)  (2) 

 
(3) 

 
(4) 

 

Where qe is solid phase sorbate concentration at equilibrium (µg/mg), Ce is aqueous phase sorbate 

concentration at equilibrium (µg/L), Q0 is maximum monolayer coverage capacities (µg/mg), b is 

Langmuir isotherm constant (L/µg), KF is Freundlich isotherm constant (L/mg) related to adsorption 

capacity, n is adsorption intensity, 1/n is the heterogeneity factor, KR is Redlich-Peterson isotherm 

constant (L/mg), aR is Redlich-Peterson isotherm constant (L/µg), g is Redlich-Peterson isotherm 

exponent, KS is Sips isotherm model constant (L/mg), aS is Sips isotherm model constant (L/µg) and 

βS is Sips isotherm model exponent. 

 

The parameters of the Langmuir and Freundlich adsorption models were determined using the 

linear forms of the equations (1) and (2), presented in the equations (5) and (6), respectively. 

 

 
(5) 

 
(6) 

 

The parameters of the Redlich-Peterson and Sips adsorption models were determined using 

nonlinear  

regression of the experimental data, qe and Ce, using LAB Fit, a free curve fitting software 

(http://zeus.df.ufcg.edu.br/labfit/index.htm), with a maximum number of iterations of 10000 and a 

tolerance of 10-6 

 

 

RESULTS AND DISCUSSION 

Activated carbons characterization  

The results showed that AC 1, obtained using the higher fraction of the H3PO4 presented a lower 

BET surface area but the highest volume of mesopores in its structure, representing 35 % of total 

pores volume, as expected, due to high acid rate comparing to AC 2. Furthermore, AC 2, which 

received a lower fraction of H3PO4, presented a greater BET surface area with a predominance of 

micropores in its structure, as shown in Table 1.  

 

http://zeus.df.ufcg.edu.br/labfit/index.htm
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Table 1. Physical characteristics of synthesised activated carbons 

 AC 1 AC 2 

BET surface area (m2/g) 1408 1735 

Micropores volume (cm3/g) 0.613 0.826 

Mesopores volume (cm3/g) 0.331 0.038 

Potential of zero charge 2.10 2.28 

 

Kinetic of adsorption 

According to Ho and McKay (1999), pseudo-second-order model has been successfully used to 

describe adsorption onto granular activated carbon. This model describes the rate constant of 

sorption of some amount of sorbate on the surface sorbent at any time until its reach the 

equilibrium, correlating the number of available active sites.  

 

For CYN adsorption onto both activated carbons, pseudo-second-order kinetic was the model that 

better described kinetic adsorption. The model parameters are shown on Table 2. 

 

Table 2. Kinetic parameters for AC 1 and AC 2 

 AC 1 AC 2 

K2 (µg.mg -1.min-1) 0.0253 0.0155 

qe (µg.mg -1) 4.029 2.797 

R2 0.969 0.932 

 

According to model parameters, prediction of AC doses required to remove CYN in ultrapure water 

was done in order to estimate doses to be applied in two different scenarios, as can be seen in Table 

3. Contact times were chosen based on a hypothetical emergency situation in which the activated 

carbon could be applied in rapid mixing unit of a water treatment plant. Also, CYN concentration 

was chosen based on Falconer (2005) and Ho et al. (2008) studies. 

 

Table 3. AC 1 and AC 2 doses and contact times required to remove CYN to 1 µg/L in ultrapure 

water 
  Initial CYN concentration (µg/L) 

  15  10  5  3  2 

  AC dose requirement (mg/L) 

Contact time 

(min) 
 AC 1 AC 2  AC 1 AC 2  AC 1 AC 2  AC 1 AC 2  AC 1 AC 2 

15  5.74 12.69  3.69 7.66  0.89 3.62  0.35 1.81  0.41 0.91 

30  4.61 8.84  2.96 5.69  0.49 2.53  0.66 1.26  0.33 0.63 

60  4.04 6.92  2.60 4.45  0.24 1.98  0.58 0.99  0.29 0.49 

 

The difference between the quantities of both carbons needed to reduce CYN concentration to 1 

µg/L can be attributed to the higher number of mesopores presented on AC 1. It has been noticed on 

previous studies the trend of activated carbons with high volume of mesopores to present greater 

CYN adsorption capacity (Costa et al., 2012; Valencia-Cárdenas, 2016). As well, comparing with 

quantities of commercially activated carbon for the same contact time required to obtain 1 µg/L of 

CYN found by Ho et al. (2008), the doses of AC 1 and 2 required to reach the same CYN 

concentration are much lower. For example, in Ho et al. (2008) study for 30 min of contact time and 

5 µg/L of CYN it was necessary 33 mg/L of PAC. In the present study requirements were 
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0.49 mg/L for AC 1 and 2.53 mg/L for AC 2. It is important to mention that in the present study the 

experiments were conducted using ultrapure water spiked with an extract of CYN (only containing 

cytoplasmic organic dissolved matter), while the Ho et al. (2008) study was carried out using a 

reservoir water as matrix containing organic dissolved matter.   

 

Based on kinetic experiments, 4 hours was chosen as contact time for further experiments.  

 

 

Adsorption capacity 

Adsorption capacity results showed a similar removal of CYN for both carbons in ultrapure water 

(Figure 2). Although pores distribution was different, AC 1 and AC 2 remaining values for 12 mg/L 

dose were alike, correspondingly to averages of 59.90 % and 53.53 % for ultrapure water. On 

Paranoá lake water experiment, the organic matter presented a high influence on adsorption of 

CYN.  
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Figure 2. Remaining values of adsorption capacity of CYN for the study waters. Initial CYN 

concentration in ultrapure water for AC 1 and AC 2 was 57.85±3.31 µg/L and 59.32±0.89 µg/L, 

respectively. For Paranoá lake water initial concentrations were 67.25±8.31 µg/L for AC 1 and 

62.27±0.51 µg/L for AC 2 

 

Equilibrium isotherms 

The equilibrium isotherms describe the adsorption process and lead to optimize water treatment 

processes that include adsorption steps. The optimization of adsorption processes, based on the 

isotherms, depends on the experimental data fit to the either theoretical or empirical equations. 

Therefore, it is important to establish the best correlation for the equilibrium data of CYN 

adsorption onto the 2 carbons tested in ultrapure water and Paranoá lake water. The fitted parameter 

values, for the adsorption data of this study are shown in the Table 4. 

 

Langmuir isotherm. The results for the AC 1 indicate that the data do not follow the Langmuir 

adsorption model, possibly because there is not monolayer adsorption onto the AC 1. Despite the 

correlation coefficients for the AC 2 close to 0.9, the adsorption data neither follow the Langmuir 

model. The maximum monolayer coverage capacity, Q0, and the Langmuir isotherm constant, b, 

presented negative values, indicating the insufficiency of this model for explaining this adsorption 

process (Alshabanat et al., 2013). 

 

Freundlich isotherm. Considering the correlation coefficients, the experimental data does not match 

with the Freundlich model in none of the performed tests. 

 

The Freundlich adsorption isotherm (Freundlich, 1907) assumes that adsorption occurs in 
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multilayers on a heterogeneous surface, increasing the amount of adsorbate on the surface as the 

concentration in the liquid phase increases, according to the equation (2). The heterogeneity factor, 

1/n, is also related to the bonding energy. Negative values for this parameter could indicate a null 

binding force between the AC surface and the CYN. Therefore, there is no correlation between the 

data and the model. 

 

In addition, KF values were up to 2.474×1015 times higher than others CYN adsorption studies with 

good approximations to the Freundlich model (Ho et al., 2008), showing parameter values without 

physical meaning. 

 

Redlich-Peterson isotherm. The determined parameters for this isotherm were all positives and the 

AC 2 showed a better fit than the AC 1. However, the Redlich-Peterson isotherm exponent, g, in all 

cases, were higher than 1. According to Wu et al. (2010), the values for this parameter are usually 

less than 1; consequently, none of the approaches to the Redlich-Peterson isotherm meets this 

requirement. 

 

Table 4. Isotherm constants for the adsorption of CYN onto each AC and matrix water 

 AC 1  AC 2 

 Ultrapure water Paranoá lake water  Ultrapure water Paranoá lake water 

Langmuir      

Q0 (µg/mg) 2.862 0.067  1.941 -0.035 

b (L/µg) 0.032 -0.020  -0.248 -0.017 

R2 0.3881 0.7778  0.9839 0.8722 

χ2 2 2  2 2 

Freundlich      

KF (L/mg) 0.329 4.205×1014  3.733 0.824 

1/n 0.430 -8.338  -0.147 4.543×1013 

R2 0.2311 0.7471  0.5076 0.0000 

χ2 2 2  2 2 

Redlich-Peterson      

KR (L/mg) 0.045 17871.070  2071.514 9.592×109 

aR (L/µg) 4.904×10-8 2.996×10-5  542.238 5.000×108 

G 3.966 5.875  1.153 10.819 

R2 0.3579 0.3656  0.5281 0.7578 

χ2 1 1  1 1 

Sips      

KS (L/mg) 8.693×10-8 6.368×1018  2.263 0.164 

aS (L/µg) 4.586×10-8 1.489×1018  1.051 -35.443 

βS 5.026 -10.405  26.906 -0.887 

R2 0.3165 0.4514  0.0000 0.9187 

χ2 1 1  1 1 

 

The Redlich-Peterson parameters were also determined using the linear approach proposed por Wu 

et al. (2010) (data not shown); however, most of the constant values were negative. The range of the 

Redlich-Peterson constant varies from 0.01 to several hundred (Wu et al., 2010). Thus, none of the 

calculated parameters fit the ranges indicated in the literature 

 

Sips isotherm. The Sips isotherms fits also do not follow this adsorption model. The value of R2 for 

the adsorption data of the AC 2 in the Paranoá lake water were 0.9187. This does not mean that the 

fit was correct, since the values of the constants were negative, which as previously commented, 
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lacks physical significance. The fits for the isotherm adjustments for AC 1 data presented values 

outside those usually found in the literature (Debrassi et al., 2011; Nethaji et al., 2012). 

 

To date, only a few studies related to the CYN adsorption under water treatment plant conditions, 

have been done (Ho et al., 2008; Ho et al., 2011). Any of the consulted literature involving 

adsorption of CYN onto AC presented attempts to fit the data to the Redlich-Peterson or Sips 

models. It should be mentioned that in the present study an extract obtained from lyophilized cells 

of C. raciborskii was used to spike ultrapure water and Paranoá Lake water. Thus, the cytoplasmic 

organic dissolved matter from cells could influence the adsorption of CYN in both matrixes. 

Nevertheless, dissolved organic matter analyses were not performed.  

 

 

CONCLUSIONS 

In summary, synthesised carbons presented physics characteristics favourable to CYN adsorption. 

Based on kinetic experiments, a higher predominance of mesopores on AC 1 led to a greater CYN 

adsorption rate.  

 

None of the isotherm models fit to the experimental data. One of the possible explanations is the 

interference of the organic matter and its competition for the adsorption surface. New studies and 

isotherm models adjustments can be performed in order to include the influence of the organic 

matter on the adsorption of CYN. 

 

In pursuance for knowing exactly the influence of organic matter in Paranoa Lake water, analyses 

of dissolved organic matter of the water matrix should be performed. 

 

Furthermore, the present study points out to a necessity of producing others activated carbons under 

different conditions such as different acid ratio or incorporation of functional groups on carbon 

surface that could improve the affinity with CYN molecules. 
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Abstract 

A theoretical research was conducted from 2016 to 2018 which aimed to reduce the head loss of 

pipe networks in the pump stations. The results were promising and predicted an average of head 

loss reduction by 30 %. Afterwards physical experiments were carried out to test the effectiveness 

of the new pipe designs. Two new prototype pipe sections were installed into one of our pump 

stations, during a R&D project. The experiment was successful as two unique pipe section 

installed in the discharge section reduced the head loss of the pump station by 25-26 %. According 

to these results we can set a target value of 30 % head loss reduction at full pump station pipe 

reconstruction, this makes the technology financially recoverable. The electrical costs of the pump 

station operation can be reduced by 1 % with the reduction of pressure loss.  

The utilisation of the excess heat capacity of drinking water in pump stations is not a new concept. 

The role of the heat exchanger in the system is crucial as it “takes out” the excess heat capacity 

from water so it has to meet multiple operational and water-safety criteria. Currently there are no 

serial production heat exchangers on the market that meet all the criteria and can be installed in 

pump stations without any modification. Our newly developed heat exchanger for discharge pipe 

installation meets all the criteria and works without drinking water extraction, it can be attached to 

heat pump systems available on the market. The utilisation of the excess heat capacity of the 

drinking water was highly effective as the coefficient of performance (COP) value of the test 

system was 4.6, which is above the average COP value of the corresponding heat pump systems. 

With this technology the efficient heating of the pump houses and surrounding offices is 

achievable. 

 

Keywords 

Energy consumption reduction; pressure loss; turbulent flow; excess heat capacity; drinking water 

heat exchanger 

 

 

INTRODUCTION 

One of the main focuses of water utility companies is the energy efficient supply of drinking water. 

Pump stations are key locations in energy efficiency. They have the highest velocity values of the 

water network system and the highest pressure loss values are also present here. Reduction of 

pressure loss at these facilities is the most feasible and most advantageous solution. Pump houses 

also provide an accessible location for the utilisation of the drinking water’s excess heat capacity 

which can be used for the heating of the surrounding facilities. 

 

ENERGY CONSUMPTION REDUCTION 

A theoretical research was conducted from 2016 to 2018 which aimed to reduce the head loss of 

pipe networks in the pump stations. The analysis used a new method to reduce pressure loss. 

Numerical calculations were carried out on the original standard pipe elements to determine the 

problematic fluid dynamic zones where pressure loss occurs. The two indicator quantities of these 

zones are turbulence kinetic energy and streamlines of the section. The problematic zones have a 

high turbulence kinetic energy value and the streamlines in and near these zones are not parallel to 

each other. After the problematic zones are identified geometry changes aiming to reduce these can 

be made and tested numerically. 
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The first pipe element that was analysed was a standard 90º degree pipe elbow with R1,5 radius. 

With modifying the internal geometry depending on the flow velocity and surface roughness a 

pressure loss reduction from 6-15 % percent is achievable. 

 
Figure 1. Pressure loss reduction of 90º degree pipe elbow 

 

The theoretical research continued on pump house pipe systems, in this approach the whole pump 

house pipe system was analysed and geometrical changes were carried out on the whole length of 

the pipe system taking into account how the flow of the individual element effect each other. The 

results were promising and predicted an average of head loss reduction by 30 %.  

 

Physical experiment on new prototype pipe elements 

Afterwards physical experiments were carried out to test the effectiveness of the new pipe design 

methodology. Two new prototype pipe elements were installed into one of our pump stations, 

during a R&D project. A conventional T pipe junction was replaced by a modified pipe junction 

geometry and a pipe elbow was also replaced with modified geometry just after the pump. 

  
Figure 2. New pipe elements in the discharge pip of the pump house 
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The experiment was successful as two unique pipe elements installed in the discharge pipe section 

reduced the head loss of the pump station by 25-26 %.  

 

 
Figure 2. Result of the two prototype pipe sections 

 

Integrating new pipe design methodology in to pump house reconstruction 

The developed pipe design technology can be applied at pump house reconstruction where old pipes 

need to be changed. To prove that this methodology of pipe design is better than a conventional 

method we compared an existing reconstruction pipe geometry plan with a geometry designed by 

the new methodology. 

 

  
Figure 3. Left Pipe geometry with conventional design method. Right: Pipe geometry with new 

design methodology 

 

Table 1. Comparing the pressure loss of the two pipe designs  

[Pa] [mH2o] 
Pressure loss 

reduction [%] 

Pressure loss in the 

original pipe design 
5663.4 0.58  

Pressure loss reduction in 

the new design 
3611.5 0.37 36.21 
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According to these results we can set a target value of 30 % head loss reduction at full pump station 

pipe reconstruction, this makes the technology financially recoverable. The electrical costs of the 

pump station operation can be reduced by 1 % with the reduction of pressure loss. Furthermore the 

new pipe elements reduce the chance of impeller damage caused by instable flow and it also 

reduces the damage caused by highly turbulent flow on valves and check valves. 

 

 

UTILIZATION OF RENEWABLE ENERGY IN PUMP STATIONS 

The utilisation of the excess heat capacity of drinking water in pump stations is not a new concept. 

The first device at our company was installed to a gravitational channel where the 7-13 ºC drinking 

water was directly diverted to a heat exchanger and via a heat pump the heating of the nearby 

service building was achievable. Multiple studies were made in this topic throughout the years 

regarding how to utilise the excess heat capacity of drinking water. All of them highlighted the heat 

exchanger as the primary problem of the system as currently there is no such heat exchanger on the 

market that is suitable for utilisation in drinking water. Utilisation of a heat exchanger in drinking 

water environment poses a huge water quality risk as the hydrochlorofluorocarbon (HFC) working 

fluid in the heat pump can mix with drinking water in case of failure. Other water quality issues 

with standard heat exchangers are the risk of formation of low velocity/ stagnant zones in the small 

diameter tubular system of the exchanger and in case of cooling operation of the heat pump the 

drinking water in the heat exchanger can warm up to biologically critical values. This is why we 

decided to a design a new heat exchanger which can be utilised in drinking water environment. 

 

Objectives of the new heat exchanger design 

The role of the heat exchanger in the system is crucial as it “takes out” the excess heat capacity 

from the drinking water so it has to meet multiple strict operational and water-safety criteria which 

are the following: 

• The material of the heat exchanger must be stainless steel. 

• The device must withstand 150 % of the operational pressure. The pressure must be 

different in the primer and secondary circuit of the heat exchanger. 

• The pressure of the secondary circuit pump cannot exceed the operational pressure of 

drinking water pipe system even at valve closing peak pressures.  

• The operation of the circulatory pumps must be immediately stopped and the safety valves 

should be closed when pressure fluctuates over 0.5 [bar] from the pre-set values. 

 

Concept of the heat exchanger 

Currently there are no serial production heat exchangers on the market that meet all the criteria and 

can be installed in pump stations without any modification. Our newly developed heat exchanger 

for discharge pipe installation meets all the criteria and works without drinking water extraction, it 

can be attached to heat pump systems available on the market. The heat exchanger is connected to 

the heat pump via a safety circuit (filled with water), this eliminates the possibility of HFC 

contamination in case of failure. During heating operation the heat pump extracts the excess heat 

from the drinking water pipe by adding mechanical work and elevating the temperature of the 

working substance. During cooling operation the heat pump can be bypassed as the drinking water 

temperature is 12 ºC on average in summer period. 
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Figure 4. Schematics of the system 
 

Placement of the prototype heat exchanger 

Selecting the correct drinking water pipe is crucial for the efficient operation of the heat pump. The 

pipe must have at least DN 300 dimeter and a minimum continuous flow of 0.5 m/s to have enough 

excess heat capacity for utilisation. The only place that fulfils these criteria are the pump houses, 

but there are some limitations here also. Multiple pump hoses have a periodic operation for example 

pump houses that are filling a reservoir periodically. These pump houses stop at night so during this 

period no heat extraction is possible thus hindering the possibility of heating or cooling. The 

location of the pipe within the pump house is also crucial due to the pressure criteria (pressure must 

be lower in the secondary circuit). The heat exchanger can only be installed at the collector 

discharge pipe where the pressure is high and there is continuous flow dependent of witch pump is 

operating. We selected Budafoki pump house as the site to test the prototype heat exchanger and the 

heat pump system because the pump house is being renovated and new offices and working quarters 

are being created and the new system can provide heating and cooling for these premises. The pump 

house has four pumps which are connected by a 4.892 m long collector pipe, this is an ideal place to 

install the heat exchanger. The pump house has a continuous operation also, with a flow ranging 

from 400 to 800 m3/h. The operation of the first, second, and third pump has no effect on the heat 

exchanger. The velocity profile entering the exchanger is not deformed. 

 
Figure 5. Inlet velocity profile of the heat exchanger at the operation of the second pump at a flow 

rate of 700 m3/h 
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The connection of the fourth pump is the closest to the heat exchanger section. The operation of this 

pump alters the velocity profile entering to the exchanger. 

 

 
Figure 6. Inlet velocity profile of the heat exchanger at the operation of the fourth pump at a flow 

rate of 480 m3/h 

 

Typically the first and second pump operate, which have rev. control so the new heat exchanger was 

designed for the undisturbed velocity profile. A 10 % of efficiency decrease is present in case the 

fourth pump is operating due to the disturbed velocity profile. 

 

Testing the prototype heat exchanger 

We tested the unique heat exchanger before coupling it to the heat pump system. The useful output 

of the heat exchanger is between 8 and 20 kW when the flow rate of the secondary circuit is 1.47 l/s 

and the temperature difference between the two circuits is 2-5 ºC. 

 

 
Figure 7. Left: performance of prototype heat exchanger 

 

After the successful test of the heat exchanger we connected it to the heat pump system and the test 

operation started from 2019 January. During the heating test operation the system operated 

flawlessly providing efficiency values as expected, coefficient of performance (COP) value of 4.6 
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was achieved which is above the average value of ground water heat pump systems. 

 

Table 2. Test operation during 6 ºC outside temperature 

COP 4,6 

Heating demand 14,6 [kW] 

Heat gained from 

drinking water 
11,4 [kW] 

Electrical power usage 3,2 [kW] 

 

 

CONCLUISON 

Energy consumption reduction in pump houses is possible via the new methodology of pipe design. 

According to the results 30 % of head loss reduction is possible. The electrical costs of the pump 

station operation can be reduced by 1 %, this means savings in the magnitude of multiple thousands 

Euros. Furthermore the new pipe elements reduce the chance of impeller damage caused by instable 

flow and it also reduces the damage caused by highly turbulent flow on valves and check valves. 

 

The utilisation of the excess heat capacity of drinking water is possible with our new heat exchanger 

design, without any water quality risk or induced pressure loss. The exchanger coupled to a 

standard heat pump can provide heating and cooling to the pump house and premises, with above 

average COP values. 
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Abstract 

In this research the object of the analysis was the groundwater used for drinking which needs 

certain improvements. Improvements involve removal of magnesium and manganese. 

Improvements also mean the choice of proper water treatment technology which could meet the 

standards for drinking water quality. Technologies that are suitable for removal of these ions vary 

from classical to modern. Lime was not considered, ion exchange was an option, but membrane 

technologies were the ones that meet all the criteria. Since reverse osmosis (RO) is very expensive, 

and nanofiltration (NF) meets the required removal demands, meaning removal of divalent ions, it 

has been selected as the right choice for this case. 

 

Keywords 

Drinking water; hardness; membrane technologies; ion exchange 

 

 

INTRODUCTION 

Raw groundwater usually doesn’t meet the standards expected from drinking water quality with 

respect to water hardness, sodium, nitrate and heavy metal ions (iron and manganese) 

concentrations (Azimi et al., 2019). Water hardness is one of the issues that has been in focus from 

different aspects, which cover maintenance of the equipment and reliability of water supply 

network. With increased consumption and demand for better drinking water quality, softening has 

become even more important (Boyd et al., 2016; Sanjuan et al., 2019). The choice and the 

application of technologies for softening differ according to quality of raw water and specific 

demands (available space, cost, trained operators, etc.). 

 

Lime has been traditionally used for removal of ions of calcium, magnesium. Cold lime softening 

has disadvantages (the consumption of the chemicals and disposal of sludge) that decrease the usage 

of this technology in comparison to other known technologies (Van der Bruggen and 

Vandecasteele, 2003). Ion exchange has been successfully used for removal of ions of calcium, 

magnesium, and softening of groundwater, together with removal of organic substances (Levchuk et 

al., 2018). In the field of ion exchange sorbents are still improved and thoroughly studied. Different 

types of sorbents, such as zeolites, carbon nanotubes, activated carbon, graphenes, antibacterial 

hydrogel beads have been tested for softening of water (Fernandez et al., 2016; Shahmirzadi et al., 

2018; Mohammadian et al., 2019). Ion exchange with natural zeolite as sorbent has many benefits, 

specially from financial and environmental aspect (Hailu et al., 2019). Membrane technologies used 

for separation and removal of different ions from water have also been applied for water softening. 

When considering membrane technologies, both reverse osmosis and nanofiltration can be applied. 

Considering specific task, the removal of divalent ions such as magnesium and calcium, the best 

option is nanofiltration (Hamayoofal et al., 2010; Nanda et al., 2010; Rahimpour et al., 2010). In 

Figure 1 the effectiveness of different membrane technologies is presented. 

 

In this research the object of the analysis was the groundwater used for drinking in the existing 
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water treatment plant in Serbia. Analysis showed that the concentration of magnesium and 

manganese exceed the limited values. The goal was to choose the proper water treatment 

technology which could meet the standards for drinking water quality. 
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Figure 1. Comparison of effective removal of membrane technologies  

 

 

EXPERIMENTAL PART 

As mentioned, the object of the research was the analysis of drinking water that is produces in the 

existing water treatment plant in Serbia. 
 

Table 1. The applied analytical methods 

Parameter Applied analytical methods 

and standards 

Instrumental technique 

Physical-Chemical parameters  

pH value Electrometric method, 4500-H+ 

B * 

WTW pHmeter 340i 

Conductivity 

UV 

EPA 120.1:1982 

UV-Vis spectrometry 

Conductivity meter 

UV-Vis Sp.photometer 

p-alkalinity SMEW 22ND:2320B Volummetric 

m- alkalinity SMEW 22ND:2320B Volummetric 

HCO3
- SMEW 22ND:2320B Volummetric 

Total hardness SMEW 22ND:2320B Volummetric 

TOC   

Consumption of KMnO4 SRPS EN ISO 8467:2007 Volummetric 

Cations   

(Na+, K+, Mg2+, Ca2+) ISO 14911:1998 Ion Chromatography 

Anions   

(Cl-, SO4
2-) ISO 10304-1:2007 Ion Chromatography 

Ba2+, Be2+, B3+, Cu2+, 

Zn2+, Si4+, Se4+, Sr2+, 

Hg2+, As3,5+, Al3+ 

Atomic absorption spectroscopy 

(AAS), SM 3111b:1999; 

 

AAS, Perkin Elmer 

4100ZL 

Agilent 7500ce ICP-MS 

system 

* APHA, AWWA, WEF 2012 Standard methods for the examination of water and wastewater, 

22nd edition 
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Currently water doesn’t meet the standards for drinking water quality. The standard that is 

considered is National regulation on hygienic quality of drinking water, published in Official 

gazette of Republic of Serbia 42/98 and 44/99, published in Official gazette of Republic of Serbia 

28/2019. List of measured parameters, instrumental techniques and analytical methods are 

presented in Table 1.  

 

 

RESULTS AND DISCUSSION 

Within this part the results of the analysis of the quality of drinking water are presented. Besides, 

the technological scheme and current treatment are described and illustrated in Figure 2. In Table 2 

the measured values of water quality parameters are presented. The values which exceed maximal 

allowed values are presented in bold.  

 

Water quality in existing water treatment plant: current status 

Table 2 Water quality analysis  

Analysed parameters Unit Proscribed values Inlet water Outlet water 

pH - 6.8-8.5 7.25 7.66 

Conductivity µS/cm <2500 1297 1387 

UV 1/cm / 0.048 0.062 

p-alkalinity mg CaCO3/L / 0 0 

m- alkalinity mg CaCO3/L / 555.5 580.0 

HCO3
- mg/L / 677.7 680.8 

Total hardness mg CaCO3/L / 524.5 542.5 

TOC mgC/L / 2.82 3.22 

Consumption of KMnO4  

 

 

 

mg/L 

<8 3.77 1.26 

Cl- 250.0 69.58 96.34 

SO4
2- 250.0 53.54 65.54 

Ca2+ 200.0 131.14 133.15 

Mg2+ 50.0 47.85 51.01 

Na + 200.0 / 111.0 

K+ 12.0 3.99 4.16 

Fe2,3+ 0.3 0.07 <0.005 

Mn2,4+ 0.05 0.11 0.09 

Ba2+  

 

 

 

 

µg/L 

700.0 256.9 256.9 

Be2+ / <5 <5 

B3+ 1000.0 <20 <20 

Cu2+ 2000.0 <2 4.6 

Zn2+ 3000.0 11.6 19.6 

Si4+ / 29.6 29.3 

Se4+ 10.0 <20 <20 

Sr2+ / 690.1 720.1 

Hg2+ 1.0 <1 <1 

As3,5+ 10.0 <20 <20 

Al3+ 200.0 <40 <40 

 

The existing drinking water treatment plant is designed for capacity of 70 L/s, with two parallel 

lines, each with capacity of 35 L/s. The technological scheme and operations are described in the 

following paragraph. The feed water is groundwater which is being pumped and stored in the tank 

for raw water. Before entering the tank sodium-hypochlorite is added to water due to the oxidation 

of iron and manganese. Water from the tank is pumped further to the filters. Before filtration, a 1 % 
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solution of sodium-hypochlorite and flocculant (if necessary) is added. Filtration consists of two 

pairs of filters: sand filters which have layers of quartz as catalyst and anthracite and active carbon 

filters. After filtration, the water is stored in water storage tank. Additional chlorination and control 

of residual chlorine are also part of technological operational line. 

 

As presented in Table 2 the parameters that are above the maximal proscribed values are: Mn2,4- 

content, Mg2+ content and even though the water hardness is not limited it needs to be taken into 

account as it will affect the reliability of water supply networks and cause precipitation of CaCO3. 

Also, it can be noticed that Na+ concentration is very high. Special task is to maintain sodium 

concentration after the treatment below the limited values. 
 

pump

raw water
    tank pump

pump

NaOCl chlorination

filters

1% solution 
  of NaOCL 

  additional 
chlorination

water storage 
       tenk

 
Figure 2. Existing drinking water plant technological scheme 

 

Technologies for improvement of water quality: removal of water hardness and sodium 

For improvement of existing water quality, or even more precisely, for meeting the standards for 

drinking water quality and for reaching adequate water quality in distribution network and for 

drinking water supply several technologies have been considered. 

 

Since manganese concentration and magnesium concentration are above the maximum permissible 

value and sodium concentration and water hardness are very high (it gets higher than 500 mg 

CaCO3/L), one of the options for improved water treatment is ion exchange technology. As 

mentioned before, water hardness is not a parameter that has defined maximum value, but what is 

important is that for high value of water hardness there are lots of negative effects (Van der 

Bruggen et al., 2009). The most pronounced are negative effects on: 

• the functionality of process equipment (it is rapidly destroyed) 

• the distribution network that manifest through precipitation of carbonates on the surface of 

pipes, and  

• the quality of drinking water, which can be observed by the complains of the consumers. 

 

One of the technologies that are often used are ion exchange processes. In the ion-exchange 

processes Mg2+ and Ca2+ ions are substituted by Na+-ions, as presented in equation (1): 
 

23232 CaClCONaCaCONaCl ++                               (1) 
 

When calculations based on the effect of added NaCl are done, it can be concluded that for removal 

of one German degree of hardness (ºdH) or 17.9 mg/L of CaCO3, the concentration of Na+ increases 

for 8.2 mg/L. When these calculations are adopted and applied for this case the effectiveness of 

softening can be illustrated as presented in Figure 2. 

From looking at Figure 3 it can be seen that for water hardness of 19.2 ºdH, concentration of Na+ is 

200 mg/L, and water flow through ion exchange resin is 15.37 L/s. Since the optimal value of 

hardness from the operational perspective and recommended values according to experienced 

utilities is around 10 ºdH, value of Na+ would be far above the regulated value. 
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Figure 3. Calculations based on the effect of added NaCl for existing water quality on water 

hardness and sodium concentration depending on the water flow 

 

For this reason the option of using ion-exchange technology for removal of water hardness is not 

the best option. In analysed water concentration of Na+-ions is already relatively high. When 

additional Na+-ions are released in water it is more than probable that the maximal concentration for 

Na+-ions in drinking water will be exceeded. 

 

As mentioned in the introduction, membrane filtration processes can be applied for water softening. 

Reverse osmosis (RO), was one of the options that was considered. RO is a technology used in the 

desalination process of sea water, as well as in water treatment in pharmaceutical and electronics 

industry (Magara et al., 2000; Le and Nunes, 2016; Tang et al., 2017). The reverse osmosis process 

allows the removal of, practically, all ions from the water. Separation takes place not only on the 

basis of pore size, but also due to the interaction between charged particles and membrane material. 

Reverse osmosis requires high pressure. The use of RO in the water treatment is very expensive, 

therefore nanofiltration (NF) was also taken into consideration. NF is a membrane filtration process 

widely used for separating multivalent solutes from univalent salts, as presented in Figure 3. And 

NF, unlike RO, requires low pressure (Labban et al, 2017). It is a potential and pressure-driven 

membrane separation process that is finding widespread use in the treatment of water, wastewater 

and seawater, particularly for water-softening applications (Mohammad et al., 2015; Su et al., 

2015). The technological scheme with recommended treatment is illustrated in Figure 4. 

 

 

pump

raw water
    tank pump

pump

NaOCl chlorination

filters

1% solution 
  of NaOCL 

  additional 
chlorination

water storage 
       tenk

nanofiltration

 
Figure 4. Recommended drinking water plant technological scheme 
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CONCLUDING REMARKS: RECOMMENDED TECHNOLOGY 

Since water quality of the existing water treatment plants can change over time there is a need for 

improvement or reconstruction of the existing plants. That was the case in this research. The 

improvements in this case had to involve removal of magnesium and manganese. Both of these ions 

are divalent ions. Technologies that are suitable for removal of these ions vary from classical to 

modern. As shown ion exchange was an option, but since there is expected increase of sodium 

concentration after ion exchange treatment it had to be rejected. Membrane technologies were 

fulfilling all the expectations. Since reverse osmosis (RO) is very expensive, nanofiltration (NF) 

meets the required removal demands it has been selected as the right choice for this case. 
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Abstract 

The purpose of the present study is to introduce a newly developed capacity increment (also 

pressure sensitivity reduction) technique in the case of drinking water distribution systems (WDS). 

The main novelty of this method is based on a correlation between two parameters of the water 

distribution network – one characterises its robustness on a topology specific way, the other can be 

calculated with only one hydraulic simulation. With the help of connection the topology 

optimisation – the identification of the optimal place for installing a new pipe – can be determined 

within short processing time, and without the implementation of a stochastic optimiser algorithm. 

The first part of the paper presents high pressure sensitivity caused problems and introduce the 

mathematical background of the method, besides that it discusses the details of the algorithm. 

After that, the second part presents the results gained by the implementation of the method in two 

case studies: real-life water distribution systems of a small and a medium-sized town. For the 

small town, a verification is possible by comparing the result of our method with the total 

hydraulical evaluation of the WDS. The results indicate that the water capacity of these water 

distribution networks’ critically sensitive area can be increased by ~20 % with connecting a new 

nearly hundred-meter-long pipe to sufficient locations of each networks. At last, the results of the 

case studies were analysed from viewpoint of the operating cost, and the results suggest that the 

operating point of the system after the topology modification remain the same as in their pre-

modification states, thus the operating cost of the WDSs do not change.  

 

Keywords 

Pressure sensitivity; topology optimisation; capacity increment; water distribution systems 

 

 

INTRODUCTION 

The water distribution systems (WDSs) are crucially important infrastructural elements of every 

settlement (from small villages to large cities). Therefore, pressure fluctuations originating mostly 

from the unpredictable consumption variation inflict significant financial loss to the provider and 

discomfort to the inhabitants. As Ghorbani et al. (Ghorbani, 2016) found, this problem has two 

main aspects. On the first hand, if the pressure of the water distribution system decreases below a 

critical level, the consumers experience demand fulfilment injury as a consequence of the low 

outflow. Due to this phenomenon the providers in this area experience growth in the number of 

retail compliments and financial decrement. On the other hand, the water distribution systems 

supply water for the fire hydrants. If the system pressure falls below the minimal pressure 

requirement of the hydrants, the discharge rate of the hydrant is not adequate, thus it raises disaster 

management concerns and can cause a significant fine for the provider, as it is mentioned by Snyder 

et al. (Snyder, 2002). These pressure and demand uncertainties, as House-Peters and Chang (House-

Peters, 2011) reviews, are originated from the nearly unpredictably complex human and natural 

processes, uncertainty and resilience across spatial and temporal scales. As a result, many 

researchers focus their effort on the pressure robustness increment of the WDSs. As Mala-

Jetmarova at al. (Mala-Jetmarova, 2018) summarizes this, the commonly used method for WDS 

topology optimisation is the implementation of a stochastic global optimiser algorithm (e.g. genetic 

algorithm as Saldarriaga et al. (Saldarriaga, 2015) or self adaptive differential evolution as Zheng et 

al. (Zheng, 2013)) and forming one (or many different) objective function(s) (e.g. as Babayan et al. 

(Babayan, 1998)). In contrast, Pudar and Ligget (Pudar, 1992) were the first to use a fully analytical 
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optimisation technique where they used the nodal pressure sensitivity as a robustness property of a 

WDS for the identification of the unreported pipe bursts. Based on this work Izquierdo et al. 

(Izquierdo, 2008) used this method for the recognition of sundry and relative importance of 

different pipes in a water distribution network, and to help in assessing their impact on the hydraulic 

performance of the network. While the global stochastic optimiser algorithms need a lot of 

calculation time to find the optimal topological modification, the analytical methods find the 

solution instantly, but the implementation for larger networks can be problematic due to the 

exponential increment of linear algebraic equations. Addressing these issues, our goal is to identify 

the minimal topological modification (adding a single pipeline to the system) which leads to the 

largest increment in the pressure robustness of the network, with a combination of the above 

described two approaches. 

 

 

APPROACH 

To determine the location where the installation of a new pipeline eventuate the largest pressure 

sensitivity decrement, and through that the largest capacity increment in the water distribution 

network, a new method was defined based on the sensitivity matrix defined by Pudar and Ligget 

(Pudar, 1992). The implementation of this method is done using Staci one dimensional hydraulic 

modelling software developed by Hos et al. (Hos, 2012). 

 

The objective function of the sensitivity analysis 

As it is suggested by Pudar and Ligget (Pudar, 1992) we take the linear equation system describing 

a WDS in the following form 

                                                    (1) 

where p is the vector of the nodal pressures, and d is the nodal demands. The calculation of the 

derivate of this equation with the respect of the demands results 

                                               (2) 

where the  is the Jacobian matrix, and  is the sensitivity matrix. The sensitivity matrix 

beholds the derivatives of the nodal pressures with respect to the demands, in the following form 

                                 (3) 

where n is the number of nodes in the WDS. Based on the sensitivity matrix, three new parameters 

namely local, average and peak sensitivity are introduced. If the demand increases in a node, the 

pressure of the system changes. To characterise the pressure robustness of a node, the local pressure 

sensitivity  is introduced, which is the row wide summation of the elements of the pressure 

sensitivity matrix. The peak sensitivity  is the pressure sensitivity of the node which has the 

highest local sensitivity, while the average sensitivity  describes the whole system through the 

average value of the local sensitivities.  

 

We can extend these parameters between two topological state of the WDS as the following 

                                  (4) 

where “new” superscript means the topology after, and “old” superscript means the topology before 
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connecting a new pipeline in the system. We can define a new parameter which characterises the 

effect of a topological modification, the peak sensitivity difference. If we do the same with average 

sensitivity value, we get the average sensitivity difference 

                                    (5) 

We found that  and  parameters are topology specific values, as the calculation of these 

parameters before and after the virtual installation of a new pipeline describe its effect on the 

pressure robustness of the system. 

 

The implementation of the method 

With the help of the  and  parameters, we define the following fitness function 

                                      (6) 

where  and  means the identification number of the connected nodes. If we are not 

limited by the calculation time – because the exponential growth of the possibilities as a function of 

the system’s size – we could use trial and error method for all of the possibilities, but for the 

industrial use and real-life water distribution analysis a faster technique is needed. At the beginning, 

we used the genetic algorithm toolbox published and developed by (Wall, 1996). Later the 

differential evolution algorithm was implemented following the work of (Storn, 1995). But in all 

cases, we experienced convergence problems with these fitness functions, that was originated from 

the randomness of the identification numbers, and through that the non-smooth of the fitness 

function. 

 

To solve this problem, we searched for new variables that can be used for the refinement of the 

fitness function. First, fully synthetic networks are created where the optimal pipeline connection is 

known. As we analysed the parameters of these synthetic networks we found that the local pressure 

sensitivity difference described as 

                           (7) 

shows strong correlation with the optimal pipeline connection. Namely, where the local pressure 

sensitivity difference is maximal – where we connect a very robust node to a very poorly 

conditioned – the optimal pipeline connection is found. The main novelty in our method is finding 

that the local pressure sensitivity difference between two nodes (without pipe connection between 

them) predicts the possible achievable average and peak robustness growth, resulted by the pipeline 

connection. With the help of this connection, the identification of the pipeline which maximizes the 

pressure robustness of the system can be determined with only one hydraulic simulation. In the case 

of a real WDS, the steps of the method are the following: 

• First, based on the GIS (Geographic Information System) database of the distributor a one-

dimensional hydraulic simulation model is built in Staci modelling toolbox. 

• After that, a hydraulic and sensitivity calculation is performed and all of the possible node 

connections – within an economic limit (maximalized pipeline-length) – are organized as 

pairs. 

• At the end, for all of the node pairs the local pressure sensitivity difference is determined 

and the pairs with the ten highest value are chosen, and hydraulically simulated for the 

evaluation of the peak and average sensitivity difference between the topologically extended 

and original state of the WDS. 

• In order to reach a common optimum between the investment cost and robustness growth, 

out of the ten solutions the cheapest build-highest robustness gain construction can be 

chosen by the provider. 
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DISCUSSION 

The described method was tested on the simulation model of real-life water distribution networks, 

which was built using the provider’s geographical information system (GIS) data. We found that the 

method only needs a few seconds runtime even in the case of a large network (more than 6000 

nodes). The first analysed real-life network was the WDS of a small western Hungarian town, 

which has 400 nodes and distributes water for 1000 inhabitants. As the results show, this small town 

has a large, highly sensitive area near its upper end. With the help of the described method, we 

found a solution – within the economic limit of 120 m maximal pipe length – which reduces the 

average sensitivity by 23 % and the peak sensitivity by 14 %, while a 102.5-meter-long pipeline is 

connected (see the pipe marked by the blue dashed line in figure below). 

 

 
Figure 1. The effect of the determined pipe connection. The two sensitivity maps have the same 

colour scale 

 

The smallness of this network makes it possible to verify the results of our method with the 

complete evaluation of the possible pipe connections. With the help of 79800 hydraulical 

simulations, the robustness map of the network is calculated, as it can be seen in the following 

figure. As it is clearly seen, the result of the complete evaluation and the result of our method give 

exactly the same result (102.5 m long pipe, 23 % average sensitivity decrement). Since the 

hydraulical simulation cost of the total evaluation scales exponentially with the size of the network, 

until our method, need just a few simulations even in the case of the largest networks, to reach the 

same result. 
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Figure 2. The complete sensitivity map of the smallest analysed WDS, the red dashed line indicates 

the optimal solution within the 120 m pipeline-length economical limit 

 

After the verification of the method, a larger network was analysed. The network presented below is 

also located in Western Hungary, and provides water for 3500 people and has 2700 nodes. The 

figure below shows its pressure sensitivity map, on left without, and on the right with the proposed 

new pipe connection. The possible pipe length was maximized in 120 meter again. As a result, the 

algorithm found a pipeline which causes 25 % decrement in average and 28 % decrement in peak 

sensitivity, with only a 94.5-meter-long pipe connection. 

 

 
Figure 3. The effect of the determined pipe connection. The two sensitivity maps were created with 

the same colour scale 
 

At last, the extended system was analysed from a new aspect. The consultation with the operating 

company of the WDS revealed capacity problems in the critically sensitive region of the second 

network (see the red coloured region in left panel of the figure above). To analyse the results from 

the aspect of the maximal reachable demand, a hydrant model was created. Most of the hydrants are 

passive hose connections for the fire service, as a result, the fire extinguisher capacity is deeply 
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based on the pressure stability of the system and it is a good indicator for the local outflow capacity 

of a network segment. Thus, if a hydrant is opened, a new large demand is applied for one specific 

node of the WDS. In the case of such largely sensitive area, this size of demand increment 

decreases the pressure and through that the hydrant outflow capacity. The hydrant model was a 

simple choked outflow for the atmosphere. The choked opening for the atmosphere – the hydrant 

model – was connected only for one node at a time, and for every case a new simulation was 

calculated to gain the output volume of the system before and after the optimised pipe connection. 

To obtain detailed information about the firewater capacity of the system, 672 different nodes from 

the highly sensitive area were used for the histogram creation. As the last diagram clearly indicates 

this, the average firewater capacity of the critical area is increased with 20 percent. Besides that, 

some of the hydrants gained extremely high capacity. While the hydrants in the unmodified case 

have maximally 140 percent of the average firewater flowrate, in the modified case, a few hydrants 

can produce 200 percent of the original average flowrate. The impact of the modification was 

analysed from the aspect of the pump operation point and the results of the simulations verified its 

equality with the pre-modification state. As a result, it can be said that this method is able to solve 

the WDSs pressure fluctuation and firewater capacity problems with the lowest possible investment 

cost and without increasing the operating cost of the system. 
 

 
Figure 4. The capacity histogram of the critically sensitive area. The original state is marked with 

red, the results of the modification is marked with blue colour 
 

 

SUMMARY 

In this paper, we introduced a highly computational time-efficient method for the identification of 

the optimal location for a new pipeline in the viewpoint of the pressure robustness and capacity 

increment of the network. The mathematical and physical background of this method, and the 

algorithm itself was presented in the first part, while the second part introduce two case studies 

where the method was implemented on two real-life WDSs. The validity of the method was verified 

through the compartment with the results of the evaluation of the all possible pipe connections, in 

the case of the smallest test network. After the verification of the method, the second case study 

present the effect of the topology optimisation in the viewpoint of the firewater capacity increment. 

As a result, we found, that the reachable firewater capacity in the highly pressure sensitivity city 
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district shows large increment. At last, the effect of the topology is considered in the aspect of the 

operating cost, and the simulation results suggest that the operating point of the system does not 

change due to the modification of the topology, thus it can be said that the operating cost remain on 

the original level. 
 

In this paper, we worked out and verified a new method, which can be utilized to increase 

sustainability and cost-efficiency of WDSs. The method relies on increasing the pressure robustness 

of the system through the optimisation of the network topology. A new connection was found 

between the local pressure sensitivity difference and the topology-dependent average pressure 

sensitivity. Thus, it takes only a few simulations to reach the same result as the evaluation of all 

possible connections. 
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Abstract 

Bottled water production is a multidisciplinary enterprise which requires the involvement of 

hydrogeologists as well as other experts (physicians, marketing specialists, etc.). Being at the 

forefront of this procedure implies that the hydrogeologist should be aware of the entire bottling 

process. The main goal of this research was to obtain all bottled waters available on the Serbian 

market and make a comparative analysis of their chemical content. The total of 74 samples was 

collected, carbonated and non-carbonated, domestic as well as imported brands. The medicinal 

properties of the examined waters were also evaluated and the effects these waters have on the 

consumer’s health were explained. Finally, an inquiry was conducted to assess the user’s opinion 

on bottled waters and the influence marketing has on their choice of brand, as well as to determine 

their preferred drinking water source. This research showed that bottled waters available on the 

Serbian market have diverse chemical composition, a wide range of mineralization, as well as 

different dissolved gas contents. It was concluded that in spite of the bottled waters’ quality, 

availability and overall appeal, the majority of respondents prefer water from a public supply. 

 

Keywords 

Groundwater, bottled water, hydro-chemical characteristics, health, marketing 

 

 

INTRODUCTION 

A long time ago in amphorae - today in glass or plastic bottles - back then as a medicine, and today 

- for daily usage. Regardless of the age in history, commercially bottled groundwater always 

differed from the “plain” groundwater intended for public water supply. With the evolution of the 

market economy, changing and adapting to customer demand, the term “bottled water” changed as 

well. Today, consumers of bottled water expect as low mineralization as possible and consume this 

product daily. Bottled water often completely replaces the tap water even though it has a much 

higher price. The question is: how did we get here? Is it necessary and justified for the bottled water 

to replace entirely the public water supply? 

 

The process of water production starts with the hydrogeologist canvassing the general area in search 

of groundwater which might fit the legal requirements for bottled water. This is a multidisciplinary 

process, that also involves experts from the fields of medicine and marketing. This paper examines 

the total of 74 bottled water brands available in Serbia: their chemical characteristics, the effect they 

have on the consumer’s health as well as the role of the advertisement on the consumer’s choice. 

 

The term bottled water and usage 

The term bottled water specifies any kind of groundwater determined for human use that reaches 

the surface naturally, through a well or springs, packed in bottles or any other sanitary packages 

(Krunić, 2012; The Official Gazette RS, 2013; Mandić, 2018). The modern term “packaged water” 

is more precise. Packaged water represents a unique product, protected by its name and its 

hydrogeological origin. (Krunić, 2012; Mandić, 2018). However, when referring to water packaged 

in bottles the most widespread term is still “bottled water”. The legal framework has been put in 

place to prevent just any water from reaching the market. In the Republic of Serbia, two directives 
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are in place: Directive regarding the sanitary quality of drinking water (The Official Gazette SRJ 

42/98 and 44/99) and Directive regarding the quality of natural mineral water, natural spring water 

and table water (The Official Gazette RS 43/13). 

 

Bottled water is divided into the water of natural origin and those that have received treatment. 

There are two types of natural water: naturally mineral and natural spring water. Both types can 

only be bottled if they satisfy the mandated requirements on quality and exploitation regulated by 

guidelines. Difference between the types lies in the fact that the natural spring water is bottled at the 

source or in its vicinity, and its composition is not necessarily stable and characteristic as in the case 

of natural mineral water. In the case of treated or table water, it is permitted to alter its composition 

as to bring it closer to the specified directive requirements, but what is not permitted is using tap 

water in said process. The other important classification of bottled water, disregarding its origin, is 

carbonated (with CO2), and non-carbonated (without CO2) (The Official Gazette RS 43/13). 

 

Looking back into the history of bottled water usage, it was determined that, in most cases, non-

mineral “plain” groundwater wasn’t used. Those kinds of waters were regarded for their mineral 

properties, traces of carbon-dioxide and medicinal properties. They were used sporadically and did 

not replace common drinking sources (Reimann and Birke, 2010; Mandić, 2018). With the 

development of the market, the term bottled water was adjusted and brought closer to consumers. 

Consumers nowadays expect lower mineralization from bottled water and use it every day as a 

substitute for tap water. The reasons for that are in dissatisfaction with the quality of tap water, 

higher living standards in some countries, and to some degrees marketing. 

 

Plastic and glass packaging 

One of the main characteristics of packaged (bottled) water is its packaging. Forty years back 

plastic packaging overwhelmed glass bottles which opened the water market to a new opportunity. 

For production and transportation resilience to breaking on top of its smaller weight has shown to 

be its substantial benefit over glass bottles. In the last years, there have been many stories regarding 

the impact of packaging on water. Research has shown that every type of packaging can affect the 

water and its composition. What’s interesting is that glass packaging contaminates water with many 

more elements than plastic ones. Also, color packaging (regardless of material) seeps more 

elements than transparent ones (Reimann and Birke, 2010; Mandić 2018). Scientists have found 

traces of plastic in bottled water of some brands. There is also the problem of plastic bottle disposal. 

Most of the bottle can be recycled easily, but problems arise with the extensive usage and it 

becomes more difficult to collect them before they reach the ocean. For said reasons, the European 

Union requires its members to reduce bottled water consumption, by providing quality tap water to 

its citizens. 

 

METHODS USED 

During the summer of 2018, 74 different bottled water samples were acquired, mostly from 

Belgrade’s supermarkets. A small number of bottled waters were imported from other countries 

(Croatia, Bosnia and Hercegovina, Slovenia, Italy, France, and Austria). The analysis was done 

based on the data from the labels since all the info consumers get is the info provided on the product 

itself. Chemical properties of each sample were analyzed first, followed by the determination of the 

water type: concentrations in mg/l were converted to %eq and only ions with the content > 20%eq 

were considered. Data were plotted using AquaChem software (Schlumberger Water Services). 

Regarding medical information, the author has consulted a nutritionist from the Clinical Center of 

Serbia, Ljiljana Putniković. The aspects of bottled water advertising were analyzed using 

commercials and internet pages of different brands. Finally, a survey was taken to determine 

consumer’s preferred sources of drinking water. 
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RESULTS AND DISCUSSION 

The results of the hydro-chemical analysis of the acquired bottled waters are shown for every water 

type (natural mineral water, natural spring water, and table water), so that the types can be 

compared. The impact of bottled water on human health, as well as the impact of marketing on 

consumer’s choice, is shown regardless of the water type. 

 

Natural mineral water 

Out of 74 analyzed samples, 54 were natural mineral waters. Most of the natural mineral water (34) 

belonged to water with low mineralization (50-500 mg/l of dry residue). Only in this type of bottled 

water two more groups can be found, 15 belongs to natural mineral waters (500-1500 mg/l of dry 

residue), and 10 belongs to water with high mineralization (over 1500 mg/l of dry residue). When it 

comes to the types, most belong to the HCO3-Ca type. A significant number of natural mineral 

waters are carbonated, 30 in total. This number is not surprising, having in mind the long history of 

carbonating waters and the human need for non-alcoholic refreshment. Note that, when it comes to 

purchasing water, consumers expect it to differ from their regular tap water, and the existence of 

CO2 is one of the most obvious differences (Mandić, 2018). Because of a vast number of naturally 

carbonated mineral waters, its significance and characteristics, non-carbonated and carbonated 

waters are separated within this group. 

 

Non-carbonated natural mineral waters. Most of the non-carbonated natural mineral waters are of 

HCO3-Ca-Mg type, where a significant portion is in the 500 mg/l mineralization range. Only in the 

case of Mg Mivela do we see mineralization of 1522 mg/l. The results were shown on the Piper 

diagram (Figure 1). In the diamond part of the diagram, the size of the circle was proportional to the 

mineralization of the sample, applies for every diagram henceforth. 

 

Carbonated mineral waters. In its base carbonated, bottled waters are separated into naturally 

carbonated and those carbonated with the addition of CO2. Naturally carbonated waters are far more 

interesting. When they come in contact with rocks, because of its acidic nature, their dissolving 

properties are enhanced, which in turn explains why such waters have an elevated amount of non-

organic components (base cations and silicates) and different microelements (Reimann and Birke, 

2010; Stojković, 2013; Mandić, 2018). On the other hand, the addition of CO2 into natural mineral 

waters will not have an impact on most of the soluble components in them. This will result in a 

greater acidity due to carbonic acid, which will disrupt the existing chemical equilibrium, and create 

partial pressure in CO2 (Reimann and Birke, 2010; Mandić, 2018). 

 

When comparing Piper diagrams for non-carbonated and carbonated natural mineral waters (Figure 

2.), carbonated have greater mineralization and possess more types. Most are in the HCO3-Na type. 

Donat Mg water has the highest mineralization (8000 mg/l). 

 

Natural spring waters 

In the directive regarding bottled waters ((The Official Gazette RS nm. 43/13), not enough 

emphasis is placed on the difference between natural and spring mineral waters, which is probably 

why the characteristics of natural mineral waters are lacking. Clear is the difference in the place of 

bottling, what isn’t clear is whether natural spring waters must contain mineralization greater than 1 

g/l, elevated temperature, or specific components (Mandić, 2018). For this paper, 14 natural mineral 

water brands were collected (Figure 3.) Two were carbonated with added CO2 (Jazak and Vila 

waters). Most belong to the HCO3-Ca-Mg type. What is interesting is that 2 water brands from this 

group have the lowest mineralization of all the collected samples, Vlasina (27 mg/l) and Rosa      

(54 mg/l). 
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Figure 1. Piper diagram for non-carbonated natural mineral waters (Mandić, 2018) 

 

 
Figure 2. Piper diagram for carbonated natural mineral waters (Mandić, 2018) 

 

 
Figure 3. Piper diagram for natural spring waters (Mandić, 2018) 

 



Drinking Water 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 
 

186 

Table waters 

The only table water found on the market was Smart water. Its label described the procedure used in 

making of this water. Water was heated until it becomes vapor, then when it came to the point of 

condensation minerals were added (calcium, magnesium, and potassium). This procedure could be 

used in making waters with different composition, adding for example microelements. 

 

Impact of bottled waters on human health 

When it comes to questions regarding the impact of bottled water on human health verbal 

consultations were made with a nutritionist from Clinical center of Serbia, Ljiljana Putniković (9 

August 2018), who stated that: "Prerequisites for bottled water recommendation are that the 

consumer is in good health and has a balanced diet. Having that in mind, the best course is to 

recommend non-carbonated water with dry residue under 500 mg/l. Even if the user decides on the 

water with very low mineralization, it will have no side-effects, because minerals are replenishable 

through food. If the user suffers from any health problems, which might cause him to alter his diet, 

specifically the amount of mineral content, this person must be careful when reading the label, 

especially with carbonated waters. The mineral content of public water supply, if it fulfills all the 

established quality criteria, suits everyone. Moderation is one of the basic principles of a healthy 

diet, therefore bottled water should also be consumed in moderation." 

 

Marketing of bottled water 

The modern marketing concepts were described in Arsić’s (2012) paper: “According to the modern 

marketing concepts, the consumer is defined as the key to a company’s success on the market. 

Knowing his needs, wishes, expectations, and values teach us ways in which he forms believes and 

judgments regarding consumer product, and about his purchasing decisions. That’s the bases for 

forming an effective marketing and communication strategy. In modern markets higher emphasis is 

placed on emotionally branding products, that’s based on emotional ties between consumer and 

brand. 

 

The concept of “wellness” is one of the greatest trends in the 21st century. It has influenced all the 

aspects of modern ways of living. One of its aspects is the concept of “healthy diet”, and together 

with it the idea of “healthy water” which is referring to pure, drinkable water with characteristics 

beneficial to human health. None of the brands has missed the opportunity to market their product 

in such away. By becoming a part of the mentioned concept, bottled water brands have taken a 

prominent place in consumer consciousness (Mandić, 2018). 

 

Survey on the choice of drinking water 

For determining which drinking water is used daily in Serbia and why a survey was conducted. 77 

people were surveyed, out of which the oldest was born in 1968., while the youngest was born in 

2001. The highest percentage, 71.4% had a higher degree. 

 

On the question which specific water their everyday choice is, 57.1% of the surveyed decided on 

publicly supplied water. The most common reasons are, they considered that tap water has a good 

quality, price, availability, and some even have built-in filtering systems. Of the rest, 42.9%, 

answered that the bottled water is their everyday choice. The reason was the unsatisfactory 

condition of the public water. Most of the bottled water consumers marked Rosa or Prolom as their 

water of choice. Rosa because of availability, taste, and price. Prolom because of its influence on 

health. Furthermore, 64.5% answered that they pay no attention to water labels. 
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CONCLUSION 

One of the most important duties hydrogeologist has is discovering groundwater, which can later be 

used for drinking purposes - water for public supply systems. For human’s water is a necessity, and 

one of the major conditions for a healthy life is having available quality water. Research and 

discovering of groundwater, used for bottling, is also part of hydrogeologist’s job, but even with the 

efforts of companies for bottling water and marketing, such water isn’t meant for everyone. One of 

the common reasons is the price, but not the only one. Even though packaging and transportation 

have improved significantly to the point where it’s possible to distribute bottled water to everyone, 

there are still some issues. Research has shown that all forms of packaging contaminate bottled 

water, with that none are a truly safe choice. Aside from that, there is a problem with a huge amount 

of plastic waste as a by-product of usage. Recycling isn’t effective enough in dealing with this 

issue. Vehicles used in transportation are a huge contaminator of the environment. There also exist 

problems with transporting water via public water systems, but those are by-products of lack of 

maintenance. If there exists a system of tracking, controlling, and maintaining, this system is safe. 

 

Bottled waters available on the Serbian market are characterized by diverse chemical composition, a 

wide range of mineralization, as well as different dissolved gas contents. Regardless of their quality, 

availability and overall appeal, we should always keep in mind that bottled water is a commercial 

product whose primary purpose is to make profits. Public water systems, on the other hand, have a 

goal of providing drinking water for the population in whole. Therefore, it is unacceptable for 

bottled water to become the primary source of drinkable water. One of the most important issues 

every country should address is providing quality drinking water for its citizens. Hydrogeologists 

play an important and irreplaceable role in water supply projects. 
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Abstract 

Using a range of different humic acid and ozone concentrations, the effect of pre-ozonation on 

humic acid removal with aluminium sulphate and polyaluminium chloride coagulants was 

investigated. By optically monitoring floc formation dynamically in conventional jar test 

procedure, it was found that increasing ozone dose led to decreased floc size. Once ruptured, only 

limited regrowth of flocs occurred, indicating irreversible floc breakage. Larger flocs were formed 

with polyaluminium chloride compared to aluminium sulphate, thus lower residual organic carbon 

concentrations were measured. The findings showed that the use of pre-ozonation provided 

beneficial results to improve organic carbon removal at lower humic acid concentrations. 

However, organic carbon removal was hindered at the highest humic acid concentration studied. 
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Natural organic matter; humic acid; ozonation; flocculation 

 

 

INTRODUCTION 

Ozone has been used in water and wastewater treatment since 1970s in the control of disinfection, 

and disinfection by-products (DBPs), for the oxidation of iron and manganese, and for the reduction 

of taste, colour and odour. Ozonation of natural organic matter (NOM) yields major changes in its 

structure. Despite the fact that there are many studies in literature reporting the effects of pre-

ozonation on organic matter flocculation and removal, many of them contradicts one another. Some 

researchers indicated that pre-ozonation diminished the organic matter removal (Schneider and 

Tobiason, 2000; Hailong et al., 2007; Bose and Reckhow, 2007), while others claimed the opposite 

(Marhaba and Pipada, 2000; Singer et al., 2003; Pei et al., 2007; Jasim et al., 2008). And some 

informed that effect of ozonation depended on the concentration of organic matter (O’Melia et al., 

1999) and ozone dose (Singer, 1990; Edwards et al., 1993). It is thought that the nature of water 

samples is the main reason why so many different results are involved in literature. The studies 

revised were carried out with natural waters. However, the structure and characteristics of NOM 

may exhibit significant regional and seasonal variations. Hence, a study in which all conditions are 

controlled, as in this study, is essential to investigate the effect of ozonation on the removal of 

organic matter.  

 

Contradicting results in literature necessitate a study in which experiments are conducted with 

synthetic model suspensions under controlled operating conditions so as to better understand the 

effect of ozone on organic matter flocculation and removal. In this study, humic acid was chosen as 

the model NOM because humic acid part of NOM is more aromatic and has a larger molecular size, 

therefore it is hydrophobic, highly reactive and relatively easily removable by coagulation 

(Randtke, 1988; Owen et al., 1995). Humic substances constitute the major part of NOM and are 

more determinative in NOM’s behaviour (Sharp et al., 2006; Bose and Reckhow, 2007). 
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MATERIALS AND METHODS 

Contradicting results in literature necessitate a study in which experiments are conducted with 

synthetic model suspensions under controlled operating conditions so as to better understand the 

effect of ozone on organic matter flocculation and removal. In this study, humic acid was chosen as 

the model NOM because humic acid part of NOM is more aromatic and has a larger molecular size, 

therefore it is hydrophobic, highly reactive and relatively easily removable by coagulation 

(Randtke, 1988; Owen et al., 1995). Humic substances constitute the major part of NOM and are 

more determinative in NOM’s behaviour (Sharp et al., 2006; Bose and Reckhow, 2007). 

 

Pre-ozonated (no ozone and three different ozone doses) raw waters containing humic acid (three 

different concentrations) were flocculated through batch jar test procedure using an on-line optical 

monitoring technique for evaluating the effect of ozonation on floc formation. 

  

Model Waters 

Model waters with a series of humic acid concentration (5, 10 and 20 mg/L) were prepared 

dissolving commercial Aldrich humic acid (sodium salt) in deionised water. Hardness was adjusted 

to 100 mg/L as CaCO3 with addition from 0.1 M CaCO3 stock solution, alkalinity to 100 mg/L as 

CaCO3 with addition from 0.1 M NaHCO3 stock solution and pH to around 7.0 with addition from 

0.1 N H2SO4 stock solution. 

 

Afterwards, those synthetic waters were ozonated to give ozone concentrations of 2.5, 5 and 10 

mg/L. The ozone was generated from oxygen by an ozone generator (PCI GL-1) and was diffused 

into the suspension via a ceramic diffuser. The ozone concentrations were applied ozone doses, 

device output supplied by the manufacturer. 

 

Coagulants  

Aluminium sulphate octadeca hydrate (Al2(SO4)3 . 18H2O, Merck, >96 %) ‘alum’, was dissolved in 

deionised water at a concentration of 0.1 M. A commercial polyaluminium chloride (PACl) product 

(PAX XL-9, Kemira Kemi AB, Helsinborg, Sweden) was used. XL-9 had a degree of 

neutralisation, r (=OH/Al), of 2.1, supplied as a 4.6 % Al solution. 

 

Apparatus  

Aggregation was monitored continuously by an optical flocculation monitor (PDA 2000, Rank 

Brothers Ltd., Cambridge, UK) in a modified batch jar test procedure. The 800-mL test sample was 

contained in 1-L beakers equipped with stirrer units from a Flocculator 2000 (Kemira), semi-

automatic jar test device. This enables the rapid and slow stirring speeds and times to be pre-set. For 

dynamic monitoring, the sample from one beaker was circulated through transparent plastic tubing 

(3 mm i.d.) by means of a peristaltic the pump. The pump was located after the PDA instrument to 

avoid effects of possible floc breakage in the pinch portion of pump. The tubing was clamped in the 

PDA instrument so that the flowing sample was illuminated by a narrow light beam (850 nm 

wavelength). The PDA 2000 measures the average transmitted light intensity (dc value) and the rms 

value of the fluctuating component. The PDA 2000 does not measure actual floc size, however, the 

ratio (rms/dc) provides a sensitive measure of particle aggregation (Flocculation Index - FI) 

(Gregory and Nelson, 1986). 

 

Procedure  

Unozonated synthetic model waters containing 5 mg/L humic acid were flocculated with different 

alum doses to determine the optimum dose. The optimum alum dose giving the highest FI value and 

lowest residual colour and total organic carbon concentration after settling for 20 minutes was 
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determined to be 3.4 mg/L as Al. An equivalent (in terms of mg/l as Al) dose of PACl was used for 

comparison purposes. This optimum coagulant dose was used in jar tests performed with 800 mL of 

test waters (containing 5, 10 and 20 mg/L humic acid) treated with four different doses of pre-ozone 

(0, 2.5, 5 and 10 mg/L).  

 

The details of dynamic monitoring of floc growth and regrowth can be found in Sam et al. (2010). 

After each jar test the flocculated suspension was left to settle for 20 minutes. At the end of settling 

a 50 mL-sample was drawn for TOC (Tekmar Dohrmann Apollo 9000) measurement. All 

experiments were carried out at least 3 times for reproducibility of data at 20 °C. 

 

 

RESULTS 

A series of jar tests employing aluminium sulphate and polyaluminium chloride (PACl) were 

performed using synthetic raw waters with a range of humic acid concentration (5, 10 and 20 mg/L) 

pre-ozonated with different ozone doses (0, 2.5, 5 and 10 mg/L). Online monitoring of floc 

formation (Figure 1) showed that increasing pre-ozone dose led to gradual reduction in floc size. 

The onset of flocculation was delayed and the time required to reach a steady-state fully grown floc 

size distribution was longer with increasing ozone dose. With PACl relatively larger flocs were 

formed. PACl also exhibited faster floc formation and earlier reach to steady-state fully grown floc 

size distribution, both make its performance superior to alum. 

 

 

 
Figure 1. Floc growth and regrowth with alum (left) and PACl (right) in flocculation of pre-

ozonated synthetic waters containing 5 mg/L humic acid 

 

When no ozone (0 mg/L) was applied alum and PACl formed similar sized fully grown flocs at the 

humic acid concentration of 5 mg/L whilst the relative size difference between the flocs formed 

with alum was higher when pre-ozonation was applied. It shows that flocculation with alum is 

affected more by ozonation compared to PACl, which can be attributed to pre-hydrolysed Al 

species content of PACl. Also, irreversible floc breakage was observed with both coagulants, i. e. 

when fully grown flocs are exposed to higher shear rate they break up and can only grow to some 
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extent, which is natural with sweep flocculation because the nature of aggregation is entrapment of 

organic molecules in growing amorphous metal hydroxide precipitate rather than electrostatic 

attraction. 

 

Jar test experiments were carried out in exactly the same way, but this time using 10 mg/L of humic 

acid (Figure 2). Floc growth curves of similar form to those in Figure 1 were obtained but the initial 

plateau value of the Flocculation Index (fully grown flocs) was higher, indicating that larger flocs 

were formed when the humic acid concentration is increased to 10 mg/L. This could be attributed to 

higher collision efficiency when the concentration of organic matter to be flocculated was 

increased. The floc breakage and regrowth behaviour was similar to that with 5 mg/L humic acid; 

once ruptured, flocs could not grow to their size before breakage. Again, remarkably larger flocs 

were formed with PACl owing to its highly charged cationic species content. 

 

Similar to the findings presented in Figure 1, increasing pre-ozonation dose was observed to have a 

negative effect on flocculation, i.e., caused formation of smaller flocs, a delay on the onset of 

aggregation and longer time to reach a steady-state fully grown floc size distribution (Figure 2).  

 

 

 
Figure 2. Floc growth and regrowth with alum (left) and PACl (right) in flocculation of pre-

ozonated synthetic waters containing 10 mg/L humic acid 

 

When the humic acid concentration was further increased to 20 mg/L (Figure 3) larger flocs were 

formed with both coagulants. An increasing trend in floc size with increasing humic acid 

concentration was observed when Figure 1 to 3 is examined. This could be due to increasing 

collision efficiency.  

 

Similar floc growth and regrowth curves were recorded with both of the coagulants, showing 

irreversible floc break-up. Again, at each pre-ozonation dose larger flocs were obtained with PACl. 

Examining the three figures exhibits that the size difference between alum flocs with increasing pre-

ozonation dose was higher than that between PACl flocs, which can be interpreted that PACl is less 
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affected by pre-ozonation compared to alum. Both features are likely because of PACl’s pre-

hydrolysed Al hydroxide content.  

 
Figure 3. Floc growth and regrowth with alum (left) and PACl (right) in flocculation of pre-

ozonated synthetic waters containing 20 mg/L humic acid 

 

 

 
Figure 4. Change in residual total organic carbon concentration with ozone dose at 5 mg/L humic 

acid concentration  

 

It is clearly seen that pre-ozonation hindered floc formation at 20 mg/L humic acid concentration, 

similar to that observed at 5 mg/L and 10 mg/L humic acid concentrations. With increasing pre-
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ozonation dose floc size gradually decreased, the onset of flocculation was delayed and time to 

reach steady-state floc size distribution got longer.  

 

Figure 4 presents how residual total organic carbon concentration after alum and PACl flocculation 

changes when unozonated synthetic raw waters containing 5 mg/L humic acid are pre-ozonated 

with 2.5, 5 and 10 mg/L ozone. That is, data plotted in Figure 4 are the supernatant total organic 

carbon content measurements of the flocculation experiment exhibited in Figure 1.  

 

Consistent with floc size data, lower residual total organic carbon values were measured with PACl 

(Figure 4). PACl’s better removal performance over alum is because it contains pre-hydrolysed Al 

species. However, residual total organic carbon concentration decreased as the pre-ozonation dose 

was increased, which is inconsistent with floc size data.  

 

It can be expected that since relative floc sizes (FI) decreased as the pre-ozonation dose was 

increased then the organic matter removal should be hindered; nonetheless the results of total 

organic carbon measurements do not agree with that argument.  

 

 
Figure 5. Change in residual total organic carbon concentration with ozone dose at 10 mg/L humic 

acid concentration 

 

Similar to the results of experiments performed with synthetic waters containing 5 mg/L humic acid 

concentration PACl showed better performance in removing organic matter at 10 mg/L humic acid 

concentration compared to alum (Figure 5). It can be said that PACl was less affected by increasing 

pre-ozonation dose than alum. As the pre-ozonation dose was increased both coagulants exhibited 

gradually increasing total organic carbon removal in the ozone dose range studied. By examining 

the dynamic floc formation data (Figure 2) it might be expected the opposite though this finding is 

consistent with the previous one in Figure 4 when the humic acid concentration was 5 mg/L. These 

results (at 5 and 10 mg/L humic acid concentrations) show similarity to those in Sam et al. (2010). 
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Figure 6. Change in residual total organic carbon concentration with ozone dose at 20 mg/L humic 

acid concentration 

 

When the humic acid concentration was increased to 20 mg/L, the total organic carbon removals 

with both of the coagulants (Figure 6) showed correlation with the relative floc size data in Figure 

3; i.e. when the 20 mg/L humic acid containing synthetic raw water was pre-ozonated with 

increasing ozone dose floc sizes decreased with both coagulants and as one might expect that total 

organic carbon removals diminished. Nevertheless, this result contradicts with the findings when 

the concentration of humic acid was 5 and 10 mg/L.  

 

Among others who claimed that pre-ozonation hindered the removal of organic matter (Schneider 

and Tobiason, 2000; Hailong et al., 2007; Bose and Reckhow, 2007), and those who reported that 

pre-ozonation enhanced the removal of organic matter (Marhaba and Pipada, 2000; Singer et al., 

2003; Pei et al., 2007; Jasim et al., 2008) these results seem rather similar to those of O’Melia et al. 

(1999) who informed that the effect of ozonation depended on the concentration of organic matter 

and of Singer (1990) and Edwards et al. (1993) who found that the effect of ozonation depended on 

the ozone dose. 

 

 

CONCLUSION 

All the humic acid concentrations studied sizes of flocs formed with both aluminium sulphate and 

polyaluminium chloride were found to be decreased at as the pre-ozonation dose was increased. 

However, residual total organic carbon measurements showed that organic matter removal was 

enhanced at lower humic acid concentrations (5 and 10 mg/L) whereas it was hindered at the 

highest humic acid concentration (20 mg/L) investigated. Ozone is a powerful oxidant, when humic 

waters are ozonated it converts long chain organic molecules to oxidised shorter chain ones, which 

are mainly negatively charged. When 5 and 10 mg/L humic acid containing raw waters were 

ozonated prior to flocculation, alum and polyaluminium chloride coagulants seemed to cope with 
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those negatively charged oxidised shorter chain organics, although sizes of flocs gradually 

decreased with increased pre-ozonation dose aggregation was probably sufficient to put them on the 

settleable side. However, when the humic acid concentration was as high as 20 mg/L it is likely that 

ozonation produced considerably high amount of negatively charged oxidised organic molecules, 

which resulted in hindrance of their removal.  
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Abstract 

It is established that the effectiveness of the process of water disinfection depends on both the 

molecular weight of chitosan, the degree of its deacetylation, and the type of microorganism. The 

optimal pH value of the medium for inactivating the culture of C.albicans was determined. For the 

first time, a significant contribution of the flocculation of microorganisms with chitosan to the total 

effect of water disinfection is shown. It is also shown that the presence of organic and inorganic 

impurities in water reduces both the disinfecting and flocculating effects of the polysaccharide on 

the microbiological object. The impact of temperature on the antimicrobial effect of chitosan was 

revealed. 

 

Keywords 

Water disinfection; chitosan; bactericidal effect; flocculating effect 

 

 
INTRODUCTION 

Nowadays, the studies on the disinfection and purification of water using chitosan (CTN) and 

materials made on its base are being intensively carried out in the world, which is associated with 

the need to improve the environmental friendliness of water treatment processes, as well as make 

the requirements for drinking water quality stricter (Qin et al., 2006; Unuabonah et al., 2017; Li et 

al., 2008; Fabris et al., 2010; Yang et al., 2016; Abebe et al., 2016; Kangama et al., 2018; Zeng et 

al., 2008). 

 

Chitosan obtained from chitin (a natural polymer) by deacetylation in an alkaline medium due to the 

variety of physicochemical and biological characteristics is widely used in the food industry, 

cosmetology, biomedical engineering, and agriculture (Kong et al., 2010; Frederick, 2016). 

 

The papers (Tymchuk and Grubnyak, 2017; Kong et al., 2008) note the important advantages of 

chitosan, such as biodegradability and high disinfecting ability against gram-positive and gram-

negative bacteria, while there is no toxicity towards mammalian cells. This creates prospects for the 

use of chitosan as an antibacterial agent alone or in a mixture with other natural polymers. 

 

As it was shown in (Goy et al., 2009; Raafat et al., 2008; Chung and Chen, 2008; Eaton et al., 2008; 

Helander et al., 2001; Liu et al., 2004), one of the most likely mechanisms of chitosan antibacterial 

effect is the electrostatic interaction of protonated amino groups of its molecules with a negatively 

charged microbial cell membrane, mainly due to competition with Ca2+ ions for electronegative 

sites on the cell membrane surface. This leads to a double effect. Firstly, the permeability of the 

membrane wall changes, which causes an internal osmotic imbalance and, therefore, inhibits the 

growth of microorganisms. Secondly, due to the hydrolysis of peptidoglycans in the wall of 

microorganisms, intracellular electrolyte (i.e., potassium ions, low molecular weight protein 

components: proteins, nucleic acids, glucose and the lactate dehydrogenase enzyme) leaks. 

 

Chitosan and its various derivatives are also considered as potential environmentally safe 

coagulants and flocculants for water treatment, given their environmental safety and high efficiency 
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at relatively low doses (Li et al., 2013). Thus, according to (Frederick, 2016), the optimal doses of 

aluminum sulfate, ferric chloride and chitosan in the process of coagulation of lake water, 

determined by the turbidity of the settled water, are 30, 30 and 8 mg/dm3, respectively. However, in 

work (Frederick, 2016) it is noted that chitosan has not been studied enough as a coagulant for 

drinking water. 

 

The purpose of this work was to study the disinfecting effect of high molecular weight and low 

molecular weight CTN with different degrees of deacetylation on E.coli and C.albicans 

microorganisms depending on the physicochemical parameters of the water and determine the 

contribution of flocculation of microorganisms with chitosan to the total effect of water disinfection 

in order to meet the drinking water quality requirements. 

 

 

METHODS 

Water disinfection was carried out using a 0.1 % chitosan working solution in a 0.1 mol/dm3 

solution of acetic acid. High molecular weight CTN1 (with the molecular weight (Mw) constituting 

100–300 kDa) and low molecular weight CTN2 (with a Mw constituting 50-60 kDa) with a degree 

of deacetylation of 95 and 75-85 %, respectively, were investigated. 

 

The culture of sanitary indicative test microorganism Escherichia coli 1257 was obtained from the 

collection of Tarasevich State Institute of Standardization and Control of Biomedical Preparations 

(Moscow). Suspension of Escheriacia coli 1257 bacteria (107 CFU/cm3) was prepared according to 

(Goncharuk et al., 2001). Yeast-like fungus Candida albicans 10231 was received from L.V. 

Gromashevsky Institute of Epidemiology and Infectious Diseases of the NAMS of Ukraine. 

Cultivation of yeast-like fungi was carried out in a liquid nutrient medium Saburo, which was 

prepared according to (Grigorieva, 1981). The preparation of a suspension of yeast-like fungi was 

carried out similarly to (Goncharuk et al., 2008). 

 

Conducting the study of the disinfecting effect of CTN, the cups of 100 cm3 were filled with water 

contaminated with microorganisms, the necessary amount of CTN was added, so that the 

concentration of the latter was 0.1, 0.5, 1.0, 5.0 or 8.0 mg/dm3. After a certain period of time, an 

aliquot of the treated water was taken and sown on a nutrient medium with further counting of the 

colonies. 

 

Studying the joint bactericidal and flocculating effect of CTN on the process of water disinfection, 

the 100-cm3-volume cups were filled with water contaminated with microorganisms and the 

necessary amount of CTN, so that the concentration of the latter was 0.1, 0.5, 1.0, 5.0 or               

8,0 mg/dm3. At certain intervals the treated water was passed through paper filters (i.e., a white tape 

– Whatman Grade 40 filter paper 8 μm, which simulates filtration through a sand filter (Kong et al., 

2010)), an aliquot of the filtrate was collected and sown on a nutrient medium with further counting 

of the colonies. 

 

The survival of microorganisms was determined by the presence of CFU when sowing water 

samples taken on Saburo agar medium for Candida albicans and Endo agar medium for 

Escheriсhia coli. Microorganisms were cultured for 14-18 hours at 37 °C. The result was expressed 

as the logarithm of the ratio of the test microorganism concentration in the solution after treatment 

with CTN (Nt) to the concentration of the microorganism in the initial solution (N0). 
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Conducting the research, distilled water (DW), tap water (TW), and water after ultrafiltration 

treatment with an UPM-20 membrane (UFW) were used. The physico-chemical characteristics of 

the types of water in question are presented in Table 1. 

 

 

Table 1. Physico-chemical composition of the investigated waters 

Type of 

water 

Name of indicators 

 Conductivity at 18 оС, 

μS/cm 

Color, 

degrees 

Turbidity, 

mg/dm3 

рН Sulfates, 

mg/dm3 

Chlorides, 

mg/dm3 

DW 

TW  

UFW 

2 

382 

298 

< 2 

18 

8 

< 0.3 

0.9 

0.1 

5.3 

7.2 

7.3 

0.5 

57.6 

14.6 

0.02 

26.0 

16.0 

 

Studying the effect of water pH on the efficiency of the disinfection process, a 0.1% NaOH solution 

or a 0.1% HCl solution was used to adjust the pH value. The pH value was determined using an I-

160M ionomer. 

 

Studying the effect of temperature on the disinfection of water with CTN, the investigated water 

samples were thermostated at 42, 37, 27, 17 and 7 °C. 

 

 

RESULTS AND DISCUSSION 

Table 2 shows that the efficiency of distilled water disinfection from gram-negative bacteria 

Escherichia coli with two types of chitosan (concentration 0.1 mg/dm3) practically does not depend 

on the molecular weight of the polymer and the degree of its deacetylation. Already after one hour 

of contact of Escherichia coli (initial concentration 500000 CFU/cm3) with CTN, the degree of 

culture inactivation constitutes two orders of magnitude, and CTN has a pronounced bactericidal 

effect, since there is no growth of culture over time. 

 

Table 2. Disinfection of distilled water from E.coli and C.albicans with chitosan (0.1 mg/dm3) with 

different molecular weights (pH – 6.6; t – 13 °C) 

t, h CFU/cm3 

 E.coli C. albicans 

CTN1(300000) CTN2
 (60000) CTN1(300000) CTN2

 (60000) 

0 

1 

168 

504 

500000 

5000 

0 

0 

500000 

2900 

0 

0 

2400000 

13000 

20000 

130 

2400000 

60000 

10000 

18000 

 

In the case of disinfection of the yeast-like fungus C.albicans at its initial concentration of 2400000 

CFU/cm3 under similar conditions, it was found (see Table 2) that the degree of inactivation of 

micromycete by chitosan depends on the molecular weight and degree of deacetylation of the latter. 

A low molecular weight CTN with a degree of deacetylation amounting to 75-85 % inactivates only 

slightly more than one culture order after an one hour of contact, while high molecular weight CTN 

with a deacetylation degree constituting 90 % inactivates over a similar period of more than two and 

a half culture order. It has been established that C.albicans is more stable in comparison with E.coli 

to the effect of the disinfecting agent, which is especially noticeable with an increase in the time of 
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contact of the culture with CTN. Obviously, this effect is associated with a different cell structure. 

The yeast cell is surrounded by a rather thick cell wall (Cell wall of fungi). 

 

The results obtained confirm our conclusion in previous studies (Bolgova et al., 2016) that 

C.albicans is a more suitable test object for evaluating the effectiveness of disinfection processes 

compared to E.coli. Based on the obtained results, CTN1 was selected for further research in this 

work. The results of the study of the influence of pH on the efficiency of disinfection of water from 

C.albicans with CTN1 are presented in Figure 1.  

 

  
  

 

Figure 1. The kinetics of disinfection of distilled water with CTN1 (0.1 mg/dm3) from C.albicans at 

different pH values: a) the bactericidal effect of CTN1; b) joint bactericidal and flocculating effect 

of CTN1 

 

Figure 1 shows that the highest degree of inactivation of the culture is achieved in a weakly acidic 

medium (pH 5.0), whereas at pH 8.5 the disinfecting effect is insignificant. Comparison of Figure 

1a and Figure 1b indicates a significant contribution of flocculation of microorganisms with 

chitosan to the total effect of water disinfection, which is especially noticeable at relatively short 

periods of contact of culture with chitosan. Thus, the concentration of C.albicans with a contact 

duration of an one hour decreases by about 4 and 6 orders of magnitude, respectively, with the 

bactericidal (see Fig. 1a) and the joint bactericidal and flocculating action (see Fig. 1b) of chitosan. 
 

It is important to note that the degree of retention of E.coli and C.albicans when filtered through 

paper in the absence of chitosan did not exceed 0.1-0.3 order of the initial concentration. 
 

The higher efficiency of the disinfecting and flocculating effect of chitosan in a weakly acidic 

environment is associated with a high degree of protonation of the polymer amino groups under 

these conditions, which contributes to the electrostatic interaction between negatively charged 

microorganisms and positively charged molecules of chitosan, causing, on the one hand, changes in 

the permeability of the cell membrane and its violation functioning, and, on the other hand, cell 

aggregation and flocculating effect (Yang et al., 2016; Goy et al., 2009; Raafat et al., 2008). 
 

As the further studies have shown, the presence of various impurities in water significantly impairs 

the efficiency of its disinfection with chitosan (see Table 3 and 4). Figures 3 and 4 show that the 

bactericidal effect of chitosan as well as its joint bactericidal and flocculating effect on C.albicans 

micromycetes is most pronounced in distilled water – in the experimental conditions the decrease in 

b 
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the concentration of the microorganism constitutes 4-5 orders of magnitude (The initial amount of 

culture varies from 8,5·104 to 6·105). At the same time, in tap water and tap water after 

ultrafiltration treatment, the degree of disinfection of C.albicans under similar conditions does not 

exceed 1-2 orders of magnitude, being higher in water that underwent additional membrane 

cleaning. 
 

Table 3. The kinetics of disinfection of various types of water from C.albicans with CTN1 (0.1 

mg/dm3) at pH 5.0 

τ, h Type of water 

TW UFW DW 

CFU/cm3 

1 

360 

720 

1.2·105 

4.3·104 

1.2·104 

2.0·104 

3.9·103 

2.3·103 

4,5·101 

1 

1 

 

Table 4. The kinetics of joint bactericidal and flocculating effect of CTN1 (0.1 mg/dm3) on various 

types of water disinfected from C.albicans at pH 5.0 

τ, h Type of water 

 TW UFW DW 

CFU/cm3 

1 

360 

720 

7.8·104 

4.3·104 

2.0·104 

1.2·103 

3.2·102 

7.5·101 

1 

1 

1 
 

The results obtained can be explained by the presence in the TW and UFW of a whole range of 

organic and inorganic impurities that compete with microorganisms for interaction with CTN 

molecules, reducing both the disinfecting and flocculating effect of the polysaccharide on the 

microbial object. Thus, as arises from the results presented above, the use of chitosan at a 

concentration of 0.1 mg/dm3 for disinfection of tap water as well as ultrafiltration-treated tap water 

is ineffective. To obtain the desired result, it is obviously necessary to increase the dose of chitosan 

during water treatment. Figures 2 and 3 show the results of disinfection of tap water as well as tap 

water treated using ultrafiltration method from C.albicans (with the concentration in the source 

water constituting 1·104 – 1·105 CFU/cm3) at various concentrations of chitosan in the solution. 

 
 

Figure 2. The kinetics of disinfection of water from C.albicans at various concentrations of CTN1 

(figures indicated on the curves, mg/dm3): a) tap water (pH = 7.1); b) tap water after ultrafiltration 

(pH = 7.1) 
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Figure 3. The kinetics of water disinfection from C.albicans with the joint bactericidal and 

flocculating effect of different concentrations of CTN1 (figures indicated on curves, mg/dm3): a) tap 

water (pH = 7.1); b) tap water after ultrafiltration (pH = 7.1) 

 

As can be seen from Figure 2a and Figure 3a, an increase in the concentration of chitosan in tap 

water from 0.5 to 8.0 mg/dm3 significantly increases the degree of its disinfection from C.albicans, 

moreover, as in the patterns shown in Figure 1, a significant contribution of the flocculating effect 

of chitosan to this process is found. Almost complete disinfection of tap water from C.albicans is 

observed after an one hour of contact of the culture with chitosan at a concentration of the latter 

constituting 8.0 mg/dm3 and additional filtration of the chitosan treated water through a paper filter. 

Effective disinfection of water that has passed the preliminary ultrafiltration treatment is observed 

at a lower concentration of chitosan (5.0 mg/dm3), which was obvious considering the results 

presented above. 

 

It is established that the antimicrobial effect of chitosan in relation to the selected microorganisms 

significantly increases with increasing temperature from 7 to 42 °C (data not shown). A decrease in 

the degree of inactivation of the culture with a decrease in temperature may be associated with a 

decrease in the number of reactive groups on the cell surface for binding to chitosan. Such changes 

in the cell arise because of the stress factor acting thereon, namely, a low temperature. 

 

 

CONCLUSIONS 

Experimental studies conducted lead to the following conclusions. 

 

The degree of inactivation of the E.coli culture does not depend on the type of chitosan studied in 

the work (a high molecular weight CTN1 (with molecular weight (Mw) constituting 100-300 kDa) 

and low molecular weight CTN2 (with Mw constituting 50-60 kDa) with a degree of deacetylation 

constituting, 95 and 75-85 %, respectively), whereas, in the case of C.albicans, a high molecular 

weight CTN with a degree of deacetylation amounting to 95 % is a more effective disinfecting 

agent. 

 

The highest degree of inactivation of the culture of C.albicans with CTN1 is achieved in a weakly 

acidic medium (pH 5.0), whereas at pH 8.5 the disinfecting effect is insignificant. 

 

For the first time a significant contribution of the flocculation of microorganisms with chitosan to 

the total effect of water disinfection is shown. This factor is essential when choosing a rational 

scheme of disinfection of water with chitosan, because it indicates the possibility of reducing the 
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dose of chitosan required for disinfection in the case of applying the water filtration after treatment 

with chitosan. 

 

It is shown that the presence of organic and inorganic impurities in water reduces both the 

disinfecting and flocculating effect of the polysaccharide on the microbiological object, which is 

obviously connected with the competing influence of these impurities on the interaction of CTN 

molecules with microorganisms. 

 

It is shown that the antimicrobial effect of chitosan increases with increasing temperature from 7 to 

42 °C. Achieving a high degree of disinfection of water at low temperatures requires increasing the 

dose of chitosan. 
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Abstract 

Micropollutants are current topic in the water management field. In the world new technologies  

are tested to elimination micropollutants from water, because they are harmful not only  

for the environment, but also for people. Standard water treatment processes for removing 

micropollutants from water are: adsorption, advanced oxidation process and membrane process.  

For experimental determination of efficiency adsorbent Bayoxide E33 selected adsorbents were 

removed using adsorption. The efficiency of removing microfouling was determined comparised 

by removing three micropollutants namely removing a metal, a pharmaceutical and a pesticide. 

Bayoxide E33 removed metal successfully, but pharmaceutical and pesticide was not removed, 

because desorption occurred during removal. 

 

Keywords 

Water treatment; adsorption; micropollutants; sorption materials 

 

 

MATERIALS AND METHODS 

Sorption material 

Bayoxide E33 is a dry crystalline medium developed by Severn Trent and designed for removal  

of arsenic, antimony and other metals, such as iron and manganese from water. The advantages  

of the material are long life continuous water treatment, low investment costs and long life dry 

medium (Ilavský and Barloková, 2008). The sorption material is marketed in two forms, Bayoxide 

E33 granules and Bayoxide E33P in tablet form (Severn Trent Services, 2005). Figure 1 shows the 

original material Bayoxide E33 and material at 5000 times magnification. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Original sorption material Bayoxide E33 and material at 5000 times magnification 
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Selected micropollutants 

The presence of micropollutants in drinking water sources may be of natural origin, but also  

of anthropogenic origin. Three different types of micropolutants were selected for the experiment. 

Arsenic, which is one of the common metals occurring in the environment, was chosen as the metal 

to be removed. The pesticide chosen was Metazachlor ESA, mainly used for crop protection.  

The pharmaceutical removed was salicylic acid, which is contained in frequently used cosmetic 

products. 

 

Arsenic occure mainly in the form of sulphides in nature, it accompanies most sulphide ores  

and is part of various rocks and soil. It can get into groundwater and surface waters by weathering. 

The concentration of arsenic in groundwater and surface water is up to 10 µg/l. About 20 %  

of groundwater sources contain arsenic at concentrations of 100 µg/l to 250 µg/l. Arsenic absorbs 

strongly on suspended solids and sediments containing hydrated iron and hydrated alumina and clay 

particles. With these particles it is then remotely transported by surface water. Anthropogenic 

sources of arsenic are combustion fossil fuels, metallurgical and ore industry, tanneries and also 

aplication of some pesticides. A significant amount of arsenic is contained in extracts from power 

fly ash. Arsenic is highly toxic and long-term ingestion of water with low concentrations of arsenic 

causes chronic diseases. In some countries, arsenic is the most important toxic metal found  

in groundwater and drinking water. Cases of chronic arsenic poisoning have been observed such as 

India, Taiwan, and Bangladesh. In the Czech Republic, the highest limit value for arsenic  

in drinking water is 10 µg/l (Pitter, 2015). 

 

Metazachlor ESA is a metabolite of the pesticide Metazachlor, which belongs to the group of 

herbicides. This pesticide is used to eliminate a wide range of unwanted weeds in crop cultivation, 

ornamental trees and shrubs. Through application of pesticide to crop it can reach to groundwater. 

To the surface water is Metazachlor get  by flushing farmland  which the pesticide has been applied 

can reach. Metazachlor is approved for use in all European Union countries (FOOTPRINT, 2007). 

The metabolite is significant or relevant whether its natural properties are comparable to those of 

the parent substances. It is also relevant if to the effect on the biological target, or poses a higher 

risk to organisms than the parent or comparable risk, or that it has certain toxicological properties 

which are considered unacceptable. The methodology of the European Commission is used to 

assess the relevance of metabolites of pesticides ;Guidance document on the assessment of the 

relevance of metabolites in groundwater of substances regulated under Council directive 

91/414/EEC. According to the methodology, the recommended limit value of the metabolite in 

drinking water is 0.05 mg/l, provided that the parent substance Metazachlor is less than 0.01 µg/l 

(NIPH, 2014). 

 

Salicylic acid is colorless organic acid often used in dermatological medicine. Salicylic acid is 

obtained from the bark of white willow. It has anti-inflammatory effects and is therefore classified 

as non-steroidal anti-inflammatory drugs. Anti-inflammatory drugs alone do not cure anything but 

only suppress the unpleasant manifestations of various diseases (Šíblová, 2017). Already in the 18th 

century it was known that the extract of the bark of white willow reduces fever and in 1870  

it managed to find a substance we call salicylic acid. Previously, salicylic acid was not an ideal drug 

because it was administered in the form of a bitter solution that induced vomiting and irritated the 

stomach walls. Therefore, in 1899 acetylsalicylic acid was produced by synthesis of an acetylated 

derivative. This acid has good analgesic and anti-inflammatory effects such as salicylic acid, but its 

use is safer and more pleasant. Acetylsalicylic acid has become a major component of Aspirin 

(Iversen, 2006). Because pharmaceuticals are present in very low concentrations in water, there  

are no limit values specified in legislation. 

 



Drinking Water 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 
 

206 

Adsorption and desorption 

Adsorption is a phase transfer process that is widely used in practice to remove substances from 

fluid phases (gases or liquids). It can also be observed as natural process in different environmental 

compartments. The most general definition describes adsorption as an enrichment of chemical 

species from a fluid phase on the surface of a liquid or a solid. Since adsorption is a surface process, 

surface area is a key quality parameter for adsorbents. The proposed adsorbents are typically highly 

porous materials with surface areas ranging between 102 and 103 m2/g. The substance which  

is adsorbed is called adsorbate and the material on which adsorption takes place is called  

an adsorbent. The desorption may be caused by the exhausted capacity of the sorbent and also  

by the different properties of the sorbed pollutants. Because desorption is the opposite process  

of adsorption, all conditions that lead to a decrease in adsorption increase the amount of adsorbate 

that can be desorbed. The adsorbate that is desorbed is an aqueous solution, which may be affected 

by properties such as concentration, temperature and pH as compared to the original adsorbate.  

So in the case of an experiment desorbate is model water (Worch, 2012). The specific surface area 

of Bayoxide E33 ranges from 100 to 200 m2/g (Severn Trent Services, 2005). 

 

The proces of removing micropollutants from water 

Raw water for the removing of metal and drugs was prepared in a laboratory at the Institute  

of Municipal of Water Management at the Faculty of Civil Engineering in Brno by adding  

a micropolutant to the drinking water.  Raw water for pesticide removal was taken from the river 

Svratka in Brno. The filtration of the model water through the Bayoxide E33 sorption material was 

the same for all three micropolutans. A column with sorption material Bayoxide E33 was used for 

filtration. Before commencement of the adsorption process the sorption material was prepared 

according to the manufacturer´s instruction. The sorption fill was wetted and washed in the 

direction opposite to the filtration direction until clear water was flowing from the column.  

The washing water was drained to sewerage during the material preparation. The minimum height 

of the filter bed was 0.6 m according to the manufacturer's recommendations. 

 

 
Figure 2. The diagram of the filter device with adsorbent Bayoxide E33 
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A sample of model water was taken before filtration began. During filtration, raw water was passed 

through a flow meter with a throttle nozzle to control the amount of water flowing through. Than 

the model water was filtered through a sorption material on which adsorption took place. Individual 

samples were taken at different time intervals after 30 seconds, 1, 2 and 4 minutes. Water, pH  

and turbidity were measured after sampling. Due to the complex analysis of the sample evaluation, 

the resulting concentrations in the samples were determined by an accredited laboratory.   

 

Measurement of temperature, pH and turbidity 

In a laboratory experiment, pH measurement was performed using a pH meter with an thermometer 

Adwa AD14.  Adwa AD14 is a high-quality microprocessor-controlled portable pH meter with 

built-in temperature measurement with automatic temperature compensation (ADWA Instruments). 

Water reaction is a dimensionless indicator, which is also influenced by the water temperature.  

At water temperatures above 25 °C, the pH is less than 7, and at temperatures below 25 °C, it is 

higher. Temperature is also an important indicator of drinking water quality. Temperature 

significantly affects chemical and biochemical reactivity even in relatively small temperature range, 

from 0 °C to approximately 30 °C (Pitter, 2015).  

 

Turbidity was determined using a turbidimeter HACH 2100Q IS. Turbidity is the rate of summary 

energy dispersing in the course of pass of a ray of light through a dispersion layer with unit 

thickness to all sides from the light beam (HACH). Turbidity is one of the organoleptic indicators 

 of drinking water and describes the clarity of water, which is an essential requirement for drinking 

water quality. The turbidity of water is caused by inorganic or organic substances, which may  

be of natural or anthropogenic origin (Pitter, 2015). 

 

Figure 3. Samples of filtered and a pH measurement (Gottwald, 2019; Šíblová, 2017) 
 

Determination of efficiency removing 

Efficiency of removing micropollutants from water was determined by formula (Biela and 

Šopíková, 2017): 

 

              (1) 

 
 

where  ɳ – efficiency of removing, %; 

CRW – concentration of micropollutants in raw water, µg/l; 

CF – concentration of micropollutants after adsorption, µg/l. 
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RESULTS AND DISCUSSION 

Resulting values of samples 

The following tables show the measured values and the removal efficiency of micropollutants 

through the sorption material. Bayoxide E33. 

 

The removal of arsenic through the Bayoxide E33 sorbent material was excellent. Already after 0.5 

minute of filtration, the initial metal concentration of 62.3 µg/l in the model water was almost 

eliminated. In the second minute of removal, the arsenic was almost removed from the water, its 

concentration in the water being below the limit of measurability. This sorption material also 

effectively reduced turbidity, which after four minutes decreased to 0.84 ZF. The model water was 

created immediately after the water was taken from the water network. This is reason why the 

model water has a lower temperature than the other samples. The water temperature in the samples 

was influenced by the laboratory temperature. The pH increased slightly during the removal process 

and was in the range of 7.53 to 7.64. 

 

Table 1. Results of arsenic removal from water (Konečný, 2015) 

Time pH Temperature Turbidity Metal concentration 
Removal 

efficiency 

(min) (-) (°C) (ZF) (µg/l) (%) 

0 7.53 13.60 11.40 62.30 0.00 

0.5 7.77 18.20 1.37 1.20 98.07 

1.0 7.74 18.00 1.03 1.00 98.39 

2.0 7.68 17.90 0.97 ˂ 1.00 100.00 

4.0 7.64 17.90 0.84 ˂ 1.00 100.00 

 

Removal of Metazachlor ESA metabolite was not successful. After 0.5 minute of removal,  

the initial concentration of 0.13 µg/l was decreased, but over the next few minutes the concentration 

returned to its original value. The Bayoxide E33 sorption material was supersaturated  

and the pesticide was no longer removed. This is called desorption, which is the opposite  

of adsorption. Turbidity was reduced during filtration to value 3.52 ZF. The temperature of the 

water gradually increased to 22.70 °C. The pH value was highest in the model water, dropped after 

half a minute and then increased slightly, which is probably related to desorption. 

 

Table 2. Results of Metazachloru ESA removal from water (Gottwald, 2019) 

Time pH Temperature Turbidity 
Concentration of 

pesticide 

Removal 

efficiency 

(min) (-) (°C) (ZF) (µg/l) (%) 

0 7.32 20.70 7.38 0.13 0.00 

0.5 7.23 21.80 6.40 0.05 65.41 

1.0 7.28 22.10 4.66 0.09 35.34 

2.0 7.29 22.50 4.65 0.11 15.04 

4.0 7.29 22.70 3.52 0.13 0.00 

 
The removal of salicylic acid via Bayoxide E33 was similar to the removal of pesticide. After  

0.5 minute of removal, the pharmaceutical concentration was decreased, but from 1 minute, 

increased concentrations were again measured. That means, that after 0.5 minute of removal, the 

desorption occurred again. Turbidity was reduced to value 0.42 ZF. The model water temperature 

was 20.9 ° C and decreased to 17.40 ° C during the removal process. The pH in the model water 

was 7.59 and decreased during removal as the temperature decreased. 
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 Table 3. Results of salicylic acid removal from water (Šíblová, 2017) 

Time pH Temperature Turbidity 
Concentration of 

pharmaceutical 

Removal 

efficiency 

(min) (-) (°C) (ZF) (mg/l) (%) 

0 7.59 20.90 1.16 659.00 0.00 

0.5 7.45 20.60 0.93 117.00 82.25 

1.0 7.43 20.70 0.68 233.00 64.64 

2.0 7.41 18.70 0.48 450.00 31.71 

4.0 7.38 17.40 0.42 494.00 25.04 

  

Evaluation of experiment 

The aim of the experiment was to determine and compare the effectiveness of Bayoxide E33 in 

removing micropolutants from water. It has been shown that the material effectively removes 

arsenic from water 100 % efficiency has been proven. This sorption material was developed 

specifically for the removal of arsenic and other metals from water. According to the experiment, 

Bayoxide E33 was found to be a suitable sorbent for removing arsenic from water. This sorption 

material has proven to be unsuitable for removing pesticide and drug from water due to desorption 

that has occurred during filtration. 

 

The turbidity values in the individual samples were also measured during the experiment. The 

values were measured because turbidity is one of the basic organoleptic charakterictis of drinking 

water and its limit value is set by the Decree of the Ministry of Health No. 252/2004 Coll., which 

establishes hygienic requirements for drinking and hot water and the frequency and scope of 

drinking water control. The turbidity limit according to this decree is 5 ZF. From the results of the 

performed experiment it can be seen that the sorption material Bayoxide E33 reduced turbidity in 

all cases to values acceptable by this decree.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Efficiency of removing of selected micropollutants with Bayoxide E33 adsorbent 

 

The determined removal efficiency of selected micropolutants from water using Bayoxide E33 

sorption material is shown in the figure above. In terms of efficiency, Bayoxide E33 is best suited 

for removing metals from water, but also for reducing turbidity. Bayoxide E33 is not suitable for the 

removal of pesticides and pharmaceuticals based on the experiment. In the case of pharmaceutical 

removal, this material is unsuitable because it has a relatively low specific surface area and the 

initial drug concentration was too high. 
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Abstract 

The study investigates the kinetics of free chlorine depletion in tap water from the Sofia 

distribution network. The overall decay rates, the bulk reaction rate coefficient, the wall reaction 

rate coefficient and the influence of mass transfer have been determined in a laboratory pipe 

section reactor, testing an old decommissioned metallic pipe. In total 23 series of experiments 

were performed under different initial free chlorine concentrations and different hydraulic 

conditions. 

The applicability of different chlorine decay mathematical models has been investigated. A new 

model was proposed, combining zero order bulk reactions and first order wall reactions, describing 

the laboratory results with Nash-Sutcliffe efficiency coefficients over 0.99. The obtained values 

for the wall reaction coefficient vary in the range 0.008 - 0.030 m/h, decreasing exponentially with 

increasing initial chlorine concentration. 

 

Keywords 

Chlorine decay kinetics; bulk reaction coefficient; wall reaction coefficient; laboratory studies 

 

 

INTRODUCTION 

Free available chlorine decay in water supply networks has been associated with the occurrence of 

different chemical reactions. The mathematical model proposed by Rossman et al., 1994 is the most 

commonly used so far for description of this complex phenomenon, although other models have 

also been developed (Biswas et al., 1993; Huang and McBean, 2007). The Rossman model main 

assumption is that chlorine decay occurs in two places: in the bulk flow and on the contact surface 

(or very close to it) between the water and the inner wall of the pipes. The main equation is 

(Rossman et al., 1994): 

     ( ). . . ,
f

b w

h

kC
C t v k C C C

x r


  = − − − −


    (1) 

where C is the chlorine concentration, t is the elapsed time, v is the water velocity, х is the distance 

along the pipe, kb is the bulk reaction coefficent, kf is the mass transfer coefficient, rh is the 

hydraulic radius and Cw is the chlorine concentration at the pipe wall. The left side of Equation (1) 

describes the changes of chlorine concentration at a given section of the pipeline. The first term on 

the right-side accounts for the advective flux, while the second and third terms are associated with 

the occurring bulk and wall decay reactions. 
 

Bulk reactions 

Chlorine demand in water distribution systems is mainly affected by the temperature, the initial 

chlorine concentration, the presence of natural organic matter (NOM) often measured as total 

organic carbon (TOC), and the presence of some inorganic species, e.g. iron (Powell et al., 2000; 

Vieira et al., 2004). Bulk reaction kinetics are usually examined by bottle test (Powell et al., 2000). 

The main equation for the chemical reaction rate used in the mathematical models is: 

      . ,nC t k' C  = −      (2) 
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where C is the chlorine concentration, k’ is the apparent rate contstant, as k’=k.[Reac]m, as k is the 

real rate constant and [Reac] is the concentration of the species that react with chlorinе, n and m are 

reaction orders with respect to chlorine and [Reac]. The “n” parameter has either a positive value or 

may equal zero. Usually the models assume simple first order reactions (Haas and Karra, 1984; 

Biswas et all., 1993; Rossman et al., 1994; Vasconcelos et al. 1997). In some cases however, bulk 

reactions can also be described by zero order models (Devarakonda et al., 2010). Other works 

opined that bulk chlorine decay kinetics are better described by parallel first order model. It is based 

on prerequisite, that fast and slow reacting species are present in water. In this case, the general 

process is determined by two components, each modelled with first order reactions (Haas and 

Karra, 1984; Vieira et al., 2004). There are also other, more complicated models of higher order, 

which in some cases predict better chlorine decay over time (Clark, 1998; Kim and Kim, 2017).  
 

Table 1. Bulk reaction mathematical models used in the present work* 

Model Differential equation 

(dC/dt =) 

Integrated equation Adjustable 

parameters 

Zero order      

Simple first 

order 
   

Parallel first 

order 

, 

where  and 

 

   

* kb0 is the zero order bulk reaction coefficient, kb1 is the first order bulk reaction coefficient, kb1,I 

and kb1,II are the first order bulk reaction coefficients in parallel model, x is the fraction of the initial 

chlorine concentration, realted with  fast reacting species, Co is initial chlorine concentration. 
 

Wall reactions 

Chlorine wall decay is usually associated with the interaction of chlorine with existing biofilm, 

corrosion deposits and the pipeline material (Vasconcelos et al., 1997; Kiene et al., 1998). Field 

approaches (Vasconcelos et al., 1997) and laboratory studies (Rossman et al., 2001; Digiano and 

Zhang, 2005) have been used to investigate the kinetics of wall reactions. The lack of a standard 

method is due to the large variety of factors influencing the process. Some studies focus on the 

chemical and physico-chemical parameters of water (Kiene et al., 1998; Digiano and Zhang, 2005; 

Rossman, 2006); others focus on the age, material, diameter and roughness of the pipes 

(Vasconcelos et al., 1997; Al-Jasser, 2007) or on the hydraulic conditions inside the pipes (Clark et 

al., 2010; Digiano and Zhang, 2005). 
 

The theoretical background assumes that two parallel processes can limit the chlorine wall decay: 

the mass transfer of the disinfectant from the water to the wall and the rate of the wall decay 

reaction. If the wall decay reaction rate and the rate of chlorine transport to the wall are the same, 

and the process is a first order reaction with respect to the chlorine concentration at the pipe wall 

Cw, then it can be described by Equation (3), (Rossman et al., 1994): 

     
1

1

1

.
.

.( )

f w

b

h f w

k k
C t k C

r k k

 
  = − +  + 

    (3) 

where kw1 is the first order wall reaction coefficient and the other parameters are as in Equation (1). 
 

If the hydraulic conditions provide a continuous flow of chlorine to the pipe wall (e.g., at high water 

velocity), then the transport of chlorine is no longer a function of mass transfer and Equation (3) 

acquires the following form (Digiano and Zhang, 2005; Al-Jasser, 2007): 

     ( )1 1 .b w hC t k k r C  = − +      (4) 
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If the chlorine wall decay is zero order reaction, two cases can be considered: 1) the chlorine decay 

is limited by the rate of the pipe wall reactions (Equation 5.1) and 2) the chlorine decay is ‘mass 

transport’–limited when the chlorine concentration is reduced so rapidly that the rate of mass 

transfer is insufficient to restore it (Equation 5.2), (Vasconcelos et al., 1997): 

     1 0.b w hC t k C k r  = − −              (5.1) 

     ( )1 .  ,b f hC t k k r C  = − +              (5.2) 

Equations (3), (4) and (5.2) can be also expressed by the following general form: 

     .  ,C t K C  = −       (6) 

where K is the overall first order reaction coefficient; K=Kb1+Kw1, where Kb1 and Kw1 are the 

overall first order bulk and wall reaction coefficients. First order wall reactions are most commonly 

associated with the presence of organic growths on the pipe wall surface, whereas zero order 

reactions are associated with the interaction of chlorine with inorganic corrosion or iron products 

respectively (Vasconcelos et al., 1997; Kiene et al., 1998). 
 

The present study aims to investigate the free chlorine decay kinetics in old metallic pipes, in 

laboratory conditions, by determining experimentally the overall decay rate (K) and bulk reaction 

coefficient (kb). 
 

 

MATERIALS AND METHODS 

Pipe section reactor 

А laboratory pipe section reactor (PSR) was built, in accordance with the design of Digiano and 

Zhang, 2005. An old iron made pipe (internal diameter 150 mm, L = 300 mm), decommissioned 

from the water distribution network of Sofia city was used for the experiments.  The sealing plates 

and the inner cylinder (diameter 120 mm) are made of acrylic. Eight stainless steel baffles, BxL = 

20x125 mm, are attached to minimize the vortex in the annular space between the cylinder and test 

pipe. A propeller with diameter 100 mm and variable speed (up to 600 r.min-1) creates a circulating 

flow through the annular space. To prevent random errors due to the occasional introduction of air 

into the PSR during manual sampling, the system is equipped with a top-up reservoir.  
 

Tests and measurement procedures 

A series of experiments was made using tap water from the distribution system of Sofia city. Each 

series included two parallel tests:  

▪ Test 1: PSR test to determine the overall rection coefficient (K); 

▪ Test 2: Bottle test for evaluation of the bulk reaction coefficient (kb). 
 

The model water solution was prepared with tap water and sodium hypochlorite, mixed in a 10 l 

bottle. The temperature of the solution and the initial chlorine concentration were measured before 

each set of experiments. The PSR was filled in with model water and a sample is taken from the 

system to define starting condition. Then the propeller is started, which time is considered to be the 

beginning of the overall chlorine decay test. Samples were taken from the PSR at random time 

intervals. The experiment ends when the chlorine concentration in the PSR drops below 0.05 mg/l. 

In parallel to the PSR tests bottle tests were also executed, as samples were taken from the rest of 

the model solution. Additional bottle tests were performed to investigate the bulk reactions in detail. 
 

For chlorine concentration, a standard DPD colorimetric method is used with sensitivity of ± 0.02 

mg/l (HACH, 2009). А thermometer with 0.1 oC reading intervals was used for temperature 

measurement. For other water parameters of concern (e.g. Iron, Manganese, Nitrites, Ammonia and 

TOC) standard laboratory methods (HACH, 2007) were used. The flow velocity in the PSR was 

measured by detecting the flow travel for a certain time. For the purpose, a small piece of material 

with density, close to water is placed in the PSR and the time for 10 full circuits was measured. 
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RESULTS AND DISCUSSION 

A linear relationship between the motor rotation speed (N r.min-1) and the average water flow 

velocity in the PSR (uav m/s) was established. The velocity in the annular space, u m/s, is calculated 

based on the uav and the cross-section area of the annular space for N = 200 ÷ 400 r.min-1.  
 

Determination of overall chlorine decay rates (K, Kb and Kw) 

In total 14 series of experiments were performed with constant propeller rotation speed in 

accordance to annular flow velocity of u = 0.39 m/s, and different initial chlorine concentrations 

ranging from 0.30 to 1.80 mg/l. The average temperature of the tap water for all the tests varied 

within the range T = 11.3÷13.9 oC. For every single series of experiments, the temperature 

amplitude was below 2.0 oC. 
 

It should be noted that the tap water comes from the “Losenetz reservoir” of the Sofia city water 

distribution system, fed by two different water sources, which are chlorinated several times before 

mixing in the tank. This explains the different values for kb during the experiment (Table 2, column 

3). For an initial chlorine concentration C0 ≤ 0.85 mg/l (series 6 to 14) a general first order model 

(e.g. Equation (6)) describes very well the observed results. Since during the experiment the 

hydraulic conditions are constant and the temperature change is minor, the values of kf can be 

assumed as constant. In consequence, applying Equation (5.2), Kw1 should also be constant. The 

results show however that Kw1 varies in a relatively wide range - from 1.402 to 2.492 h-1. This leads 

to the conclusion that mass transfer limited model (e.g. Equation (5.2)) does not describe 

appropriately the experimental results. At higher initial concentrations (series No 1 to 5), by 

applying the general first order model (e.g. Equation 6), the difference between calculated and 

observed value reaches -0.24 mg/l (Figure 1a) and the average absolute error is above 0.02 mg/l, 

which is the sensitivity level of the laboratory method for chlorine measurement.  
 

Table 2. Parameters of assumed mathematical models for pipe section reactor series 

Series C0 kb1 K Kw1 
MAE NSE 

kb0 Kw1 
MAE NSE 

No mg/l 1/h 1/h 1/h (mg/l)/h 1/h 

1 2 3 4 5 6 7 8 9 10 11 

1 1.80 0.047 0.916 0.869 0.12 0.936 0.081 0.607 0.03 0.996 

2 1.35 0.055 1.108 1.053 0.07 0.959 0.073 0.794 0.02 0.997 

3 1.18 0.066 1.196 1.129 0.05 0.968 0.078 0.878 0.01 0.998 

4 1.07 0.045 1.295 1.250 0.04 0.979 0.047 1.037 0.01 0.997 

5 0.88 0.072 1.445 1.373 0.03 0.982 0.063 1.138 0.01 0.998 

6 0.85 0.132 1.534 1.402 0.02 0.993 0.109 1.154 0.01 0.999 

7 0.71 0.094 1.669 1.575 0.02 0.988 0.067 1.323 0.01 0.999 

8 0.57 0.144 2.111 1.966 0.00 0.999 0.081 1.761 0.00 0.999 

9 0.54 0.110 1.793 1.683 0.01 0.995 0.061 1.502 0.00 0.998 

10 0.46 0.153 2.645 2.492 0.02 0.979 0.074 2.030 0.01 0.997 

11 0.44 0.125 2.204 2.078 0.01 0.993 0.056 1.830 0.00 0.999 

12 0.39 0.110 2.263 2.153 0.01 0.994 0.044 1.956 0.00 0.997 

13 0.31 0.168 2.537 2.369 0.00 0.994 0.053 2.228 0.00 0.994 

14 0.30 0.168 2.194 2.026 0.00 0.995 0.053 1.998 0.00 0.995 

* MAE – mean absolute error, NSE - Nash-Sutcliffe efficiency coefficient 
 

These analyses prompt that the general first order reactions models, except for the mass transfer 

limited model, can predict precisely enough the chlorine decay reaction only in case of low initial 

chlorine concentration, below 0.85 mg/l. 
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A new mathematical model is proposed, assuming that bulk chlorine decay rate is a zero order 

reaction and the wall chlorine decay rate is a first order reaction. The general equation describing 

the process has the following differential and integral form: 

     0 1.b wC t k K C  = − −               (7.1) 

Considering that under initial conditions t=0 the chlorine concentration is C(t=0)=C0: 

     ( )1 1. .

0 0 1. . 1w wK t K t

t b wC C e k K e
− −

= − −             (7.2) 

Values of Kw1 are calculated using least-squares regression analysis (Table 2, column 9). For all the 

series, except one, the mean absolute error is at maximum 0.02 mg/l, which is comparable to the 

measurement error (Table 2, column 10). The average Nash-Sutcliffe efficiency coefficient is 0.997, 

which implies better convergence than the first order general model, where the average NSE is 

0.982 (Figure 1a). It is important to mention that both zero and first order models describe very well 

the bulk reactions, as also noted by other researchers (Devarakonda et al., 2010). 
 

An exponential decrease in the value of Kw1 was found as C0 increases (Figure 1b), after applying 

Equation (7.2). Since the mass transfer coefficient kf is constant, such dependence can only be 

explained by a change in the rate coefficient of wall reactions kw1. A similar trend has been 

observed by other authors (Hallam et al. 2002; Rossman 2006). Depending on the hydraulic 

conditions, shear stress occurs at the inner wall of the pipe. The corroded material is sheared off, 

resulting in the exposure of additional sections of the metal pipe to chemical interaction (Furnass et 

al. 2013). This process leads to change in the ratio between the fast and slow reacting with chlorine 

species. At low initial chlorine concentration, the reaction rate would be determined only by the 

concentration of the fast-acting agents, while at higher C0, the slow-acting ones will also affect the 

process. 
 

   
Figure 1. a) measured and predicted concentrations and b) observed relationship between initial 

chlorine concentration and first order overall wall coefficient 
 

Bulk reaction coefficient (kb) 

Four additional bottle tests were performed at temperature 13÷14 оC to investigate the bulk reaction 

kinetics. The tap water quality analyses showed presense of total manganese Mn=0.008 mg/l, 

ammonium, NH4
+= 0.021 mg/l and total organic carbon TOC=2 mg/l. The concentration of total 

iron and nitrite were under the relevant limit of detection, respectively <0.02 and <0.05 mg/l.  
 

In all the tests, similar kinetics of chlorine decay was observed, which could be divided into two 

phases (Figure 2). The first phase, with a duration of about 5 hours, shows a significantly faster 

chlorine decay than the second phase. Simple and parallel first order models were applyed to 
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determine the bulk chlorine decay coefficients (Table 1). A regression and least squares regression 

analyses were performed accordingly. It can be concluded that the parallel first order model 

describes much better the experimental results (Figure 2 and Table 3, column 1-6). 
 

 
Figure 2. Chlorine concentration decay in additional, 24 h bottle tests 
 

In addition, a parallel zero order model is proposed, expressed by the following integrated 

equations: 

     0 0, 0, 1( ).  ;  i b I b II i iC C k k t t t= − +            (8.1) 

     0 0, 1 0, 1. .  ;   ,i b I b II i iC C k t k t t t= − −            (8.2) 

where Ci is the concentration of chlorine at the moment i, kb0,I and kb0,II are reaction rate 

coefficients, respectively for the first and second phase, ti is elapsed time from the beginning of the 

test and t1 is elapsed time up to the end of the first phase. The adjustable parameters - kb0,I, kb0,II and 

t1 are calculated by least squares regression analyses (Table 3, columns 7-9).  
 

Table 3. Parameters of assumed mathematical models for bottle tests 

C0 
Parallel first order Parallel zero order 

kb1,I kb1,II x 
MAE NSE 

kb0,I kb0,II t1 
MAE NSE 

mg/l 1/h 1/h  (mg/l)/h (mg/l)/h H 

1 2 3 4 5 6 7 8 9 10 11 

0.42 0.237 0.069 0.43 0.00 0.997 0.035 0.011 4.28 0.01 0.993 

0.69 0.249 0.041 0.20 0.01 0.990 0.031 0.015 4.75 0.01 0.995 

0.95 0.578 0.035 0.14 0.01 0.993 0.050 0.018 3.53 0.01 0.992 

1.21 0.248 0.020 0.22 0.01 0.994 0.048 0.018 4.49 0.01 0.995 

 

The values for the overall zero order bulk decay coefficient (Kb0 = kb0,I + kb0,II) obtained during the 

first 3.5 to 4.8 hours of the bottle tests are in the range 0.046 ÷ 0.068 mg/l.h-1 (Table 3, columns 7-

8). They correspond well to the obtained values for the bulk decay coefficient during the PSR 

series, which are in the range of 0.044 ÷ 0.109 mg/l.h-1 (Table 2, column 8). 
 

Wall reaction coefficient (kw1) 

In order to evaluate the first order wall reaction coefficient, kw1, nine additional series of 

experiments were performed in the PSR with initial chlorine concentrations C0 = 1.18; 0.87 and 

0.46 mg/l (± 0.02) and annular space velocity u = 0.27; 0.50 and 0.62 m/s. The results were 

compared with the previous series of experiments with u = 0.39 m/s (Table 2). The overall wall 

reaction rate, Kw1, is calculated using Equation (7.2). 
 

The obtained results indicate, that Kw1 does not change significantly at u ≥ 0.39 m/s. The difference 
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between the maximum and the minimum calculated value, relative to the minimum at C0 = 1.18; 

0.87 and 0.46 is respectively 13.6%; 9.9% and 23.2%. Тhe results obtained do not indicate a clear 

relationship between velocity and wall raction coefficient. In some cases, a higher velocity leads to 

a lower value of the overall wall reaction rate and obversely. Therefore, the lack of clear trend can 

be explained with the assumption that the observed differences are due measurement errors, rather 

then mass transfer process. At lower water velocity, i.e u = 0.27 m/s, there is a clear tendency for 

lower values of Kw1 compared to other results. This might be the consequence of a lower shear 

stress at the water-pipe contact surface. Therefore, an assumption can be made that mass transfer 

does not play a significant role in the chlorine decay process in the laboratory PSR. In consequence, 

the wall reaction coefficient can be calculated using Equation (4). Given the design of the PSR and 

the way the water flows inside, the hydraulic radius would be the ratio between the cross-sectional 

area of the annular space and the inner perimeter of the test pipe, i.e. rh=0.0135 m. The values of kw1 

for all 23 series vary in the range of 0.008 ÷ 0.030 m/h (Figure 3b). This range corresponds well 

with the values, obtained by other autors, i.e. 0.001 - 0.065 m/h (Rossman, 2006). 
 

  
Figure 3. a) overall first order wall reaction rate at varying water velocity and b) wall reaction rate 

coefficient by different initial chlorine concentration and different anular space velocities 
 

 

CONCLUSIONS 

The free chlorine decay, in an old metallic pipe, was investigated under laboratory conditions with 

tap water from the Sofia distribution system. The overall decay rates (K, Kw and Kb), the bulk 

reaction rate coefficient (kb), the wall reaction rate coefficient (kw) and the influence of the mass 

transfer process have been determined based on series of experiments. The laboratory pipe section 

reactor, being a closed homogenous system, is suitable for the study of the kinetics of chlorine 

decay in water. 
 

It can be concluded that a first order general model was applicable for predicting overall chlorine 

decay rates (K, Kw and Kb) at lower initial concentrations (0.3 to 0.85 mg/l); however, the model 

was not appropriate for describing the laboratory results at higher initial chlorine concentrations 

(0.88 to 1.8 mg/l).  
 

Considering the chlorine decay bulk reactions, the first order parallel model characterizes well the 

tested tap water. The proposed zero order parallel model, however, describes even better the 

laboratory results having Nash-Sutcliffe efficiency coefficients over 0.99. 
 

The first order wall reaction model is appropriate for predicting the wall reaction decay in the 

studied metallic pipe. The respective wall reaction coefficient (kw1) has been determined for 

different initial chlorine concentrations (0.3 to 1.8 mg/l) and different hydraulic conditions 

(velocities of 0.27 m/s 0.39 m/s, 0.50 m/s and 0.62 m/s). There is a clear trend of decreasing of kw1 

(from 0.03 to 0.008 m/h) with the increase of initial chlorine concentration. 
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Abstract 

Biofilm developing on the internal surfaces of materials applied in the construction of the water 

supply system can be the cause of many serious problems, including technical and economic ones 

(Wolf, 2018). It contributes to a decrease in the sanitary quality of water, and as a reservoir of 

pathogenic microorganisms and viruses it can be a serious threat to the health and even life of 

consumers. The development of biofilm is possible on any material, but the type of material can 

determine among others its rate of development or structure. 

Synthetic materials proposed on the market are also subject to the phenomenon of microbiological 

corrosion. Both during production and particularly after their exploitation, as weakly 

biodegradable materials, they can pose a serious ecological threat to the environment.  

High amounts of generated synthetic materials in the form of waste encourage search for methods 

of their reuse. Due to this, an attempt was undertaken to produce biologically non-corroding 

materials applicable both in water distribution systems and in other branches of the industry, e.g. 

cooling industry. 

The materials proposed in the study were produced at the Department of Sanitary Biology and 

Ecotechnics with the application of secondary raw materials. They are 3 materials based on 

polyethylene (PE), polypropylene (PP), and polyvinyl chloride (PVC). 

The research on the materials was conducted in two aspects. The surface was analysed in terms of 

development of biofilm and its effect on the occupied surface. Potential toxicity of the new 

materials was also determined. The paper presents only results of selected analyses in the scope of 

the research. 

 

Keywords 

Biofilm; polyethylene (PE); polypropylene (PP); polyvinyl chloride (PVC); water quality 

 

 

INTRODUCTION 

Global consumption of polymer plastics reveals growing tendency. According to data published 

annually (PlasticsEurope, 2018) by Association of Polymer Plastic Manufacturers, overall global 

plastic production reached about 350 mln tonnes in 2017 while in European Union it was 64 mln 

tonnes. Most of them are thermoplastic materials with PE, PP and PVC being leading three. 

Industrial segments in which a huge mass of those polymers are utilized are: packaging (PE, PP, 

PVC), construction (mainly PVC) and automotive (mainly PP). Those data were calculated without 

respect to re-used materials which also have an input into the mentioned above sectors and 

additionally increase plastic consumption therein. 
 

According to recent policies of environmental protection, specially implemented by EU legal 

entities, a huge impact is put to re-use of polymer waste material (fulfilling circular economy 

issues) (Directive, 1994; Proposal for a Directive, 2016) on the reduction of the impact of certain 

plastic products on the environment] and simultaneous restriction on landfilling (Directive (EU), 

2018). This fact was an inspiration to examine usefulness of used PE PP and PVC as materials for 

water or sewer pipes. One of the issues that has to be taken into consideration while choosing a 

mailto:agnieszka.trusz@pwr.edu.pl
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proper material for pipe is its ability to restrain bacterial film growth on its surface. 
 

Biological membrane is defined as a mixture of microorganisms, their metabolites, and gelatinous 

matrix composed of extracellular EPS substances (Extracellular Polymeric Substances). Due to its 

nutritional and protective properties, biofilm is described as a reservoir of pathogenic and 

potentially pathogenic bacteria, parasitic protozoans, among others intestinal viruses, and fungi the 

mycotoxins of which cause many human illnesses such as mycoses, allergies, inflammatory states 

of mucous membranes, etc. (Prest, 2016). The complexity of the structure of biofilm affects its 

integrity, as well as physical-chemical and biological properties. It also contributed to the horizontal 

transfer of genes (among others genes conferring resistance to medicines) and factors stabilising 

biofilm structures and provides protection of cells against unfavourable external factors such as: 

hydraulic changes in the network (particularly rapid ones), effect of antibiotics, disinfectants, and 

UV radiation. Therefore, microorganisms or viruses comprised in biofilm have considerably greater 

chances for surviving unfavourable conditions than those occurring in planktonic form (Manuel, 

2010; Simoes, 2010; Ramirez-Castillo, 2014; Browarczyk, 2015). 
 

The development of biological membrane in the water distribution network may contribute to the 

degeneration of its building materials, cause organoleptic changes in water, but most importantly 

negatively affect health, or even life of consumers, particularly at moments of detachment of 

fragments of biological membrane. Biofilm formation is determined by many factors such as: 

physical conditions (flow rate, shear stress, water temperature, type and material of pipelines, etc.), 

chemical parameters (type and content of nutrients and their bioavailability, presence of corrosive 

sediments, type and concentration of disinfectant and its residues, presence and concentration of 

organic and inorganic particles, ions, etc.), and biological factors (e.g. microbiological composition) 

(Wingender, 2011; Browarczyk, 2015). 
 

In this paper a series of three samples (PE, PP and PVC) were produced basing on reused plastics 

and examined in terms of bacterial film growth attraction. PE is a representative of most abundantly 

used thermoplastic polymers. Due to its chemical and physical resistance it has been utilized in 

many industrial branches. For instance, in packaging it has been used as a substrate for food 

packaging and corrosive chemicals as well. According to its flexibility and tensile strength it is 

convenient material in production of foils (agricultural, construction), ventilations ducts 

(construction, automotive) or liquid pipes (Peacock, 2000). Relatively cheap process of 

polyethylene manufacturing is reflected in its low price, ca 1.5 EUR/kg (PlasticsEurope, 2018). 

According to data published by APPM its consumption in EU countries reached almost 6.5 mln 

tonnes in 2018. 
 

Some similarities to PE in physicochemical behaviour may be also found in PP. Generally it has 

one additional methyl group in each monomer unit. But, this “slight” difference allowed PP to 

create ordered structures (isotactic, atactic, block copolymer) what influence its macroscopic 

properties. Some similarities may be found between PE and PP, however generally PP is rather 

more rigid, temperature resistant material but on the other hand with poor performance in lower 

temperatures (Wypych, 2016). Polyvinyl chloride is representative of plastics with strongest polar 

interactions. Due to polarisation by chlorine atom of each monomer unit, electron density 

distribution on the polymer chain is definitely not uniform. This in turn makes PVC prone to attack 

by polar molecules more likely than PP or PE. Uneven electron density distribution, presence of 

chlorine atom (strong electronegative) makes this polymer unstable in comparison with two 

previously briefly presented (Wypych, 2016). It is a common knowledge, that during thermal 

treatment PVC decomposes releasing hydrochloride gases. That feature makes material difficult to 

recycle by means of thermal methods narrowing down recycling of PVC to mechanical processing 

(re-use of PVC in a new form). 
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MATERIALS AND METHODS 

Materials 

Plastics used for investigation were collected from individual users and industrial companies as 

waste materials. In particular, PE was kindly delivered from recycling plant as a end-use plastic 

containers for automotive liquids: distilled water, brake fluid, power steering, etc. PVC was 

collected in a regranulate form obtained from old window frames, whereas PP was supported by 

individual users mainly as household materials (plastic cups, containers for food and beverages, 

etc). PE and PP based materials were then milled (laboratory blade mill “Wanner”) prior to press 

mouldning process. 
 

Sample preparation 

Samples were fabricated using press moulding process into 3 mm thick plates using LabTech 

laboratory press. Materials were not homogenised before processing mainly to avoid additional 

effects related to thermomechanical degradation, which in waste mater may have a huge impact on 

materials properties. Processing conditions respective to material type, are listed in Table 1. 

Samples designed for microbiological testing were ten subtracted from plates using small circular 

saw. 
 

Table 1. Press moulding conditions 

 Temperature Time (plastification/press)  Pressure  

 (°C) (min) (bar) 

PE 200 2/3 50 

PP 200 2/3 50 

PVC 170 2/3 50 
 

Multi-species biofilm culture – based on microorganisms from the water supply network 100 µl of 

inoculum was introduced to flasks with liquid substrate R2A enriched with sodium citrate (own 

modification). Five developed materials from each type were separately introduced, namely PE, PP, 

PVC (with a surface area of 1cm2 each). The culture was left for 30 days on a laboratory shaker at 

room temperature (22 °C). The inoculum was suspension of microorganisms isolated from tap water 

from Wroclaw. For this purpose, 3 litres of cold water were filtered through a Whatman filter with 

pore diameter of 0.2 µm. The filter was then transferred to 25 ml of sterile physiological solution 

(0.85 % NaCl) and shaken (160 rpm, Nocturne,) for 2 h. It was subject to the effect of ultrasounds 

for 30 seconds (35 kHz) for the purpose of detaching microorganisms from the filter cake. 
 

ATP (Adenosine-5'-triphosphate) 

A method of assessment of the metabolic activity and viability of cells subject to adhesion to the 

surface is adenosine triphosphate (ATP) determination (El-Chakhtoura, 2015). The analyses were 

conducted with the application of device luminometer EnSure, and the results were provided in 

Relative Light Units (RLU). The value of the units is directly proportionate to the content of ATP in 

a sample. 
 

Pathogen adhesion 

Pathogen adhesion to the surface of the materials was also analysed in the multi-species culture with 

an addition of 100 µl of pure strain of Escherichia coli (NCTC 12241 / ATCC® 2592 - 

BioMaxima). Two materials of each type were placed in the flasks - PE, PP, PVC (area 1 cm2), the 

whole was shaken for 30 days at a constant temperature (22 °C). After 30 days, the materials were 

rinsed from excess agar with sterile distilled water (2 cm3), placed in sterile test tubes with Tris 

buffer, and subject to the effect of ultrasounds for the purpose of isolation of genetic material of 

bacteria. DNA extraction from the biomass of microorganisms present on the surface was 
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performed by means of an Isolate II Genomic Kit (Bioline). Measurement of the concentration and 

purity of genetic material was performed by means of a nano spectrophotometer (NanoPhotometer 

N60 Implen). 
 

Detection of bacteria E.coli was performed with the application of the qPCR reaction (Mic, Bio 

Molecular Systems). For this purpose, an AmpliTest kit was used (Amplicon). It included reaction 

starters, specific TaqMan probe, and internal reaction control. The conditions of the reaction were 

in accordance with the producer guidelines (Table 2). Samples were analyzed in three replications. 

The standard curve was approached in accordance with the description contained in (Wolf-Baca, 

2019). The total amount of microorganisms (no distinction between dead / live) was determined and 

counted using the QUANTUM EvaGreen HRM Kit (SYNGEN), with non-specific dye. Each 

sample was analyzed twice. For preparing the standard curve, tenfold dilutions of pure Escherichia 

coli strain ATCC 25922 (BioMaxima) were used. 
 

Table 2. Parameters of qPCR reactions 

  16S rRNA E.coli 

Step T Number of cycles Time T  Number of cycles Time  

 (°C)  (s) (°C)  (s) 

Initial denatuiration 95 1 900 95 1 300 

Denaturation 95 

40 

15 95 

40 

30 

Amplification 60 20 58 25 

Cooling 72 20 40 30 

Melting 72 to 95 -   - -   -  - 
 

SEM (scanning electron microscope) 

Materials for microscope observations were preserved with 3 % glutaric aldehyde (SIGMA) for 24 

h at room temperature. Then, each material was rinsed separately in 0.1 M phosphate buffer. The 

procedure was repeated three times. The samples were dehydrated in an increasing water/alcohol 

sequence of 50 %, 60 %, 70 % for 15 min, and then 80 %, 90 %, and 96 % for 5 min. SEM 

investigation was performed using VEGA TESCAN 3 microscope in the following conditions: gun 

voltage 5.0 kV, magnification rate 1.0 kx, 2.0 kx and 5.0kx. All materials were gold sputtered 

before SEM examination. Sputtering conditions were experimentally determined to ensure 

sufficient quality of collected scans and for all samples remained unchanged (current: 40mA, 

sputtering time: 60s). Sputtering was conducted using Kressington Sputter Coater 108. 
 

Water Contact Angle Measurements 

Determination of water contact angle was performed by means of sessile drop method, utilizing 

SEE System equipment (Advex Instruments s.r.o.). Water drops were collected on flat surface of 

each material placed horizontally on equipment’s table. After a certain time period (usually 5 

seconds) digital pictures of drop shape were collected using a USB camera. Manufacturer’s 

software allowed to automatically calculate contact angle basing on collected pictures. Distilled 

water was supported by Sigma Aldrich. None of the samples were treated chemically nor physically 

prior to wetting experiment. Water contact angle was recorded on the following materials: untreated 

(just after fabrication), covered with a layer of settled microorganisms (biofilm) and after biofilm 

removal. 
 

 

RESULTS  

ATP 

The analysis of ATP (Table 3) content shows that the highest abundance of living microorganisms 

developed biofilm on the surface of Polypropylene (2260 RLU surface of material with biofilm, 342 
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RLU suspension). Their highest amount was also left after removal of biofilm by means of 

ultrasounds (165 RLU). Material the least prone to the development of biofilm proved to be 

polyvinyl chloride (37 RLU in suspension, 356 RLU in direct analysis of the surface with biofilm 

and 50 after removal of biofilm). 
 

Table 3. Measurement of the metabolic activity in the solution and on the surface of materials 

 ATP, RLU 

 Surface of the material 

Material 
Suspension (microorganisms 

developing biofilm) 
With biofilm After removal of biofilm 

PE 74 1117 22 

PP 342 2260 165 

PVC 37 356 50 
 

Pathogen detection 

The amount of isolated DNA, indirectly pointing to the degree of adhesion, was different for each 

material. For PE, the value was 10.08 ng/µl, PP – 10.85 ng/µl, and for PVC – 64.71 ng/µl. The 

conducted qPCR reaction showed presence of bacteria E.coli on PE and PP. No presence of the 

pathogen was detected on material made of PVC (Figure 1).  

 
Figure 3. Abundances of 16S rRNA and E.coli presented as number of copies in tested materials (in 

logarithmic scale) 
 

The efficiency of the reactions was within the acceptable range from 90-100 %. Moreover the 

abundance and prevalence of E.coli were determined and presented in Figure 1 and 2.  
 

 

Figure 4. E.coli prevalence from tested materials presented as genomes of copy number E.coli to 

total amount of copy number (rRNA) 
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SEM observations 

Results with the application of a scanning electron microscope were presented in the form of 

photographs at magnifications: 2000x, and 5000x (Figure 3).  
native PE PE without biofilm 

  
native PP PP without biofilm 

  
native PVC PVC without biofilm 

  
Figure 5. Pictures of surfaces of native and after removal of biofilm on materials: PE, PP, PVC 

 

Based on SEM microscope analysis, the most diverse structure (native material) was observed for 

polypropylene. After removal of biofilm from the surface, changes in the structure were observed 

on each material. The most considerable degradation of the surface occurred for polypropylene and 

polyethylene. On the surface of material made of PVC, insubstantial loss of structure was observed. 

Each change in the structure of the surface of the materials can provide conditions favourable for 

further colonisation by microorganisms. Therefore, next to biological research, analyses of the 

surface are vitally important. 

 

Water Contact Angle 

Results of water contact angle measurements are concisely presented in Table 4 The highest 

hydrophobicity was determined for PP material, and the lowest angle value was obtained by PVC 

(hydrophilic character). This suggests the smallest possibility of colonisation of the material by 

microorganisms. Biofilm developing on the surface of polyvinyl chloride affected the water contact 

angle to the greatest degree, reducing it to a value of 28.1. Removal of biofilm had no considerable 

effect on the value of water contact angle in the case of PP and PE (the hydrophilic character was 

maintained at the same level of approximately 48, like on material with biofilm). Neither native 
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polyvinyl chloride nor that after removal of biofilm changed the value of water contact angle (78.7 

and 78.5 after removal of biofilm). 

 

Biofilm propagation on the material is reflected by substantial decrease of water contact angle 

indicating increasing hydrophilicity. What is interesting biofilm removal lead to restoration of 

initial contact angle only for PVC sample. Bacterial colonisation lead to unreversible changes of 

physical character of the surface for PE and PP samples.  

 

Table 4. Water contact angle values (in degrees) for all investigated samples 

 Untreated With biofilm After biofilm removal 

PE 80.0 48.1 48.5 

PP 95.1 41.2 48.5 

PVC 78.7 28.1 78.5 
 

 

SUMMARY AND DISCUSSION OF RESULTS 

Results of water contact angle measurements are concisely are good reflection of physicochemical 

changes occurring on the samples surface. Water contact angle measured for untreated polymer 

plastics are typical for those kind of materials and can be widely find in the literature (Handbook, 

2000; Cabezudo, 2019; Ebnesajjad, 2006). 

 

Based on the ATP analyses, the highest metabolic activity was determined on the surface of 

polypropylene, and the smallest on polyvinyl chloride. The real-time PCR analysis presenting the 

total quantity of microorganisms and adhesion of the E. coli pathogen showed the highest 

susceptibility to colonisation by microorganisms in the case of polyethylene, and the lowest for 

polypropylene. No presence of Escherichia coli was detected on the surface of PVC material. 

Research by Cowle et.al. (Cowle, 2019) confirms the results obtained by means of molecular 

methods. It explains the highest degree of colonisation of polyethylene materials with release of 

biodegradable compounds and phosphorus, constituting a potential source of food for 

microorganisms in unfavourable conditions, and contributing to their colonisation. SEM microscope 

observations of microorganisms present on the studied surfaces (photographs not included) as well 

as surfaces after removal of biofilm confirmed ATP and qPCR results, showing the smallest 

colonisation on the surface of PVC. Similar relations were obtained in the article by Rożej et. 

(Rożej et al., 2015). After the application of ultrasounds on the surface of polyethylene and 

polypropylene, the presence of organisms was observed, suggesting their strong adhesion to the 

surface. 

 

The analyses by means of both methods of molecular biology (qPCR) and biochemical methods 

(ATP), as well as observation of the structure and character of the surface (SEM and water contact 

angle) revealed that PVC is material least susceptible to biocorrosion. 

 

 

CONCLUSIONS 

The preliminary analysis of results shows that PVC is a material least prone to the development of 

biofilm. 
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Abstract 

Membrane filtration is commonly applied to reduce Dissolved Organic Carbon (DOC) concentration 

to control trihalomethanes (THMs) formation; however, the high levels of DOC in the Canadian 

Prairies water sources can cause serious membranes fouling. Integrated biological and reverse 

osmosis membrane (IBROM) process is a RO membrane treatment unit utilizing primarily 

biological filtration pre-treatment. IBROM process claims to remove Biodegradable DOC (BDOC), 

which allegedly should result in reduced fouling of the RO membranes. In this study, commonly 

used pre-treatment methods, such as coagulation (with alum, polyaluminum chloride (PACl), 

aluminum chlorohydrate (ACH) and ferric chloride) and oxidation (with KMnO4 and H2O2/UV) as 

well as IBROM were evaluated for removal of DOC, BDOC and THMFP.  High organics raw water 

source supplying the community of Herbert (Province of Saskatchewan, Canada) was used in the 

experiments (DOC =17.5-22.7 mg/L and BDOC= 5.7-7.5 mg/L). IBROM reduced DOC by 11 % 

and increased the BDOC by 7 %. Although the coagulation with PACl achieved the highest DOC 

and BDOC reduction (up to 57 % and 58 %), the coagulated water had the highest THMFP. 

H2O2/UV oxidation reduced the DOC only slightly by 10 %, but the corresponding increase of 

BDOC and reduction of THMFP was very high (43 % and 72 %). Similar observations were made 

in regard to oxidation with KMnO4.  Overall, the waters with a higher concentration of BDOC had 

lower THMFP. 

 

Keywords 

Biodegradable Dissolved Organic Carbon (BDOC); membrane pre-treatment; Integrated Biological 

and Reverse Osmosis Membrane (IBROM); Trihalomethanes (THMs) 

 

 

INTRODUCTION 

Many potable water sources in Canada have tremendously poor quality due to high concentrations 

of dissolved organic carbon (DOC) of up to 25 mg/L (Goss et al., 2017). High DOC can have 

adverse effects on drinking water quality which encompasses the formation of potentially 

carcinogenic Trihalomethanes (THMs) (Sillanpää et al., 2010). Reverse osmosis (RO) membranes 

are commonly applied to control THMs formation, however, membranes experience serious fouling 

when used to treat such high DOC waters (Jha et al., 2018). One strategy to cope with membrane 

fouling includes reducing DOC concentrations in the pre-treatment processes prior to membrane 

filtration (Goss et al., 2017). 

 

Biodegradable DOC and membrane fouling 

The easily biodegradable fraction of natural organic matter (NOM) can cause biofouling by 

encouraging biofilm growth on the membrane surface and/or inside the membrane (Al-Juboori and 

Yusaf, 2012; Chen et al., 2018; Simon et al., 2013). Baker & Dudley (1998) reported biodegradable 

organic content making up 56-66 % of the composition of the fouling layer in a RO membrane. 

Biofouling is the contributing factor to more than 45 % of all membrane fouling and it can be 

reduced by depleting biodegradable NOM in the water (Bucs et al., 2018; Simon et al., 2013). 

Biodegradable NOM is considered to be the dominant growth-limiting factor for bacteria and is 

often evaluated by biodegradable DOC (BDOC) concentrations (Chen et al., 2018; Siddiqui et al., 
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2017). BDOC is the fraction of DOC that can be mineralized by indigenous heterotrophic 

microorganisms (Author and Huck, 1990).  
 

Chemical coagulation and oxidation 

Coagulation. Coagulation is a popular and widely used pre-treatment process in the Canadian 

WTPs used to reduce water DOC. An effective DOC reduction via coagulation pre-treatment can 

reduce membrane fouling significantly (Sadrnourmohamadi et al., 2013). 
 

Potassium permanganate (KMnO4). Hidayah & Yeh (2018) reported that permanganate oxidation 

caused the breakdown of high molecular weight (MW) organics into low MW with a 10 % increase 

in the DOC (initial DOC = 4.2 mg/L), however, THMs formation potential (THMFP) of the 

oxidized water was reported to decrease from 911.6 µg/L by 15 %. Currently, there is no literature 

about the use and effect of KMnO4 on the drinking water sources with DOC higher than 7.9 mg/L 

(Godo et al., 2019; Ma et al., 2018; Zhao et al., 2018; Lin et al., 2015b). 
 

Hydrogen peroxide (H2O2) coupled with UV (H2O2/UV). Sarathy & Mohseni (2009) have reported 

15 % mineralization of NOM for water with the total organic carbon (TOC) of 2.18 mg/L during 

oxidation with 20 mg/L of H2O2 with UV fluence of 1500 mJ/cm2 under these conditions. Toor and 

Mohseni (2007) reported 93 % THMFP reduction (from 150 µg/L to 10 µg/L) at 23 mg/L H2O2 and 

UV fluence of 2500 mJ/cm2. However, the DOC concentration in the above studies was very low 

compared to the DOC of raw drinking waters in the Canadian Prairies. The authors are not aware of 

any research reporting on the effectiveness of H2O2/UV to THMs control in DOC water higher than 

10.6 mg/L  (Chu et al., 2014; Dotson et al., 2010; Seo et al., 2019; Tubić et al., 2013). 
 

Biological filtration (IBROM) 

The biological pre-treatment studied in this paper is a relatively novel IBROM (Integrated 

Biological and Reverse Osmosis Membrane) process. The process involves using two filters 

connected in series, using Filtralite media (Peterson et al., 2007). IBROM system has been installed 

in 23 First Nation communities in the provinces of Saskatchewan and Alberta (Canada). IBROM 

process claims that the removal of BDOC alone (note: not the total DOC), would result in less 

fouling on RO membranes. The IBROM installed in Yellow Quill WTP (Saskatchewan) reduced 

DOC by 1 mg/L only, resulting in RO membrane influent with high DOC concentrations of          

8.9 mg/L. This is more than four times higher than the 2 mg/L concentration recommended by 

AMTA (2007). The same paper reports that RO membrane did not require chemical cleaning for up 

to 18 months (Peterson et al., 2006) while chemical cleaning every 6 months or less is typically 

required to restore membrane performance (Ambrosi and Tessaro, 2013). The claims of IBROM 

systems removing BDOC and experiencing low membrane fouling have never been scientifically 

substantiated. 
 

Objectives 

Removal of BDOC has been claimed to result in reduced fouling of the RO membranes (Bucs et al., 

2018; Peterson et al., 2006; Simon et al., 2013). The first objective of this study is to evaluate the 

effectiveness of biological filtration (IBROM), coagulation and oxidation in terms of DOC and 

BDOC removal. The second objective of this study is to investigate a potential correlation between 

the BDOC concentration and THMs formation potential of the treated waters.  

 

 

MATERIALS AND METHODS  

General feed water quality   

The research was conducted using water collected from Herbert WTP (Sask). General raw water 

quality parameters are summarized in Table 1. Herbert WTP uses blended water consisting of the 
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same ratio of water from a dugout and groundwater. The oxidation experiments were conducted on 

the dugout water prior to the plant to provide enough reaction time. The dugout water is then 

blended with the groundwater as it enters the WTP where coagulation will occur. Both dugout and 

blended raw water have high concentrations of DOC at approximately 22.7 mg/L and 17.5 mg/L, 

respectively.  
 

Table 4. Raw water quality parameters for Herbert WTP collected from the plant in Aug. 2018 

Parameter Unit 
GCDWQ* 

(Treated water) 
Dugout water Blended water 

pH - 7 – 10.5 8- 8.8 7.9 – 8.5 

Total alkalinity mg/L CaCO3 - 234 350.5 

Total THMFP µg/L ≤ 100 809.8 865.9 

Total hardness mg/L CaCO3 80 – 100 495 376 

Total dissolved solid  mg/L ≤ 500 1160 1243 

DOC mg/L - 22.7 17.5 

BDOC mg/L - 7.54 5.75 

Iron mg/L ≤ 0.3 0.105 0.77 

Manganese mg/L <0.12 0.06 0.01 

(*Guidelines on Canadian Drinking Water Quality (Health Canada, 2019)) 
 

Biological filtration 

Removal of DOC and BDOC evaluation was conducted on-site Herbert WTP on water samples 

collected before and after the IBROM filters. The IBROM filters located at the plant are two 

Filtralite filters consisting of Filtralite HC and NC 0.8–1.6 mm clay product.  
 

Laboratory scale coagulation and oxidation experimental methods 

Laboratory bench-scale coagulation tests were conducted using the raw blended water with 

aluminum sulphate (alum), polyaluminum chloride (PACl), aluminum chlorohydrate (ACH) and 

ferric chloride. The experiments were carried out by the ASTM D2035 – 19 standard method in a 

six paddle PB-700TM standard jar testers. Considering the high DOC of the dugout water     

(=22.14 mg/L), 0.25, 0.5, 1, 1.5 and 2 mg/L of KMnO4 were used in oxidation experiments. To 

avoid any interference of the oxidant in the BDOC and DOC measurements, the samples were 

quenched using sodium thiosulfate before further analysis. Hydrogen peroxide doses of 20, 40, 60, 

80, 100 mg/L and UV fluence of 2000 mJ/cm2 was applied in the H2O2/UV. UV radiation was 

conducted using an annular reactor with a working volume of l liter, using a centrally mounted low-

pressure UV lamp (Jelight Company, Inc.). Before further analysis, the samples were quenched 

using bovine liver catalase at a concentration of 0.2 mg/ L in the sample (Sarathy and Mohseni, 

2009). 
 

DOC concentration was determined using a SkalarHT Formacs TOC Analyzer (Skalar, GA). 

THMFP measurements were conducted according to Standard Methods 5710B (APHA, 2012). The 

BDOC test was performed according to a batch procedure by Khan et al. (1999) using a bacterial 

inoculum (BOD seed, Bio-Systems Corporation, Illinois, USA). 

 

 

RESULTS AND DISCUSSION 

Coagulation experiments 

Figure 1 shows changes in DOC, BDOC and THMFP in the coagulated waters. Maximum DOC 

and BDOC removal were observed with 100 mg/L of PACl, and down to 7.5 mg/L and 2.4 mg/L, 
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respectively. The DOC was still higher than recommended 2 mg/L and thus this water is likely to 

cause serious RO membrane fouling.  

                                           a)  

 

                                                     c)  

 

 
Figure 1. DOC, BDOC and THMFP for a) PACl, b) ACH, c) Alum and d) Ferric chloride at 

varying coagulant dose 

 

BDOC in the raw water was 5.75 mg/L (Table 2). BDOC removal ranged from 20-60 % for 

different coagulants, which is in accordance with the literature (Soh et al., 2008; Umar et al., 2014). 

Maximum BDOC removal was observed with 60 mg/L of PACl, reducing the BDOC by 58 % 

down to 2.4 mg/L. 120 mg/L of alum had the lowest THMFP, reducing it from the initial THMFP 

of 809.8 µg/L to 183.5 µg/L. Of the four coagulants tested, alum showed the greatest average 

reduction in THMFP while having lower DOC removal compared to other coagulants. Reduction of 

water THMFP in the coagulation is due to the reduction of the concentration of total DOC. 

Although PACl reduced water DOC to the greatest degree, this coagulant had the least reduction in 

THMFP (THMFP of 452.3 µg/L at 100 mg/L dose of coagulant). Factors other than DOC 

concentration play a role here. Figure 1 shows that Alum and ferric chloride were not as effective in 

the removal of BDOC as PACl although they had the highest reduction in THMFP. Our 

measurements indicated that higher BDOC waters had lower THMFP. This suggests that there is an 

inverse relationship between biodegradability and THMFP of the raw waters. 

 

Oxidation experiments by KMnO4 and H2O2/UV 

Figure 3 is showing DOC, BDOC and THMFP change in oxidation for different concentrations of 

KMnO4 and H2O2/UV on the water with the initial DOC of 22.7 mg/L. Oxidation with 0.5 mg/L of 

KMnO4 had the maximum DOC removal of 8 % reducing DOC to 20.85 mg/L. Meanwhile, 40 

mg/L of H2O2/UV showed maximum removal of 15 % reducing DOC to 19.3 mg/L. These results 
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demonstrate that that oxidation is not able to remove a significant amount of water DOC, which has 

previously been reported in the literature (Wang et al., 2019; Xie et al., 2016).  
 

However, oxidation significantly reduced the THMFP of the water (Figure 3). THMFP was reduced 

from an initial concentration of 865.9 down to 225.8 µg/L at a dose of 2 mg/L KMnO4. In the case 

of H2O2/UV, THMFP was reduced down to 237.5 µg/L with 100 mg/L of H2O2. According to 

Figure 3, while the reduction in THMFP treated with H2O2/UV averaged 64 %, the corresponding 

reduction in DOC was only 10 %. The same was observed in KMnO4 with 7 % and 56 % average 

reduction in THMFP and DOC, respectively. Therefore, the total DOC cannot be the main factor 

contributing to THMFP. Although the DOC of the water was relatively unchanged by oxidation, the 

water BDOC increased with the oxidant dose. 
                                                   a)                                                                                     b) 

 

 
Figure 3. Change in DOC, BDOC and THMFP in oxidation with a) H2O2/UV and b) KMnO4 
 

In all concentrations, water oxidized with H2O2/UV contained more BDOC and lower THMFP 

compared to water oxidized with KMnO4. This confirms the trend observed between BDOC and 

THMFP in coagulation. Higher BDOC water has lower THMFP.  
 

BDOC change by the biological filtration  

Table 2 indicates that the two IBROM filters have 11% DOC removal. (DOC decrease from 15.4 

mg/L to 13.68 mg/L).  Increase of BDOC in IBROM effluent at the Herbert WTP was minimal      

(7 %). The results indicate that the IBROM process is not effective in the removal of BDOC nor 

DOC. 
 

Table 2. DOC and BDOC concentration change along the treatment train of the Herbert WTP 

Sample water Dugout Blended Clarifier 
Filters 

(Filtralite) 

DOC (mg/L) 22.7 17.5 15.4 13.68 

BDOC (mg/L) 7.54 5.75 5.56 5.96 
 

 

CONCLUSIONS 

The following conclusions can be made from this study: 

1. Laboratory-optimized coagulation and oxidation were not able to reduce the water DOC to 2 

mg/L recommended for RO filtration. Maximum DOC reductions by coagulation and oxidation 

were observed with 100 mg/L of PACl and down to 7.5 mg/L, and with 40 mg/L of H2O2/UV 

down to 19.3 mg, respectively.  

2. Alum and ferric chloride showed the greatest reduction in THMFP from 809.8 µg/L to       

183.5 µg/L and 216.2 µg/L, respectively with the total DOC reduction of 34 % and 36 %, 

respectively. Removal of DOC and formation of THMs varied for different coagulants. 

0

200

400

600

800

1000

0

5

10

15

20

25

0 0,25 0,5 1 1,5 2

T
H

M
F

P
 (

µ
g

/L
)

D
O

C
 (

m
g

/L
)

Dose (mg/L)



Drinking Water 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 
 

232 

3. Oxidation with KMnO4 and H2O2/UV resulted in a decrease in THMFP and an increase in 

water BDOC of up to 30 %. Oxidation significantly reduced the THMFP from the initial 

THMFP of 865.9 µg/L to 225.8 µg/L and 237.5 µg/L, respectively.  

4. In both oxidation and coagulation, higher BDOC waters had lower THMFP.  This suggests that 

a relationship exists between water BDOC and THMFP. 

5. IBROM system operating at Herbert WTP was found to be ineffective in removing water 

BDOC and DOC. 
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Abstract 

Drinking water should be free from bacterial pathogens threatening human health. The most 

recognised waterborne opportunistic pathogens, dwelling in tap water, are Legionella pneumophila 

and Escherichia coli. Drinking water samples were tested for the presence of Legionella spp. (L. 

spp.), Legionella pneumophila (L. pneumophila), and Escherichia coli (E. coli) in overall samples’ 

microbiome by means of a quantitative real-time PCR (qPCR) approach. The results indicate 

rather low contribution of L. spp. in total bacteria in the tested samples, whereas L. pneumophila 

was not detected in any sample. E. coli was detected in only one sample, but at very low level. The 

qacEΔ1 gene, conferring resistance to quaternary ammonium compounds, was not detected in any 

sample, either. The results point to generally sufficient quality of drinking water, although the 

presence of L. spp. in tap water samples suggests proliferation of these bacteria in heating units, 

causing a potential threat to consumer health. 

 

Keywords 

Tap water; bacterial pathogens; qPCR 

 

 

INTRODUCTION 

In many countries, tap water is one of the sources of drinking water. Therefore, its high quality in 

terms of physical-chemical and microbiological conditions is strongly required. The latter seems to 

be of even more importance in the case of human health risk assessment, because the presence of 

microbiological pathogens in drinking water may lead to numerous infections (Ashbolt, 2015; Liu, 

2019). Moreover, the environmental conditions provided in drinking water distribution systems may 

favour the proliferation of some bacteria (September, 2007; Falkinham, 2015). The most recognised 

waterborne pathogens from the kingdom of bacteria include Legionella pneumophila (L. 

pneumophila) and Escherichia coli (E. coli) (WHO, 2017). Legionella spp. is mostly found in hot 

tap water. It is in this environment that these bacteria found the most appropriate conditions for 

their growth and proliferation (WHO, 2007). Nevertheless, some representatives of the genus may 

also be found in non-heated tap water, distributed to consumers’ taps (Perreira, 2017). Legionella 

may cause legionellosis, the illness of Pontiac fever, and Legionnaires’ disease. Pontiac fever is a 

non-lethal, self-limited flu-like illness. It was first recognised in the Country Health Department 

building in Pontiac (Michigan, USA). Legionnaires’ disease, which may cause dead of the victims, 

was named after the American Legion convention at the Philadelphia hotel (Principe, 2017). The 

most common pathogenic Legionella species is L. pneumophila, although 27 other Legionella 

species are also recognised as human pathogens (Principe, 2017). Therefore, the presence of 

representatives of the entire genus should be monitored in drinking water samples. On the other 

hand, E. coli is natural commensal to humans, and is the inhabitant of the human and animal 

intestine. Nonetheless, some strains may become invasive and cause many illnesses, for example 

diarrhoeas – from moderate to severe (Vásquez-García, 2019). E. coli is also the most important 

indicator of potential faecal contamination (Paruch, 2012). Hence, the presence of Legionella spp. 

and E. coli cells in drinking water samples should not be neglected. 
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The presence of bacteria in disinfected tap water was confirmed in many studies. The bacterial 

microbiome characteristic for tap water mainly consists of non-pathogenic species (Douterelo, 

2016; El-Chakotura, 2015; Rudi, 2010). Nevertheless, the insufficient source water treatment and 

accidental contaminations within the distribution system may lead to the introduction of virulent 

genera. The most common ones, namely Escherichia and Legionella, are monitored continuously 

by local drinking water suppliers and sanitary-epidemiological stations in terms of cultivation of 

these bacteria on selective agar media. The use of the quantitative real-time PCR (qPCR) method in 

the detection and quantification of waterborne bacterial pathogens may contribute to the elucidation 

of the issue. It is worth mentioning, however, that the implementation of the qPCR method does not 

differentiate between live and dead organisms, unless a special procedure (for example with 

propidium monoazide – PMA) is applied (Alvarez, 2013; Toplitsch, 2018). 

 

Bacteria dwelling in tap water distribution systems are generally known to be resistant to 

disinfectants (Khan, 2016). This feature allows them to overcome the presence of the disinfectant 

agent remaining in water samples. Genes responsible for the phenomenon of efflux pumps or other 

resistance mechanisms, such as the qacEΔ1 gene (conferring resistance to quaternary ammonium 

compounds) (Szekeres, 2018), may indicate the bacterial ability to overcome the disinfectant 

residual in the tap water distribution system. 

 

If resistant, pathogens belonging to genera Legionella and Escherichia may cause a serious threat to 

human health, because they may not be removed in the water treatment plant, and enter the 

distribution system. Moreover, bacterial cells could participate in horizontal gene transfer (HGT) in 

which they are able to transform some genes (Gyles, 2014). Therefore, the detection of the selected 

genes, which may enhance bacterial resistance to disinfectants in tap water samples is also 

important in the estimation of consumer health risk. 

 

This study aimed at the detection and determination of total quantity of (viable and non-viable) 

Legionella spp., L. pneumophila, and E. coli bacterial cells, and their contribution in overall bacteria 

load quantified in microbiome cultivated from consumer tap water samples by means of the qPCR 

approach. As mentioned above, some bacteria, including pathogens, are able to overcome the 

presence of disinfectant, because they possess specific genes conferring increased resistance. 

Therefore, simultaneous monitoring of such genes in tap water microflora may be of importance. In 

this study, the presence of the qacEΔ1 gene, as the representative gene conferring resistance to 

disinfectants, was determined. Consumer tap water samples were collected from the drinking water 

distribution system in Wroclaw (Poland). This research may contribute to the estimation of 

consumer health risk associated with intake of tap water, because in Poland, tap water is generally 

assumed to be considered drinking water, for consumption directly from a tap. 

 

 

MATERIALS AND METHODS 

Consumer drinking water samples were collected from 15 different points of the water supply 

system in Wroclaw (Figure 1). Before sampling, the taps were disinfected with 96 % ethanol 

(Sigma), and water was flushed for 5 minutes. Each sample of 3 litres was filtrated on Whatman 

membranes (mixed-cellulose esters, diameter 0.2 μm). The membranes were submerged in sterile 

broth and incubated for 48 h at room temperature. Afterwards, the suspension was used for DNA 

extraction. 
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Figure 1. Map of Wroclaw with location of collection points 

 

Genomic DNA was extracted by means of an Isolate II Genomic Kit (BIOLINE). The concentration 

of DNA was measured on a NanoPhotometer N60 (Implen). 

 

The qPCRs (MIC, Bio Molecular Systems) were carried out to quantify Legionella spp., L. 

pneumophila, and E. coli genomes, as well as 16S rRNA and qacEΔ1 genes. 

 

The reactions for the quantification of Legionella spp., L. pneumophila, and E. coli were performed 

with an AmpliTest (Amplicon) in accordance with the manufacturers’ instructions. These 

quantification kits apply TaqMan probes, and are specific for target bacterial genome sequences. 

Moreover, AmpliTest provides internal control, allowing for detecting potential inhibition of 

reactions. The 16S rRNA and qacEΔ1 genes were quantified with a QUANTUM EvaGreen HRM 

Kit (SYNGEN) with the application of a non-specific dye. All the reactions for pathogenic genomes 

quantification were performed in technical triplicates, while 16S rRNA and qacEΔ1 genes were 

quantified in technical duplicates. The conditions for qPCRs are presented in Table 1. In each 

reaction, negative control was applied, and the calculations of genomes or gene copy number were 

based on standard curves. For L. spp, L. pneumophila, and E. coli genomes, standard curves were 

prepared as described in the previous study (Wolf-Baca, 2019), resulting in calculated genomes per 

reaction. For the purpose of 16S rRNA standard curve preparation, the genomic DNA ten-fold 

dilution of Escherichia coli ATCC 25922 (BioMaxima) strain was used. In the case of qacEΔ1 

gene, the ten-fold dilution of purified PCR product was used. 

 

Table 5. Conditions for qPCRs 
 16S rRNA AmpliTests qacEΔ1 

Initial denaturation 95°C / 15 min 95°C / 5 min 95°C / 15 min 

Denaturation 95°C / 

15 sec 

40  

cycles 

95°C / 

30 sec 

45 

cycles 

95°C /  

15 sec 

40  

cycles 

Annealing 60°C /  

20 sec 

58°C /  

25 sec 

63°C / 

20 sec 

Elongation 72°C /  

20 sec 

- 72°C /  

20 sec 

Cooling - 40°C / 30 sec - 

Melt from 72°C to 95°C - from 72°C to 95°C 

Chemistry EvaGreen  TaqMan probes with 

internal control 

EvaGreen 

Primers as described in (Huerta, 

2013) 

supplied by manufacturer 

in kits 

as described in 

(Szekeres, 2018) 

DNA per reaction [μL] 1 8 1 

Each primer volume per 

reaction [μL] 

0.5 primers in commercial 

mastermix 

1 

Total volume per reaction 

[μL] 

20 20 20 
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RESULTS 

All qPCRs efficiencies were in a range of 0.88÷1.09. The limits of quantification were 178 genome 

copies/reaction for L. spp and L. pneumophila, and 1.59 genome copies/reaction for E. coli. In the 

case of the 16S rRNA and qacEΔ1 gene, the limits of quantification were 16.9 and 184 gene copy 

number/reaction, respectively. 

 

The abundance and prevalence of Legionella spp. were determined. However, no L. pneumophila 

target sequence was found in any tested samples. In the case of E. coli, only one sample (number 

13) gave a positive signal with calculated genome copy number of 0.13 genomes/ng DNA. 

Moreover, no qacEΔ1 gene could be detected in any sample. 

 

The results of calculations of genome copy number of L. spp. per ng of DNA in tested samples are 

presented in Table 2. In general, L. spp. were detected and quantified in 11/15 (73.3 %) samples. 

 

Table 6. Genome copy numbers of L. spp. in tested samples 

Sample a) Sample a) Sample a) 

1 11 6 0 11 0 

2 1 7 7 12 29 

3 15 8 23 13 0 

4 12 9 39 14 9 

5 28 10 0 15 71 
 a) genome copy number of L. spp. per ng of DNA in tested samples. The values are rounded to the nearest 

whole 

 

L. spp. was the most abundant in sample number 15, where it reached 71 copies of genome per ng 

of DNA. Further analysis of the data indicates that L. spp. prevalence was relevant only in samples 

9 and 15, reaching 1.1x10-3 and 6.15x10-5 genomes of L. spp. per 16S gene copy number, 

respectively. 
 

 

Figure 6. Abundances of L. spp. genomes and 16S rRNA gene copy number in tested samples (in a 

logarithmic scale) 
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DISCUSSION 

The objective of this study was to estimate the potential consumer health risk associated with intake 

of non-boiled tap water samples by means of the qPCR approach. The usefulness of this method in 

Legionella quantification was proven a decade ago (Dusserre, 2008; Douterelo, 2014), but it is 

worth mentioning that promising methods for L. pneumophila detection other than qPCR include an 

immunodetection system described by Parraga-Nino et al. (Párraga-Niño, 2018) or 

Legiolert™/Quanti-Tray® MPN described by Spies et al. (Spies, 2018). 

 

Among the tested pathogens, no L. pneumophila was found in any of the samples. This proves the 

good quality of Wroclaw drinking water and treatment processes, and suggests a lowered risk for 

consumer health. Nevertheless, not only L. pneumophila is considered as a factor causing 

legionellosis (Principe, 2017), and therefore such risk could not be fully excluded. 

 

The same concerns E. coli, one of the most important faecal contamination indicators (Coleman, 

2011; Subba, 2013; Talukdar, 2013), detected only in one sample with no evidence of its viability. 

Moreover, even assuming that E. coli did not proliferate in broth, i.e. its quantity did not change 

during incubation, the calculated genome copy number/mL would be 9.10x10-3 (data not shown), 

which is far below the acceptable values specified in Polish law (Regulation, 2017). The detection 

of E. coli in this sample may be the effect of the presence of residual DNA fragments with E. coli 

specific sequence targets, originating from dead E. coli cells, because no live/dead treatment 

(Alvarez, 2013; Toplitsch, 2018) of the samples was performed before the DNA extraction 

procedure. Nevertheless, these residual DNA fragments may suggest contamination, which 

happened in the past. 

 

The obtained results indicate that L. spp. could be still present in microflora cultivated from tap 

water samples, even if no Legionella–enhancing supplement was added to the broth. Nevertheless, 

based on this study, it could not be established whether the quantified cells were dead or alive. 

 

The prevalence of L. spp. genomes in microflora cultivated from tap water samples tested in this 

study was generally low. It is worth mentioning that viable but non-culturable Legionella cells may 

be predominant in tap water samples (Dietersdorfer, 2018). This may explain the low level of L. 

spp. prevalence observed in this study. Other bacteria present in a given sample might take the 

advantage to proliferate, while L. spp. remain at the same level during a short incubation time. 

Contrary results presented by Whiley et al. indicate very high contamination of Legionella in 

Australian tap water, mostly in samples collected in the summer season (Whiley, 2014). Because 

the sampling campaign performed in this study was undertaken only once, at the turn of summer 

and autumn, the seasonal variation of contamination by pathogens could not be excluded. 

 

Despite its low levels, L. spp. was frequently detected and quantified in this study. Similar results 

were obtained by Liu et al., who found L. spp. in 100 % samples, while the presence of L. 

pneumophila was confirmed only in 9.1 % of all samples (Liu, 2019). 

 

Waak et al. tested the presence of L. spp. in water-main biofilms (scraped from pipes) and tap water 

samples from two distribution systems: a chloramine-containing system in the United States and a 

system in Norway that does not maintain a residual disinfectant. They were able to detect L. spp. in 

43 % of biofilm samples from the Norwegian system with no residual disinfectant, with a maximum 

concentration of 7.8x104 gene copies cm-2. No L. spp. was detected in biofilm samples from the 

American chloraminated system. In the case of tap water samples, L. spp. was detected in 26 % and 

64% of tested samples from the American and Norwegian system, respectively, with a maximum 

concentration of 2.0x103/L for chloraminated system, and 2.8x103/L for the system with no residual 
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disinfectant. The results obtained in this study are higher than those presented by Waak et al., as 

73.3 % of tested tap water samples were L. spp. positive. Moreover, Waak et al. detected a L. 

pneumophila gene marker in 3 % and 9 % of tested biofilm samples from the American and 

Norwegian system, respectively, while tap water samples from both sampling regions were free 

from L. pneumophila, which is in accordance with results presented in this paper. No L. 

pneumophila serogroup 1 gene marker was found in any of the tested samples of water-main 

biofilms or tap water in American and Norwegian systems (Waak, 2018). 

 

Legnionella is often tested only in hot tap water installations (Wolf-Baca, 2019). However, its 

proliferation in heating units is initiated due to the presence of these bacteria in the water 

distribution system. Therefore, there is a risk that in points with considerable L. spp. prevalence, 

much more Legionella cells may be found in hot water samples. Intake of aerosols with Legionella 

during the use of hot tap water (for example for baths and other domestic purposes) is known to 

pose a potential risk of legionellosis (Wong, 2006). Therefore, the detection of the L. spp. sequence 

targets in drinking water samples should not be neglected. Replacement of chlorine to 

monochloramine was suggested as a method for improved removal of Legionella from hot tap water 

(Flannery, 2006; Moore, 2006). The importance of the presence of residual disinfectant in the 

drinking water distribution system was confirmed in the study of Waak et al. The USA 

chloraminated drinking water distribution system was evidenced to be less contaminated with 

Legionella and overall Bacteria (in the case of water-main biofilm samples from pipes as well as 

tap water samples) than the Norwegian system with no residual disinfectant (Waak, 2018). 

 

It is worth mentioning that the lack of qacEΔ1 gene sequence in any sample suggests low resistance 

to disinfectants in cultivated microflora. Therefore, constant chlorination of the Wroclaw drinking 

water distribution system and the assurance of appropriate levels of residual disinfectant along the 

entire pipeline network should be sufficient in prevention of the proliferation of bacterial pathogens 

in consumers’ tap water. From the other hand, the disinfection processes may lead to the forming of 

disinfection-by-products, which may be considered as another threats to consumer health 

(Pogorzelec, 2018). 

 

 

CONCLUSIONS 

The prevalence of L. spp. cells in microbiome of tap water samples collected from 15 sampling 

points of drinking water distribution system in Wroclaw was generally low. Only in two points (9 

and 15) the quantity of L. spp. in overall bacteria load was increased. Neither L. pneumophila or E. 

coli (except sampling point number 13) were detected. No qacEΔ1 gene, conferring resistance to 

quaternary ammonium compounds, was detected in the samples either. These data suggest the 

sufficient quality of consumers tap water in Wrocław. Nevertheless, the presence of L. spp. in 

drinking water distribution system may lead to their proliferation in heating installations, posing a 

health risk to tap water consumers. 
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Abstract 

The article is presented the contamination data by emerging contaminants in a shallow urban 

groundwater and forest groundwater located in Kharkiv region, Ukraine. The emerging 

contaminants as mainly illicit drugs were used as trace anthropogenic recharge tool of 

groundwater. Elevated the presence of emerging pollutants in most of urban springs confirmed the 

mixing of urban groundwater with sewage leakages in some springs. The contribution of sewage 

leakages leads to the urban groundwater contamination by emerging compounds that increase the 

risk for environmental and human health reducing its potential as pure drinking water source. 

 

Keywords 
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INTRODUCTION 

Nowadays, one of important source of drinking water worldwide is considered as groundwater 

(WWAP 2015). Especially, the part of groundwater as a primary drinking water source is growing 

due to the deterioration of surface water quality and quantity under influence of climate variability, 

contamination and re-allocation of surface run-off (FAO 2011, WWAP 2015). Groundwater as a 

source of drinking water might become more important even in those areas where it had not been 

used in the past. In virtue of following regulations (EU WFD 2000, Groundwater Directive 2006) 

surface water and groundwater quality has been improved in European Union (EU) (European 

Commission, 2012). Nevertheless, many countries that share the transboundary surface water and 

aquifers in Europe, for example Ukraine, still have a high concern on low quality and quantity of 

available groundwater resources due to ongoing and increasing pollutions and due to the lack of 

appropriate regulations (Vystavna, 2018a,b). 

 

Contemporaneously, groundwater use for drinking supply is strongly dependent on seasonality of 

recharge conditions, meteorological events and contaminations (Quevauviller 2007; Griebler, 2010; 

Taylor 2012; Havril, 2018). Evaluation of contamination of urban aquifers can be complex tasks for 

groundwater management as the data on recharge, mixing and transformation of chemical 

compounds is generally difficult to obtain in a short-term period (Healy, 2010). Sometimes, these 

resources are not available for groundwater management, mainly in developing countries (WWAP, 

2015). Organic compounds, particularly pharmaceuticals, have been used to determine the sewage 

contribution in groundwater (Jurado, 2012; Schaider, 2016; Yin, 2019) and water residence time 

(Lapworth, 2018). The presence of such compounds in ground waters is great concern because it’s 

cause of serious public health risk (Samojlenko, 2014). 

 

This study was performed  in a highly urbanized area, the Kharkiv city, located in East Ukraine 

where local population intensively use groundwater as an alternative to tap water as a drinking 

source (Vystavna, 2017a). The area of research is also located in a zone with a risk of military 
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activity, where groundwater could be considered as an important strategic drinking water source. 

The proposed shallow aquifer was studied before to understand the general contamination status 

(Vystavna, 2017a; Vystavna, 2015), knowledge on water quality variation is highly limited that 

determines the direction of our research. 

 

The aim of this research was to determine the estimation of groundwater contamination of urban 

areas by emerging contaminants. The objective of the study was: to trace and qualitatively 

determine of the mixing of groundwater with anthropogenic components such as sewage leakages. 

 

Research of catchments 

Five urban (T1, S2, N3, Y4 and P5) and one peri-urban forest (O6) groundwater sites were selected 

for the purpose of this study (Figure 1).  

 

 
Figure 1. The location of sampling area and sites 

 

The maximum elevation at the spring outflows ranged from 113 to 123 m a.s.l. in the urban 

catchment to 140 m a.s.l. in the forested catchment. The most recent sediment layers (up to 120 m 

thick) are composed predominantly of permeable materials (sands and loams) of Quaternary, 

Neogene, and Paleogene origin, but with some spot inclusions of clay in upper layers. Springs are 

fed from fractured fine-grained sandstones and siltstones of the Eocene age. The depth to the 

aquifer is 2–36 m below the surface and the average hydraulic conductivity of the saturated zone is 

2 × 10−4 m s−1 (Vystavna, 2019). 

 

The catchments of urban and forest are located in temperate continental climate conditions of 

Kharkiv region. The average annual precipitation is 521 mm, and the average annual air 

temperature is 9.1°C (the Kharkiv world meteorological station WMO ID 34300, 2005-2017). 

 

Urban wastewaters are collected by sewer pipes (shallow and deep mains), treated by mechanical 

and biological processes in two wastewater treatment plants (WWTP) and discharged into Lopan 

and Udy Rivers. The WWTP ‘Dikanivka’ processes 80 % of urban wastewater (550,000 m3 d-1). 

About 24 % of population has no connection to urban sewerage network and use pit latrines and 

septic tanks. Built during the Soviet period, to date, urban water and sewerage infrastructure of the 

Kharkiv city has deteriorated and causes numerous leakages (24 % of the total water supply) which 

cannot be eliminated in the short term (KP Voda 2017). 
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The forest spring (O6) catchment drains a forest-dominated landscape. The catchment is situated in 

a peri-urban area featuring no agricultural land use and rather negligible urbanization (residential 

buildings and roads account for less than 9 % of the total drained area).  

 

 

METHODS AND ANALYSIS 

Groundwater samples (1L amber glass bottles) for analysis of emerging compounds were collected 

in September 2017. The screening of chemicals was based on an exact mass in an open access 

library (over 2000 compounds) by Liquid Chromatography Quadrupole Time-of-Flight Mass 

Spectrometry (LC-QTOF) (Thermo Fisher Scientific, San Jose, CA, USA) coupled to an Accela 

1250 LC pump (Thermo Fisher Scientific) and an HTS XT-CTC autosampler (CTC Analytics AG, 

Zwingen, Switzerland), operated using Xcalibur software (Thermo Fisher Scientific, San Jose, CA, 

USA). A Hypersil gold aQ column (50 mm × 2.1 mm ID × 5 μm particles; Thermo Fisher 

Scientific) was used for the chromatographic separation. Purified water was prepared using a Milli-

Q Advantage system, including an ultraviolet radiation source (Millipore, Billerica, USA). LC/MS 

grade Formic acid (Sigma-Aldrich, Steinheim, Germany) (at 0.1 %) and acetonitrile, methanol 

(Merck (Darmstadt, Germany) with 0.1 % (vol/vol) were used to prepare the mobile 

chromatographic phases. Samples were pretreated by solid phase extraction (SPE) with a pre-

concentration factor of 500. Si-C18 and polymeric Strata X extraction cartridges (500 mg per 6 mL) 

were from Supelco (Bellefonte, PA, USA) and Phenomenex (Torrance, CA, USA), respectively. A 

PHM 240 Model pH-meter (Radiometer, Copenhagen, Denmark) with combined glass electrode 

was used for sample pH adjustment. The SPE extraction procedure was performed by modifying a 

validated method previously reported (Santos, 2005). Two sorbents (Si-C18 and Strata X) were 

used for this procedure. Spiked ultrapure water of 1000 mL (for the optimization step) or real 

filtered sample of 500–1000 mL (for the validation step) was transferred to the SPE cartridges 

through a Teflon tube at a flow rate of about 10 mL min-1, using a Supelco 12-port vacuum 

manifold system (Bellefonte, PA, USA) connected to a vacuum pump. Before elution, the cartridges 

were rinsed by 10 mL of methanol/water (5/95, v/v) followed by 10 mL of n-hexane applied to the 

top of the cartridge (Santos, 2005). Two different solvents (methanol and acetone) were tested as 

eluent phase at a flow rate of about 1 mL min-1. The elute was evaporated in a flask by a Rotavapor 

(Büchi, Flawil, Switzerland) to reach a final volume of few milliliters and then it was quantitatively 

transferred into a conical bottom glass vial. Finally, the solvent was evaporated under a gentle 

stream of nitrogen leaving only a small, concentrated quantity. The residue was reconstituted with 

0.5 mL of acetonitrile/water (45/55, v/v) of which 50 μL was injected into the column. Because of 

the nature of the screening analysis, exact concentrations could not be determined.  

 

 

RESULTS 

The identified chemicals have been divided into three principal groups: drugs (D) (caffeine, 

nikethamide, riluzole, phenazone, pilocarpine, pergolide, ajmaline, carbamazepine, moxonidine, 

dihydrocodeine, sulfathiazole, papaverine, pentedrone and aripriprazole), pesticides (P) (dodine, 

chlordimeform, atrazine, simazine and butraline), and food compounds (FC) (chanoclavine, kojic 

acid as an additive and alternariol as a mycotoxin). The details are presented in Table 1. 
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Table 1. Detection, physico-chemical properties of emerging compounds in groundwater 
Compound T1 S2 N3 Y4 P5 O6 Log 

Kow 

Group Application 

Caffeine + + - - + - -0.07 D stimulant, food additive 

Dodine - - - + - - 1.15 P fungicide, applied for the plant protection 

Nikethamide + - - + - - 0.33 D stimulant, illicit drug 

Riluzole - - - + - - 2.3 D antidepressant, anti-convulsion 

Chanoclavine + + + - + - 2.14 FC tricyclic ergot alkaloid (ergoline)  

Phenazone + - + + - - 0.38 D analgesic, nonsteroidal anti-inflammatory, 

antipyretic 

Alternariol + + + - - - 2.37 FC  mycotoxin as secondary metabolites produced 

by filamentous fungi in crops or during 

storage, transport and processing of food and 

feed commodities 

Pilocarpine + + - + + + 1.1 D alkaloid, to treat increased pressure inside the 

eye and dry mouth 

Pergolide + - - + - - 4 D ergoline-based dopamine receptor agonist 

used for treatment of Parkinson's disease 

Ajmaline + - - - - - 1.81 D alkaloid, antiarrhythmic agent 

Chlordimeform + - + + + - 2.89 P acaricide active mainly against motile forms 

of mites and ticks, banned by UN Rotterdam 

Convention 1998 

Kojic acid + - - - - - 0.64 FC  additive, used in food and cosmetics to 

preserve or change colours of substances 

Atrazine - + - - - - 2.61 P herbicide, banned by EU Directive 

91/414/CEE 

Carbamazepine - - + - - - 2.45 D antidepressant 

Simazine - - + - - - 2.18 P Herbicide of the triazine class, banned in EU 

(EU Directive 91/414/CEE) 

Moxonidine - - + - - - n.f. D new-generation centrally acting 

antihypertensive drug licensed for treatment 

of mild to moderate essential hypertension 

Dihydrocodeine - - + - - - 0.6 D semi-synthetic opioid analgesic prescribed for 

pain or severe dyspnoea, or as an antitussive 

Sulfathiazole - - - + - - 0.05 D organosulfur compound used as a short-acting 

sulfa drug 

Butralin - - - + + - 4.93 P herbicide, mainly applied as a plant-growth 

regulator on tobacco fields, banned by EU 

Directive 91/414/CEE 

Papaverine - - - + - - 2.95 D opiate alkaloid isolated from plant Papaver 

somniferum and produced synthetically, illicit 

drug 

DEET 

(Pentedrone) 

- - - - + - n.f. D stimulant of cathinone class that has been sold 

as designer drug,  

Aripriprazole - - - - + - 5.3 D antipsychotic, primarily used in the treatment 

of schizophrenia and bipolar disorder 

+/- means detected/not detected in the groundwater site; n.f.-not found 

All detected drugs in this study could be the results of abuse and some are illicit drugs usage. The 

most frequently detected drug (in 5 out of 6 springs) was the alkaloid pilocarpine (prescribed to 

treat increased pressure inside the eye and dry mouth) which was found even in the forest spring. 

The food compound chanoclavine and the pesticide chlordimeform were detected in 4 out of 6 
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studied springs. Caffeine, the analgesic phenazone and the mycotoxin alternariol were found in 3 

out of 6 studied springs. Other compounds were found in 1 or 2 sites. However, each spring was 

characterized by a distinct group of detected compounds according to the principal component 

analysis (PCA) ordination (Figure 2) (Vystavna et al., 2019). 
 

 
Figure 2. Principal component analysis (PCA) plots of presence of emerging compounds in 

groundwater samples (Vystavna, 2019) (average of all measurements over the whole sampling 

period) 
 

Measured characteristics are labeled in grey. In violet: fitted correlation (Oksanen, 2018) of the 

presence/ absence of a number of household/agricultural chemicals and pharmaceuticals. The first 

two axes are plotted; their cumulative proportion of explained variance amounted to 0.75. 

 

Site T1 was most correlated with the alkaloid ajmaline, the stimulant caffeine and two food 

compounds that tended towards the positive y axis and correlated well with Na+ and SO4
2-. Site S2 

was most correlated with the pesticide atrazine. N3, Y4 and P5 were most correlated with drugs 

such as papaverine, dihydrocodeine and carbamazepine. N3 was also correlated with pesticide 

simazine. Four pesticides tended towards negative x, and one pesticide, atrazine, along the positive 

x axis (Figure 2). 

 

 

DISCUSSIONS 

The impact of anthropogenic land use was reflected by the presence of drugs, pesticides and food 

compounds in urban springs (Figure 2). The highest diversity of drugs and food compounds was 

found in springs with the high sewage contribution (T1, N3, Y4 and P5). The relation between the 

non persistent chemicals caffeine, food compounds indicates that these emerging compounds 

continuously enter T1 with raw sewage likely from mains. However, the presence the persistent 

drugs at N3, Y4 and P5 may point to sewage leakages from pit latrines. Some persistent pesticides 

and food compounds were detected at sites with negligible sewage contribution (urban S2 and forest 

O6). 
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CONCLUSIONS 

This research is showed that urbanization changes sources and recharges of urban groundwater 

composition and their pollutions. It has significant influence even on peri-urban springs. Such kind 

of monitoring is therefore important for contamination status for controlling the shaping water 

quality and thus the usability as a drinking water resource. High contamination of urban springs 

with potentially toxic emerging compounds indicated the health risk associated with the use of 

urban spring as drinking water sources. 
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Abstract 

In the present study, the possibility of using six granular commercial adsorbents (activated carbon–

GAC, zeolite–ZEO, iron coated zeolite–ICZEO, ferric oxide–FeO, ferric hydroxide–FeOH and 

ferric oxide-hydroxide–FEOOH) for pentavalent arsenic removal from drinking water was 

investigated by batch adsorption studies. For each adsorbent the adsorption capacity was 

determined and mutually compared. The best adsorption performance had FeO adsorbent, which 

reached adsorption capacity 493.0 µg/g and adsorption efficiency 98.6 %. In order to improve 

adsorption capacity of fresh GAC and ZEO it was modified with iron for four consecutive times in 

a multi-step process. The final total iron content of the iron-modified GAC (IMGAC) was  

11.29 % and the iron-modified ZEO (IMZEO) was 9.13 %. In order to assess the total iron 

stability in the IMGAC and IMZEO, a desorption test with distilled water was conducted. From 

the results it can be said that both materials were stable and the amount of total iron lost during 

desorption in distilled water was negligible. From GAC, ZEO, IMGAC and IMZEO materials 

comparison was investigated that the most effective sorption material for As(V) adsorption was 

IMGAC, which reached 450.4 µg/g adsorption capacity and 90.08 % adsorption efficiency in the 

first 30 minutes of the adsorption process. Iron modification process caused increasing adsorption 

capacity of the iron-modified materials. In addition, the As(V) removal by prepared IMGAC 

material was approximately three times faster than by the best commercial FeO material in the first 

30 minutes of contact time. 

 

Keywords 

Arsenic; adsorption; drinking water; efficiency; modification 

 

 

INTRODUCTION 

Arsenic (As) is the twentieth most abundant chemical element in Earth's crust. It can be found 

widely distributed in environment through air, water and ground. The main source of arsenic in 

drinking water is the dissolution of minerals and ores from natural origin (Singh, 2015). It is toxic 

and carcinogenic and nowadays the arsenic occurrence is responsible for many diseases, where it 

occurs in drinking water. Its exposure to low or high concentrations can be fatal to human health 

(van Halem, 2009). Arsenic contamination is a widespread and serious problem all over the world. 

Arsenic has been catalogued as one of the World Health Organization's (WHO) 10 chemical 

substances of greatest public health concern. Strong epidemiological evidence of arsenic 

carcinogenicity and genotoxicity has forced the WHO to lower the Maximum Contaminant Level 

(MCL) in drinking water to 10 µg/l from earlier limit of 50 µg/l in 1993 (Pal, 2015). Arsenic occurs 

naturally in water usually in the forms of the soluble arsenic species As(III) (arsenite) and As(V) 
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(arsenate). Adsorption has been universally accepted as one of the most effective arsenic removal 

process because of its easy operation and handling, low cost, low consumption of reagents and does 

not produce sludge and harmful by-products (Zhu, 2013). In the present study, the possibility of 

using six granular commercial adsorbents (activated carbon-GAC, zeolite-ZEO, iron coated 

zeolite-ICZEO, ferric oxide-FeO, ferric hydroxide-FeOH and ferric oxide-hydroxide-FEOOH) and 

two non-commercial granular adsorbents (iron-modified activated carbon-IMGAC and iron-

modified zeolite-IMZEO) for pentavalent arsenic removal from drinking water was investigated by 

batch adsorption studies. For each adsorbent the adsorption capacity was determined and mutually 

compared. In addition, for non-commercial iron-impregnated adsorbents the total iron content and 

its stability were evaluated. 

 

 

MATERIALS AND METHODS 

Reagents 

All used chemicals were of analytical laboratory grade, being purchased from Merck. As(V) stock 

solution was prepared by dissolving an accurately weighed amount of sodium arsenate heptahydrate 

(Na2HAsO4·7H2O) in distilled water to achieve a concentration of 1 g/L and subsequently diluted to 

the required concentrations. The iron stock solution (0.5 M) for the iron modification was prepared 

by diluting of iron sulfate heptahydrate (FeSO4·7H2O) in distilled water. Concentrated HCl was 

used for samples storage and for acid extraction. All glass and plasticware were cleaned and rinsed 

with distilled water before use. 

 

Analytical determination 

Estimation of As(V) in the samples was done by flow-through chronopotentiometry using triple-

electrode flow-through measuring cell (type 353c), with work electrode (type E-T/Au), platinum 

auxiliary electrode and argentochloride reference electrode. Calibration test was carried out with a 

freshly prepared As(V) standard before analysis of the samples, which were analysed more than 

once (Beinrohr, 2010). The total iron concentration in the filtrate was analysed using the 

phenanthroline spectrometric method, according to ISO 6332:1988 (Horáková, 2003). Specific 

surface of adsorbent was determined by BET method, by measuring the nitrogen (N2) adsorption–

desorption isotherms, as follows in the ISO 9277:2010 standard. Specific volume of micropores and 

mesopores was calculated by the t-plot method. 

 

Instruments  

To measure pH a digital pH meter Jenway 3510 (Cole-Parmer, United Kingdom), with a measuring 

uncertainty of ± 0.003 pH units, was used. Materials were weighted using a high precision electrical 

balance ABS 220-4 (Kern & Sohn GmbH, Germany). Shaking experiments were conducted in an 

orbital shaker RSLAB-7PRO (Kvant s.r.o., Slovakia), RPM and time controlled. For quantitative 

determination of arsenic in solution was used a PC controlled automatic laboratory analyser 

EcaFlow Model 150 GLP (Istran s.r.o, Slovakia). Samples were warmed up in a heating plate 

Jenway® 1100 (Cole-Parmer, United Kingdom). The adsorption materials were dried in laboratory 

oven Venticell (MMM Medcenter GmbH, Germany). For iron content measurement was used a 

UV-visible spectrophotometer Jenway® 7305 (Cole-Parmer, United Kingdom). For adsorbent 

materials specific surface and porosity measurement the device ASAP® 2420 Accelerated Surface 

Area and Porosimetry System (Micromeritics Instrument Corp., USA) was used. 

 

Characterization and preparation of adsorbents 

The six commercial adsorbents were used without further purification. It was just rinsed with 

distilled water to remove dirties and then oven-dried at 105 °C for 24 h. The granular activated 

carbon (GAC) was obtained from Eurowater s.r.o. (Slovakia), the granular zeolite (ZEO) and iron 
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coated zeolite (ICZEO) were obtained from Zeocem a.s. (Slovakia), the granular ferric oxide (FeO) 

was obtained from Severn Trent (United Kingdom), granular ferric hydroxide (FeOH) was obtained 

from GEH-Wasserchemie GmbH (Germany) and ferric oxide-hydroxide (FEOOH) from Kemira 

(Finland). The physical properties of these commercial adsorbents are shown in Table 1. 

 

Table 1. Physical properties of commercial adsorbents 
 GAC ZEO ICZEO  FeO FeOH FeOOH 

Chemical 

composition 

90 % 

carbon 

hydrated 

aluminosilicate 

(HA) 

HA  

0.68 % 

Fe 

 > 70 % 

Fe2O3 

> 57 % 

Fe(OH)3  

> 50 % 

FeOOH 

Color Black gray 

green 

slightly 

brown 

 amber 

brown 

dark 

brown 

brown 

red 

Particle size (mm) 0.8–1.0 1.6–2.0 1.0–2.5  0.5–2.0 0.2–2.0 0.85–2.0 

Bulk density 

(g/cm3) 

0.46 0.9 –  0.4–0.6 1.15–1.29 1.2 

 

Specific surface 

area (m2/g) 

950 30–60 30.9  200 250–300 120 

Applicable for 

water pH range 

5–8 6.8–7.2 6.8-7.2  6–10 5.5–9.0 6.5–7.5 

 

Separately 30 g of GAC and ZEO were added in two different Erlenmeyer flasks. Both materials 

reacted at room temperature with 0.25 L of the 0.5 M iron stock solution for 24 h in the orbital 

shaker (set at 250 rpm) in order to achieve completely penetration of the iron(II) content in the 

solution in the surface and pores of the materials. During this time, the solution was covered to 

prevent ferrous oxidation and precipitation. After 24 h, the materials were separated from the 

solution by gravity filtration and air dried, so the ferrous was oxidised to ferric getting a less soluble 

iron form. To reach high amount of iron in the material the modification procedure was carried out 

until the iron content from one modification to the other was kept constant. These modified 

materials were called like iron-modified activated carbon (IMGAC) and iron-modified zeolite 

(IMZEO). The properties and parameters determined of these modified materials were: specific 

surface (SBET), specific volume of micropores (Vmicro) and specific surface area of mesopores and 

external surface (St). 

 

Procedure of the total iron content determination 

For this study acid extraction was selected for total iron content determination in the iron-modified 

GAC and ZEO. 0.5 g of the impregnated material was mixed with 0.03 L of 1:1 HCl aqueous 

solution in a 0.1 L flask and placed in the orbital shaker set at 250 rpm for 24 h. Thereafter, the 

flask was positioned in a hot water bath at 70–80 ºC for 4 hours and then the solution was separated 

from the solid by gravity filtration. It was done with IMGAC and IMZEO materials after each 

modification. After the iron desorption, the iron content in the filtrate was studied with 

phenanthroline spectrometric method. The content of total iron was calculated as a percentage, Fe 

(%), using the following equation: 

100
+

=
materialFe

Fe

cc

c
Fe ,                                                   (1) 

where cFe is the total concentration of iron in sample (g/L) and cmaterial is the concentration of the 

adsorbent material in the initial sample (g/L). 
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Procedure of the iron stability determination 

The desorption test was conducted to assess the iron stability in the material. It was done for 

IMGAC and IMZEO by using two different 0.25 L Erlenmeyer flasks. To them were added 0.5 g of 

each material and 0.1 L of distilled water. After 24 h shaking in the orbital shaker the two samples 

were filtered by gravity and oven-dried for further analysis. The filtrate (distilled water with iron 

dissolved on it) was also kept to analyse and measure iron content following the same calculation 

according to equation (1). 

 

Adsorption studies 

Adsorption experiments were carried out by batch method in orbital shaker (set at 150 rpm) at room 

temperature (20±2 °C). The time dependent behavior of arsenic adsorption was studied by varying 

the contact time between the adsorbate and adsorbent in the range 0–180 min. The 0.1 L solution of 

As(V) was taken in each Erlenmeyer flask of volume 0.20 L separately. The initial concentration of 

arsenic was kept at 1000 µg/L, while the dose of each adsorbent was 0.2 g. The adsorption capacity 

of adsorbents, qt (µg/g), was calculated using the following equation:  

V
M

cc
q ti

t 
−

= ,                                                     (2) 

 

where ci and ct are the initial and final As(V) concentration in the solution, V is the volume of 

solution (L) and M is the mass of the used adsorbent (g). The percent value of adsorption efficiency 

by the adsorbents, AE (%), was computed by using the following equation: 

 

100
−

=
i

ti

c

cc
AE    .                                                         (3) 

 

 

RESULTS AND DISCUSSION 

As can be seen in Figure 1, the adsorption capacity qt (µg/g) calculated with the experimental data 

using the equation (2) of GAC, FEO and FeOH quickly increased in the first15 minutes and then 

continued to increase significantly until 60 minutes. Finally, it increased at a comparatively minor 

rate until 120–130 minutes. By comparison, qt (µg/g) of FeOOH and ICZEO increased more slowly. 

However, FeOOH continued reaching high adsorption capacity and ICZEO remained at a low and 

constant capacity until the end of the experiment. The used ZEO did not adsorb anything from the 

As(V) in the sample, giving a result of zero adsorption capacity at all times. Thus, the adsorbents 

that reached higher qt were GAC and FeO. Nevertheless, the FeO adsorption capacity and 

adsorption efficiency at the end of the experiment was 493.0 µg/g and 98.6 %, which is 4.26 % 

higher than capacity of GAC and it means, that FeO had the best adsorption performance. For FeO, 

was observed that adsorption process was a rapid for the first 60 minutes, which could be explained 

by the great amount of active sites available on the surface of the material at the beginning of the 

experiment. Then it continued in minor rate until 120 minutes, and thereafter the change in 

adsorption capacity was negligible, so it can be said that equilibrium was reached. 
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Figure 1. Effect of contact time on the adsorption capacity of commercial adsorption materials 

 

In order to improve adsorption capacity of adsorbent materials, fresh GAC and ZEO were modified 

with iron for four consecutive times in a multi-step process, trying to reach high amount of iron 

content in the material. From Figure 2 it is observed that the iron content Fe (%) increased in the 

first three repetition. As can be seen, after the first modification the iron content for IMGAC and 

IMZEO was 8.20 % and 5.52 %, respectively. Iron content increased with the second repetition, 

approximately in a linear way and reached values 10.67 % for IMGAC and 9.75 % for IMZEO. 

However, in the last repetitions (3rd and 4th), the iron content from the 3th and 4th modification 

was almost constant, so the modification process was stopped at the 4th modification. Thus, the 

final total iron content of the modified materials was 11.29 % for IMGAC and 9.13 % for IMZEO. 

 

 
Figure 2. Total iron content during the modification process of GAC and ZEO 
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In order to assess the total iron stability in the IMGAC and IMZEO, a desorption test with distilled 

water was conducted. The total iron present in the solution after the desorption was analysed and 

the results are shown in Table 2. From the results it can be said that both materials were stable and 

the amount of total iron lost during desorption in distilled water was negligible. It means that 

impregnated materials are stable in water and the concentration of iron in the treated water would be 

small after the adsorption process, so it would not be necessary a further treatment to remove iron. 

 

Table 2. Percentage of desorbed total iron from IMGAC and IMZEO 

Material Desorbed iron (%) 

IMGAC 
0.33 
 

IMZEO 0.30 

 

Different properties such as specific surface (SBET), specific volume of micropores (Vmicro) and 

specificc surface area of mesopores and external surface (St ) were determined. These parameters 

were obtained for fresh GAC, fresh ZEO, IMGAC and IMZEO. According to the values 

summarized in Table 3, it can be stated that, as expected, GAC had greater specific surface area 

than ZEO. High specific surface area means that there is more possible area of contact between the 

material and the adsorbate, and thus better or faster adsorption. From the two different GAC forms, 

fresh GAC presented the highest values. In the case of the two different ZEO forms, there were no 

significant differences between ZEO and IMZEO. However, with these results it was not possible to 

draw an exact conclusion about the properties of the materials used and their relationship with the 

adsorption capacity of each one, since other characteristics, such as the size, type and shape of the 

material particles and the species of iron present in each material, also interfere. 

 

Table 3. Values of specific surface (SBET), specific volume of micropores (Vmicro) and specific 

surface area of mesopores and external surface (St ) for the different studied adsorbent materials 

Material SBET (m2/g) Vmicro (cm3/g) St (m
2/g) 

GAC 

IMGAC 

743 

502 

0.237 

0.162 

292 

194 

ZEO 

IMZEO 

30.2 

25.1 

0.000 

0.002 

29.1 

22.0 

 

Figure 3 illustrated results of adsorption study for the four different adsorbent materials – GAC, 

IMGAC, ZEO and IMZEO. As can be noted from Figure 3, the most effective sorption material for 

As(V) adsorption was IMGAC, which achieved 450.4 µg/g adsorption capacity and 90.08 % 

adsorption efficiency in the first 30 minutes of the adsorption process. After this time, capacity 

increased minimally until the end of the experiment and achieved 481.7 µg/g (96.33 % efficiency) 

in 180 minutes. Fresh GAC capacity increased over time at a comparatively minor rate, getting 

471.7 µg/g (94.34 % efficiency) at the end of the experiment. As expected, iron modification 

process caused increasing adsorption capacity of the GAC adsorbent material. The IMZEO material 

reached 236.5 µg/g capacity (47.30 % efficiency) in 180 minutes, which is a half value in 

comparison with the IMGAC. Fresh ZEO did not removed any arsenic from the sample, resulting in 

null adsorption capacity. As expected, iron modification process also improved ZEO adsorption 

capacity.  
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Figure 3. Adsorption of As(V) by GAC, IMGAC, ZEO and IMZEO (As(V) initial concentration: 

1000 µg/l; contact time: 180 min; adsorbent dose: 0.2 g; pH: neutral; temperature: 20±2 °C; 

agitation speed: 150 rpm) 
 

Figure 4 compares the adsorption capacity of the most efficient commercial material – granular 

ferric oxide (FeO) – with iron-modified GAC (IMGAC) and the commercial iron-coated ZEO 

(ICZEO) with iron-modified ZEO (IMZEO). From the achieved results, it is observed that the 

IMGAC reached in the first 30 minutes of contact time 450.4 µg/g capacity and 90.08 % efficiency 

while the commercial FeO in the same contact time reached only 160.5 µg/g capacity and 32.1 % 

efficiency. So, it can be stated that the As(V) removal by prepared IMGAC material is 

approximately three times faster than by commercial FeO. The prepared IMZEO material in 

comparison with commercial ICZEO reached the same adsorption capacity within 120 minutes 

contact time. After this time, the adsorption capacity of IMZEO increased and was approximately 

two times higher than capacity of ICZEO at the end of the experiment. 

 
 

 

Figure 4. Adsorption of As(V) by IMGAC, IMZEO, ICZEO and FeO (As(V) initial concentration: 

1000 µg/l; contact time: 180 min; adsorbent dose: 0.2 g; pH: neutral; temperature: 20±2 °C; 

agitation speed: 150 rpm) 
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CONCLUSION 

In the present study, six granular commercial adsorbents (activated carbon–GAC, zeolite–ZEO, iron 

coated zeolite–ICZEO, ferric oxide–FeO, ferric hydroxide–FeOH and ferric oxide-hydroxide–

FEOOH) and two non-commercial granular adsorbents (iron-modified activated carbon-IMGAC 

and iron-modified zeolite-IMZEO) were used and compared for pentavalent arsenic removal from 

drinking water. In addition, for iron-modified adsorbents the total iron content and its stability were 

evaluated. According to the achieved results the commercial GAC, FeO, FeOH and FeOOH were 

successfully used as as an adsorbent, from which the FeO had the highest adsorption capacity and 

efficiency. The used ICZEO remained at a low and constant capacity until the end of the experiment 

and ZEO was giving a result of zero adsorption capacity at all times. The multi-step iron 

modification process improved the GAC and ZEO adsorption capacity. The IMGAC had 

approximately three times higher adsorption capacity and efficiency than the best commercial FeO 

material. 
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Abstract 

The main objective of this study was to determine the effect of irrigating using three different 

types of waters, viz. secondary treated wastewater (STW), advance treated wastewater (ATW) and 

tap water (TW) on some important soil characteristics under kikuyu grass production. Kikuyu 

grass (Pennisetum clandestinum) is a very common and popular grass for urban areas and sports 

fields in Australia and was irrigated with above-indicated wastewaters and tap water for a period 

of 16 months (March 2016 - June 2017). No fertiliser was added during the study. Irrigation 

waters, soil extracted waters from different depths of the soils and soil samples from different 

depths were analysed for different parameters. Considerable changes occurred in soil 

characteristics over the period of study under different treatments. Soil saturated extract pH (pHSE) 

experienced an increase of more than 1 unit under irrigation with ATW while STW irrigated soil 

showed no appreciative change and TW irrigated soil evidenced a slight decrease of pH compared 

to initial soil pH. Also, a remarkable increase recorded for saturated extract electrical conductivity 

(ECSE) of top soils irrigated with treated wastewaters compared to soil’s initial ECSE. Variation of 

soil pHSE in conjunction with soil salinity and differences in nutrient levels amongst irrigation 

waters resulted in various grass yield from each treatment. Annual grass production of 16,241 kg 

of dry-matter per hectare (kg DM/ha) achieved from soil irrigated with STW where the recorded 

annual yields from ATW and TW were 7,028 and 14,216 kg DM/ha, respectively. Overall, the 

results from this study highlighted the benefits of using STW as irrigation water due to its lower 

cost of treatment compared to ATW, higher grass production and maintaining of soil pH within an 

ideal range. 

 

Keywords 

Secondary treated wastewater; advance treated wastewater; kikuyu grass; saturated extract pH; 

saturated extract EC; irrigation 

 

 

INTRODUCTION 

Treated wastewater is a reliable water source for reuse in various areas to confront the water 

shortages (Pedrero et al., 2010). Using recycled water for irrigation can be of benefit in various 

terms including prevention of natural water resources contamination, saving in water resources, 

saving in wastewater treatment and recovering nutrients (Angelakis and Bontoux, 2001; Rahman et 

al., 2016). The effect of treated and untreated wastewaters in different agricultural systems has been 

reported by many researchers around the world (Castro et al., 2009; Costa et al., 2011; Manios et 

al., 2006; Pedrero et al., 2012; Pettygrove and Asano, 1984; Chakrabarti, 1995; Gori et al., 2000; 

Minhas and Yadav, 2015; Sheikh et al., 1987). Recycled water can be listed in different categories 

based on its chemical characteristics which is the result of the level of treatments that wastewater 

goes through. In this study the effect of irrigation with secondary treated wastewaters (STW) and 

advance treated wastewater (ATW) on soil acidity and salinity under kikuyu grass production was 

mailto:a.shahrivar@westernsydney.edu.au
mailto:d.hagare@westernsydney.edu.au
mailto:b.maheshwari@westernsydney.edu.au
mailto:mrahman@kfu.edu.sa
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investigated. No fertilizer was used during the study.  

 

Soil pH is considered as one of the most important parameters of the soil that can be affected with 

the use of recycled water for irrigation. Plant growth is affected with soil pH in different ways. Soil 

pH can impact nitrification, denitrification, and glucose mineralization in soil atmosphere 

(Tabatabai and Olson, 1985). It has been reported that nitrogen mineralisation can be processed 

efficiently in the pH range of 5.5 to 7. Soil pH values below 5.5 can result in faster leaching of plant 

nutrients than those present in the soils with pH values of 5.5 to 7.0 (Ward, 2015). On the other 

hand, soil pH values higher than 7 can limit the availability of some plant nutrients causing 

reduction in plant production. For example phosphorus can be available to the plant mostly at a pH 

value between 6 and 7. Similarly, micro-nutrients such as iron, manganese, zinc, copper, and cobalt 

are less available for plant at pH over 7 (Seelig, 2000).  

 

An inconsistent soil pH has been reported by the past studies when different types of wastewater 

were used for irrigation. Those reported the increase in soil pH, attributed this to the factors like 

effluent high pH values and availability of high levels of cations such as Na, Ca and Mg in 

irrigation waters (Gwenzi and Munondo, 2008; Schipper et al., 1996; Sparling et al., 2006). On the 

other hand, some other researchers reported soil pH decrease as a result of wastewater application 

(Mohammad and Mazahreh, 2003; Rattan et al., 2005) and this decrease was explained as a result of 

either acidic characteristics of sewage effluents or the process of nitrification in presence of high 

amount of ammonium in the wastewater which resulted in serving hydrogen ions in the soil. No 

significant effect on soil pH when irrigated with wastewater was recorded by Khan et al. (2008).  

 

Another issue that is associated with the use of wastewater for irrigation is the addition of large 

amounts of salt to the soil as typically, treated wastewater contains 200-300 mg/L of total dissolved 

solids (TDS) (Muyen et al., 2011). Soils with saturated extract electrical conductivity (ECSE) over 4 

ds/m, generally, are defined as saline soils. However, different plants depending on their salinity 

tolerance can be affected at half and twice this salinity (Bernstein, 1975).  

 

Kikuyu grass (Pennisetum clandestinum) used in this study is known to have a moderate salinity 

tolerance up to 4 ds/m (Havilah et al., 2005) and also can grow well in the soil with moderate 

acidity with pH of 5-7 (Clark, 2007; Dickenson et al., 2004). Kikuyu grass is a C4 tropical grass 

which is widely used in sports fields, as well as pastures, public areas and golf course fairways 

(Brede, 2000; Fulkerson, 2007). A large number of studies have been carried out in terms of kikuyu 

grass production with application of fertilizer (Awad et al., 1976; Botha et al., 2008; Fulkerson et 

al., 1999; Gherbin et al., 2007; Hacker and Evans, 1992).  

 

The specific objectives of this study were i) to investigate the effect of secondary and advance 

treated wastewaters on soil acidity and salinity and ii) the contribution of changes of soil pH and EC 

to kikuyu grass production. 

 

 

MATERIALS AND METHODS 

Experimental design 

Experimental set-up has been explained thoroughly in Shahrivar et al., (2019). In a nutshell, three 

identical stainless steel columns were filled with the pre-prepared soil of loamy sand texture. The 

schematic set-up of the columns is illustrated in Figure 1. As shown in Figure 1, the columns 

regarding their size (450 mm diameter and 600 mm height) are considered as bigger columns 

compare to the other lab-scale lysimeters used for soil-plant studies. The GS3 sensors are able to 

measure bulk electrical conductivity, volumetric water content and temperature of the soil. Data 
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from the sensors were collected via the connection of GS3 sensors to a data logger. 

 
Figure 1. Schematic set-up of the columns 

 

The columns were equipped with three water extractors adjacent to their respective GS3 sensors in 

100, 300 and 500 mm of the columns (Figure 1). Finally, kikuyu grass from nursery was laid on the 

top of the columns and was irrigated with the respective irrigation waters. 

 

Irrigation waters 

Secondary treated wastewater (STW) used for this study was collected from Pennant Hills Golf 

Club’s wastewater treatment plant in Sydney which uses membrane bioreactor treatment system 

(MBR). MBR is a secondary treatment of wastewater process which combines a membrane process 

with a biological process (Judd, 2010). 

 

Table 1. Selected physicochemical properties of the soil 

Soil properties Value 

Sand (%) 88.1 

Silt (%) 6.0 

Clay (%) 5.9 

Texture class Loamy sand 

Bulk density (kg/m3) 1340 

pH1:5 5.5 

pHSE (saturation extract) 5.9 

EC1:5 (ds/m) 0.04 

ECSE (saturation extract), (ds/m) 0.38 

 

Advance treated wastewater to be used in this research was collected from Sydney Water’s 

Richmond STP (Sewage Treatment Plant) which uses intermittently decanted aerated lagoon 

(IDAL) system for wastewater treatment. IDAL is an advance treatment of wastewater for removing 

nutrient, particularly nitrogen. In this system, all processes including sedimentation, biological 
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treatment and clarification take place in one reactor (Ngo et al., 2007). Tap water (TP) was used as 

control water in the study which is provided by Sydney Water Corporation to Sydney Metropolitan 

area. 

 

Irrigation scheduling  

Data from GS3 sensors in conjunction with collected data from the weather station installed at the 

study area were used to identify the interval of irrigation and the amount of water to be applied to 

the columns. Due to Loamy sand’s reputation of having Field Capacity of 19 % and Available 

Water Content of 9 %, during the study period effort was taken to maintain the soil moisture content 

around 15 % to avoid any water stress for the grass. Figure 2 illustrates the irrigation scheduling and 

climatic condition during the study. Daily ET (Evapotranspiration) for kikuyu grass was calculated 

as (Allen et al., 1998): 

                                                                             (1) 

where ET is daily evapotranspiration for kikuyu grass (mm d-1), KC is kikuyu grass monthly crop 

coefficient (Connellan, 2013) and ET0 is reference crop evapotranspiration (mm d-1) from weather 

station. 

 
Figure 2. Irrigation scheduling and climatic conditions 

 

Soil and water analysis 

EC and pH of irrigation waters were analysed using respective meters. Total nitrogen (TN) and 

Total phosphorus (TP) were analyse using persulfate digestion method. Samples after digestion 

were analysed using the discrete analyser (Gallery, Thermoscientific). Main cations (Ca, K, Mg and 

Na) were measured by inductively coupled plasma optical emission spectrometry (ICP-OES, 

Agilent Technology 700 series). Soil samples from different depths were analysed for different 

parameters, saturated extract pH (pHSE) and saturated extracted EC (ECSE) included, using soil 

analysis methods proposed by Rayment and Lyons (2011). 

 

 

RESULTS AND DISCUSSIONS 

Characteristics of irrigation waters 

Table 2 summarises the mean values of irrigation water quality parameters. It can be seen that 

irrigation waters have different characteristics based on the treatments they have gone through. 

STW has high concentrations of nitrogen and phosphorus compared to other irrigation waters. By 

comparison, both treated wastewaters have considerably higher values of sodium than TW and that 

causes higher level of Sodium Adsorption Ratio (SAR) in treated wastewaters. 
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Table 2. Mean values of selected parameters of irrigation waters 

Parameters STW ATW TW 

pH 7.25 ± 0.41 7.52 ± 0.35 7.25 ± 0.46 

EC25˚C (dS/m) 0.99 ± 0.18 0.93 ± 0.073 0.26 ± 0.026 

TN (mg/L) 15.33 ± 3.28 0.90 ± 0.32 0.58 ± 0.33 

TP (mg/L) 5.55 ± 2.10 1.31 ± 0.75 0.48 ± 0.44 

Ca 2+ (mg/L) 29.59 ± 5.51 16.10 ± 1.70 20.33 ± 4.61 

K + (mg/L) 25.69 ± 7.28 28.58 ± 8.14 7.74 ± 5.42 

Mg 2+ (mg/L) 11.57 ± 3.39 26.04 ± 4.62 7.30 ± 2.57 

Na + (mg/L) 143.37 ± 31.23 113.68 ± 25.57 18.87 ± 5.51 

SAR 5.67 ± 0.21 4.08 ± 0.62 0.91 ± 0.15 

 

Soil-water pH 

Extracted water pH from different depths of the soil varied seasonally from column to column. 

Figure 3 shows seasonal pH values from 10 (Figure 3 (a)), 30 (Figure 3 (b)) and 50 cm (Figure 3 

(c)) depth of the soils irrigated with different types of irrigation waters. As it can be seen from the 

graphs, pH in soil irrigated with ATW is higher than the two other irrigation waters with values 

over 7 in 10 cm depth of the soil throughout the study.  

   

    (a)      (b)                           (c) 

Figure 3. Seasonal variation in soil-water pH extracted from a) 10 cm, b) 30 cm and c) 50 cm depth 

of the columns 

 

Bearing in mind that the highest concentration of grass root is placed in top soil, variation in soil 

characteristics in this area can be of importance regarding the impact on grass growth and 

production. As mentioned before, kikuyu grass is known to grow well in the optimum pH values of 

5 – 7 (Clark, 2007; Dickenson et al., 2004).  

 

Soil-water EC 

Similar to pH, extracted water electrical conductivity (EC) varied seasonally from depth to depth 

among the treatments. Seasonal EC values from 10, 30 and 50 cm depth of the soils irrigated with 

different types of irrigation waters is illustrated in Figure 4. It is obvious that soils irrigated with 

two types of treated wastewaters have high levels of salinity throughout the study time in different 

depths of the columns.  

 

Soil saturated extract pH and EC (pHSE and ECSE) 

After running the experiment, soil samples were collected from various depths of the columns. 

Analysis of soil samples showed similar results compared to soil-water analysis during the study in 

terms of pH and EC. Figure 5 shows the change of soil pHSE (a) and ECSE from different depths of 

the columns. 
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        (a)         (b) (c) 

Figure 4. Seasonal variation in soil-water EC extracted from a) 10 cm, b) 30 cm and c) 50 cm depth 

of the columns: STW, ATW and TW represent secondary treated wastewater, advance treated 

wastewater and tap water, respectively 
 

  
(a) (b) 

 

Figure 5. Soil saturated extract pH (pHSE) (a) and soil saturated extract EC (ECSE) (b) in different 

depths of the soils irrigated with secondary treated wastewater (STW), advance treated wastewater 

(ATW) and tap water (TW) 
 

These parameters of soil and their effect on kikuyu grass production have been comprehensively 

discussed in Shahrivar et al., (2019). In brief, high concentration of cations in conjunction with low 

level of nitrogen can be addressed as higher pH values of soil irrigated with ATW. This can be of 

hindrance in terms of kikuyu grass growth which is known to grow properly in pH level of 5-7. The 

results of dry matter yield from different treatments have been presented in Shahrivar et al., (2019), 

where soil irrigated with STW produced almost two times more than soil irrigated with ATW.  
 

 

CONCLUSIONS 

Soils irrigated with treated wastewaters resulted in higher values of salinity compared to control 

water particularly due to their high concentration of sodium. However, these levels of salinity, when 

sufficient amounts of nutrients are available, are unlikely to be of high risk for kikuyu grass growth. 

Advance treated wastewater (ATW) costs more and due to the lack of valuable nutrients and high 

salinity results in relatively low grass yield. Results of this study indicated that secondary treated 

wastewater (STW) can be a suitable source of irrigation water for urban areas. This has several 

benefits such as, savings in the cost of treatment, recovery of nutrients from wastewater and 

prevention of pollution discharging into urban waterways.  
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Abstract 

Leachate is produced through complex chemical reactions, infiltration of the atmospheric water in 

the landfill body and the water contained in the waste, as well as through dissolution of waste 

pollutants. Due to its toxic composition, leachate pollutes soil and groundwater. It is very difficult 

to foresee real composition of landfill leachate due to dynamics of the processes occurring in the 

landfill body and the impact of a large number of variable factors. Qualitative composition of the 

leachate is characterized by pollutants that can be classified into four groups - soluble organic 

components, inorganic macrocomponents, heavy metals and xenobiotic organic compounds. The 

main objective of the conducted research was determination of the quality and organic profile of 

the leachate collected at non-sanitary municipal solid waste landfill in Novi Sad, by performing a 

screening analysis using GC-MS device. 
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INTRODUCTION 

Leachate is the entity resulted from a several factors in both, the landfill body itself (landfill age, 

morphological waste composition, temperature and humidity, migration of fluid, pre-disposal waste 

treatment technology, thickness of the landfill body, waste decomposition stage), and outside of it 

(meteorological parameters, with focus on annual precipitation volume, as well as seasonal 

variations). The process of landfill filtrate forming includes decomposition of solid organic matter 

in the water drained through the landfill body and generating of new substances by biological 

processes and chemical reactions, which inevitably occur within the landfill body (Brennan et al., 

2015). 

 

Real composition of the landfill leachate is very difficult to foresee due to dynamics of the 

processes occurring in the landfill body and the impact of a large number of variable factors. 

Qualitative composition of leachate is characterized by pollutants that can be classified in four basic 

groups (Christensen et al., 1998; Kjeldsen et al., 2002): soluble organic components (volatile fatty 

acids, humic and fulvic acids), inorganic macrocomponents (ions of calcium, Ca2+, magnesium, 

Mg2+, sodium, Na+, potassium, K+, ammonium, NH4
+, iron, Fe2+, manganese, Mn2+, chlorides, Cl-, 

sulphates, SO4
2-, carbohydrates, HCO3-), heavy metals (ions of cadmium, Cd2+, chromium, Cr3+, 

copper, Cu2+, lead, Pb2+, nickel, Ni2+, and zinc, Zn2+), xenobiotic organic compounds 

(carbohydrates, phenols, chlorinated aliphatic compounds, pesticides, dioctyl phthalates). The toxic 

and hazardous matters previously registered and identified in landfill leachate, from the region of 

Vojvodina, are aromatic carbohydrates, halogenated compounds, phenols, pesticides, heavy metals 

and nutrients (Đogo et al., 2016). 

 

The main objective of the conducted research was determination of the quality and organic profile 

of the leachate collected at non-sanitary municipal solid waste landfill in Novi Sad, by performing a 

mailto:antickatarinaa@gmail.com
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screening analysis using GC-MS device. 

 

 

MATHERIALS AND METHODS 

Leachate sampling campaigns were carried out during the winter and spring periods 2019 in 2 hours 

cycles at the landfill in Novi Sad (Figure 1.). 
 

 
Figure 1. Collecting of leachate at a non-sanitary municipal solid waste landfill in Novi Sad in 

winter (left) and spring (right) 2019 
 

Total of 2 L of leachate were collected for the purpose of the screening analysis.The samples were 

transported and stored at the temperature of 4 oC until the preparation for the analysis. Samples 

were prepared by liquid-liquid extraction and concentrated in the Kuderna-Danish device. 

Previously prepared internal standard Fenantren D10, concentration of 15 ppm in methanol, was 

applied, while dichloromethane was used as a solvent agent. QP2010-Ultra GC-MS, Shimadzu, and 

Agilent HP – 5ms column (30 m·0,25 mm·0,25 μm) were used for the analysis. The screening 

analysis was conducted in the Laboratory for monitoring landfills, wastewater and air of the 

Department of Environmental Engineering and Occupational Safety and Health, Faculty of 

Technical Sciences in Novi Sad. 

 

 

RESULTS 

The organic profile of the analysed leachate is result of the morphological composition of the 

disposed waste and its seasonal variations, age of the landfill, as well as of the meteorological 

parameter variations, i.e. temperature, precipitation and humidity. The organic profile of the 

leachate from the non-sanitary municipal solid waste landfill in Novi Sad in winter and spring 

periods 2019 is presented in Table 1. 
 

Table 1. The organic profile of the leachate from the non-sanitary municipal solid waste landfill in 

Novi Sad in winter and spring periods 2019 

Group of compounds Winter period  Spring period 

Carbohydrates 5  7 

Organic acids, esters, and salts of organic acids 12  16 

Phthalates /  / 

Alcohols, ketones and aldehydes 7  10 

Phenols 3  1 

Heterocyclic compounds 5  2 

Organonitrogen compounds 5  5 

Total detected 38  41 
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The obtained results indicate the dominant presence of two groups of organic compounds: organic 

acids, esters and salts of organic acids and alcohols, ketones and aldehydes. The specified groups 

of organic compounds are usually presentin the organic fraction of waste and products of 

degradation (fruit, animal waste, food products) and in industrial waste as well (pharmaceuticals, 

synthetic polymers, industrial solvents, essential oils). 

 

Table 2, Table 3, Table 4, Table 5, Table 6. and Table 7 show identified organic compounds within 

the groups of carbohydrates, organic acids, esters and organic acid salts, phthalates, alcohols, 

ketones and aldehydes, phenols, heterocyclic compounds and organonitrogen compounds in winter 

and spring periods. 

 

Table 2. Identified compounds within the group of carbohydrates during the winter and spring 

periods 2019 

Winter period 

Group of compounds CAS Number  

Molecular 

weight 

[g mol-1] 

 
Retention 

time 

Z,Z,Z-1,4,6,9-

Nonadecatetraene 
82970-94-3  260.46  16.383 

(Cyclopropyl)trivinylsilane 959074-89-6  150.30  51.688 

Longipinane, (E)- /  206.37  53.108 

3.5-Decadiyne, 2.2-dimethyl- 55682-73-0  162.27  58.790 

cis-Z-.alpha.-Bisabolene 

epoxide 
/  220.35  70.930 

Spring period 

Group of compounds CAS Number  

Molecular 

weight 

[g mol-1] 

 
Retention 

time 

Cyclopentane, 1-methyl-3-(2-

methylpropyl)- 
29053-04-1  140.26  13.785 

Cyclohexasiloxane, 

dodecamethyl- 
540-97-6  444.92  44.528 

Benzene, 1,3-diisocyanato-2-

methyl- 
91-08-7  174.16  44.905 

Benzene, 2,4-diisocyanato-2-

methyl- 
584-84-9  174.16  45.065 

Diphenyl sulphide 139-66-2  186.27  59.485 

Phenanthrene-D10 1517-22-2  188.29  69.545 

Oxirane, 2,2'-[(1-

methylethylidene)bis(4,1-

phenyleneoxymethylene)]bis- 

1675-54-3  340.41  188.593 
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Table 3. Identified compounds within the group of organic acids, esters and salts of organic acids 

during the winter and spring periods 2019 

Winter period 

Group of compounds 
CAS 

Number 
 

Molecular 

weight 

[g mol-1] 

 Retention time 

Carbamic acid, methyl-, phenyl ester 2603-10-3  151.16  17.770 

Triisopropylphosphate 513-02-0  224.23  35.017 

N,N-Dimethylsuccinamic acid 2564-95-6  145.16  49.518 

3,7-Dimethyl-6-nonen-1-ol acetate /  212.33  54.545 

Methyl (4S,5R)-2,2,5-trimethyl-1,3-

dioxolane-4-carboxylate 
38410-80-9  174.19  56.063 

Tributyl phosphate 126-73-8  266.32  56.628 

4-Oxo-4-(para-tolyl)-butyric acid 4619-20-9  307.40  59.698 

Decanoic acid, decyl ester 1654-86-0  312.53  62.870 

2-Dodecen-1-yl(-)succinic anhydride 19780-11-1  266.37  64.240 

[1,1'-Bicyclopropyl]-2-octanoic acid, 

2'-hexyl-, methyl ester 
56687-68-4  322.50  66.915 

Phthalic acid, monoethyl ester 2306-33-4  194.18  76.093 

Cyclohexanecarboxylic acid, hexyl 

ester 
27948-10-3  212.33  77.115 

Spring period 

Group of compounds 
CAS 

Number 
 

Molecular 

weight 

[g mol-1] 

 Retention time 

3-Trifluoroacetoxypentadecane /  324.23  11.300 

2-Propenoic acid, 1-methylundecyl 

ester 
51443-73-3  240.38  13.738 

Propylene Carbonate 108-32-7  102.09  17.615 

Pterin-6-carboxylic acid 948-60-7  207.15  28.060 

2-Oxepanone 502-44-3  114.14  29.628 

5-(Prop-2-enoyloxy)pentadecane /  282.46  30.003 

5-Cyclopropylcarbonyloxypentadecane /  296.49  30.283 

3-(Prop-2-enoyloxy)tetradecane /  282.50  43.013 

3-Trifluoroacetoxy-6-ethyldecane /  282.35  58.235 

Hydracrylic acid, monoanhydride with 

1-butaneboronic acid, cyclic ester 
33823-94-8  155.99  62.565 

2-Propanol, 1-chloro-, phosphate (3:1) 13674-84-5  327.57  72.288 

Phthalic acid, isobutyl octadecyl ester /  474.70  75.685 

7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-

6,9-diene-2,8-dione 
82304-66-3  276.37  78.140 

Hexadecanoic acid, methyl ester 112-39-0  270.45  78.848 

Nor-diazepam, 3-[[N-

hydroxymethyl]aminocarbonyloxy]- 
/  373.80  78.877 

Isopropyl Palmitate 142-91-6  298.50  83.773 
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Table 4. Identified compounds within the group of alcohols, ketones and aldehydes during the 

winter and spring periods 2019 

Winter period 

Group of compounds 
CAS 

Number 
 

Molecular 

weight 

[g mol-1] 

 
Retention 

time 

Cycloundecanone 878-13-7  168.27  46.352 

Bicyclo[2.2.1]heptan-2-one, 

5-hydroxy-4,7,7-trimethyl- 
114529-11-2  168.23  48.390 

2,4,7,9-Tetramethyl-5-

decyn-4,7-diol 
126-86-3  226.36  50.005 

7-Hexadecenal, (Z)- 56797-40-1  238.41  52.485 

Bicyclo[4.1.0]heptan-3-ol, 

4,7,7-trimethyl-, [1R-

(1.alpha.,3.beta.,4.alpha.,6.a

lpha.)]- 

54750-09-3  154.25  66.915 

s-Trioxane, 2,4,6-triethyl- 2396-42-1  174.24  68.275 

1-Heptadec-1-ynyl-

cyclohexanol 
/  334.58  69.660 

Spring period 

Group of compounds 
CAS 

Number 
 

Molecular 

weight 

[g mol-1] 

 
Retention 

time 

2-Nonyn-1-ol 5921-73-3  140.22  10.268 

7-Hexadecenal, (Z)- 56797-40-1  238.41  10.433 

2-n-Butylacrolein 1070-66-2  112.17  13.845 

1,6-Anhydro-2,4-dideoxy-

.beta.-D-ribo-hexopyranose 
/  130.14  17.905 

9-Oxabicyclo[6.1.0]nonan-

4-ol 
2616-81-1  142.19  37.435 

Azacyclodecan-5-ol /  157.25  40.600 

9-Oxabicyclo[4.2.1]nonan-

2-ol 
/  142.20  47.720 

2,4,7,9-Tetramethyl-5-

decyn-4,7-diol 
126-86-3  226.36  49.850 

Heptanal 111-71-7  114.18  51.653 

2(3H)-Benzofuranone, 

hexahydro-4,4,7a-

trimethyl- 

16778-27-1  182.26  58.285 
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Table 5. Identified compounds within the group of phenols during the winter and spring periods 

2019 

Winter period 

Group of compounds 
CAS 

Number 
 

Molecular 

weight 

[g mol-1] 

 
Retention 

time 

Phenol 108-95-2  94.11  17.468 

Phenol, 4-methyl- 106-44-5  108.14  25.145 

Phenol, 4,4'-(1-

methylethylidene)bis- 
80-05-7  228.29  90.153 

Spring period 

Group of compounds 
CAS 

Number 
 

Molecular 

weight 

[g mol-1] 

 
Retention 

time 

Phenol, 4,4'-(1-

methylethylidene)bis- 
80-05-7  228.29  90.068 

 

Table 6. Identified compounds within the group of heterocyclic compounds during the winter and 

spring periods 2019 

Winter period 

Group of compounds CAS Number  

Molecular 

weight 

[g mol-1] 

 
Retention 

time 

Guanosine 118-00-3  283.24  11.570 

3-Methyl-4-(phenylthio)-

2-prop-2-enyl-2,5-

dihydrothiophene 1,1-

dioxide 

/  280.40  12.273 

Spiro[androst-5-ene-

17,1'-cyclobutan]-2'-one, 

3-hydroxy-, 

(3.beta.,17.beta.)- 

/  328.49  14.828 

Indole 120-72-9  117.15  40.948 

Cyclic octaatomic sulfur 10544-50-0  256.52  81.868 

Spring period 

Group of compounds CAS Number  

Molecular 

weight 

[g mol-1] 

 
Retention 

time 

3-Methyl-4-(phenylthio)-

2-prop-2-enyl-2,5-

dihydrothiophene 1,1-

dioxide 

/  280.40  10.018 

Imidazole, 2-amino-5-

[(2-carboxy)vinyl]- 
1330014-65-7  153.14  42.703 
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Table 7. Identified compounds within the group of оrganonitrogen compounds during the winter 

and spring periods 2019 

Winter period 

Group of compounds 
CAS 

Number 
 

Molecular 

weight 

[g mol-1] 

 
Retention 

time 

2,6-Dimethylphenyl 

isocyanate 
28556-81-2  147.17  58.196 

Propyphenazone 479-92-5  230.31  80.120 

L-Glutamine, N2-

[(phenylmethoxy)carbonyl]

- 

2650-64-8  280.28  45.005 

8H-Pyrano[3,4-

b]pyrimido[5,4-d]furane, 

5,6-dihydro-4-hydrazino-

6,6-dimethyl-2-methylthio- 

/  280.35  108.665 

Oxirane, 2,2-dimethyl-3-

(3,7,12,16,20-pentamethyl-

3,7,11,15,19-

heneicosapentaenyl)-, (all-

E)- 

7200-26-2  426.72  116.663 

Spring period 

Group of compounds 
CAS 

Number 
 

Molecular 

weight 

[g mol-1] 

 
Retention 

time 

1,4-Piperazinediethanol, 

.alpha.,.alpha.'-

bis(phenoxymethyl)- 

34972-10-6  386.48  10.143 

2-Piperidinone, 6-methyl- 1558-58-3  113.16  29.713 

3-Azabicyclo[3.2.2]nonane 283-24-9  125.21  47.640 

Glucopyranuronamide, 1-

(4-amino-2-oxo-1(2H)-

pyrimidinyl)-1,4-dideoxy-

4-(D-2-(2-

(methylamino)acetamido)h

ydracrylamido)-, .beta.- 

2096-42-6  443.41  48.110 

Piperidine, 3-isopropyl- 13603-18-4  127.23  48.788 

 

 

CONCLUSION 

Considering that the leachate from the non-sanitary municipal solid waste landfill in Novi Sad is not 

treated, the identification of specific pollutants is important from the aspect of environmental and 

health risk assessment. In addition, it is necessary to be aware of the presence and content of these 

pollutants in the landfill leachate, as well as their possible synergistic effects when developing, 

selecting and optimizing future treatments. 
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Abstract 

Wastewater treatment in semi-natural systems like hydroponic lagoon working as a third stage of 

purification is getting more and more popular because of the efficiency of nutrients removal. Very 

often treatment processes in hydroponic ditch are supported by algae growth what can cause the 

increase of total suspended solids concentration in the outflow from the wastewater treatment 

plant. The aim of the study was to analyse changes in the granulometric composition of particles in 

the hydroponic lagoon working as a third stage of wastewater purification in the Municipal 

Wastewater Treatment Plant (WWTP) in Poland. Measurements of the particles size were made 

with the use of laser diffraction method. Measurements results has shown that size of the particles 

in hydroponic lagoon varied from 0.01 to 1000 μm. Analyses of the average diameters D(3.2) and 

D(4.3) has shown that particles have small reactivity but good sedimentation properties and their 

fractal dimensions are usually higher than 2.0 what decides about their well-developed surface. 

Most of the particles flowing out of the WWTP are probably algae or particles that can absorb on 

their surface other pollutants. The use of laser granulometry for particles identification might be 

useful in determining the total suspended solids character as well as can help to develop cheaper 

and more efficient methods of its removal. 

 
Key words 

Laser granulometer; wastewater treatment; fractal dimension; hydroponic wastewater treatment; 

particle size distribution 
 

 

INTRODUCTION 

Laser granulometry is an innovative method of particle size analysis used in many fields of 

industry, science and other branches (Garbowski et al., 2017). In most cases it is used for analysis 

of particle size distribution in aqueous solutions and it is based on diffraction process and low angle 

light scattering (Tinke et al., 2008). The main advantages of the use of granulometric analyses is the 

wide spectrum of results obtained in relatively short time as well as the wide range of particle size 

measurements (0.01 – 2000 µm) (Nolte et al., 2012; Xu, 2015). The results can be converted with 

the use of mathematical models to obtain the most accurate characteristics of particles.  
 

During the last few years laser granulometry has been found as an alternative for traditional 

methods of suspended solids characterization. It gives an opportunity to analyse the size of mineral 

and organic particles like algae, protozoa or other small organisms (Bawiec et al. 2017). As proofed 

by Kuśnierz and Łomotowski (2015) and Bawiec et al. (2019), this method can be used for 

assessment of algae growth dynamics what has a particular importance in monitoring of natural and 

semi-natural wastewater treatment systems.  
 

In the technology of wastewater purification, systems based on natural processes are nowadays in 

great importance because of their efficiency in organic matter and nutrients removal. Wide 

spreading of eutrophication in surface water reservoirs as well as water courses and even coastal 

waters brings a serious threat for natural ecosystems (Andersen et al., 2017; Kelly et al., 2018; Cai 

et al., 2019). One of the methods based on natural processes is sewage purification in hydroponic 
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lagoon build in the shape of artificial river. Treatment processes that occur in this system are based 

on water self-purification processes occurring in natural river ecosystems. Biologically treated 

sewage (after clarification in the secondary settling tank) is flowing through the hydroponic lagoon 

equipped with aeration system. On the surface of the wastewater, macrophytes (f.ex. Pistia 

stratiotes, Myriophyllum verticillatum, Eichhornia crassipes) are planted. Their roots are immersed 

in the solution that provides nutrients for their growth (Kouamé et al., 2016; Whitton et al., 2016). 

The roots surface as well as the plastic panels used as a support for growing plants are very good 

environment for bacteria, protozoa, small invertebrates, algae and microalgae growth (Ye et al., 

2016). 
 

Except from well-known role of bacteria (activated sludge) in wastewater treatment, algae and 

microalgae have a huge impact of its’s purification in semi-natural and natural processes. The role 

of algae can be considered multidimensional. In wastewater treatment the most important algae 

activity is an uptake of ammonium and phosphate – nutrients responsible for eutrophication process 

(Samori et al., 2013; Gilbert et al., 2018a). The production of O2 in photosynthesis provides oxygen 

conditions for bacterial activity and CO2 uptake slightly reduces greenhouse gas emissions (Su et 

al., 2012). Unfortunately, because of small size of cells that are negatively charged, separation and 

removal of algae from treated wastewater is expensive and difficult (Barros et al., 2015; Hu et al., 

2017). Excessive algae and total suspended solids (TSS) discharge into the receiving water bodies, 

may cause a number of negative effects on the aquatic environment. In the case of TSS, their 

harmfulness to the environment depends of its composition. One of the most dangerous fraction of 

total suspended solids are colloidal particles that can easily absorb other pollutants like heavy 

metals. After sedimentation in water reservoirs or water courses heavy metals accumulates in the 

bottom sediments and their concentration decides on possibilities of bottom areas settlement by 

aquatic organisms (Suresh et al., 2012; Remo et al., 2016). High concentrations even of nontoxic 

suspended solids may cause direct injury to fish by reducing their tolerance of subsequent infection 

by pathogens (Redding et al., 1987; Cheremisinoff, 1995). Not without significance is fact that TSS 

may contain different micro pollutants like pharmaceuticals, microplastic or even nanomaterials, 

which can exert a toxic influence on the environment (Zhu et al., 2018; Wagner and Lambert, 

2018). Additionally, high concentrations of suspended solids associated with organic matter, after 

discharge into the receiving water body may cause increase of chemical oxygen demand (COD) as 

well as be the reason of aesthetic issues (high turbidity of water) and as a result of it - higher costs 

of further water treatment (Bilotta and Brazier, 2008; Smyk et al., 2015).  
 

As presented above total suspended solids and algae are one of the most problematic pollutants that 

have to be sufficiently removed before discharging wastewater into the receiving water bodies. 

Because of their dynamic changes, especially in semi-natural systems, this task is still a major 

concern of the scientists. Using the three stage wastewater treatment with the use of hydroponic 

lagoon as an additional system for biogenic compounds removal may cause operational problems 

connected with the excessive TSS concentrations as a result of algae growth in the system. 

Monitoring of the changes of particles size and properties during the flow through the hydroponic 

ditch can be the basis of developing more effective methods of total suspended solids and algae 

removal from the sewage. The aim of the paper was to analyse changes in the granulometric 

composition of particles in the hydroponic lagoon working as a third stage of wastewater 

purification.  
 

 

MATERIALS AND METHODS 

Object description 

The research object is a hydroponic lagoon working as a third stage of wastewater treatment in 

Municipal Wastewater Treatment Plant (WWTP) located in the south-western part of Poland which 
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size is calculated on 22 396 p.e. The whole treatment process consist of standard mechanical 

treatment, biological treatment in circulating hybrid bioreactor and additional purification in 

hydroponic lagoon. Hydroponic lagoon is a concrete ditch built in the shape of artificial river, 

whose total length is 191 m and the wastewater flow takes about 9 hours. The surface of the lagoon 

is planted with macrophytes – mostly Pistia stratiotes and Myriophyllum verticillatum. Partial 

aeration with the use of bottom aerators is provided. To provide sunlight for photosynthesis, roof 

and walls of the room when the ditch is located are made of polycarbonate sheets. In addition this 

solution allows to get very small temperature fluctuations during the year. 

 

Samples collection and analysis 

Samples of wastewater were taken once a month in the autumn-winter season from the inlet (P1), 

middle flow (P3, P4) and the outlet (P6) of the hydroponic ditch (Figure 1) and transported in 

polyethylene terephthalate containers into the laboratory within 3 hours from collection. 

 

Figure 1. Scheme of hydroponic lagoon working as a third stage of wastewater treatment 
 

The granulometric composition of sewage was measured with the use of Malvern Mastersizer 2000 

laser granulometer coupled with wet sample dispersion unit ‘Hydro MU’ providing homogenous 

solution for the measurements. Analyses of obtained results were prepared with the use of Malvern 

Instruments Ltd. and STATISTICA software. 
 

 

RESULTS AND DISCUSSION 

The changes in particles size distribution described by the changes in the % share of volume of 

suspended solids fraction with characterized di diameters in the total volume of polydisperse 

suspension shows variations within wastewater samples collected month after month (Figure 2). 

 

P1  
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P3  
 

 

P4  

P6  

 

Figure 2. Cumulative volume frequency of particles diameter in wastewater taken from 4 sampling 

points (P1, P3, P4, P6) within six months of measurements 
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In all sampling points the range of particles sizes was 0.1 to 1000 μm. In all sampling points, in all 

months from the research period, the vast majority (> 90 %) were particles with the di diameters 

close to 100 μm. The biggest variations of particles size was observed in P1 sampling points, where 

90 % of di varied from about 80 μm to about 500 μm. In P3 and P4 sampling points changes of 

diameters in the majority of particles were smaller (around 90 – 350 μm). In the last sampling point 

P6 during the most of the time the majority of particles had diameters in the range of 90 – 200 μm. 

 

Taking into consideration the mean values of particles diameters from P1 – P6 points it can be 

concluded, that in all of the sampling points the majority of particles in the volume of the solution 

(> 90 %) had di higher than 100 μm, and only about 10 % accounted for particles with diameters 

around 10 μm (Figure 3). 

 
Figure 3. Mean cumulative volume frequency of particles diameter in wastewater taken from 4 

sampling points (P1, P3, P4, P6) 

 

Identified mean diameters D(3.2) decisive for the absorption capacity of the particles and mean 

diameters D(4.3) conditioning the sedimentation capacity of particles are presented in Figure 4 and 

Figure 5.  

  
Figure 4. Sizes of mean equivalent diameters 

D(3.2) in wastewater taken from 4 sampling 

points (P1-P6) 

Figure 5. Sizes of mean equivalent diameters 

D(4.3) in wastewater taken from 4 sampling 

points (P1-P6) 

 

The sizes of D(3.2) diameters were slightly changing during the wastewater treatment process in the 

lagoon. It can be observed that at the beginning of lagoon (P1) the size of D(3.2) diameter varied 
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from 14.25 μm to 75.74 μm where in the rest of measuring points the difference between minimal 

and maximal diameter were bigger. In the outflow from the lagoon minimal D(3.2) diameter was 

5.38 μm where the maximal one reached 55.81 μm. The smaller the diameter D(3.2) the active 

surface of the particles is bigger which increases the efficiency of particles in catalysing chemical 

reactions (Wiercik et al., 2016). 

 

In the case od D(4.3) diameters, which are calculated on the basis of moment of mass and volume 

and gives an information about concentration of particles mass in the solution (Kuśnierz and 

Wiercik, 2016), the difference between minimal and maximal diameter was the biggest in the first 

measuring point (P1 – biologically treated wastewater) and varied from 37.49 μm to 151.96 μm. 

The smallest range of diameters sizes was measured in point P4 (37.05 μm – 98.83 μm), where in 

the outflow from the lagoon (P6) the D(4.3) were in the range of 52.32 μm to 117.63 μm. The 

highest D(4.3) diameters the sedimentation properties of the suspended solids are better what is 

especially important in the wastewater treatment processes. 

 

 
Figure 6. Fractal dimensions of particles in wastewater treated in the hydroponic lagoon 

 

On the basis of the analysis of changes in the intensity of the laser light wave scattering, the fractal 

dimensions of TSS particles in the wastewater was measured (Figure 6). Identified fractal 

dimensions (Df) of the particles shows that during the research period the lowest value of Df=1.483 

occurred at the outflow of the hydroponic lagoon in October while the highest one Df=2.883 was 

calculated in the sewage sample from the middle point of the ditch in February. The mean values of 

Df in all sampling points varied from 2.112 to 2.173. The biggest changes in fractal dimensions 

were observed for 3 months of measurements (from October to December) but in general no 

significant changes of fractal dimensions during the flow through the lagoon was observed. 

Observation of fractal dimensions of particles gives an information about their density and porosity 

as well as their structure. On the basis of Df values the shape of particles can be characterized. 

Particles in wastewater can create structures similar to the sphere or appear as clusters of loosely 

connected particles (Zhao et al., 2013). The fractal dimensions can vary from 1 to 3. The particles 

with Df close to 1 have linear shape where with the increase of fractal dimension their structure is 

more expanded. With fractal dimensions nearest to 3 particles create spatial structures (Valle et al., 

2017).  

 

 

CONCLUSIONS 

The environment of hydroponic lagoon (present of plants, algae, invertebrates, protozoa) as well as 

physical conditions (intensive aeration) have huge impact on the size and properties of particles. On 

the basis on conducted calculations it can be concluded that during the entire research period, in all 



Wastewater 
 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

279 

of the sampling points the vast majority of identified particles was bigger than 100 μm. In general, 

particles sizes in the hydroponic lagoon varied from 0.01μm to 1000 μm. Analyses of the average 

diameters D(3.2) and D(4.3) has shown that identified particles have small reactivity (D(3.2) > 10 

μm) but good sedimentation capacity (D(4,3) > 50μm) what is the most important particle feature 

for the wastewater treatment processes. The mean values of fractal dimensions of particles in all 

sampling points varied from 2.112 to 2.173 what gives an information that particles of suspended 

solids in wastewater have well-developed surface. 

 

On the basis of information about the shape and size of particles identified in the sewage from 4 

sampling points of hydroponic ditch it can be assumed that most of the particles flowing out of the 

WWTP are algae or particles that can absorb on their surface other pollutants. The use of laser 

granulometry for particles identification might be useful in determining the total suspended solids 

character as well as can help to develop cheaper and more efficient methods of its removal. It is 

especially important in semi-natural systems where the role of algae in purification processes 

cannot be omitted. 
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Abstract 

The Sentry bio-electrode sensor is mainly used in anaerobic digester systems to prevent the effects 

of toxic shock, system imbalance, poor performance and to get a better yield for biogas 

production. A novel approach in the application of the sensor is in aerated wastewater treatment 

systems, especially to measure Biological Oxygen Demand (BOD) based on true microbial 

activity. Although BOD5 is still the basis of designs and effluent limits in the wastewater industry, 

the standard lab measurement for this parameter carries more error than a standardized 

measurement of a chemical parameter, e.g. Chemical Oxygen Demand (COD) and takes 5 days to 

complete. 

The sensor was tested in an Organica Water facility in different locations along the treatment 

process: in the primary clarifier (influent), after the secondary clarifier (effluent) and in the 

beginning and end of the aerated biological reactors. The measured values (Microbial Electron 

Transfer - MET) were correlated to standard laboratory parameters, such as Total CBOD5, Total 

COD and filtered COD. 

The results for the influent and combined influent and effluent were correlating to TC very well, 

(R2>80 %) with a mean relative error of 7 % and 13 % respectively. As a conclusion the Sentry 

sensor can be used with high confidence for actual TCBOD5 measurement in influent and effluent. 

To measure exact TCBOD5 values, the sensor needs matrix-specific calibration, but the raw MET 

value is also suitable to indicate the changes in the biologically degradable materials in the water. 

Another promising application is early warning for toxic materials; as opposed to usual COD-

based online measurement methods (sensors and analyzers) which cannot indicate degradability or 

toxicity of the incoming material, changes in biodegradability can be reliably detected by the 

Sentry bio-electrode sensor. This means that wastewater treatment plant operators can see the 

changes of the influent characteristics in real-time and they are able to prepare their plant for the 

negative effects. 

 

Keywords 

BOD; Biochemical Oxygen Demand; sensor; online; real time; toxicity 

 

 

INTRODUCTION 

Measuring BOD 

In recent times the online and real-time measurement of Biological Oxygen Demand (BOD) has 

surfaced more and more as a requirement in wastewater treatment plant operation. Although this 

parameter is still the basis of design and effluent limits in the wastewater industry thanks to its 

potential to characterize the biodegradable organic content of a certain type of wastewater, this is 

not an easy and straightforward parameter to measure. For a standard CBOD5 (20 °C) measurement, 

a wastewater sample needs to be incubated at constant 20 °C temperature and the oxygen 

consumption of the bacteria to be measured. Since there are multiple sources of error during sample 

preparation and the 5 days of measurement time, this biological measurement carries more error and 

takes more time than a standardized measurement of a similar parameter, like Chemical Oxygen 

Demand (APHA, 2012). Yet, most authorities still require the effluent compliance to be expressed 

as CBOD5, however if there is a process upset, the operators can only be warned about it after the 5 

days of incubation has passed, assuming they rely solely on laboratory BOD measurements. 
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Online sensors 

To be able to act faster when process disturbances occur, operators started relying on online 

instrumentation. The most commonly measured parameter is Dissolved Oxygen (DO), which gives 

an overview of the composition of wastewater indirectly, through the biological activity of the 

bacteria. Since the DO measured can be influenced by a number of external parameters (amount of 

air introduced into the water body, temperature, amount of biomass, concentration of contaminants, 

etc.), other sensors were developed to measure the organic content indirectly or semi-directly. Most 

of them rely on the UV absorption of aromatic components in the organic materials, like proteins 

and use various approaches: single wavelength (Kellner et al., 2014), multi-wavelength (Rieger et 

al., 2004) or excitation and emission of a specific protein component (Khamis et al., 2017). 
 

A novel approach for online BOD measurement is based on utilizing the metabolic pathways of 

microbes of the Proteobacteria genus which can use metal surfaces as electron acceptor thus 

generating an electrical signal which can be measured (Lovley et al., 2011). The exo-electrogenic 

microbes growing on the anode surface of the sensor consume organic material and use the cathode 

as electron acceptor; between the two metals the resistance is measured and the signal called 

Microbial Electron Transfer (MET) is generated. This enables the correlation of the MET signal 

only to the biodegradable components of the bulk wastewater, preventing false readings for non-

biodegradable organic substances which would be included in absorption- or emission-based 

measurements. This also means that the measured signal can reflect the inhibition of the bacteria 

when toxic components are present in the wastewater together with readily biodegradable material. 

This paper describes the performance evaluation of the Sentry bio-electrode sensor based on the 

above-mentioned measurement principle, which was tested at a municipal wastewater treatment 

plant. Multiple parameters associated with organic content were measured using standard laboratory 

methods and the measured value from the sensor were compared to those. The effect of toxic 

components on the measured signal is also investigated based on the vital response of the 

microorganisms. 

 

 

MATERIALS AND METHODS 

Testing locations 

The sensors were installed at multiple locations in the South-Pest Wastewater Treatment Plant, 

Budapest, Hungary. The wastewater characteristics (organic levels and matrix) varied widely along 

the different installation locations at this municipal plant: for influent the sensor was placed on the 

bridge of the primary clarifier, for effluent in the effluent chamber of a secondary clarifier. It was 

also installed inside the aerated reactors (containing MLSS) both near the beginning and the end of 

the aerated zone. 

 

After every change in the installation location, the sensors were inoculated between two to three 

weeks to allow the biofilm on the sensor anode to grow and adapt to the new environment. 

Reference sampling started only afterwards. 

 

Lab measurements 

Unfiltered grab samples were taken regularly next to the sensor and the following lab measurements 

were carried out: total COD (TCOD), filtered COD (0.45 µm filtered, fCOD), total CBOD5 

(TCBOD5). COD was determined using Hach LCK 314 and LCK 514 cuvette testkits, while 

TCBOD5 was measured using WTW OxiTop® Respirometric BOD measuring system at 20 °C. 

The samples were stored in cooling boxes while transported to the laboratory nearby. The BOD 

samples were prepared right away to prevent further biodegradation of organics. 



Wastewater 
 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

283 

Calculations 

The sensor data was regularly downloaded and the TCBOD5, TCOD and fCOD values were 

correlated with the MET value measured by the sensors. The original sensor data was reconciled for 

the different parameters using the linear regression equations (1). 

 

                                                           (1) 

 

Toxic response measurement 

For the evaluation of the effect of toxic components, sodium hypochlorite (household bleach,       

17-19 % solution, 2 x 10 mL), hydrogen chloride (household hydrochloric acid, 20 ±2 %, 15 mL), 

sodium hydroxide (Reanal technical grade, 3M solution, 10 mL + 14 mL) and saturated salt solution 

(table salt, saturated solution, 2 x 0.5 L) were added to a bucket of wastewater respectively, while 

the bio-electrode sensor was also placed in the bucket. The wastewater was taken from the same 

location the sensor was installed previously so the effect of a different matrix can be eliminated, and 

the measured signal was recorded alongside pH and conductivity. 
 

 

RESULTS AND DISCUSSION 

Biofilm on the sensor 

The biofilm was investigated while the sensor was installed in the different locations. While it was 

installed the primary clarifier an anaerobic-looking black-brown biofilm populated the sensor 

surface. When the sensor was installed in the secondary clarifier effluent the biofilm was very thin, 

almost undetectable. The biofilm resembled more a healthy-looking fix-filmed type when it was 

installed in the aerated reactors with a brown-greyish color. 
 

Linear regression – Influent and Effluent 

After evaluating the reference measurements, the most accurate linear regression values were found 

for influent, with R2 of 0.8, Mean Residual Error (MRE) of 7 % and Normalized Root Mean Square 

Error (NRMSE) of 13 % for TBOD5 (Figure 1). The correlation was similarly good for TCOD but 

was less accurate in case of fCOD (Table 1). 
 

The measured sensor data from the secondary clarifier effluent showed the least variability 

(Figure 2) but an acceptable correlation could also be determined (Table 1). With enough time 

provided for inoculation and conditioning of the sensor at both locations, the results show a good 

correlation even if all the obtained influent and effluent datapoints are plotted on the same graph: 

the R2 metric improved for all parameters while the MRE remained in the same range. (Figure 1, 

Table 1). 

 
Figure 1. Linear regression for influent and combined influent and effluent TBOD5, fCOD and 

TCOD 
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Table 1. Coefficient of determination (R2), Mean Residual Error (MRE) and Normalized Root 

Mean Square Error (NRMSE) of correlation of influent and effluent measurements 

 Influent  Effluent  Influent + Effluent 

 R2 MRE NRMSE  R2 MRE NRMSE  R2 MRE NRMSE 

TBOD5 0.8032 7.0% 13.1%  0.4846 29.8% 38.1%  0.9838 13.1% 5.3% 

fCOD 0.6140 9.4% 21.5%  0.4873 29.1% 57.6%  0.9592 6.9% 7.4% 

TCOD 0.8202 7.4% 13.1%  0.5094 20.2% 32.5%  0.9769 8.6% 6.0% 

 

 
Figure 2. Original and reconciled sensor data and lab data– Influent and Effluent TBOD5 

 

Results from aerated reactors 

A high daily variation in the signal was observed for locations inside the aerated reactors. The 

sensor did not seem to be influenced by the surrounding flocs of microbes in the water although a 

similar composition biofilm appeared on the anode. The correlation with the measured lab 

parameters did not come close to the influent correlation but the daily fluctuations were clearly 

detectable from the changes in MET (Figure 3). The peak reached the beginning of the aerated 

zone, Reactor 3 around midnight and the lowest value was observed during the morning, between 7 

and 9 AM. The peaks and valleys at the end of the aerated zone (Reactor 8) were less distinct but 

still observable. 

 
Figure 3: Measured sensor value in aerated reactors Reactor 3 and Reactor 8 
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Toxicity tests 

There was no considerable change observed during hypochlorite addition. After addition of HCl, 

the pH decreased to 2, which increased the signal in a single step; afterwards the measured signal 

was stable. When it was moved back to unspiked reactor water, the signal dropped back to a lower 

level, but higher than the original. After the addition of NaOH, the pH increased to 11.5, which 

caused a monotonous rise in the signal. When it was moved back to unspiked reactor water the 

measured value stabilized on the level before the base addition instantly. 

 

The addition of salt resulted in a completely different outcome: after the addition of the salty water, 

the signal started gradually decreasing similar to an exponential decay. When it was placed back to 

unspiked reactor water, the decrease slowed down and stopped, then the signal very slowly started 

increasing. The measured value only returned to normal after half an hour (Figure 4). 

 

 
Figure 4: Responses in MET signal for different toxic events 

 

 

CONCLUSION 

As a conclusion, the Sentry bio-electrode sensor is suitable to measure TCBOD5 concentrations in 

the influent and effluent of a municipal wastewater treatment plant, given that the proper 

measurement for correlating the MET and TCBOD5 values are done. Even without correlation to 

TCBOD5 or other parameters, the MET value can be used to indicate the concentration changes of 

biologically degradable materials in the water.  

 

The following potential ways of application were determined for the sensor (Table 2). 
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Table 2: Potential ways of application, installation locations and calibration requirements 

Potential use Installation location 
Calibration 

required? 

Following daily changes in the wastewater composition Influent, aerated reactors No 

Measuring concentration and determine the load to the 

treatment plant real-time 

Influent Yes 

Applying process-control based on the determined load Influent Yes 

Optimizing aeration control  Aerated reactors No 

Optimizing carbon dosing for denitrification  Influent, aerated reactors Yes 

Indicating toxic materials in the influent and applying 

preventive actions in the operation 

Influent, aerated reactors No 

Following effluent compliance on-line Effluent Yes 

Catching non-compliant periods which would not be 

possible with conventional lab sampling 

Effluent Yes 
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Abstract 

Extracellular polymeric substances (EPS) secreted from activated sludge are very important in a 

membrane bioreactor (MBR) in terms of filterability of activated sludge and membrane fouling. 

This study aimed to investigate the effect of SRT and micropollutants existence of wastewater in 

an MBR on EPS and soluble microbial products (SMP) of activated sludge. In the study, obtained 

results indicate that the EPS content and SMP concentration in the supernatant decreased with an 

increasing of SRT values from 15 days to 90 days. The results also indicated that the 

micropollutants existence of feed wastewater should affect the concentrations of EPS and SMP in 

submerged MBRs. 

 

Keywords 
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INTRODUCTION 

Endocrine disrupting compounds (EDCs) are becoming of primary concern, given their increased 

use and, in turn, their increased presence in our aquatic environment (Tijani, et al., 2013; Palacios-

Rosas and Castro-Pastrana, 2017). These human-made micropollutants such as pharmaceuticals, 

hormones, phenolic compounds, phthalates and pesticides can be found in aquatic environment. 

they are known to be toxic and bioaccumulative due to their persistent properties. Therefore, 

suitable wastewater treatment method must be applied to remove micropollutants in order to 

eliminate their toxic effects on human and environment (Goswami et al., 2018).  

 

Generally, conventional activated sludge (CAS) processes are used in wastewater treatment plants 

(WWTP) and these processes are not efficient to completely remove the micropollutants due to 

designing mainly to eliminate simple organic matters and nutrients (Arlaga et al., 2016).On the 

other hand, monitoring the concentrations of micropollutants in raw and treated wastewater are not 

ensured mainly due to the WWTPs’ equipment insufficient (Bolong et al., 2009). Their 

concentrations were found in the effluent of conventional activated sludge processes at various 

concentrations from few nanograms per liter (ng/L) up to several micrograms per liter (µg/L) due to 

their limited capability to remove these contaminants (Verlicchi et al., 2012; Nguyen et al., 2013). 

Therefore, re-designing of WWTPs and some modifications of operating conditions such as 

hydraulic retention time, aeration, vigorous mixing and supplementation with inorganic nutrients 

have been suggested for a better control and handling of micropollutants (Camocho-Munoz et al., 

2012). However, the outcomes of these re-designing and modifications’ outcomes are not sufficient 

for the removal of micropollutants (Zhao et al., 2014).  

 

Some pyhsico-chemical treatment techniques such as advance oxidation processes, adsorption, 

nanofiltration have also been investigated as a post-treatment for the removal of micropollutants 

(Slegrist and Joss, 2012). However, these approaches have some drawbacks like high investment 

cost, high energy demand, secondary sludge disposal problem and requirement of toxic chemicals 
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(Goswami et al., 2018).  

 

Membrane bioreactor (MBR) technologies have been used over the past two decades and several 

pollutans such as carbonaceous substances, nutrients, particulate matters and pathogenic 

microorganisms (Mir-Tutusaus et al., 2018). Although these pollutants removal are easier than 

micropollutants, MBRs have been promising approach for the removal of micropollutants. Removal 

efficiency of selected 15 EDCs, having each EDC’s concentration in the range of 1-5 µg/L, were 

found between 92 % and 99 % by MBR (Gruchlik et al., 2018). It was also reported that personel 

care products were completely removed with MBR (Goswami et al., 2018). On the other hand, 

pharmaceuticals for examples antibiotics such as lorazepam, ibuprofen, primidone and 

carbamazepine were removed at the range of 75 % and 95 % using by MBR (Besha et al., 2017). 

The removal efficiencies of micropollutans with MBR technology can be in the following order: 

EDCs> beta blockers> pharmaceuticals> pesticides (Le-Clech et al., 2010; Ahmed et al., 2017; 

Gruchlik et al., 2018). The biodegradation of micropollutants is influenced by SRT, which is 

considered as the most significant parameter for pharmaceuticals (Nasirabadi et al., 2016). 

 

Several factors such as microbial community structure and its activities effect of operating 

conditions and main drawback is fouling occured on the membrane surfaces and pores in MBRs 

(Goswami et al., 2018). Extracellular polymeric substances and soluble microbial products secreted 

by microorganisms play important role in terms of membrane fouling leading to cake layer 

formation and pore blocking in MBRs (Teychene et al., 2008). The operating conditions such as 

sludge retention time (SRT), hydraulic retention time and aeration affect the concentrations of EPS 

and SMP.  There were contradictory results in literature whether increasing SRT lead to decreasing 

EPS concentration or not (Lee et al., 2003; Cho et al., 2005; Massé et al.б 2006; Erkan et al., 2016). 

 

This paper presents possible treatment of some micropollutants by submerged membrane bioreactor 

(sMBR) at 15 days and 90 days of SRT. The study also focuses on the production of EPS and SMP 

in MBRs.  

 

 

MATERIALS AND METHODS 

Two lab scale submerged MBRs made of plexi-glass were used in the study (Figure 1), having 5 L 

effective volume (R1: test MBR (micropollutants added), R2: control MBR). The MBRs were 

seeded activated sludge obtained from a municipal wastewater treatment plant in Istanbul and 

operated at a constant permeate flux (7.3 L/m2xh) under the same hydraulic retention time (HRT) of 

12 h. The reactors were fed with synthetic municipal wastewater having concentrations of 400 mg/L 

COD, 20 mg/L NH4
+-N, 5 mg/L PO43--P (prepared with tap water according to Bakaraki et al., 

2016). Ceramic membrane modules (nominal pore size 0.1 µm), having an effective filtration area 

of 0.057 m2, were used in the test and control MBRs. Oxygen was supplied with a stainless steel 

diffuser located at the bottom of the reactor and installed on an air pump. The temperature of mixed 

liquor was kept constant 22.0 ± 1 °C by recirculating water in the heat jacket of the reactors, and pH 

was remained stable between 7.4-7.8. The operations of MBRs were controlled by an automation 

system having half hour suction and half hour relaxation time. The ceramic membrane modules 

were cleaned manually with tap water and then back-blown with pressured air (1.8 bar) once in a 

week and chemically cleaned once a month at SRT 15, back-blown with pressured air for once in 20 

days and chemically cleaned for once in two month at SRT 90. 
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Figure 1. Test and control MBRs (1), ceramic membrane module (2), pump (3), feed tank (4), air 

compressor (5), vacuum pump (6), analytical balance (7), computer (control and automation) (8), 

automated valve (9) 

 

4-tert-octylphenol, di-n-octyl phthalate (endocrine disruptors), fluoxetine (pharmaceutical), estrone 

(hormone), and atrazine, penconazole, chlorpyrifos ethyl, malathion, cypermethrin, (pesticides) 

were selected as an organic micropollutants for this study and mixture of these micropollutants, 

prepared with pure methanol, were added to the synthetic wastewater in the R1 MBR after reached 

the steady-state condition. The test and control MBRs were operated between 0-50 days and 51-193 

days at 15 and 90 days of SRT, respectively. Permeate samples were taken twice a week to monitor 

removal efficiencies for conventional parameters as well as for micropollutants. The concentration 

of each analyte in the synthetic wastewater, diluted from stock solution thousand-fold, were 

determined and found to be between 7-605 µg/L according to the detection limits in the GC/MS 

protocol.  

 

The analyses of micropollutants in the liquid samples were conducted according to Caglak et al. 

(2019) with dispersive liquid-liquid micro-extraction (DLLME) method by a GC/MS system 

(Agilent 6890) equipped with HP-5MS capillary column (30 m x 250 µm; 0.25 µm) and a mass 

selective detector. All organic compounds were purchased from Sigma-Aldrich (Germany). The 

measurements of COD, ammonia nitrogen (NH4
+-N), and orthophosphate (PO4

3+-P) in the feed 

wastewater and permeate, and the MLSS analysis in the sMBRs were carried out according to the 

Standard Methods (2005). The extracellular polymeric substances (EPS) and soluble microbial 

products (SMP) were conducted by the extraction method which was used by Tinggang et al. 

(2008). Carbohydrate and protein fractions of EPS and SMP were measured by the phenol–

sulphuric acid method (Dubois et al. 1956) and the Lowry method (Lowry et al. 1951). 

 

 

RESULTS AND DISCUSSION 

After the addition of micropollutants mix solution to the MBR system at steady state conditions, 

treated effluent samples were taken from the reactor twice a week to monitor the MBR 

performance. The MLSS concentrations of R1 and R2 MBR were about 3345 mg/L and 3215 mg/L 

the study at an SRT value of 15 days at an HRT value of 12 hour. The average COD, NH4
+-N and 

PO4
3+-P removal efficiencies were found to be 96.7, 86.1 and 56.1 %, respectively. The mean 

MLSS values of R1 and R2 MBR were determined 13655 mg/L and 11380 mg/L at 90 days SRT. 

The average COD, NH4
+-N and PO4

3+-P removal efficiencies were also found 98.13 %, 91.4 % and 
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63.4 % at 90 days SRT, respectively. The micropollutants removal efficiencies for were also 

monitored and the average values were found between 84.9 % to 97.5 % except atrazine and 

penconazole at 15 days SRT. The atrazine and penconazole removal efficiencies were found to be 

22.6 % and 42.6 % due to their lower biodegradability. On the other hand, removal efficiencies of 

micropollutants were found above 97.5 % except atrazine (17.5 %) and penconazole (45.0 %) at 90 

days SRT. 

 

As is known, the EPS composition is very heterogeneous and mainly consists of proteins, 

carbohydrates, lipids and nucleic acids. In this study, protein and carbohydrate are considered the 

main fraction of EPS and SMP (Meng et al. 2006). The EPS and SMP (in MBRs and permeates) 

concentrations were presented in Figure 2 and Figure 3 for the 15 days and 90 days SRT values.  As 

can be seen from the Figure 2, the protein fraction of EPS (EPSp) were found 39.2 to 65.4 mg/g 

MLSS and 34.6 to 73.6 mg/g MLSS for R1 and R2 MBRs and it can be said that the EPSp 

concentrations of R1 (test MBR (micropollutants added)) were secreted lower from R2 test MBR. 

Similar trends of EPSp were found at 90 days of SRT and EPSp concentrations were determined 

between 16.3 to 25.0 mg/g MLSS and 14.8 to 27.6 mg/g MLSS for R1 and R2 MBRs, respectively. 

When compared to obtained results of SRT 15 and 90 days, EPSp concentration decreased with an 

increase of SRT from 15 days to 90 days. Several authours reported that EPS concentration EPS 

concentration decrased by increasing SRT (Cho et al. 2005; Massé et al. 2006).  Similar results 

were obtained for the carbohydrate fraction of EPS (EPSc) at 15 and 90 days of SRTs.  It be also 

said that the EPSp concentrations were found approximately 3 times higher from the EPSc 

concentrations at both SRT values.  
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Figure 2. EPSp and EPSc concentration of activated sludge at different SRT values: (a) 15 days 

SRT, (b) 90 days SRT 

 

The SMP concentrations and fractions of supernatants and permeates were presented in Figure 3. 

As can be seen from Figure 3a-b, the SMPp concentrations in the supernatant of 15 days SRT 

averaged around 10.5 and 8.3 mg/L for R1 and R2 MBR, respectively. The average SMPp 

concentrations in permeates were found to be 2.2 and 2.4 mg/L for R1 and R2 MBRs. The SMPp 

rejections of R1 and R2 MBR were around 78.7 % and 70.8 %. On the other hand, SMPc 

concentrations of supernatants and permeates were found to be 5.5 and 1.4 mg/L,  corresponding to 

around 73.3 % SMPc rejection by the membrane at 15 days SRT in R1 MBR. SMPc concentrations 

were 8.8 and 1.7 mg/L in R2 MBR, respectively, and the SMPc rejection was 80.8 %.  
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Figure 3. SMP concentrations at different SRT values: (a) 15 days SRT in supernatant, (b) 15 days 

SRT in permeates, (c) 90 days SRT in supernatant, (b) 90 days SRT in permeates 

 

The average SMPp concentrations of R1 and R2 supernatants at 90 days SRT were determined 6.6 

and 3.3 mg/L, respectively (Figure 3-c). On the other hand, the average concentration of SMPp of 

R1 and R2 permeates were found to be 1.83 and 1.87 mg/L with the rejection rates of 72.2 % and 

42.9 %, respectively (Figure 3-d). The average SMPc concentrations of R1 and R2 supernatant were 

found 3.0 and 5.1 mg/L, respectively (Figure 3-c). On the other hand, the average concentration of 

SMPc of R1 and R2 permeates were found to be 1.29 and 2.15 mg/L with the rejection rates were 

56.9 % and 57.7 %, respectively (Figure 3-d). 

 

 

CONCLUSION 

In this study, the effect of micropollutants of feed wastewater on the production of EPS and SMP 

was investigated in sMBRs operated at 15 days and 90 days SRT. Adding micropollutants in feed 

wastewater result in slight increase of EPS and SMP secreting by activated sludge in MBR. An 

increase in SRT also resulted in a significant decrease in protein and carbohydrate fractions in EPS 

and SMP. According to the SMP results in supernatant and permeate, it was understood that 

proteins and carbohydrate accumulated in the sMBRs,  
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Abstract  

The complex nature of environmental and food samples tends to affect the accuracy of analyte 

quantification could undermine or boost the analyte’s signal leading to false negative or false 

positive results, respectively. This study presents the determination of four pesticides as dioxacarb, 

flumetralin, tefluthrin and trifluralin in selected matrices by gas chromatography mass 

spectrometry. These included three aqueous samples (irrigation canal water, well water and 

wastewater) and three solid samples (kiwi, soil and waste sludge). To enhance the precision of 

instrumental measurements, isotopically labelled bisphenol A was added to both standard and 

sample solutions to maintain a constant ratio of peak area results irrespective of errors during the 

measurement process. The coefficient of determination values obtained for calibration plots 

developed with internal standard were higher than 0.9997. Matrix matching calibration method 

was employed for the recovery of analytes from all samples and compared to the results obtained 

using the conventional calibration method. The matrix matching method significantly enhanced 

the accuracy of quantifying analytes (≈100 %) in all tested matrices. 

  

Keywords 

Pesticides; GC-MS; QuEChERS; wastewater; soil; sludge 

 

 

INTRODUCTION 

The onslaught of pesticide usage has significantly increased the yield and quality of agricultural 

products, and helped to curb diseases that are transmitted by disease bearing pests (Chormey et al., 

2018). Different chemical classes of pesticides are synthesized to target specific organisms with 

different modes of action to weaken or kill pests (Chormey et al., 2017). Since pesticides are used 

all around the world and in large quantities, a high risk has been associated with non-target 

organisms getting exposed. Just as pesticides are capable of causing harm to pests, non-target 

organisms including humans when exposed to pesticides through inhalation, dermal contact or 

ingestion could manifest various health disorders. Aquatic life is one of the most widely affected by 

pesticide exposure (Lew et al., 2013; Stadlinger et al., 2018) but humans also suffer severe health 

effects such as dermatologic, reproductive, cardiovascular, carcinogenic, neurological, genotoxic, 

gastrointestinal and endocrine effects (Nicolopoulou-Stamati et al., 2016; Alewu and Nosiri, 2011; 

Mnif et al., 2011; Sanborn et al., 2007). Countries have therefore set up regulatory authorities to 

oversee the proper application of registered pesticides and to ban those that are found to be highly 

hazardous (Fargnoli et al., 2019; Chowdhury et al., 2018). 

 

Flumetralin is an approved plant growth regulator used to alter the characteristics of plants either by 

applying to seeds before planting or directly to growing plants. This chemical has been reported to 

show acute and chronic toxicity in aquatic organisms (Guziejewski et al., 2017). Tefluthrin is 

known as an insecticide used in eradicating a wide range of insects and it has been reported to cause 
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neurological and endocrine effects (Wu et al., 2009). Trifluralin and dioxacarb are two obsolete 

pesticides used as an insecticide and herbicide, respectively. Trifluralin was applied directly into 

soils to prevent the growth of weeds by impeding division and development of shoot cells 

(Fernandes et al., 2013). Trifluralin is highly toxic to aquatic organisms and its toxicity to humans is 

classified as moderate (Milhome et al., 2018). Dioxacarb on the other hand was extensively used in 

household, public and agricultural fields against pests such as leafhoppers, beetles, aphids and 

cockroaches (Baron, 1991). Dioxacarb is also a toxic substance to aquatic organisms and causes 

health effects such as vomiting, diarrhoea, abdominal cramps and hypertension in humans (Eren et 

al., 2015). Both approved and banned pesticides need to be monitored in food and environmental 

samples to affirm that humans and the environment are protected from their detrimental effects. 

 

Pesticides with high vapour pressures and thermal stability are readily determined by gas 

chromatography, which separates them according to differences in boiling points as denoted by 

retention times (Chormey et al., 2017). When coupled to a mass spectrometry detector (MSD), 

compounds can further be separated from each other based on their different fragmentation ions 

(m/z). The MSD also offers the high sensitivity and specificity for the monitoring of one compound 

in the selected ion monitoring (SIM) mode, or selectivity for different compounds at the same time 

in the scan mode (Kyle, 2017). Most sample pretreatment methods are compatible with GC-MS, 

and coupling of the sample preparation unit and instrumental detection as an automated system is 

possible (Domínguez et al., 2016). Due to the complicated nature of environmental and food 

samples, false negative and false positive results could be reported for analytes that are suppressed 

or boosted by components of the sample matrix (Panuwet et al., 2016). Instrumental fluctuations 

and other systematic errors could affect measurement results and increase uncertainties (Alnouti et 

al., 2006). 

 

The aim of this study was to use matrix matching calibration method to enhance the accuracy of 

quantifying the selected pesticides in complex environmental samples, and to use a deuterated 

internal standard to increase measurement repeatability by offsetting systematic errors. 

 

 

MATERIALS AND METHODS 

Reagents 

The pesticides and internal standard used in this study (dioxacarb, flumetralin, tefluthrin, trifluralin, 

and deuterated bisphenol A) were purchased from Dr. Ehrenstorfer (Augsberg, Germany) and they 

were all of high purity (>98 %). Standard stock solutions (1.000 g/L) of the four pesticides were 

prepared gravimetrically in acetonitrile (Merck – Germany) and appropriate amounts taken from 

each to prepare 200 mg/L mixed stock solution. All working, calibration and matrix matching 

standards were subsequently prepared from the mixed stock solution by diluting aliquots in 

acetonitrile and respective sample solutions. Approximately 100 mg/L of isotopically labelled 

bisphenol A (BPA-D16) was prepared in ethanol (Merck – Germany) and an equivalent amount 

added to all standards and samples as internal standard.  

 

Apparatus 

The following temperature program was used for elution and complete separation of analytes within 

7.0 min: 40 °C/min ramp from an initial temperature of 70 °C to 160 °C, then a final 50 °C/min 

ramp to 280 °C and held for 3.0 min. The capillary column (HP-5MS) used for separation of 

analytes was 30 m in length, 0.32 internal diameter and 0.25 µm film size. The column was fixed in 

the oven compartment of a 6890 model Agilent gas chromatograph coupled to a mass spectrometry 

detector (Agilent 5973) for analyte detection. The GC inlet was maintained at 280 °C to allow rapid 

transition of injected sample/standard solution (1.0 µL) into the gaseous phase to enter the column 
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with ultrapure helium gas constantly flowing at 2.5 mL/min. The fragmentation ions (m/z) 224/223, 

306/264, 177/197, 143/145 and 121/166 were respectively used to quantify/qualify BPA-D16, 

trifluralin, tefluthrin, flumetralin and dioxacarb. The ionization energy of the MS source was 70 eV 

and the transfer line 280 °C. Mixing of sample/standard was performed with an ISOLAB vortex 

(M1010002) and Kerman Lab (51) mechanical shaker. Separation of phases was facilitated with an 

EBA 20 model Hettich Centrifuge. 

 

Procedure 

All aqueous samples were directly spiked with intermediate standard solutions with concentrations 

100 times higher than the intended spike concentration. The soil and sludge samples were 

adequately dried in an oven and approximately 0.50 g taken and spiked in plastic weighing boats 

and allowed to dry under ambient laboratory conditions. Then, 2.0 mL of acetonitrile was used to 

wash the spiked solid samples into 15 mL centrifuge tubes, mixed on a mechanical shaker for 20 

min and centrifuged for 120 s at 6000 rpm. The supernatant was filtered into vials for instrumental 

measurement. The quick, easy, cheap, efficient, rugged and safe (QueChERS) method protocol used 

in this study was adapted from the study of Lehotay because it gives a dilution factor of 1.0 

(Lehotay, 2007).  

 

Samples 

Fertile soil from the university garden was sampled and grinded in a porcelain mortar to break down 

coarse particles into fine particles. Very fine soil particles were obtained by sieving the grinded soil 

through a sieve with 100 μm size openings. Sludge from a bioreactor was filtered on a 125 mm 

filter paper and left to dry completely under ambient laboratory conditions. Kiwi fruit samples were 

obtained from a local market and blended to obtain a homogenous mixture. Aqueous samples 

including well water, irrigation canal water and municipal wastewater were taken from their 

respective sources into polyproplylene bottles. The bottles were thoroughly rinsed with the samples 

before filling to the brim. The wastewater was kept in a refrigerator while the well and irrigation 

canal water samples were stored in cool and dry cabinets. 

 

 

RESULTS AND DISCUSSIONS 

BPA-D16 was added to all samples and calibration standards, and the ratio of sample/standard peak 

area to internal standard peak area was used in developing calibration plots and calculating percent 

recovery. The samples were spiked at different concentrations and three replicates were performed 

for each spike level to determine precision. 

 

Qualitative and quantitative determinations 

The retention times of dioxacarb, trifluralin, tefluthrin, flumetralin and BPA-D16 were determined 

to be 3.3, 3.8, 4.1, 4.9, 5.2 min according to the temperature program given in the sub-section 

“Apparatus”. The internal standard produced a distinct signal from the analytes of interest and the 

signal obtained for 5.0 mg/L was adequate to be used for all samples and standards. Calibration 

standards were prepared in the range of 0.20 – 100 mg/L, spiked with the internal standard and 

measured by the GC-MS system in an increasing order of concentration. The linear working range 

(LWR) was determined as the lowest calibration concentration (signal to noise ratio ≥3.0) and the 

highest concentration after which the plot reaches a plateau. With the internal standard, the 

coefficient of determination (R2) value was enhanced for all four analytes. The lowest concentration 

for each analyte was measured five times to obtain standard deviation (StdDev) values for the 

calculation of percent relative standard deviation (%RSD), and the limits of detection (LOD) and 

quantification (LOQ). Using the calibration slopes (m), the expressions of 3 x StdDev/slope and 10 
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x StdDev/slope were used to calculate LOD and LOQ, respectively. The figures of merit (LOD, 

LOQ, %RSD, LWR and R2) obtained for the analytes are presented in Table 1. 

 

Table 1. GC-MS analytical figures of merit for dioxacarb, trifluralin, tefluthrin and flumetralin 

Parameter LOD, mg/L LOQ, mg/L R2 %RSD Range, mg/L 

Dioxacarb 0.27 0.89 0.9998 5.9 1.0 – 100 

Trifluralin 0.06 0.21 0.9999 6.6 0.20 – 100 

Tefluthrin 0.06 0.20 0.9999 4.4 0.20 – 100 

Flumetralin 0.16 0.55 0.9998 5.5 0.50 – 100 

 

Recovery experiments for aqueous samples 

Irrigation canals on farmlands stand a great chance of being contaminated with pesticides during 

application to crops. Continuous applications could lead to accumulation of pesticides in the water 

source over time and consequently introduced to crops through irrigation. Water soluble pesticides 

move down the soil layers into ground water aquifers, where they can reach humans when used as 

source for wells. Irrigation canals, due to their open-to-air nature, are susceptible to other forms of 

contamination and these could affect the accuracy of quantifying an analyte. Groundwater is also 

known for hardness due to dissolved minerals and this could also affect quantification. Thus, 

irrigation canal and well water were spiked at different concentrations after their blank analysis 

gave clean results. Percent recovery of the spiked samples were calculated with respect to 

calibration standards prepared in acetonitrile. The aqueous samples gave very low signals compared 

to calibration standards of the same concentration, and this resulted in recovery results below 50 %. 

Calibration standards were prepared in deionized water and this improved the percent recovery  

(>90 %) of the spiked samples. To further enhance the recovery of analytes, matrix matching 

calibration standards were prepared and used to quantify the spiked samples. The recovery results 

obtained for three spiked concentrations are given in Table 2 and the results validate the accuracy of 

matrix matching quantification. 

 

Table 2. Percent recovery results calculated for spiked well and irrigation water samples 

Analyte 
Well water (%) Irrigation canal water (%) 

1.0 ng/mL 2.5 ng/mL 5.0 ng/mL 1.0 ng/mL 2.5 ng/mL 5.0 ng/mL 

Dioxacarb 106.9 ± 4.0 100.1 ± 3.6 97.5 ± 3.8 100.9 ± 6.3 99.4 ± 4.6 100.1 ± 5.3 

Trifluralin 95.5 ± 7.6 102.0 ± 0.3 100.1 ± 3.3 102.8 ± 2.0 97.3 ± 0.8 100.2 ± 1.9 

Tefluthrin 94.7 ± 4.9 102.1 ± 4.1 100.3 ± 5.1 95.5 ± 5.5 99.2 ± 0.9 101.1 ± 3.4 

Flumetralin 98.3 ± 5.7 103.1 ± 4.9 98.3 ± 0.4 101.5 ± 8.9 102.0 ± 8.8 98.0 ± 6.3 

 

Recovery experiments for municipal wastewater  

Municipal wastewater contains a wide range of organic and inorganic compounds that originate 

from households and industries. In the presence of these compounds, the signal of an analyte could 

be suppressed or enhanced, leading to a false negative for the former and a false positive for the 

latter. Both cases are undesired for wastewater treatment which requires accurate results to apply 

appropriate treatment strategies and to clear effluents for safe disposal into the environment. After 

performing blank analysis of municipal wastewater sample, four spike concentrations were made 

with low amounts of mixed analyte standard solution in order to observe the full effect to the 

sample matrix. Similar to the other aqueous samples (well and irrigation canal), peak area values of 
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the spiked wastewater fell below the calibration standards prepared with both acetonitrile and 

deionized water. Matrix matching was then applied using a similar wastewater matrix and the 

recovery results calculated for the different spike concentrations (1.0, 2.5, 5.0 and 10 mg/L) 

improved to almost 100 % as given in Table 3. The results established that the analytes can be 

accurately quantified in the complex wastewater matrix using matrix matching. 

 

 Table 3. Percent recovery results calculated for municipal wastewater by matrix matching method 

Analyte 
Municipal Wastewater (%) 

1.0 ng/mL 2.5 ng/mL 5.0 ng/mL 10 ng/mL 

Dioxacarb 94.2 ± 4.5 102.7 ± 4.5 100.1 ± 1.6 99.9 ± 0.1 

Trifluralin 104.4 ± 3.0 99.8 ± 3.9 98.6 ± 2.7 100.3 ± 1.3 

Tefluthrin 97.5 ± 5.1 101.7 ± 6.3 99.6 ± 5.5 100.0 ± 4.5 

Flumetralin 100.7 ± 2.9 102.7 ± 0.1 97.7 ± 4.9 100.4 ± 3.7 

 

Recovery experiments for soil and sludge samples  

The soil consists of several minerals, organic matter, gases, water and living organisms, making it a 

very complex environmental sample. The soil is also a primary host to environmental pollutants and 

this further increases the complexity of the matrix. Soluble contaminants are easily washed down 

the soil pores but insoluble contaminants remain for very long periods until they undergo 

degradation. Wastewater sludge comprises of biosolids that accumulate in treatment plants and 

could be in a slurry, semisolid or solid form (Alam et al., 2003). The sludge is separated from 

treated water and it retains particulate matter of varying compositions, making it a complex material 

to analyse. Soil and sludge samples (0.50 g) were spiked to different final concentrations and the 

samples were allowed to dry completely under ambient conditions. Then, 2.0 mL of acetonitrile was 

added to each sample and placed on a mechanical shaker for 20 min. The samples were centrifuged 

for 2.0 min at 6000 rpm and the solvent filtered into vials for GC-MS measurement. Percent 

recoveries for both soil and sludge spike samples were calculated with respect to calibration 

standards prepared in acetonitrile. The recovery results obtained for the spiked soil samples were 

higher than the results obtained for spiked sludge samples. The sludge sample contains high 

amounts of organic compounds relative to soil and these could have competed in the extraction 

process. Matrix matching was tested on both samples to ascertain whether an improvement in 

recovery would be observed or not, and the results obtained were more accurate and precise as 

shown in Table 4.  

 

Table 4. Percent recovery results calculated for soil and sludge spiked samples by matrix matching 

method 

Analyte 
Soil (%) Sludge (%) 

5.0 ng/mL 10 ng/mL 1.0 ng/mL 2.5 ng/mL 

Dioxacarb 98.6 ± 1.3 102.5 ± 0.8 101.3 ± 6.9 100.9 ± 5.6 

Trifluralin 98.9 ± 1.2 98.5 ± 1.8 95.2 ± 3.2 96.6 ± 6.4 

Tefluthrin 100.9 ± 1.4 98.9 ± 1.0 96.4 ± 5.0 97.5 ± 6.1 

Flumetralin 102.7 ± 1.7 100.8 ± 1.1 94.1 ± 3.5 95.8 ± 3.8 

 

Kiwi samples 

The QuEChERS method is a highly efficient analytical approach mainly used for the determination 

of pesticide residues in food samples and it involves two basic steps. The first step is sample 
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preparation (homogenization) and extraction using acetonitrile in the presence of buffers, acids and 

salts to enhance the extraction efficiency of analytes and to protect the chemical integrity of 

analytes. The second step is cleanup of the extract and this involves the use of drying agents to 

eliminate excess water and adsorbents to eliminate matrix components (DeArmond et al., 2015). 

The extracts obtained from QuEChERS are readily compatible with various instrumental 

techniques. The kiwi samples used in the study were homogenized and taken through the two steps 

of QuEChERS extraction. The peak area values obtained for the spiked kiwi samples were higher 

than their corresponding calibration standard’s peak area values, even though both were prepared in 

acetonitrile. The high peak area values obtained for the kiwi samples could be due to the salting-out 

effect of the salt used in the extraction process. The percent recovery results for all analytes at the 

four different spiked concentrations ranged between 102 – 124%. Matrix matching calibration 

standards were therefore prepared in kiwi matrix to quantify the spiked samples. The recovery 

results as shown in Table 5 significantly improved. 

 

Table 5. Percent recovery results calculated for kiwi samples by matrix matching method 

Analyte 
Kiwi samples (%) 

1.0 ng/mL 2.5 ng/mL 5.0 ng/mL 10 ng/mL 

Dioxacarb 96.4 ± 5.5 102.2 ± 6.4 99.6 ± 4.6 100.0 ± 3.5 

Trifluralin 96.8 ±2.9 100.0 ± 2.0 101.2 ± 4.9 99.7 ± 2.1 

Tefluthrin 98.1 ± 3.9 97.6 ± 0.7 102.5 ± 5.3 99.5 ± 6.1 

Flumetralin 103.2 ± 2.2 96.7 ± 0.1 99.6 ± 3.4 100.2 ± 0.9 

 

 

CONCLUSIONS 

The complexity of environmental and food samples requires accurate and precise analytical 

techniques for the determination of contaminants. To mitigate matrix interference and improve the 

accuracy of quantification, matrix matching calibration method was used for selected aqueous and 

solid samples. Three aqueous samples (well, irrigation canal and wastewater) recorded peak area 

values different from the calibration standards and different from each other. Calibration standards 

prepared with similar matrices for each sample improved the recovery of all tested spike 

concentrations. The solid samples recorded appreciable recovery with direct calibration relative to 

the aqueous samples but the results were further enhanced with the matrix matching method. 

Satisfactory results were obtained for all analytes in the different samples using matrix matching 

and this suggests matrix matching could be extended to other samples for accurate quantification of 

analytes. The use of an internal standard augmented accuracy by given more precise results for 

replicate measurements. 
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Abstract 

Environmental quality standards for surface water bodies have been significantly expanded 

through recent amendments to German regulations. Limit values are only established for currently 

applicable regulations if the water is indicated for certain uses, e.g., abstraction of irrigation water 

for agricultural use. Nevertheless, surface water bodies are often used for hygiene-sensitive 

purposes such as water sports. In the course of climate change, stronger precipitation events will 

occur, which may lead to more frequent loading and discharge of combined sewage overflow 

(CSO) into surface water bodies. Retention soil filters (RSFs) are attracting attention as an 

extensive treatment technology for CSO and an alternative technique within wastewater treatment. 

However, their microbial reduction capacity has not yet been systematically quantified with regard 

to their potential use as a fourth purification stage. This study examined large-scale RSFs for CSO 

treatment, as well as the effectiveness of RSFs as a fourth purification stage. A RSF test facility 

was established at a municipal wastewater treatment plant (WWTP) in Germany. This facility 

consists of three semi-technical RSFs (with a filter area of 1.5 m² each) that were fed exclusively 

with treated water from the WWTP. The reduction of microorganisms mostly occurred within the 

first centimeters of the RSFs. For most hygienic-microbiological parameters, there was a 1-2 log 

unit reduction, in addition to the reduction within the WWTP. Antibiotic-resistant bacteria were 

reduced to the same extent. The studies at the large-scale RSFs showed that a slower flow rate 

corresponded with a better reduction performance. 

 

Keywords 

Retention soil filter; wastewater treatment; human-pathogenic microorganisms; antibiotic-resistant 

bacteria; combined sewage overflow; fourth purification stage 

 

 

INTRODUCTION 

Retention soil filters for treatment of combined sewage overflow (CSO) and as a fourth 

purification step in wastewater treatment plants 

In the course of climate change, precipitation patterns are expected to change in terms of quantity, 

incidence and frequency, which may lead to more frequent load and discharge of CSO and higher 

release from the unsealed landscape. Increased microbial pollution from discharge events of CSO 

after heavy precipitation events was demonstrated (Gibson et al., 1998; Kistemann et al., 2004). In 

order to reduce the pollution of surface waters after CSO introduction, in recent years treatment of 

the discharged water with retention soil filters (RSFs), a special vertical type of constructed 

wetlands, has been utilized in Germany. RSFs for CSO used to relieve water pollution in heavy 

precipitation events are fed with mixed water. Thus, they can significantly reduce microorganisms 

and hydraulic loads (Overath et al., 2000). RSFs investigated as a fourth purification step in 



Wastewater 
 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

303 

wastewater treatment plants (WWTPs) show high performance in reducing dissolved organic 

carbon and micropollutants (Brunsch et al., 2018). 
 

Hygienically relevant microorganisms in wastewater 

Hygienically relevant parameters in WWTP influents and effluents are well known. Common 

parameters for the microbiological characterization of wastewater include total and fecal coliform 

bacteria, fecal streptococci, clostridia, salmonellae, cryptosporidia, giardia and enteropathogenic 

viruses (Hiekel et al., 2002). Antibiotic-resistant bacteria (ARB) in surface waters can play a role in 

the risk of using these waters. The actual health risk cannot be evaluated yet because there is not 

enough data on ARB in surface waters. Nevertheless, to protect people who come into contact with 

surface waters and to reduce ARB into the environment, the microbiological purification 

effectiveness of WWTPs may be enhanced as it was shown that important human-pathogen ARB 

can reach the environment from WWTP discharge (Baquero et al., 2008; Novo et al., 2013). 

Scheurer et al. (2015) state that RSFs, which are installed to relieve CSO, are very suitable to 

reduce microorganisms (Escherichia coli, enterococci and staphylococci); they can decrease their 

concentrations 2-3 log units and reduce the percentage of ARB. Thus, RSFs represent a great 

potential to purify treated wastewater from different hygienically relevant microorganisms. Despite 

promising studies (Christoffels et al., 2014; Mertens et al. 2012;), RSFs have not yet been put into 

operation for extensive long-term monitoring. This study investigated the purification performance 

of semi-automatic RSFs on different facultative-pathogen microorganisms (including ARBs) as a 

fourth purification stage in the form of a pilot test facility.  
 

 

MATERIALS AND METHODS 

Large-scale RSFs 

This study uses microbiological data, collected by sampling two different RSFs for CSO treatment. 

Both RSFs are located in Germany, operated by the local water board (Erftverband). The effective 

drainage area of RSF A is approximately 19 ha, with a filter size of 707 m² and a retention volume 

of 782 m³. The connected sewer system at RSF B drains the waste- and rainwater of a catchment 

area with approx. 7.700 inhabitants. The drainage effective area amounts to approximately 79 ha. 

The filter area is 1.495 m², and the retention volume is 2,630 m³. The catchment areas of both RSFs 

are characterized by rural residential areas with some agricultural enterprises. There are no 

significant commercial or industrial areas or buildings with special wastewater (such as hospitals). 

Both filters were put into operation in 2005. The filtered water is introduced into the receiving 

surface waters with a maximum throttling rate of 41 L/s (RSF A) or 44 L/s (RSF B). 
 

RSF semi-technical test facility 

In order to investigate the effectiveness of RSFs as an additional purification stage for sewage 

treatment plants, an RSF test facility was established at a municipal WWTP in Germany, as part of 

the project "Transnational Action Programme On Emerging Substances" (TAPES, 2016). 

Purification performance of this RSF facility concerning micropollutants and dissolved organic 

carbon was previously published (Brunsch et al., 2018). This facility consists of three semi-

technical RSFs, each with a 1.5 m² filter area. Two of those test facilities (filter 1 and filter 2) were 

investigated in this study. Both filters contain original material from large-scale RSF systems, 

which were already in operation for several years. The material of filter 1 corresponds to RSF A and 

filter 2 corresponds to RSF B (see above). The semi-automatic facilities filter 1 and filter 2 were fed 

exclusively with treated wastewater from the WWTP. One load lasted 28 h, followed by a 56-h dry 

phase. The filters were charged at 0.03 L/s/m², which meets the requirements of the German rules 

and standards for RSFs (DWA, 2019; MUNLV, 2015) and the filtration performance of large-scale 

installations. These feeding cycles ensured that aerobic conditions could be established in the filters 
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during the dry and wet phases. In addition to the inflows and outflows, water from individual filter 

layers (0.1 m, 0.3 m, 0.75 m) were sampled by means of built-in sampling tubes. 
 

Sampling 

An automatic sampling system was installed to sample from the large-scale RSFs. The start of the 

downturn was registered via a water level sensor in the inlet of the retention bottom filter, and the 

sampler of the inlet was activated. Effluent sampling was performed with a corresponding delay 

(40 min). This design ensured that the residual water from the last discount that was necessary for 

operation was not sampled. For microbiological analysis, submersible pumps filled 200-L sample 

containers (for influents and effluents) in approximately 15 min. Sampling of the semi-technical 

RSF facility was random. The pilot plant feed was sampled at the WWTP drainage pit. To sample at 

the respective depth and effluents, the sample was taken from the sampling tap of the respective 

RSF after the stagnation water had run out. The samples were transported refrigerated to the 

laboratory, and processing was usually started immediately (but no later than 24 h after sampling). 

Any necessary intermediate storage took place overnight at 5  3 °C in the refrigerator. 
 

Cultural detection of microorganisms and calculation of the reduction performance 

Due to the high solid loads for the CSO and expected bacterial loads, samples were diluted with 

sterile 0.9 % NaCl. For parameters with lower expected concentrations, samples added to agar 

plates via a membrane filter using a vacuum pump and membrane filtration unit (Whatman). 

Analysis of the individual microbiological parameters was performed according to normalized 

standard methods or based on published methods. The analyzed microorganisms shown in this 

study are E. coli (DIN EN ISO 9308-1:2012, modified by using an antibiotic supplement), somatic 

coliphages (DIN EN ISO 10705-2:2002), as an indicator for enteropathogenic viruses, and the 

parasite Giardia lamblia (ISO 15553:2006, EPA Method 1623, HMSO:1989). Additionally, within 

the project “HyReKA” ARB were investigated. The parameter shown in this study is extended-

spectrum beta-lactamase (ESBL)-producing E. coli; the utilized method was developed and adapted 

for the HyReKA project and will soon be published in detail. The sample was placed on 

ChromESBL agar (Co. Mast) and incubated for 24 h at 42 °C. The microorganism concentrations 

were calculated in logarithmic units (log units) of colony-forming units (cfu) or plaque-forming 

units (pfu) per 100 mL for each microbiological parameter. The difference in log units between the 

effluent and influent from the RSFs or WWTP was used to measure the reduction performance. 
 

 

RESULTS 

Reduction performance of large-scale RSFs 

Our data revealed that the load of all tested microbiological parameters was reduced by passage 

through the RSFs in both test scenarios (large-scale and test facility). Figure 1 shows the reduction 

performance of the two investigated large-scale RSFs. The reduction performance at RSF A was 1-

2 log units higher than at RSF B for all investigated parameters at both large-scale filters (not all 

data shown). For interpreting the results, it is important to notice that the concentrations of the 

combined sewage being fed to the large-scale RSFs were similar; the only difference was a slightly 

lower concentration (median) of the bacterial parameters at RSF B. The E. coli concentrations 

ranged from < 1.000 to 5.450,000 cfu/100 ml (median 1.325,000 cfu/100 ml) at RSF A and 216.220 

to 6.360,000 cfu/100 ml (median 620.000 cfu/100 ml) at RSF B. The somatic coliphage 

concentrations were < 100 to 242.100 pfu/100 ml (median 41.800 pfu/100 ml) at RSF A and 8.000 

to 269.000 pfu/100 ml (median 51.550 pfu/100 ml) for RSF B. ESBL-producing E. coli were only 

investigated at RSF A; the detected concentrations were between 37.273 and 909.091 cfu/100 ml 

(median 263.636 cfu/100 ml). The concentrations of the parasitic parameters in the combined 

sewage were slightly higher at RSF B, from 61 to 28.000 cysts/100 L (median 1,200 cysts/100 L), 

compared to 38 to 10.303 cysts/100 L (median 400 cysts/100 L) at RSF A.  
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Reduction performance at the semi-technical facility 

The reduction performance of the filters at the semi-technical facility for treated wastewater as a 

fourth purification stage reduced most microorganisms of 1-2 log units. Even some of the bacteria 

were below the corresponding detection limit. The results of the “HyReKA” project indicate RSFs 

diminished ARB: there was a 2.26-log-unit (median) reduction (Table 1). 
 

 
Figure 1. Boxplots for the reduction performances of the large-scale filters (A and B) in log units 

for somatic coliphages, E. coli, G. lamblia and ESBL-producing E. coli. 

 

It was not possible to investigate the reduction performance for the parasitic parameters at the test 

facility because of the relatively small 0.5-1 L sample sizes. Table 1 shows the individual reduction 

performances as measured at the large-scale RSFs compared to the corresponding semi-technical 

filters. The reduction performances for E. coli and somatic coliphages differed between RSF A and 

B in large-scale applications (see also Figure 1), where RSF A exhibited greater reduction (despite 

using the filter material from the large-scale filters). The measured concentrations cannot be directly 

compared due to the different influent matrices, but the reductions are calculated within each 

system and are thus deemed to be comparable. 
 

Table 1. Reduction performances (in log units) of the large-scale filters (A and B) and the 

corresponding semi-technical test facilities (1 and 2). RSF A corresponds to the material from filter 

1 and RSF 2 to filter 2  
  Reduction in log units 

      RSF A Test facility (1) RSF B Test facility (2) 

 

Somatic 

coliphages  

 

[pfu/100 

ml]  

n 24 14 24 14 

Min 1.47 1.08 0.31 1.08 

Median 3.15 2.46 1.12 2.53 

Max 4.68 3.3 1.84 3.3 

 

E. coli  

[cfu/100 

ml] 

n 25 6 23 6 

Min 1.27 1.25 0.64 0.92 

Median 2.66 2.02 1.24 1.76 

Max 4.7 3.81 4.95 3.33 

 

ESBL-

E. coli  

[cfu/100 

ml] 

n 9 5 - 5 

Min 0.50 1.26 - -0.07 

Median 1.08 2.26 - 2.26 

Max 3.50 3.69 - 3.69 
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Individual filter layer 

The semi-technical test facility was constructed to sample at different filter depths and thus to 

investigate the reduction performance at the different material steps. The microorganism reduction 

performance differed depending on the layer depth (Figure 2). In most cases, the strongest reduction 

occurred at 0.1-0.3 m. 

 
Figure 2. Reduction of somatic coliphages and E.coli concentrations by RSFs A and filter B for 

treated wastewater. The layer depth (0.1, 0.3 and 0.75 m) or the discharge is shown on the x-axis. 

The y-axis indicates the reduction (in log units) of E. coli and somatic coliphages 
 

 

DISCUSSION 

RSF reduction performances 

CSO consists of sewage as well as the run-off water from sealed surfaces. Microbial concentrations 

in CSO may be affected by the so-called first flush of stormwater runoff in the form of solid and 

sediment remobilization as well as dispersion of the sewer film (biofilm layer buildup at the 

water/air phase). The measured concentrations of microorganisms in the inflow of the investigated 

RSFs were similar, data that demonstrate the influent concentrations were not responsible for the 

reduction performance differences. This study emphasizes RSFs for their hygienic-microbiological 

purification performance of human-pathogenic bacteria and parasites in combined sewage or 

purified wastewater. Results from semi-technical RSF facilities already show strong purification 

performance for chemical substances (Brunsch et al., 2018). Investigation into the removal of 

human-pathogenic bacteria and ARB (E. coli, enterococci and staphylococci) in CSO by a full-scale 

RSF was reported by Scheurer et al. (2015). Their measured RSF reduction performance of these 

bacteria ranged from 2 to 3 log units. This phenomenon was confirmed by RSF A; it diminished 

ESBL-producing E. coli 1.08 log units, E. coli 2.66 log units and somatic coliphages 3.15 log units 

(median values). In general, large-scale RSF A demonstrated better results in reduction 

performance. Considering the fact that we compared very different ranges of input concentrations 

between the large-scale RSFs (input was combined sewage) and the semi-automatic test filters 

(input was purified wastewater), RSF A and B performance easily indicates multiple log-step 

reductions, a finding that suggests a log level ratio with higher purification efficiency than the test 

facilities. Nevertheless, it must be noted that the filter material is not responsible for the different 

reduction performance in the large-scale study. 
 

In comparison to UV disinfection, activated carbon filtration/adsorption, ozonation and membrane 

bioreactors, RSFs offer similar or even better reduction performances as a fourth purification stage. 
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Disinfection reduces non-resistant bacteria during chlorination by 3 log units in the study of Huang 

et al. (2011). Czekalski et al. (2016) confirm ARB removal of 1-2 log units using ozonation. 

Nevertheless, chlorination or ozonation can remove organic trace elements and are dose-dependent 

in their limited effect on eliminating microorganisms (Rudolph et al., 1993). This study showed 

substantial reductions in somatic coliphages (median 2.46/2.53 log units for filter 1/filter 2), E. coli 

(median 2.02/1.76 log units) and ESBL-producing E.coli (median 2.26/2.26 log units) in treated 

wastewater at the test facilities. Classical treatment plants offer a median bacterial reduction of 2 

log units (range of 1.5 to 3) and 1 to 3.6 log units for parasites (SWIST I, 2001). Dizer et al. (1994) 

report reduction values with microfiltration from 1 to > 6 log units for bacteria, 1-6 log units for 

virus and > 4 log units for parasites. According to Fiksdal and Leiknes (2006), ultrafiltration as a 

treatment technology diminishes all parameters (bacteria, viruses and parasites) by > 4 log units. 

However, do not need extensive maintenance, unlike the other discussed methods: ultrafiltration 

requires filter backwashes, active charcoal must be reactivated and for ozonation, the formation of 

non-specific by-products needs to be removed along with any residual ozone. Additionally, RSFs 

are efficient in terms of costs (materials, maintenance and repairs). Thus, considering the 

purification performance, RSFs should be noticed for their potential option as a fourth stage for 

wastewater treatment. 
 

Individual filter layer 

Waldhoff (2008) states that on average approximately 40 % of bacteria are reduced in the top 10 cm 

of an RSF. According to Orb (2012), the value is even over 50 %. Over time, an accumulated 

organic material layer also forms at this depth, and this material influences the reduction 

performance. This topmost mud layer of approximately 2 cm is formed on the filter at the sand-

water interface by suspended solids in the water. The subsequent upper, biologically active filter 

layer (3-5 cm) develops depending on filter granulation and speed (Orb, 2012). A presumed 

mechanism that underlies this effect could be increased adsorption due to biofilm growth (Waldhoff, 

2008). Orb (2012) explains the high microbiological retention in the mud layer and upper, 

biologically active layer by lower sieving of the pore channels and the high organic content 

(approximately 90 %), both of which increase bacterial adhesion. In contrast, the current data 

revealed that the highest reduction occurred in the layer between 0.1 and 0.3 m, a top layer of the 

filter with a high concentration of accumulated biofilm and organic material. Thus, this layer may 

promote the microorganism and trace element reductions.  
 

Flow rate 

RSF reduction performance varies depending on their operation. The efficiency in bacterial 

reduction was different between the two large-scale RSFs, which provided the filter material for the 

semi-technical filters. Reduction performance was much higher in RSF A, which had an effective 

throttled flow rate of 0.015 L/(s * m2) compared to RSF B at 0.03 L/(s * m2). Both of these values 

conform to the German guidelines on RSF construction. Influences like filter structure and influent 

composition can be eliminated as reason for the disparate reduction performances by examining the 

individual CSO compositions in the large-scale experiments and the use of the same operation 

conditions in the semi-technical filters. The latter two operated at same flow rate (0.03 L/(s * m2)) 

and did not show any significant differences in their purification performance. Thus, the rate of 

throttle drainage, based on the structural parameters discussed herein, appears to be the deciding 

factor in the effectiveness of the RSF' hygienic-microbiological reduction performance. 
 

 

CONCLUSIONS 

The investigated semi-technical RSF facilities offered high efficiency in reducing the concentration 

of microorganisms that comprise ARB. Additionally, an influence of the throttled flow rate on the 

reduction performances was revealed: reduction performance was inversely proportional to the flow 
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rate. Thus, this factor is crucial for RSF purification performance. Additionally, the individual 

depths of the filters offered different purification performance, which was highest within the upper 

layer (0.1-0.3 m depth). Overall, RSFs are very suitable as a fourth purification stage, because they 

efficiently reduce hygienic-microbial pollution such as parasites, viruses and bacteria including 

ARB. The bacterial reduction performance was at the same or even better value than UV 

disinfection, activated carbon filtration/adsorption, ozonation and membrane bioreactors, all of 

which are the standard fourth purification stage in WWTPs. Considering large-scale RSFs as a 

fourth purification step in WWTPs, they should be further investigated to increase their efficiency 

in the reduction of hygiene-relevant microbial pollution. 
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Abstract 
Phosphorus (P) must be removed from wastewaters to prevent eutrophication in water bodies. The 

capacity of core-shell bimagnetic nanoparticles (CoFe2O4@γ-Fe2O3) to adsorb phosphorus (P) was 

evaluated in order to investigate a nanoadsorbent which may be used as a technology for 

wastewater treatment. The nanomaterial was synthesized through a hydrothermal coprecipitation 

followed by a surface treatment. X-ray diffraction measurements were performed to characterize 

the material. Batch adsorption tests provided information regarding the influence of the solution 

pH, contact time and initial P concentration on the adsorption. The effect of the solution pH 

confirmed that the electrostatic interactions between the adsorbate and the adsorbent are favored as 

lower the pH is. The results obtained from the influence of the contact time showed that the 

Elovich model presented the best adjustment to the kinetics. The Freundlich model best fitted the 

equilibrium data, suggesting that multilayers are formed and that the adsorbent surface is 

heterogeneous. Furthermore, it was concluded that the nanoadsorbent mean size affects 

significantly the adsorption. The smaller the mean diameter is the greater is the available surface 

area and, consequently, the capacity of adsorption of the nanomaterial.  

 

Keywords 

Phosphorus removal; adsorption; nanoparticles 

 

 

INTRODUCTION 

An adequate concentration of phosphorus (P) in water bodies is key to maintain life in these 

environments. This chemical element is a limiting nutrient to growth of organisms in freshwater 

(Elser et al., 2007). However, high concentrations of P may cause eutrophication of aquatic 

environments. In order to avoid a possible uncontrolled increase of P in water bodies, P must be 

removed from wastewaters, since a significant amount of it can be found in different kinds of 

wastewater (Verstraete et al., 2009; Barnett et al., 1994). Among the P removal technologies, 

adsorption has been increasingly gaining attention from the scientific field due to its good 

performance at low concentrations, greater selectivity and simple operation (Yang et al., 2014). 

Therefore, this work aims to investigate the capacity of core-shell bimagnetic nanoparticles 

(CoFe2O4@γ-Fe2O3) to adsorb P from aqueous solution in order to obtain a preliminary response 

regarding its use as a technology for wastewater treatment. It is important to highlight that the 

nanomaterial has magnetic properties, which enable an easy separation of the adsorbed 

nanoparticles from the medium through the appliance of a magnetic field. This characteristic can 

facilitate the recovery of P and the reuse of the nanoadsorbent (Tu et al., 2015). 
 

 

METHODOLOGY 

Synthesis of the nanoadsorbent 

The first part of the synthesis of the nanoadsorbent corresponds to the production of ferrite cobalt 

nanoparticles (CoFe2O4) through a hydrothermal coprecipitation of aqueous solutions of Co(NO3)2 

and FeCl3 in alkaline medium. In this step, in order to obtain samples of two different mean sizes, 
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sodium hydroxide (NaOH) was used to synthesize the larger mean size nanoparticles (PaCoL) while 

methylamine (CH3NH2) was used in the synthesis of the smaller mean size nanoparticles (PaCoS). 

This strategy was applied since the nanoparticles mean size depends on the hydroxide concentration 

of the medium (Aquino et al., 2002). The second part of the synthesis is a surface treatment with a 

solution of Fe(NO3)3. In this step, a thin layer of maghemite (γ -Fe2O3) is formed around the ferrite 

cobalt nanoparticles. The shell of maghemite protects the nanoparticles from acid dissolution. The 

formula of the nanoadsorbent synthesized can be expressed by a core-shell model of bimagnetic 

ferrite nanoparticles (CoFe2O4@γ-Fe2O). 
 

X-ray diffraction measurements 

X-rays diffraction measurements (XRD) were performed to provide information regarding the 

crystalline structure and the mean size of the nanoparticles using powder samples, which had their 

carrier liquids previously evaporated.   
 

The X-ray diffraction measurements were carried out on an X-ray diffractometer of the model D8 

Focus (Bruker), operated at 40Kv/30mA with a Cu Kα radiation (λ=0.1541 nm) selected by a Ge 

(111) monochromator. A 20° ≤ 2θ ≤ 80° interval was considered, with a 0.05° step and 0.1° min-1 

scan rate. 
 

Batch adsorption tests 

Batch adsorption tests were performed to evaluate the influence of the solution pH, the contact time 

and the initial P concentration for both mean sizes of nanoparticles. The tests were carried out on an 

orbital shaker. After the contact time, the nanoparticles were separated from the solution through 

the application of a magnetic field to the system for 15 minutes, using a permanent magnet (Nd-Fe-

B). The concentration of phosphate in the supernatant was determined spectrophotometrically. 
 

A first set of batch adsorption tests was implemented to verify the influence of the solution pH on 

the adsorption. In these experiments, 10 mg of nanoparticles were added to 15 ml of a phosphate 

solution of 10 mg/L with a contact time of 30 minutes and shaking rate of 200 rpm. The solution pH 

varied from 2 to 10.  
 

Using the best solution pH, which was obtained from the previous set of experiments, batch 

adsorption tests varying the contact time provided information regarding the kinetics of the process. 

The nanoparticles dosage, the solution volume, the phosphate concentration and the shaking rate 

were the same as the first set of batch adsorption tests.  
 

Finally, knowing the best solution pH and the equilibrium time, a third set of batch adsorption tests 

was performed to obtain the adsorption isotherms at 25 °C. The phosphate concentration was varied 

from 5 to 130 mg/L. The nanoparticles dosage and the solution volume were the same as the other 

tests.  
 

 

RESULTS AND DISCUSSION 

Characterization of the nanoadsorbent 

The X-ray diffractogram pattern confirmed the spinel ferrites structure in according to the 

International Centre for Diffraction Data (ICCD) for both mean sizes of nanoparticles (Figure 1). 

The values of the average lattice parameter (0.835 nm for PaCoS and 0.837 nm for PaCoL) are in 

good agreement with the ICDD patterns for maghemite and cobalt ferrite. The mean diameter of the 

nanoparticle (dXRD) was calculated by applying the Scherrer’s formula (Hammond, 1997) to the 

most intense line of the diffractogram (311). The dXRD obtained was 7.8 nm for PaCoS and 13.5 

nm for PaCoL.  
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Figure 1. X-ray powder diffraction patterns 

 

Effect of the solution pH on phosphorus removal 

The percentage of P removal for Figure 2 was calculated by: 

 

 

(1) 

where C0 is the initial P concentration and Ct is the P concentration after the contact time. 

 

The influence of the solution pH on the adsorption demonstrated that, within the studied range, the 

lower the pH is the greater is the removal of P for both samples. This result can be explained by the 

effect that the solution pH has on the speciation of both adsorbent surface and adsorbate. In aqueous 

solution, the nanoadsorbent surface presents amphoteric sites ≡FeOH, which can protonate to 

≡FeOH2
+, bellow the point of zero charge (PZC), or deprotonate to ≡FeO-, above the PZC. The PZC 

of the studied nanoadsorbent surface is around 7.0 (Campos et al., 2019; Campos et al., 2013). 

Thus, the surface is positively charged in acidic medium and negatively charged in alkaline 

medium. Regarding the speciation of the adsorbate, the phosphate ions are predominantly 

negatively charged from pH = 2 to 14. Therefore, the highest value of removal at pH = 2 is due to 

the strong electrostatic interactions between the negatively charged phosphate ions and the 

nanoadsorbent surface, which is mainly composed by ≡FeOH2
+. Rising the solution pH, the 

adsorbent surface becomes less positive and a reduction in the interactions between the adsorbent 

and the adsorbate happens. 
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Figure 2. Effect of the solution pH on phosphorus removal 
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Adsorption kinetics 

The amount of P adsorbed at any time t (qt) is expressed by: 

 

 

(2) 

Where C0 is the initial P concentration, Ct is the P concentration after the contact time, V is the 

solution volume and m is the nanoadsorbent mass. 
 

The kinetics data were adjusted to the non-linear pseudo-first order, pseudo-second order and 

Elovich models, which are given by the following equations, respectively:  

  
 

(3) 

 

 
 

(4) 

 

 

(5) 

Where qe is the amount of P adsorbed at equilibrium, k1 is the pseudo-first order rate constant, k2 is 

the pseudo-second order rate constant, qe
2k2 is the initial sorption rate (Günay et al., 2007), α is the 

initial rate constant and β is the desorption constant (Günay et al., 2007; Tran et al., 2017).  
 

Besides the coefficient of determination (R2), the mean absolute percentage error (MAPE) was 

calculated to verify the fit of the models. The MAPE is calculated by: 

 

 

(6) 

 

Where qexp is the experimental value, qcalc is the model’s predicated value and N corresponds to the 

number of experimental data.  
 

Figure 3 and 4 show the kinetics of P adsorption. The equilibrium was achieved in a period of 

approximately three hours for the two samples with a removal of P of 94 % for PaCoS and 80 % for 

PaCoL. Tables 1, 2 and 3 present the kinetic adsorption parameters for the pseudo-first order, 

pseudo-second order and Elovich models, respectively. The Elovich model best fits the kinetics data 

for both samples. This model is empirical and it has been generally applied to describe 

chemisorption (Tran et al., 2017). Although the kinetic data suggest that chemisorption occurs in 

the process, more information is necessary to fully describe the adsorption mechanism. 
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Table 1. Kinetics adsorption parameters – Pseudo-first-order model 

Pseudo-first-order 

Sample k1 

(min-1) 

qe 

(mg g-1) 

R2 MAPE (%) 

PaCoS 0.58 12.49 0.913 9.23 

PaCoL 0.21 10.68 0.839 14.71 
 

Table 2. Kinetics adsorption parameters – Pseudo-second-order model 

Pseudo-second-order 

Sample k2 

(mg g-1 min-1) 

qe 

(mg g-1) 

R2 MAPE (%) 

PaCoS 0.06 13.23 0.967 5.95 

PaCoL 0.02 11.44 0.935 9.70 
 

Table 3. Kinetics adsorption parameters – Elovich model 

Elovich 

Sample α 

(mg g-1 min-1) 

β 

(mg g-1) 

R2 MAPE (%) 

PaCoS 2786.08 0.91 0.998 1.04 

PaCoL 45.78 0.70 0.988 3.86 
 

Isotherm modelling 

The equilibrium data were adjusted to the non-linear Langmuir and Freundlich models, which are 

expressed by the following equations, respectively: 

 

 
 

(7) 

 
 

 (8) 

Where Ce is the equilibrium P concentration, qe is the amount of P adsorbed at equilibrium, qmax 

corresponds to the maximum adsorption capacity, kl is the Langmuir constant, kf is the Freundlich 

constant and 1/n corresponds to a heterogeneity factor which provides information regarding the 

adsorption intensity. 
 

In Figure 5 and 6, the equilibrium data is presented. Tables 4 and 5 show the equilibrium adsorption 

parameters for Langmuir and Freundlich models, respectively. 
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Table 4. Equilibrium adsorption parameters – Langmuir model 

Langmuir 

Sample kl 

(L mg-1) 

qmax 

(mg g-1) 

R2 MAPE (%) 

PaCoS 0.12 66.84 0.926 26.93 

PaCoL 0.09 43.95 0.921 23.56 

 

Table 5. Equilibrium adsorption parameters – Freundlich model 

Freundlich 

Sample kf 

(mg1-1/n g-1 L1/n) 

n R2 MAPE (%) 

PaCoS 15.39 3.01 0.994 7.59 

PaCoL 9.32 2.99 0.995 3.65 

 

The Freundlich model best fits the equilibrium data for both samples, suggesting that multilayers 

are formed in the adsorption process and that the adsorbent surface is heterogeneous. The 

Freundlich model has been applied to characterize the P adsorption process by different kinds of 

nanoadsorbents (Drenkova-Tuhtan et al., 2017; Moharami and Jalali, 2014).  

 

The formation of multilayers suggests that physisorption occurs in the process. This phenomenon 

can be explained by analyzing the electric double layer model. In the pH = 2, the nanoadsorbent 

surface is positively charged and its local electrostatic field attracts the phosphate ions, which are 

negatively charged in its majority. Moving away from the nanoadsorbent surface, the quantity of 

adsorbed phosphate ions decreases as a result of the reduction of the electrostatic field intensity. 

This effect will occur until the distance which the thermal energy becomes higher than the 

electrostatic interactions and the phosphate ions will not adsorb onto the nanoadsorbent surface. 

 

The nanoadsorbent mean size affects significantly the adsorption process. In all tests, the PaCoS 

sample adsorbed more P than the PaCoL sample under the same conditions. These results were 

expected since the smaller the mean diameter is the greater the available adsorption surface area per 

mass is.  
 

 

CONCLUSIONS 

In this study, a bimagnetic nanoasorbent was synthesized through a coprecipitation process 

followed by a surface treatment. The nanomaterial can be described by a core-shell model and its 

structure can be expressed as CoFe2O4@γ-Fe2O. Two different mean sizes of nanoparticles were 

tested. The study of the influence of the solution pH showed that the more acidic the pH is the 

greater is the removal of P, within the studied range. The highest removal was obtained at pH = 2. 

The Elovich model best fitted the kinetic data and the equilibrium was achieved within 3 hours. A P 

removal of 94 % for PaCoS and 80 % for PaCoL was achieved for an initial concentration of 10 

mg/L of P. The equilibrium data were best adjusted to the Freundlich model, indicating that 

multilayers are formed and the heterogeneity of the nanoadsorbent surface. From these results, it 

was concluded that the nanoadsorbent has potential to be applied as a novel technology for P 

removal from wastewater.  
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Abstract 

Increasing requirements for improving the quality of surface water press on the quality of outlet 

from wastewater treatment plants. Limits of pollution at the outlet from WWTP are given by the 

Government Decree No. 401/2015 Coll., which amendment has been widely discussed in recent 

years. The aim of this paper is not to evaluate whether and how stricter concentrations of outlet 

from WWTPs would affect quality of surface water. It is about the preparation of the operating 

company for a possible change in legislation which will cause considerable costs - both investment 

and operational - to both operators and owners of water infrastructure. For monitoring, WWTP 

from the size category where the technological method of achieving possible stricter limits in the 

Ptot parameter is not clear was chosen.  

 

Keywords 

WWTP; wastewater; water quality; phosphorus; phosphorus removal; phosphorus precipitation 

 

 

INTRODUCTION  

The subject matter of the paper is testing limits of simultaneous phosphorus precipitation at WWTP 

Bílina. Anticipated amendment of Government Decree No. 401/2015 Coll. is connected with a 

reduction of required limits for quality of water on the outlet from WWTPs. Probably the biggest 

challenge would be a reduction of the total phosphorus concentration. Depending on the size of the 

WWTP, the question is which technological solution will be able to meet the new requirements. 

Only the tertiary stage of treatment is considered for WWTPs above 100,000 PE. But for WWTPs 

between 10,000 – 100,000 PE it is not so clear. WWTP Bílina is one of the plants, operated by 

company Severočeské vodovody a kanalizace, a.s, which belongs to this size category. 

 

The result of the testing is to verify the possibility of meeting the limits of the considered 

amendment of the Government Decree No. 401/2015 Coll., without changing the current 

technology of WWTP – ie by simultaneous phosphorus precipitation. Concentrations of Ptot in the 

effluent were monitored and also the effect of increased coagulant doses on biochemical processes 

in the biological treatment stage (mainly nitrificiation) and on other operational parameters such as 

activated sludge quality (biocoenosis, monitoring of iron content in sludge and organic content in 

sludge dry matter) and also a possibility of increased sludge production. 

 

 

PROCESS AND METHODS 

WWTP Bílina is a mechanical-biological treatment plant. Biological treatment stage is composed 

from two lines, each with regeneration, denitrification and nitrification tank. Testing took place 

from end of February to end of April. 

 

During this period one biological treatment line (line 1) was a reference line. Dosing of a coagulant 

was automatic there – dosage was calculated by an algorithm in Automatic Controlled System 
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(ACS) based on the on-line measurement of P-PO4 concentration and wastewater flow in WWTP. 

The second biological treatment line was a testing line. Dosing of a coagulant was fixed – dosage 

was increased during the testing from 2 litres per hour to 6 litres per hour. 

 

Effluent quality was monitored in each line and also in joint channel from both lines. Parameters 

were mainly COD, SS, N-NH4, N-NO2, N-NO3, Ntot, Ptot, Fe. 

 

Activity and quality of activated sludge in both biological lines was monitored by kinetic and 

respirometric tests of nitrification. Also the concentration of Ptot and Fe in sludge was determined.  

 

During the tested period there were five samplings of sludge for kinetic and respirometric tests of 

nitrification and also for determination of Ptot and Fe concentration in activated sludge. First 

sampling (27/2/2019) was performed in the “steady” state when the dosing of coagulant was in 

automatic mode in both biological lines. After the first sampling, fixed dose in line 2 was set (2 l/h). 

This dosage was set based on the operational experience and average annual consumption. Second 

sampling (12/3/2019) was performed during this set dose and after the second sampling the fixed 

dose in line 2 was reset to 4 l/h. On 24/3/2019 and 09/04/2019 was made third and fourth sampling 

with fixed dose 4 l/h. On 10/04/2019 the fixed dose was reset to 7 l/h and after 14 days last samping 

was made. 

 

Quality of effluent from WWTP was monitored during whole testing period in a weekly period by 

24h sample with 2h interval, proportionally to the flow of wastewater. Plus every two weeks 24h 

sample with 2h interval was taken from both secondary settling tanks (SST).  

 

 

RESULTS 

Effluent quality 

Main aim of the testing was verification of possibility to meet future stricter limits of phosphorus 

concentration on the effluent of WWTP by simultaneous precipitation of phosphorus. The limit is 

2 mg/l Ptot (annual average) and 6 mg/l (maximum that is not allowed to exceed) currently. Possible 

new limit would be between 0,5 – 0,8 mg/l. 

 

In Table 1 – 3 are results of effluent quality from the SST 1, SST 2 and from the outlet from WWTP 

(mix of both SST). 

 

Table 1. Effluent quality from secondary settling tank 1 (reference line) during tested period 

 pH COD N-NH4 N-NO2 N-NO3 Ntot Ptot P-PO4 

average 7.4 15.8 0 0.018 8.52 9.8 1.06 0.83 

minimum 7.1 <15 <1.00 0.012 6.23 6.6 0.45 0.40 

maximum 7.6 21 <1.00 0.029 12.30 14.4 1.50 1.40 

sampling pH COD N-NH4 N-NO2 N-NO3 Ntot Ptot P-PO4 

Date   mg/l mg/l mg/l mg/l mg/l mg/l mg/l 

25. 2. 2019 7.6 <15 <1.00 0.015 12.30 14.4 1.50 1.40 

5. 3. 2019 7.1 21 <1.00 0.020 8.42 9.1 1.10 0.76 

19. 3. 2019 7.6 20 <1.00 0.012 9.21 12.1 1.50 0.90 

8. 4. 2019 7.2 18 <1.00 0.029 6.44 6.9 0.77 0.71 

22. 4. 2019 7.5 20 <1.00 0.013 6.23 6.6 0.45 0.40 
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Table 2. Effluent quality from secondary settling tank 2 (tested line) during tested perio 

 pH COD N-NH4 N-NO2 N-NO3 Ntot Ptot P-PO4 

average 7.4 17.8 0 0.018 10.66 12.2 1.21 0.93 

minimum 7.2 <15 <1.00 0.014 7.20 8.0 0.59 0.41 

maximum 7.6 25 <1.00 0.023 15.30 15.8 1.60 1.40 

sampling pH COD N-NH4 N-NO2 N-NO3 Ntot Ptot P-PO4 

Date   mg/l mg/l mg/l mg/l mg/l mg/l mg/l 

25. 2. 2019 7.5 <15 <1.00 0.017 15.30 15.8 1.60 1.40 

5. 3. 2019 7.2 25 <1.00 0.020 11.60 12.2 1.60 0.86 

19. 3. 2019 7.6 22 <1.00 0.015 11.20 15.3 1.30 1.20 

8. 4. 2019 7.3 22 <1.00 0.023 7.99 9.7 0.95 0.78 

22. 4. 2019 7.5 20 <1.00 0.014 7.20 8.0 0.59 0.41 

 

Table 3. Effluent quality from WWTP Bílina during tested period  

 pH COD BOD SS N-NH4 N-NO2 N-NO3 Ntot Ptot 

average 7.5 12 2.6 4.6 0 0.022 9.22 11.0 1.06 

minimum 7.2 <15 1.9 2.8 <1.00 0.014 3.95 5.5 0.58 

maximum 7.8 22 3.1 6.4 <1.00 0.043 14.30 15.8 1.7 

sampling pH COD BOD SS N-NH4 N-NO2 N-NO3 Ntot Ptot 

date   mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l 

25. 2. 2019 7.6 <15 1.9 4.6 <1.00 0.018 14.30 16.6 1.70 

5. 3. 2019 7.4 16 3.0 3.2 <1.00 0.015 9.39 10.2 1.0 

19. 3. 2019 7.8 <15 2.8 6.0 <1.00 0.014 9.49 12.6 1.10 

8. 4. 2019 7.2 22 2.2 2.8 <1.00 0.043 8.97 10.1 0.93 

22. 4. 2019 7.5 22 3.1 6.4 <1.00 0.020 3.95 5.5 0.58 
 

Figure 1. Ptot concentration in effluent from SST 1, SST 2 and WWTP during tested period 

 

From the Table 1. – 3. and also the Figure 1 is evident expected decrease of Ptot concentration on the 

outlet from WWTP Bílina during tested period. But potential limit, which is showed by straight red 

line in the Figure 1, was reached almost in the end of tested period when the fixed dose of 7 l/h has 
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been set. Compared to average dose of 2 l/h it is 350 % increase. 

 

From the Figure 1. can be also seen that the precipitation of phosphorus during fixed dose of 2 l/h 

was enough for meeting current limits but was not enough for reach anything near the stricter limits. 

After increase of the fixed dose to 4 l/h, decrease of Ptot concentration in SST 2 outlet was detected. 

After month of constant dosing of 4 l/h new limits (0,8 mg/l) was reached. After that the fixed dose 

of coagulant was increased to 7 l/h and limit 0,5 mg/l was also reached.  

 

Worth noting are also Ptot concentrations on the effluent from SST 1 (reference line). Dosing of 

coagulant was automatic, setpoint was 1,5 mg/l P-PO4 but during tested period the concentration of 

Ptot decreased below this setpoint. It is caused by a one-sludge system. Returned sludge from both 

SSTs is pumped into anoxic regeneration tank, which is same for both biological lines. 

Accumulation of iron in the sludge was occurred by increasing dose of the coagulant gradually. 

That could be noted from the Figure 2. That caused a precipitation of phosphorus during flow of 

activated mixture in activation tanks also in reference line. 

 

Concentration of iron in a sludge and consumption of coagulant 

Fe2(SO4)3 is used as a coagulant on WWTP Bílina. That is why the iron concentration was detected 

in sludge taken during sampling. From Figure 2 shows progressive increase of iron volume in the 

sludge. Biggest increase was detected in sludge from nitrification tank of second line where the 

fixed dose was increasing during tested period. Increase from 21 g/kg to 45 g/kg means more than 

double of concentration. 

 

 
Figure 2. Fe concentration in sludge from nitrification tank 1 and 2 (N1, N2) and SST 1 and 2 

(DN1, DN2) 

 

Coagulant is dosed into the biological treatment stage by two pumps, each for one biological line. 

There are more possible dosing points but during common operational state and also during whole 

tested period coagulant was dosed into the outlet of activation tanks. Unfortunately the pums are not 

equipped by flowmeters and therefore the consumption of coagulant is not possible to evaluate this 

way. Because of that the consumption was evaluated as a difference between daily consumption of 

coagulant in both biological lines and a calculated consumption of coagulant in biological line 2 
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where a fixed dose was set.  

 

Figure 3. shows that the coagulant consumption in the reference line gradually decreased. 

Explanation is the same as the decrease of phosphorus concentration in reference line – one-sludge 

system. From Figure 3. could be also seen little increase of total coagulant consumption. Although a 

certain trend of increasing coagulant consumption can be seen during tested period, longer period 

would be necessary for more reliable conclusions and economic balance during which the lower 

required effluent concentration of Ptot would be set in both biological lines.  

 

 
Figure 3. Coagulant consumption of each biological line and total consumption of WWTP Bílina 

 

Effect on biochemical processes 

Assessment of increased doses of coagulant on biochemical processes was made mainly by 

respirometric and kinetic test of nitrification. Result from these tests is a rates of the nitrification. At 

respirometric tests the rate of nitrification is expressed as a decrease of dissolved oxygen 

concentration on a gram of sludge concentration by hour and at kinetic tests it is expressed by a 

decrease of N-NH4 concentration, respectively by an increase of N-NO3 concentration on a gram of 

sludge concentration by hour.  

Table 4. Nitrification rates from respirometric and kinetic tests of nitrification 

  27. 2. 2019 12. 3. 2019 24. 3. 2019 9. 4. 2019 24. 4. 2019 

rX [mg/g·h]      

respirometric tests -3.07 -3.06 -2.78 -2.72 -2.45 

kinetic tests by N-NH4 -2.06 -2.03 -1.63 -2.52 -2.19 

kinetic tests by N-NO3 2.07 1.99 1.59 3.02 2.53 

 

From the values in Table 4 is clear that the rate of nitrification from the respirometric test constantly 

decreased with increasing dose of coagulant. The results from the kinetic test are not same but that 

is probably caused by natural conditions during tested period. Testing started in a winter period 

when the nitrification rates are lower and ended in a spring period when the temperature of 

wastewater is higher than in winter and so higher nitrification rates can be expected. 
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That is why results from respirometric tests is considered as a more correct one. Decreasing rate of 

nitrification during gradual increase of coagulant dose and the associated increase of iron 

concentration in sludge confirms negative impact of nutrient deficit to the biochemical wastewater 

treatment processes (Novák, 2018).  

 

Impact on sludge concentration 

An increased dose of a coagulant necessarily caused an increased production of chemical sludge. At 

simultaneous phosphorus precipitation mix of the biological and chemical sludge is producted. The 

higher the proportion of chemical sludge is, the more likely problems with sedimentation attributes 

of the sludge and also his drainage attributes may be. 

 

Figure 4 shows increase of excess sludge which is taken from the biological treatment stage to the 

sludge stage. It was necessary to increase the flow rate of excess sludge after the dose of 4 l/h was 

set for approximately one month as the sludge concentration increased during that period. 

 

 
Figure 4. Excess sludge flow rate during tested period 

 

 

CONCLUSIONS 

By testing the limits of simultaneous phosphorus precipitation, Severočeské vodovody a kanalizace, 

a.s., as a responsible operating company, is preparing for a possible amendment of the Governing 

Decree 401/2015 Coll., which could cause a decrease of WWTP’s effluent limits. 

 

While for WWTPs above 100,000 PE it is clear that there is no other way than the tertiary treatment 

level, to meet the potential future limits in the parameter Ptot at the WWTPs 10,000-100,000 PE is 

potentially possible to achieve stricter limits by simultaneous phosphorus precipitation. Of course it 

depends on the value of the limit and also on the specific WWTP. It will be necessary to assess each 

WWTP individually. 

 

One of the WWTPs in the category 10,000 – 100,000 PE is also the WWTP Bílina. During the 

monitored period it was proved that by higher dose it is possible to approach or even reach stricter 

outlet limits in the parameter Ptot. Whether these limits could be achieved in the long term is a 

question of further research and monitoring. The same it is for the determination of coagulant 

consumption which increased only slightly during the tested period. The next stage of testing should 
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follow for better evaluation. In the next stage the coagulant should be dosed automatically at a 

lower P-PO4 limit value in the ACS. 

 

Testing also confirmed that simultaneous phosphorus precipitation has a negative impact on the 

nitrification rate. The decrease in nitrification rate may be so significant for some WWTPs that it 

will also be necessary to take a tertiary stage of treatment to these WWTPs. 

 

There was also an increase in the amount of excess sludge flow rate which has an impact on the 

further operation of the WWTP. A higher amount of sludge may necessitate an increase in the 

sludge management capacity, especially sludge dewatering. In addition to investment costs, higher 

sludge production is also associated with operating costs, namely the consumption of flocculant for 

sludge dewatering, as well as the constantly increasing sludge disposal costs. 

Although monitoring at the WWTP Bílina did not unequivocally answer the question of whether the 

potential stricter Ptot limit can be achieved by simultaneous phosphorus precipitation, it has brought 

interesting results and confirmation of generally known facts. Conclusions from this paper can serve 

as a basis for further research of this issue. 
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Abstract 
The paper presents the findings of an experimental research employing ultrafiltration and 

microfiltration ceramic modules (150 kDa, 0.14 µm, 0.45 µm) in terms of removal and 

concentration of cationic surfactant Tequat LC90i (TEAQ) from water solutions. The filtration 

tests were performed in a semi-pilot installation in a cross-flow regime. The feed solution 

parameters (surfactant concentration, pH of the treated solution, the presence of inorganic salt) and 

process conditions (transmembrane pressure and linear velocity) on the membrane filtration 

efficiency were evaluated. All tests achieved very satisfactory TEAQ retention coefficients (in the 

range of 70-95 %), however surfactant fouling occurred resulting in deterioration of the 

permeability of the modules. Module characterized by the pore sizes greater than the size of 

surfactant particles, i.e. module 0.45 µm, proved to be the most fouling resistant one. It was also 

proved that process performance at high value of linear flow velocity can efficiently reduce the 

intensity of membranes pore blocking. 

 

 

INTRODUCTION 

Cationic surfactants have found applications in many areas of the industry due to numerous features 

resulting from their chemical structure. A molecule of cationic surfactant consists of the 

hydrophobic tail and positively charged hydrophilic head, as a consequence these substances exhibit 

antiseptic, antifungal, antiviral and disinfection (quaternary ammonium salts, ex. benzlakonium 

chloride, cetrimonium bromide, Wieczorek et al., 2014) or lubricating/antistatic action (ex. 

Esterquats). Triethanolamine-based esterquats (TEAQ) has been the primary ingredient in European 

fabric softeners (Friedli et al., 2002). Due to the strong effect of cationic surfactants on water/soil 

properties and their toxicity versus many species it is necessary to remove them from industrial 

wastewater. Biodegradation (Palmer and Hatley, 2018), coagulation (Terechova et al., 2014), 

foaming (Boonyasuwat et al., 2003), photocatalytic methods (Czech and Ćwikła-Bundyra, 2012) 

may be effective in surfactant removal, however very promising technologies for the removal of 

surfactants are membrane-based technics, which the great advantage is the ability to recover the 

valuable ingredients from wastewater. Amin et al. (2016) listed numerous advantages of ceramic 

membranes, the main of them are: high chemical, thermal, mechanical and physical stability; long 

working life; good environmental performance. Fernández et al. (2005) reported anionic (SDS) and 

nonionic (Tergitol NP-9) surfactants removal in the range of 60-70 % with the use of ultrafiltration 

ceramic membrane Membralox®. Polak et al. (2019) examined tubular ceramic membranes 

(Mantec Technical Ceramics Ltd) for laundry wastewater treatment. The experiments conducted 

showed COD removal from initial concentration of 1024 mg/L to 200 mg/L after 90 minutes of 

membrane filtration. The literature reports discussing the removal of cationic surfactants in 

membrane processes are very limited and mainly concern polymeric membranes. Boussu et al. 

(2007) investigated cetrimide separation with the use of nanofiltration membranes. Initial surfactant 

concentration amounted to 40 mg/L. The retention coefficients reported were very variable - 17, 21, 

89 and 97 % of cetrimide was removed, depending on the type of membrane applied.  
 

Our preliminary research (Klimonda and Kowalska, 2019) proved that membrane filtration can be 

an effective method for cationic surfactants removal. Application of the polymeric flat-sheet 
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ultrafiltration membranes (in dead-end regime) allowed to retain up to 100 % of TEAQ, however 

the simultaneous significant membrane permeability deterioration was observed. In order to reduce 

the membrane blocking by surfactants, the follow actions can be implemented: filtration in a cross-

flow regime, the use of larger pore, i.e. microfiltration membranes which may be less susceptible to 

pore blocking. In this paper a cross-flow set-up equipped with ultrafiltration and microfiltration 

ceramic modules was tested in terms of TEAQ removal from water solutions.  
 

 

EXPERIMENTAL 

The cross-flow semi-pilot filtration set up was employed for the experimental research (Figure 1). 

In all experiments the initial volume of the feed solution amounted to 8 L and its temperature was 

20°C. During the filtration experiments, the linear flow velocity was maintained in the range from 5 

to 6, from 4 to 5 and from 2 to 2.5 m/s for 0.45 µm, 0.14 µm and 150 kDa modules, respectively. 

The first part of the tests involved 120-minutes membrane filtration tests which were performed 

under the transmembrane pressure (TMP) of 3 bar. 20 mL permeate samples were collected for 

measurements of surfactant concentration in the intervals of 15 min and the concentration of TEAQ 

in the feed solution was maintained at a constant level. In the next part of the tests, i.e. in 

concentration batch mode, the transmembrane pressure was increased to the level of 3.5 bar and the 

processes were performed until the resistance of the modules precluded further filtration. During 

this stage of the tests, both surfactant concentration in concentrate and permeate stream was 

monitored every 30 minutes. Cationic surfactant Tequat LC90i, TEAQ (Dihydrogenated 

Tallowethyl Hydroxyethylmonium Methosulfate & Ditallowethyl Hydroxyethylmonium 

Methosulfate) solutions in concentration of 50, 100, 250, 500 and 1000 mg/L were prepared for the 

research. Critical micelle concentration (CMC) of surfactant amounted to 0.026 ± 0.0067 mg/L. The 

micelle size distribution was 115.9 ± 6.9 nm, and the monomer length, which is approximately the 

half of the micelle diameter was 58 nm (DLS method, Malvern Zetasizer Nano ZS, wavelength 532 

nm). TEAQ concentration in the samples was monitored by TOC measurements (HACH IL550 

TOC-TN). Based on the calibration curve, TEAQ concentration can be calculated with high 

accuracy (R2=99.2 %) from TOC measurements using the following formula: 

      (1) 

where C is TEAQ concentration (mg/L), TOC is total organic carbon concentration (mg/L). 

In order to verify the separation properties, retention coefficient was calculated: 

           (2) 

where Cf, Cp are surfactant concentration (mg/L) in the feed and permeate, respectively. 
 

Permeate volumetric flux is an important factor for the membrane processes efficiency evaluation. 

It is likely that in the presence of surfactants membrane pore blocking occurs affecting membrane 

permeability decline (Van der Bruggen et al., 2005). In order to evaluate the modules’ hydraulic 

properties, volume flux was determined according to the following equation: 

       (3) 

where J is the permeate volume flux (L/m2h); V is the volume of the permeate sample collected (L); 

A denotes the membrane's surface area (m2); t is the filtration time (h). 
 

To assess susceptibility to fouling, the normalized flux was calculated: 

       (4) 

where RF is the relative flux; J is the permeate volume flux after time t; J0 is the distilled water 

permeate flux (L/m2h). 
 

The permeate recovery was calculated according to the following equation: 
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      (5) 

where PR is the permeate recovery ratio (%), and Vp and V0 denote the volume of the permeate after 

the time t, and the volume of the feed, respectively. 

 
Figure 1. Laboratory set-up: 1- membrane module, 2- feeding tank (10 L), 3- manometer, 4- 

thermometer, 5- pump (Grundfos), 7- control panel, 8- cooler 
 

Commercially available UF and MF CéRAM INSIDE® modules purchased from Tami Industries 

have been chosen to the tests. The parameters of the membranes are given in Table 1.  
 

Table 1. Characteristic of CéRAM INSIDE® (Tami Industries) modules 

Parameter Value 

Pore diameter, µm/ cut-off, kDa 0.45 µm 0.14 µm 150 kDa 

Number of channels 7 7 1 

Inner channel diameter, mm 2 2 7 

Filtration area, m2 0.0130 0.013 0.005 

Distilled water flux, L/(m2∙h) * 293.5 260.6 19.2 

Max. operating pressure, bar 10 

Mechanical resistance, bar >90 

Chemical resistance pH=0÷14 

Max. operating temperature, °C <350 
* determined by the authors at TMP=3 bar 

 

The last part of the experiments included the effect of the treated solution parameters (pH, presence 

of the electrolyte) and the change in process parameters (linear flow velocity, transmembrane 

pressure) on the membrane processes performance. Sodium chloride (NaCl, Poch, Poland) was used 

for the tests. In order to correct the pH values to 3.5, 4.5 and 9, 0.1 M HCl and 0.1 M NaOH 

solutions were applied into the surfactant solutions. 
 

 

RESULTS AND DISSCUSSION 

Purification  

Table 2 presents the TEAQ retention coefficients obtained during the 120-minutes purification 

processes with the use of three modules. High separation ratios (above 70 %) were noted for all 

tested modules, however a slight trend the smaller pore size, the bigger retention coefficient can be 

observed. The 150 kDa module allowed to obtain an averaged retention coefficient in the range 

from 82 to 95 %. It should also be noted that changes in the initial TEAQ concentration did not 

significantly affect the separation efficiency. Due to the very low value of CMC (0.026 mg/L) all of 



Wastewater 
 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

327 

the tested solutions were the micellar ones. Taking into account the micelle size distribution (0.115 

µm), relatively high separation ratios were noted for microfiltration modules, especially for 0.45 µm 

module – despite the pore size was fourfold greater than TEAQ micelle size, surfactant retention 

coefficients exceeded 70 %. 
 

Table 2. Averaged TEAQ retention coefficients (R) versus concentration in the feed solution 

Initial TEAQ 

concentration, mg/L  

R, % 

150 

kDa 

0.14 

µm 

0.45 

µm 

50  83.6 82.2 79.6 

100 91.3 88.0 79.5 

250 82.3 82.9 71.9 

500 91.2 92.5 75.1 

1000 95.2 94.9 85.2 
 

Figure 2 shows relative flux values versus filtration time depending on module type and initial 

TEAQ concentration. As can be seen, the presence of the cationic surfactant in treated solutions 

negatively affects the transport properties of the modules. It was observed that depending on the 

feed solution concentration, the microfiltration modules achieved various relative permeability. A 

particularly interesting case was observed when the module 0.45 µm was applied – treatment of 

solutions in the concentration of 100-500 mg/L brought the relative flux in the range from 0.55 to 

0.6, when for the highly concentrated solution, i.e. 1000 mg/L, the module was almost completely 

fouled – relative flux at the end of the filtration cycle amounted to 0.007. However, for the module 

150 kDa, the initial surfactant concentration did not have as much effect on the relative permeability 

as for the other modules – after 30 minutes of membrane filtration on the module 150 kDa, the 

relative flux was in the range from 0.14 to 0.23 for initial TEAQ concentrations 100-1000 mg/L and 

0.53 for 50 mg/L. It must be stressed that surfactant fouling phenomenon was more pronounced for 

the modules with the pore sizes close to the separated particles size (micelle 0.115 µm, monomer 

0.058 µm), i.e. for the module 0.14 µm and the module 150 kDa for what, according to Calvo et al. 

(2008) pore size distribution is 0.055–0.08 µm. 
 

It is likely that the deterioration in membrane transport properties (comparing to the distilled water 

flux) was also caused by the interaction between surfactant particles and hydrophilic surface of 

ceramic membranes. Surfactant molecules arrange hydrophilic heads near the hydrophilic surface, 

filling it one by one in very close distances between each other (Figure 3). As a result, a membrane 

hydraulic resistance grows. Moreover, TEAQ particles adsorb inside the pores causing reduce in 

their sizes and in consequence – membrane permeability.  

 

 

Figure 2. Relative flux (RF) versus filtration time and initial surfactant concentration 
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Figure 3. Cationic surfactant particles’ arrangement on hydrophobic membrane 

 

Modification of the process and feed solution parameters  

Taking into account relatively high retention coefficients of surfactants, the MF module with the 

pore diameter of 0.14 µm was chosen for the next part of the test involving changes in the process 

parameters in order to limitation of the fouling phenomena. The parameters testes for this purpose 

were transmembrane pressure (TMP) and linear flow velocity (v). The tests were performed for the 

initial TEAQ concentration of 50 mg/L. The first part was carried-out under a constant TMP of 2 

bar and for five values of linear velocity, i.e. 1.25, 1.80, 2.8, 4.4 and 5.7 m/s. The averaged retention 

coefficients and the relative flux values obtained during the 60 minutes processes are plotted in 

Figure 4. It was noted that an increase in linear flow velocity did not bring any essential changes in 

TEAQ removal efficiency (retention coefficients in the range from 87 to 92 %), however it should 

be stressed that in terms of fouling phenomena, the increase in this parameter to the value of 5.7 m/s 

allowed for a significant reduction of the surfactant fouling. While for the remaining values of 

linear flow velocity the relative flux amounted approximately to 0.35, for the highest value relative 

flux was about 0.72, which means that the drop in permeate flux did not exceed 30 %. It can be 

stated that at the turbulent flow, fouling phenomena was limited due to surfactant washing out. 

 

 
Figure 4. Retention coefficient (R) and relative flux (RF) versus linear flow velocity (A) and 

transmembrane pressure (B) for the 0.14 µm module and the initial TEAQ concentration of 50 mg/L 

 

The second part of the test included evaluation the TMP effect on relative flux. Linear flow velocity 

was at the level of 4.1-4.5 m/s and the TMP values were equal to 1.25, 1.7, 2.3 and 4.3 bar.  It was 

found (Fig. 4B) that increasing TMP resulted in relative flux deterioration – for the TMP of 4.3 bar, 

the averaged relative flux amounted to 0.17. Simultaneous, a slight improvement in retention 

coefficient (from 85, 90, 87 % to 96 %) can be observed for the highest value of the TMP. 

 

The effect of the solution pH on the process efficiency was also investigated. For this purpose, 

TEAQ solutions of concentration equal to 50 mg/L and various pH values were filtered on the 

module 0.14 µm for 60 minutes. The data obtained is plotted in Figure 5 A. The evident influence 

of solution pH on module permeability can be seen – purification of the strongly acidic solution  

(pH =3.5) yielded a relative stream of about 0.8, when the pH increased to 4.5 there was a decrease 

in relative permeability to about 0.62. Increasing pH value to 9 resulted in further deterioration of 
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the permeability – to the value of 0.48. According to de la Casa et al., (2007), the isoelectric point 

(pzc), defined as the pH for which the net charge of the membrane is equal to zero, for amphoteric 

ceramic membranes Céram Inside 25 (pore radius 0.14 µm) with zirconium dioxide active layer is 

located around 6.9. Thus, the deterioration of the modules’ permeability at pH 9 may result from the 

electrostatic attraction between the negatively charged membrane surface and the positively charged 

cationic surfactant particles. At pH 3, membrane surface exhibits positive charge load and the less 

intensive membrane blocking can be ascribed to the strong electrostatic repulsion. 

 

The next step of the research was to evaluate the effect of electrolyte on surfactant retention and 

module permeability. TEAQ solutions in concentration of 50, 250 and 1000 mg were prepared with 

the addition of NaCl equal to 0.5, 1 and 3 g per litre. The results obtained in 60-minutes processes 

are plotted in Figure 5 B. Comparing the data obtained in tests with the presence of electrolyte to 

the results with single-component solutions (Table 2) it can be seen that the salt caused a slight drop 

in retention coefficient. For example, for TEAQ concentration of 1000 mg/L the averaged retention 

coefficient amounted to 94.9 %; when NaCl was present in the treated solution this ratio was 86-91 

%. Focusing on relative permeability the negative effect of electrolyte can be seen. In the first stage 

of the tests (Figure 2), the averaged relative flux values amounted to 0.3, 0.5 and 0.35 for solutions 

50, 250 and 1000 mg/L. Addition of the electrolyte to the feed solutions resulted in relative fluxes 

below 0.26 for all variants. According to Bargeman et al. 2005 an electroviscous effect connected 

with the presence of salt ions inside the pores, most likely comes to a limitation of the stream flow 

through the small pores. Thus, mainly the larger pores having their share in the mechanism of the 

sieve separation of surfactants.  

 
Figure 5. A - Retention coefficient (R) and relative flux (RF) versus solution pH, for initial TEAQ 

concentration of 50 mg/L, B - retention coefficient (R, bars) and relative flux (RF, points) 

depending on salt addition and initial TEAQ concentration for the 0.14 µm module 

 

Concentration mode 

In order to verify the possibility of surfactant solution concentration the last part of the research was 

performed with the use of two microfiltration modules. As the CMC of TEAQ is very low (0.026 

mg/L) the initial surfactant concentration (50 mg/L) was almost 2000 x CMC. In this stage, the 

TOC concentration was monitored both in the concentrate (feeding tank) and the permeate. Figure 6 

presents TOC content in process streams and relative flux versus permeate recovery ratio. To obtain 

43 % of permeate recovery on module 0.14 µm the membrane filtration was proceeded for 9.5 hour, 

for module 0.45 µm, recovery ratio of 31 % was achieved after 7 hours after process start. The 

processes were performed until the growth of modules’ resistance prevent maintenance of the 

constant parameters, i.e. TMP and linear flow velocity. It was noted that for both modules the 

quality of the permeate was at the constant level over all experiments (TOC concentration in the 

range from 5.1 to 8.2 mg/L and from 5.6 to 8.8 mg/L for 0.14 µm and 0.45 µm, respectively). The 

goal of this experiment (i.e. maximum concentration of the surfactant solution) was not achieved. 
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Over the filtration cycle, the TOC content in the feeding tank decreased from 33 and 37 mg/L to 

19.8 and 19.5 for 0.14 µm and 0.45 µm at the beginning of the process, respectively. Such results 

indicate the accumulation of surfactant particles within the membrane pores or the deposition on 

installation elements. This mechanism should be investigated in order to understand the interaction 

between surfactants and membrane. The course of the relative permeability curves confirms the 

thesis about the deposition of the surfactant inside the membrane – over the experiment, relative 

flux decline was observed. Opposite to the previous part of the research, the module with the greater 

pore size was more susceptible to surfactant fouling – for 30 % permeate recovery ratio, the relative 

flux amounted to 0.1, when for the same value of PR parameter module 0.14 µm achieved value of 

0.2. 

 
Figure 6. TOC concentration in permeate and concentrate (A) and relative flux (B) versus permeate 

recovery ratio for microfiltration modules 
 

 

CONCLUSIONS 

• Ultrafiltration and microfiltration ceramic membranes proved to be useful in cationic 

surfactant removal – above 70% of TEAQ was removed from the solutions regardless of the 

initial compound concentration. 

• Presence of the surfactant in treated solutions was associated with deterioration of the 

modules’ permeability. The fouling phenomena was the most pronounced for the modules 

characterized by the pore diameters similar to surfactant particle size. 

• Correction of the process parameters affected the hydraulic performance of the membranes. 

The induction of the turbulent flow significantly reduced the intensity of surfactant fouling.   

• The inefficient concentration of the surfactant solutions proved that TEAQ particles were 

deposited inside the membrane pores, making it impossible to obtain the concentrate with 

a high content of surfactant.  
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Abstract 

A hybrid bioreactor with combined, suspended and immobilised biomass is an innovative type of 

waste water treatment technology. Biomass immobilised on some type of carrier has many 

advantages. Immobilised biological material is easy to handle and prevents it being flushed out of 

the system, thus maintaining a high biomass concentration in the bioreactor. Many studies focus 

on the various aspects of the immobilisation process, such as the development of more effective 

carrier types etc. This research was focused on the relationship between immobilised and 

suspended biomass, and especially the behaviour of the immobilised population and its 

dependence on the concentration of the suspended population. Particular attention was paid to the 

sub-population of nitrifying bacteria, which is a minority group involved in the naturally 

developed mixed microbial population as a part of the common nitrogen cycle. The relationship 

between a biofilm and the suspension was tested on activated sludge from a waste water treatment 

plant in Chrastava (north Bohemia) and colonised carriers from a hybrid laboratory bioreactor. The 

various concentrations of both suspended biomass and the nitrogen concentration in feeding were 

tested and compared. Respirometry measurement of nitrification capacity was used to evaluate the 

dependency and behaviour of both biomass types. The results showed an uninfluenced nitrification 

capacity of the immobilised biomass, independent of the concentration of suspended biomass in 

the system. 

 

Keywords 

Nitrification capacity; biofilm; suspension; hybrid bioreactor; respirometry measurement; nitrogen 

concentration; biomass concentration 

 

 

INTRODUCTION 

The motivation to design more modern, more advanced and more effective technologies for waste 

water treatment is mainly the continuous tightening of legislative limits and the increasing demands 

on the quality of treated water discharged into the surface waters or seeping into the rock 

environment (Yang, 2013). Traditionally used waste water treatment technologies, e.g. activation 

systems, in their original technological design are not able to meet these limits in some cases. 

Therefore, the study and development of new technologies occurs. One of these new methods uses 

immobilised microorganisms for the removal of biological contaminants (Masák, 2002). 

 

The activated sludge process is one of the most commonly used waste water treatment technologies. 

The principle of this process is the mixing of waste water with activated sludge and their aeration. 

Activated sludge consists of two basic phases – liquid and solid (a cluster of microorganisms). A 

population of microorganisms forms in activated sludge, in a biological reactor, and in biomass, 

which cooperates in the nitrification process (Švehla et al., 2010). Biomass contains approximately 

2 000 – 8 000 mg/l of microorganisms, mostly bacteria, but also protozoa and fungi (Templeton and 

Butler, 2011). Biomass naturally clusters into flocks by the process of bioflocculation and is typical 

for systems with a suspended biomass. Other alternatives are systems where the biomass is not 

aggregated but is fixed on support carriers.  
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The immobilised (attached) microbial populations method is used both in conventional biological 

nitrogen removal systems and other various modifications, e.g. hybrid bioreactors, where both types 

of biomass occur. In conventional moving bed biofilm reactors the major part of the biomass is 

formed by biomass immobilised as a biofilm fixed on carriers, whereas a minor part is formed by 

suspended biomass. Various modifications of hybrid bioreactors are used. There are systems where 

the biofilm and suspension are separated into two reactors, or systems with biofilm on carriers 

introduced into the reactor with suspended biomass (Jenkins and Wanner, 2014). 

 

Suspended biomass 

In systems with suspended biomass the microorganisms are in a suspension with a liquid (waste 

water) (Gavrilescu and Macoveanu, 2000). Clusters of microorganisms form freely suspended 

flocks. Flocks in the sludge arise from the bioflocculation process, which occurs due to the aeration 

of waste water. The waste water contains aerobic bacteria, which form extracellular polymers, e.g. 

polysaccharides that coat the surface of the microorganisms’ cells and reduce their surface electrical 

charge, which leads to the formation of clumps - flakes. Several processes occur on these flakes 

(diffusion, coagulation, sorption), which lead to the removal of the waste organic substances. 

 

Immobilised biomass 

Immobilised biomass, or attached biomass, creates a biofilm and is characterised by the use of 

carriers. Biofilm is characterised as a natural heterogeneous biological structure composed of 

microorganisms, polymeric substances and abiotic particles, attached to the surface of a carrier and 

connected into a film (Gavrilescu and Macoveanu, 2000; Goswami et al., 2016). Carriers can be 

mobile or immobile and waste water flows freely around them to bring the microorganisms in 

contact with the waste water (Najafpour and Ebrahimi, 2016). A unique feature of reactors with 

immobilised biomass compared to suspended biomass is the fact that the residence time of the 

biomass is considerably longer than the residence time of the liquid and runs at a continuous flow 

rate with minimal biomass loss. This leads to a high biomass concentration in the reactor and the 

process is intensified (Goswami et al., 2016). The amount of biomass in the biofilm is determined 

as the biomass concentration - the mass of biomass in the biofilm volume. This concentration 

ranges from 10 kg/m3 to 100 kg/m3 and is influenced by the type and morphology (thickness) of the 

biofilm. 

 

Studies focused on the relationship between immobilised and suspended biomass confirm that 

reactors with combined biomass content, i.e. a combination of immobilised and suspension 

populations have the largest nitrification capacity (Leix et al., 2016; Zielińska et al., 2012). The 

advantage of hybrid bioreactors is the biofilm resistance to leaching due to a protective coating 

called glycocalyx. Due to the lower leaching rate, a high concentration of biomass in the reactor is 

maintained, and thus a high efficiency of the purification process. Immobilisation has a positive 

effect especially on slow growing cultures, including nitrifying bacteria. Because of their constant 

leaching out of the system, this type of bacteria has better prerequisites for growth but also 

adaptation to changing conditions (e.g. temperature change, presence of toxic substances). This 

leads to a shorter residence time of the water in the reservoir and thus requires less space for the 

system (Černík et al., 2010). 
 

 

SAMPLE PREPARATION AND MEASUREMENTS 

The aim of the laboratory experiment was to verify the effect of the activated sludge concentration 

on the nitrification capacity and also the effect of different nitrogen concentrations in the samples 

with a combination of both suspended and immobilised biomass. Activated sludge from the 

Amazon WWTP and biomass carriers from the same locality were used for the purpose of the 

experiment. 
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Experiment design 

The total volume of each sample was 200 ml and contained sludge of various concentrations (0.0 

g/l, 0.5 g/l, 1.5 g/l, 3.0 g/l) and six carriers (samples 25-30 contained only sludge without carriers). 

A total of 10 ml of phosphate buffer (20 ml for the sample with an N concentration of 200 mg/l) and 

50, 100 and 300 mg/l of NH4-N were also added to the samples as the only substrate (electron 

donor) for the microorganisms. The NO3
-N concentration in the sludge was about 25 g/l. Fifteen 

samples were prepared with different combinations of sludge concentrations (rate of suspended and 

immobilised biomass) and nitrogen concentrations. Each sample was prepared in duplicate to 

control the results. Therefore, the total number of samples was 30. Specification of each sample is 

included in Table 1. 

 

Table 1. Sample design and content 

Sample ID Sample volume Sludge 

concentration 

Number of 

carriers 

N feeding 

amount 

P buffer 

amount 

 (ml) (g/l) (pc) (mg/l) (ml) 

1 200 0.0 6 50 10 

2 200 0.0 6 100 10 

3 200 0.0 6 300 20 

4 200 0.5 6 50 10 

5 200 0.5 6 100 10 

6 200 0.5 6 300 20 

7 200 1.5 6 50 10 

8 200 1.5 6 100 10 

9 200 1.5 6 300 20 

10 200 3.0 6 50 10 

11 200 3.0 6 100 10 

12 200 3.0 6 300 20 

13 200 3.0 0 50 10 

14 200 3.0 0 100 10 

15 200 3.0 0 300 20 

 

Respirometry measurement and analysis 

The prepared samples were used for respirometry measurement. Nitrification efficiency was tested 

by evaluation of the O2 consumption rate (mg/l/h) and cumulative O2 consumption - BOD (mg/l) 

using a Micro Oxymax respirometer. Thirty 200-ml flasks were placed into the respirometer and a 

magnetic stirrer was inserted into each flask for continuous mixing. During the measurement, the 

development of a graph of the O2 consumption rate and cumulative O2 consumption was observed. 

After about 137 h, the graph showed the end of the substrate nitrification and the measurement was 

stopped. 

 

After the respirometry measurement, the samples were analysed for NH4
+-N (mg/l), NO3

-N (mg/l) 

and the pH values were determined. Two samples were analysed for NO2
-N (mg/l) determination in 

order to evaluate whether the nitrification process was complete.   

 

RESULTS AND DISCUSSION 

The graphs below show that nitrification took place until the end of phase 2. This was verified by 

the determination of NO2
-N (mg/l) in two samples with higher concentrations of ammonia (100 and 

300 mg/l, respectively) . In both cases,the value of nitrite nitrogen was below 0.5 mg/l. 
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Table 2. Results of the analysis at the end of the experiment 

Sample ID Sample characteristics pH NH4
+-N NO3

--N 

 
  (mg/l) (mg/l) 

1 0 sludge + 30 N + carriers 6.28 0 73 

2 0 sludge + 100 N + carriers 5 5,4 110 

3 0 sludge + 300 N + carriers 5.27 110 198 

4 0.5 sludge + 30 N + carriers 6.3 0 86 

5 0.5 sludge + 100 N + carriers 5.13 5,3 116 

6 0.5 sludge + 300 N + carriers 5.46 135 186 

7 1.5 sludge + 30 N + carriers 6.35 0 87,1 

8 1.5 sludge + 100 N + carriers 5.26 6 129 

9 1.5 sludge + 300 N + carriers 5.4 134 197 

10 3 sludge + 30 N + carriers 6.41 0 101 

11 3 sludge + 100 N + carriers 5.24 5 154 

12 3 sludge + 300 N + carriers 5.22 101 140 

13 3 sludge + 30 N no carriers 6.3 0 107 

14 3 sludge + 100 N no carriers 5.19 3 147 

15 3 sludge + 300 N no carriers 5.27 105 220 

 

Samples with an ammonia ion concentration of 50 mg/l were completely nitrified, as shown by the 

zero NH4
+-N values after the end of the measurement and a NO3

-N concentration corresponding to 

complete nitrification. For samples with a nitrogen concentration of 100 mg/l, the nitrification was 

almost complete, and the analysis showed an ammonia nitrogen content of between 3 and 6 mg/l 

after completion of the measurement, as well as the corresponding NO3
-N concentration. 

Nitrification was not complete in the case of the sample with a concentration of N 300 mg/l, as 

shown by the residual ammonia ion concentrations of between 105 and 135 mg/l. From the total 

initial concentration (300 mg/l), however, almost two thirds of the NH4
+-N were oxidised in the 

case of the samples with the highest concentrations. 

 

The reason why the samples with the highest nitrogen concentrations did not completely oxidise can 

be explained by the toxicity caused by the high ammonia ion concentrations. However, this was not 

confirmed because the results show that nitrification rates occur equally fast for all three nitrogen 

concentrations. Toxicity would also appear immediately after the start of respiration. The 

explanation for incomplete nitrification is the effect of the decrease in the pH value. At the start of 

the experiment, the pH value was around 7 and decreased during nitrification. At the end of the 

experiment, a pH value of around 6.3 was measured for samples with an N concentration of 50 

mg/l; therefore, there was no significant decrease in the pH value and nitrification occurred 

completely. For samples with an N concentration of 100 mg/l, the pH value decreased to between 5 

and 5.26 at the end of the experiment, where nitrification was almost complete, but the effect of the 

decrease in the pH value was already apparent. The greatest influence of the decrease in the pH 

value during nitrification was observed in samples with an N concentration of 300 mg/l, when the 

pH value after measurement was between 5.2 and  5.4 and nitrification was not completed. From 

the initial 300 mg/l of nitrogen, about 200 mg/l of ammonia ion was nitrified. 
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Figure 1. Respiration rate for samples with a sludge concentration of 0 g/l 

  

 

Figure 2. Respiration rate for samples with a sludge concentration of 0.5 g/l 

 

 

Figure 3. Respiration rate for samples with a sludge concentration of 1.5 g/l 
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For samples with carriers with a sludge concentration of 0 g/l, 0.5 g/l and 1.5 g/l, the maximum 

respiratory rates at the beginning of the nitrification were very similar, ranging around 12 mg/l/h 

and the different sludge concentrations were not reflected in the nitrification rate 

 

 

Figure 4. Respiration rate for samples with a sludge concentration of 3 g/l, with carriers 

 

 

Figure 5. Respiration rate for samples with a sludge concentration of 3 g/l, without carriers 

 

For samples with a sludge concentration of 3 g/l, the maximum respiratory rate at the start of the 

nitrification reached almost 20 mg/l/h. This means that for samples with the highest sludge 

concentration (3 g/l) the maximum respiratory rates were almost twice that of samples with half and 

lower sludge concentrations, including the sample with only the carriers. 

 

If we compare the results from samples with a sludge concentration of 3 g/l with carriers and 

without carriers, there is no increase or decrease in the maximum respiration rates of either sample. 

The maximum respiration rates are identical in both cases and the presence of carriers did not lead 

to a higher respiration rate. 

 

Furthermore, a lower reduction in the respiration rate was observed in all cases of samples with the 

highest ammonia ion concentration (300 mg/l). This phenomenon is explained by the positive effect 

of a greater amount of added buffer and an increase in the buffering capacity of the system in 

relation to nitrate growth. The respiration rate decreased significantly more slowly due to greater 

pH stabilisation. 



Wastewater 
 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

338 

The experiment showed a significant effect of pH on nitrification rate and nitrification capacity. 

Particularly at higher nitrogen concentrations, the decrease in the pH value negatively affected the 

nitrification and when it fell below the critical value, it evidently led to the end of both phases of 

nitrification. 

 

No effect on the total respiration rate at sludge concentrations (suspended population 

concentrations) of 0, 0.5 and 1.5 g/l was demonstrated. At a sludge concentration of 3 g/l, the 

respiration rate almost doubled, especially when comparing the maximum respiration rates. 

Furthermore, the advantage of the biofilm in increasing the respiration rate at a sludge concentration 

of 3 g/l was not demonstrated. No difference in the respiration rate with and without carriers was 

observed in these samples. The suspended biomass exhibited the same rates as the combination of 

suspended and immobilised biomass. 

 

Before the start of the experiment, interaction of the immobilised and suspended populations was 

expected, manifested by an increase in nitrifying activity. However, this was not demonstrated in 

the case of the hybrid system with a sludge concentration of 3 g/l. The results of the experiment 

showed that the nitrification rates (measurement of respiration rate) of the suspended and 

immobilised populations are not cumulative. The presence of a biofilm does not lead to the sum of 

the nitrification rates, which in the suspended population (sludge alone) is the same as in the 

combined population (suspended and immobilised). On the other hand, the test with non-activated 

sludge carriers and the tests with the addition of 0.5 and 1.5 g/l of sludge showed the same 

maximum respiration rates and similar analytical values at the end of the experiment. 
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Abstract 

Recently, sewage sludge-derived biochar (SDB) has found several applications, as an appropriate 

adsorbent material, for the treatment of domestic and industrial wastewaters. The SDB adsorbent is 

composed of a highly porous structure, and it contains multiple functional groups and 

exchangeable cations. However, it has been reported that the SDB texture could be improved to 

obtain large amounts of adsorption sites. In this work, the SDB material was treated using eggshell 

to obtain a novel adsorbent, namely eggshell-modified sludge-derived biochar (EMBC). The 

EMBC composite was characterized by scanning electron microscopy (SEM), Fourier-transform 

infrared (FTIR) spectroscopy, and X-Ray diffraction (XRD) spectroscopy. It was demonstrated 

that the Brunauer–Emmett–Teller (BET) surface area and pore-distribution properties of EMBC 

were enhanced compared to the unmodified SDB. Moreover, the chemical composition of EMBC 

was strongly associated with the proliferation of carbonate minerals, amine, and oxygen-

containing functional groups such as C-O, C=O, –OH, and –COOH. Moreover, EMBC was highly 

porous, containing rough surface and significant amounts of vacant sites. The Barrett-Joyner-

Halenda model revealed that the pore sizes of EMBC were well distributed. Based on the results 

mentioned above, EMBC could be employed as a promising, low-cost, and alternative adsorbent 

material for the elimination of various pollutants from aqueous solutions; and that will be the focus 

of our future works. 

 

Keywords 

Wastewater; sewage sludge; biochar; pyrolysis; adsorption; eggshell  

 

 

INTRODUCTION 

The rapid urbanisation, industrialization and population growth globally has led to the generation of 

high quantities of wastewater. These effluents are often laden with various pollutants such as heavy 

metals, organic and inorganic pollutants, which when released into the environment (water bodies 

and soil) cause threats to human health, fauna, and flora due to their toxicity and carcinogenicity 

(Abdelhafez and Li, 2014).  

 

Remediation technologies such as chemical precipitation, filtration, ion exchange, biosorption, and 

adsorption (activated carbon) have been applied in the treatment of wastewater (Abdelhafez and Li, 

2016). However, these technologies require high energy, obtain partial pollutant removal, and need 

additional treatment for the wastes generated (Chakravarty et al., 2010). Therefore, there is the need 

to develop cheap, efficient, and environmentally friendly treatment method like biochar adsorbent. 

Some adsorbents however have been effectively applied in the removal of various pollutants from 

wastewater (Tong and Xu, 2013). The suitability of these adsorbents for contaminants removal is 

dependent on adsorbents physiochemical and morphological characteristics such as porosity, 
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surface area and functional groups (Malkoc and Nuhoglu, 2005). Biochar, a carbon rich product 

from the pyrolysis of biomass in an oxygen-free environment, has the ability to adsorb heavy 

metals, organic and inorganic pollutants contaminated wastewater due to its surface area, porous 

structure, alkaline cations and functional groups (Abdelhafez and Li, 2016). 

 

However, the production of raw biochar is insufficient to manage its increasing application in 

versatile fields (Roy et al., 2019). Surface modification methods are therefore required to make 

biochar more potent, sustainable, and user-friendly for its application. Moreover, raw biochar has 

lower adsorption capacity compared to modified biochar (Tan et al., 2016).  

 

To increase the adsorption capacity of biochar for application in wastewater treatment, modification 

methods should be appropriately developed to improve biochar properties like specific surface area, 

porosity, cation exchange capacity, surface functional group, and pH (Yao et al., 2013). Generally, 

agricultural wastes like eggshells, hold multiple functional groups like (amine, amide, carboxylic 

acid, and hydroxyl), large specific surface area, and huge amounts of pores that ensure the physical 

and chemical adsorption processes (El-sayed and El-sayed, 2014). 

 

Waste eggshells contain high calcium carbonate contents (85–95 %) and can therefore be used as a 

cost-effective material for the removal of pollutants from wastewater (Chojnacka, 2005; Sik et al., 

2010). Again, agricultural waste materials such as eggshells and oyster shells were reported by (Sik 

et al., 2010; Sik, Sang, and Lee, 2011) as an alternative to CaCO3 for the immobilization of heavy 

metals in contaminated water. 

 

In this study, biochar was produced from sludge from wastewater treatment plant and then modified 

with chicken eggshell to improve its adsorptive capacity, specific surface area, porosity and surface 

functional groups. The objective of the study was to synthesize and characterize an eggshell 

modified biochar. This was to investigate the prospect of applying the modified biochar in 

wastewater treatment by improving its adsorptive properties. 
 

 

MATERIALS AND METHOD  

Raw materials  

Sewage sludge was acquired from the East Alexandria Wastewater treatment plant, Egypt and 

stored in the refrigerator at 4°C until further used. The sewage sludge was then dried in an oven at 

100°C for 48hrs and pyrolyzed afterwards. Chicken eggshells was acquired from the cafeteria at 

Egypt-Japan University of science and Technology. The eggshells were thoroughly washed and 

rinsed with distilled water several times to remove impurities before drying in an oven at 100°C for 

48 hrs. 
 

Biochar Synthesis 

The dried sewage sludge samples were pyrolyzed using a muffle furnace in an oxygen-free 

condition at 900°C with a heating rate of 5°C /min for 60 mins after reaching the desirable 

temperature. The biochar was then stored in an airtight container after cooling down to room 

temperature and referred as to raw biochar (BC). The dried chicken eggshells were then crushed 

with Tornado stainless-steel grinder and screened by standard sieves to obtain particle-diameter 

ranges of 0.25–0.5µm. Finally, the eggshell modified biochar (EMBC) was prepared in the ratio of 

1:1 w/w (biochar: eggshell). 

 

Characterization of Biochar 

The BET-surface area and pore distribution properties were determined using BET surface area 

analyser Belsorp II (BEL Japan Inc.) with nitrogen adsorption at 77K and degassing at 300 °C for 
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4hrs. In order to elucidate the surface morphology, texture and porous properties of the biochars, the 

surface morphology was determined using scanning electron microscope (JEOL JSM-6010LV 

Tokyo, Japan). The surface functional groups formed on the biochar were analysed by using the 

Fourier Transform Infrared Spectroscopy (FTIR, Bruker Vertex 70 ATR, Germany) in the 4000–

400 cm-1 region. The crystallinity of the biochars were investigated by using X-ray diffractometer 

(Shimadzu Xlab 6100 Tokyo, Japan) at 40 kV and 30 mA with Cu Kα radiation (λ=1.5406 Å) at a 

scan speed of 12 °C/min and a step size of 0.02° in the 2θ range of 5-80 °C. The elemental chemical 

composition of the biochar was determined using Energy Dispersive X-Ray (EDX) spectroscopy of 

a Transmission electron microscope TEM (JEOL JEM-2100F Tokyo, Japan). 

 

 

RESULTS AND DISCUSSION 

Table 1. Main pore properties of Raw biochar (BC), modified biochar (EMBC) and eggshell(EGS).  

Sample  SBET Vm VT DP 

 (m2g-1) cm3(STP)g-1 (cm3g-1) (nm) 

BC 3.8304 0.8800 0.045042 47.036 

EMBC 4.0554 0.9318 0.049998 49.314 

EGS 5.5966 0.1286 0.005795 41.408 

BC 3.8304 0.8800 0.045042 47.036 

SBET = BET surface area; VT = Total pore volume; Vm = mesopore Volume, Dp = average pore diameter. 
 

Table 1 indicates the BET surface area, total pore volume, and porosity of raw biochar modified 

biochar and eggshell. It can be found that EMBC had the best properties amongst the samples due 

to the modification with eggshell. 
 

The occurrence of intense and narrow peaks in both biochar in figure 1 defines a crystalline 

structure of the material.  The XRD analysis confirmed the important role of oxygen-containing 

functional groups in the adsorption process (Yubing Sun et al., 2015). Sharp reflection peaks at 

20.91˚, 26.82˚,26.62 ˚, 29.94˚, 35.94˚, 39.42˚, 42.36˚, 55.12˚, and 68.30˚ in EMBC and BC 

represent the planes of SiO2 (PDF#65–0466), which were in line with the data of  previous studies 

(Han et al., 2015; Yang et al., 2019; Zhou et al., 2017). In EMBC, peaks at 2θ = 22.09˚, 32.61˚, 

47.18˚, 57.44˚, 59.96˚, 48.52˚, 67.69˚ indicated that the calcite (CaCO3) is a major phase of the 

waste eggshell (Syah et al, 2017). The peaks intensities of EMBC were higher than BC, suggesting 

that the CaCO3 and SiO2 crystalline size of the modified biochar was larger than that of the raw 

biochar.  

 

The raw biochar (BC) in figure 2 showed a smooth surface and a slightly porous structure as 

compared to EMBC that showed better porous structure. EMBC also showed a rougher, multi 

layered structure that could be attributed to the eggshell modification as the SEM image of the 

eggshell showed a highly porous structure that improves adsorption capacity (Tsai, 2006). 
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Figure 1. XRD pattern of eggshell modified biochar (EMBC) and raw biochar (BC) 

 

(A) (B) 

 

 
                                                                             (C) 

Figure 2. SEM micrographs of (A) raw biochar (BC), (B) eggshell modified biochar (EMBC), and 

(C) eggshell (EGS) 

 

EMBC had relatively a large BET specific surface area than BC as shown in table 1. Eggshell 

modification resulted in increased surface area, micropore area, mesopore and macropore volume of 

EMBC.  

 



Wastewater 
 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

343 

 
Figure 6. Adsorptive N2 BET-plot of raw biochar (BC), egg shell modified biochar (EMBC) and 

Eggshell (EGS) at 77K 

 

The BET equation requires a linear fit that relates P/Va (P0 −P) and P/P0, where Va is the amount in 

moles adsorbed at the relative pressure P/P0 as illustrated in figure 3 Figure 6. The values of 

correlation coefficients (R2) obtained were 0.9959, 0.995 and 0.9819 for BC, EMBC and EGS 

respectively. 

 

Table 2. Elemental composition of raw biochar  

Sample Total C  

(wt %) 

Total O  

(wt %) 

Total N  

(wt %) 

Total S  

(wt %) 

O/C 

BC 79.96 16.611 1.57 1.86 0.21 

 

Elemental analysis (C, O, N and S % in wt%) in table 2 clearly showed that the biochar was highly 

carbonized and aromatized due to the high temperature of pyrolysis (Abdelhafez and Li, 2016) and 

the presence of aromatic C–H and C=C groups in the FTIR spectra respectively (Chia et al., 2014).  

 
Figure 7. BJH pore distribution of raw biochar (BC), eggshell modified biochar (EMBC) and 

Eggshell (EGS) 

 

Most of the pores are mesopores with a smaller proportion of micropore and macropore, thus they 

have relatively large average pore size. The average pore size of the sludge-derived biochar ranged 

from 47 to 49.31 nm.  The mesopore capacity was more than 50 % of the total pore capacity of all 

sludge-derived biochar based on the pore structure analysis. Although both micro, meso and 

macropores were found to be present in all the biochar samples, the pore size distribution pattern of 

raw and modified biochar was found to be significantly different which can be attributed to the 

eggshell modification (Tsai, 2006). 

 

In figure 5, a progressive increase in the N2 volume was observed for whole range of relative 

pressure, and that the higher final volume was shown for EMBC. According to IUPAC, the 

isotherms that show reversibility are classified as type I, which also are known as Langmuir. This 

type of isotherm indicates that the adsorbate and adsorbent will have a high affinity (Gonçalves et 
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al., 2013). 

 
Figure 8. Nitrogen adsorption/desorption isotherms of raw biochar (BC), eggshell modified biochar 

(EMBC) and Eggshell (EGS) 

 

In the spectra of BC and EMBC in figure 6, peak at 1030 cm−1 was assigned to the C–O functional 

group (Chia et al., 2012). This peak intensified due to the loss of alkyl groups during the pyrolysis 

process. Also, the peaks at 600.68 and 678.70 cm−1 can be identified as out-of-plane bending 

vibrations of aromatic C–H groups (Cui et al., 2016), indicating that pyrolysis enhanced the degree 

of aromatization. The peaks at 3638.38 and 3370.08 cm−1 were mainly due to the stretching 

vibration of O-H of alcohols and phenol by intermolecular hydrogen bonds, while the peak at 

1617.58 cm−1 was associated with the aromatic C=O stretching vibration and the C=C stretching 

vibration of carboxylic acids, esters, ketones, and anhydrides (Chia et al., 2012). The peak at 

1425.85 cm−1 can be assigned to C–H or –CH3 bending (Fan et al., 2016). These peaks indicate the 

existence of –CH, –OH, and –COOH on biochar surface and pyrolysis only slightly affected these 

surface functional groups (Zhou et al., 2017).The peaks at 2362.52 cm-1, 1986.66 cm-1,1425 cm-1, 

and 941.56 cm-1 were identified as Si-H, C=O, aromatic C=C and C-H functional groups 

respectively (Khan et al., 2015). The band at 467.84 cm-1 was attributed to the deformation and 

bending modes of the Si-O bond (Shen et al., 2017) which was confirmed in the XRD results. 

 

The peak at 1411 cm−1 in the spectra of EMBC and EGS was attributed to carbonate which is the 

basic component of the eggshells (Zhu et al., 2015). This was also confirmed by XRD. The other 

two strong peaks at about 871 cm−1 and 709 cm−1 were assigned to the out of plane deformation 

modes and in-plane deformation of calcium carbonate, respectively (Tsai, 2006). The observable 

peak at 1794 cm−1 was associated with the C O stretching vibration in the presence of the amide in 

the proteins (Zhu et al., 2015). BC and EMBC has similar peaks, but the appearance of peaks at 

1411 cm−1 1794 cm−1 871 cm−1 and 709 cm−1 on EMBC were exactly as the peaks on the eggshell 

and this confirmed the eggshell modification. 

 

Figure 9. FTIR spectra of raw biochar (BC), eggshell modified biochar (EMBC) and Eggshell 

(EGS) 
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CONCLUSION  

Biochar was produced from sewage sludge and analyzed to characterize its physical, chemical and 

adsorptive properties. To increase the adsorption capacity of biochar for wastewater treatment, 

eggshell modification was applied to improve biochar properties. 

• The BET surface area, total pore volume, the pore properties of the eggshell modified biochar 

(EMBC) increased as compared to the raw biochar indicating the improvement by the eggshell 

modification. 

• The N2 adsorption isotherm of the eggshell modified biochar (EMBC) showed a higher final 

volume and reversibility which IUPAC classifies as type I, and known as Langmuir. This type of 

isotherm indicated that the adsorbate and adsorbent will have a high affinity. 

• The FTIR spectra confirmed the chemical and physical composition of the eggshell modified 

biochar. The existence of oxygen containing functional groups such as C-O, C=O, –OH, and –

COOH on biochar surface improves its adsorption capacity and carbonate, calcium carbonate 

which was also appeared in the XRD data confirmed the eggshell modification.  
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Abstract 

Antibiotic resistance is a major threat to human health and the wastewater treatment plants 

(WWTPs) are hotspots for development and spread of antimicrobial resistance genes (ARGs). The 

mobile genetic elements (MGEs) and extracellular DNA should be involved in the ARGs 

monitoring in WWTPs. 

In this study, total DNA, cell-free DNA and cell-associated DNA were sampled from the influent, 

activated sludge and effluent of large Czech WWTP. PCR was used to search for two resistance 

mechanisms: antibiotic inactivation for beta-lactamase (genes blaSHV, blaCTX, blaTEM) and 

antibiotic target replacement for sulfonamides (genes sul1 and sul2). Resistance to beta-lactams 

was not observed during the study and AGRs towards sulfonamides were found in less than 1/3 of 

tested samples. Gene sul2 occurred in the influent, activated sludge and effluent, while sul1 was in 

the influent and activated sludge. In some cases, where ARGs were found in cell-free DNA, but 

not in cell-associated DNA, ARGs found in the samples may be related only to mobile genetic 

elements.  

For preliminary screening, PCR is a proper method investigating ARGs occurrence. Nevertheless, 

it is advised to perform future analyses with standardized quantitative techniques and pairs of 

primers proper for environmental samples. It is also recommended to study more resistance 

mechanisms.  

 

Keywords 

Extracellular DNA; cell-free DNA; antibiotic resistance; sul1, sul2; wastewater 

 

 

INTRODUCTION 

Antibiotic resistance is a major threat to human health according to the World Health Organization 

and the wastewater treatment plants (WWTPs) are hotspots for development of antimicrobial 

resistance genes (ARGs) and their dissemination to the environment (Do et al., 2018).  
 

Latest Pan-European study by Cacace et al. (2019) showed abundance of the genetic markers in the 

following order: integrons (intI1); resistance to: sulfonamides (sul1), tetracyclines (tetM), beta-

lactamases (blaOXA58, blaTEM, blaOXA-48, blaCTX-M-32), colistins (mcr-1), broad spectrum beta-

lactamases (blaKPC-3). Unfortunately, the investigation mentioned did not include the Czech 

Republic. However, in different survey, Svobodová et al. (2018) checked nitrification tanks of six 

municipal WWTPs located in Bohemia (Czech region) for the occurrence of integrons (intI1); 

resistance to: sulfonamides (sul1), tetracyclines (tetM), beta-lactamases (blaTEM) and additionally 

other tetracyclines (tetW, tetO, tetA, tetB) as well as macrolide-lincosamide-streptogramin (ermB).  

None of the screenings above involve extracellular DNA (eDNA) or DNA present in phage capsids, 

all together classified as mobile genetic elements (MGEs). This is an important knowledge gap, 

because the risk for human health does not simply increase together with the total amount of ARGs, 

but is connected to the transfer of ARGs to pathogens. This transfer may be mediated by free DNA 

in MGEs (Lood et al., 2017; Karkmann et al., 2019), which can be neglected during sample 

preparation by filtration. 

mailto:milobeda@vscht.cz
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The eDNA has been reported in large amount (up to 20 mg/g of volatile suspended solids) in 

activated sludge from WWTPs (Palmgren and Nielsen, 1996). It is also abundant in the matrix of 

extracellular polymeric substances, for example bound to extracellular proteins or polysaccharides 

(Nagler et al., 2018).   
 

Horizontal gene transfer (HGT) mediated by eDNA (Molin and Tolker-Nielsen, 2003) has been 

studied in soils and marine sediments (Torti et al. 2015), where eDNA persisted up to several 

months (Mao et al., 2014). Among the few studies of eDNA in activated sludge, Zhang et al. (2018) 

studied cell-associated DNA (caDNA) and cell-free DNA (cfDNA) fraction in WWTPs with 

quantitative PCR (qPCR). Such approach is crucial as popular disinfection methods assure 

antibiotic resistant bacteria elimination, but do not eliminate ARGs in cfDNA. What is more, ARGs 

are often released from dead cells of antibiotic resistant bacteria during disinfection and PCR based 

techniques are unable to distinguish between DNA originating from active bacteria and the eDNA. 

Therefore, ARGs quantification in wastewater samples containing considerable amounts of eDNA, 

may be biased in activity studies with qPCR (Dominiak et al., 2011). 
 

Indeed, quantitative extraction of eDNA from activated sludge is a challenging task. The strength of 

DNA bound to the matrix decreases with the length of DNA molecule, it is also connected to the 

shortage during the purification. Then different fractions of eDNA show various recovery rates after 

purification. The free DNA molecules can be easily degraded to smaller fragments. Those small 

pieces are weakly bound in contrast to caDNA tightly bound to cell membrane proteins through 

bivalent cations. Therefore the recovery rate in the purification is higher for caDNA than for cfDNA 

(Nagler et al., 2018). From the start of the research, there is smaller chance to investigate cfDNA. 
 

The presented study aims to verify, whether eDNA screening for ARGs is needed and possible in 

samples of influent, activated sludge and effluent from WWTP. To the best of our knowledge this is 

the first study in Czech WWTPs concerning ARGs in eDNA. 
 

 

METHODS 

Sampling 

Samples of the influent, activated sludge and effluent were taken from a large WWTP in the Czech 

Republic with mechanical pre-treatment (screening, sand trap, primary clarification) biological step 

and secondary clarifiers. The configuration of the biological process is regeneration chamber, 

anaerobic compartment (receiving both return sludge and wastewater), anoxic compartment (return 

activated sludge and internal recycle) and aerated chamber. Grab samples in volume of 500 mL 

were taken 3 times in December 2018 and 3 times in January and February 2019. The samples were 

collected in sterilized plastic bottles washed with bleach and transported to the laboratory within 

few hours. 
 

Separation of fractions with various DNA  

The separation of the masses containing diverse fractions of DNA was done by filtration as 

described by Zhang et al. (2018) with modifications in used volumes in precipitation. For the 

influent, it was: 10 mL for total DNA, 50 mL for cell-associated fraction (filtration) and 30 mL for 

cell-free fraction. For the activated, sludge it was: 10 mL for total DNA, 50 mL for cell-associated 

fraction (filtration) and 10 mL for cell-free fraction. For the effluent it was: 20 mL for total DNA, 

200 mL for cell-associated fraction (filtration) and 30 mL for cell-free fraction. 
 

The distinguished fractions were not extracellular and intracellular DNA, but cell-associated (cells 

and molecules attached to them, staying on 0.22 µm filter) and cell-free fractions (passing through 

0.22 µm filter). 
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DNA extraction and ARGs amplification 

DNA was extracted in duplicates using the FastDNA™ Spin Kit for Soils (MP Biomedicals, Santa 

Ana, USA) according to manufacturer instructions. The concentration and purity of DNA were 

measured by a nano spectrophotometer (BioDrop μLITE, Biodrop, UK). The amplification of 

eDNA was performed using multiplex reaction targeting resistance to sulfonamides (genes sul1 and 

sul2) and beta-lactamases (genes blaSHV, blaCTX, blaTEM) according to Blahna et al. (2006) and 

Monstein et al. (2007), respectively. The analyses with positive results for one replicate were 

performed also for the other one to confirm the results. 
 

 

RESULTS & DISCUSSION 

DNA content in the samples 

Generally, we observed much higher DNA concentrations for all fractions and all sampling points 

(0 to 295.5 µg/mL) than Zhang et al. (2018) in their analyses (max for cfDNA 15.9 ng/mL and for 

caDNA 20.8 µg/mL, both noted in activated sludge). Zhang et al. (2018) got caDNA and cfDNA 

concentrations in influent and effluent lower than 1 µg/mL. In our study we obtained DNA 

concertation above this level for 24 out of 25 samples. It can be partially explain by different 

treatment technology in the WWTPs investigated as it uses clarifiers for sludge retention. 

Membrane separation from the study of Zhang et al. (2018) was probably more efficient in cfDNA 

retention. We also used the different kit for DNA extraction. The kit was better adjusted to remove 

inhibitors, it is further characterized later. The other cause, maybe be placed in investigated 

samples’ volumes. The authors decided to proceed 750 mL or more of effluent, because 

ultrafiltration significantly reduced content of DNA in it. However, they used only up to 12 mL and 

up to 1 mL for influent and activated sludge, respectively (Zhang et al., 2018). In our study we used 

30 mL of influent and effluent, and 10 mL of activated sludge. The small samples may not be 

representative and the physical forces may bind eDNA to the containers used for sampling and 

transport. Therefore it would be advised to proceed bigger volumes of samples in future studies. In 

the present study of the Czech WWTP the total content of DNA for all fractions was generally 

reduced during the treatment process. The caDNA was usually the most abundant fraction in 

activated sludge and effluent, but also method of gathering cells was different for this fraction 

(residues on the filter were used for the extraction). The content of caDNA grew in time, from first 

to last sampling period. DNA concentration was usually higher in the activated sludge than in 

influent, but then decreased in effluent. Presumably because of well working sedimentation. Total 

DNA and cfDNA concentration were very similar in effluent. cfDNA was usually the least 

abundant DNA fraction. The caDNA content in all sampling points was higher or similar to the 

cfDNA content (Table 1). This cfDNA was not very dynamic and less abundant in the effluent and 

influent than in the activated sludge. This is consistent with the results from Dominiak et al. (2011) 

showing highest eDNA abundance near bacteria. They also implied that eDNA is actively secreted 

by those microcolonies (confirmed also by Nielsen et al. 2007), or it is a product of cell autolysis 

(Montanaro et al. 2011). 
 

Table 1. DNA average concentration from sample’s’ duplicates with the distinction to cfDNA and 

caDNA (µg/mL) 
 influent activated sludge effluent 

date of 

sampling/ 

DNA 

fraction 

totDNA cfDNA caDNA totDNA cfDNA caDNA totDNA cfDNA caDNA 

13.12.2018 16±0 8.5±0.5 6±2 61±6 7±0.5 7.5±3.5 1±1 2±0 0 

09.01.2019 208.5±80.5 18.5±0.5 73.5±17.5 141.5±128.5 19 295.5±45.5 13.5±2.5 13.5±1.5 155.5±62.5 

1.02.2019 26 25 86 5 41 1275 ND ND 24 

ND – no data 



Wastewater 
 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

350 

Zhang et al. (2018) in their study of WWTP with membrane bioreactor eliminating most of the 

caDNA indicated that cfDNA could be the dominant DNA in the effluent from a well-operated 

process. In our study we observed that in WWTP with different treatment system cfDNA can play 

important role during whole treatment, as it is present in significant concentration in all sampling 

points. Moreover, it can be involved in HGT, bacterial adhesion, the overall enhancement of 

antimicrobial resistance as well as stabilization of the biofilms’ structures (Okshevsky and Meyer, 

2014). 

 

ARGs’ occurrence and resistance mechanisms 

The ARGs were found only in the first sampling period (Table 2). The study screened the tested 

WWTP for two resistance mechanisms: antibiotic inactivation for beta-lactamase and antibiotic 

target replacement for sulfonamides. While the latter was present in most of the samples in the first 

sampling period, only one sample was positive for class A beta-lactamases, e.g. blaTEM gene, which 

is the most common beta-lactamase in gram-negative bacteria.  

 

ARGs toward beta-lactamases were the least abundant ARGs (blaKPC-3, blaTEM was the 4th most 

abundant of 9 tested ARGs) in the Pan-European study presented by Cacace et al. (2019). 

Nonetheless, blaTEM was found in all Czech sampling locations in the study using total DNA 

(Svobodová et al., 2018). More samples and other primers or different methods (e.g. qPCR or 

metagenomics) should be used to investigate the lack of resistance to beta-lactamases in WWTP 

from this study.  

 

Table 2. Positive results (confirmed in second PCR reaction for duplicates) of screening different 

fractions of DNA (total, cell-associated, cell-free) in influent, effluent and activated sludge from 

Czech WWTP (13.12.2018) 

  total DNA caDNA cfDNA 
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influent 

1/2 
     + +                     + + +         

influent 
2/2 

   + +   +        + +      

activated 

sludge 1/2 
 + + + +      +     + + +     

activated 

sludge 2/2 
   + +      +     + + + +    

effluent 
1/2 

 + + +            + +      

effluent 

2/2 
                             + +           

 

Genes sul1 and sul2 which are often linked to small plasmids and connected to HGT, were found in 

total DNA and cfDNA in all samples studied. Sul1 gene was the second most abundant (after intI1) 

in the European WWTPs investigated by Cacace et al. (2019). In contrast, sul1 was absent in one 

third of Czech WWTPs tested by Svobodová et al. (2018), even though the intI1 was present in all 

WWTPs. One can hypothesize that weakly bound DNA including MGEs with ARGs may be 

included in some studies of ARGs towards sulfonamides and neglected in the others giving 

inconsistent results. Especially methodology using high speed centrifugation can cause lysis of 

some cells and release of additional pool of eDNA, which later can be lost during filtration. On the 

other hand part of MGEs and eDNA can be chemically bound to extracellular polymeric substances 

or other polymers and never get to the supernatant. 
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Need for standardized methodology 

Different primers were used in all mentioned studies, therefore in the future it is advised to use 

primers tested in environmental samples. Lately, the literature-based, manually-curated database of 

PCR primers for the detection of antibiotic resistance genes in various environments (LCPDb-ARG) 

was created by Gorecki et al. (2019). The authors calculated specificity, efficacy and taxonomic 

efficacy for each primer pair in the LCPDb-ARG base (selected primer pairs were tested in 

bioinformatic and experimental PCR surveys). It is recommended to use the primers with the 

highest specificity and efficacy as well as test new primers before amplification of environmental 

DNA. 

 

What is more, both studies of Cacace et al. (2019) and Svobodová et al. (2018) used qPCR, but 

quantification was made according to different standards. In the first study abundance of the 9 

ARGs was quantified by qPCR targeting different fragments of ARGs previously cloned into 

plasmid vectors and used as standards (Hembach et al., 2017; Rocha et al., 2018; Stalder et al., 

2014). On the other hand, Svobodová et al. (2018) determined the relative abundance of ARGs as a 

ratio of the ARG gene copy number to the total bacterial DNA (primers for 16S rDNA). It shows 

that standard methodology for ARGs monitoring in WWTPs in needed for global studies and 

further comparison of the results. 

 

Quantitative aspect 

Quantification should underline consistent recovery of eDNA to support accurate and precise 

estimations in biological samples. Inhibition can lower the presumable recovery of eDNA, not only 

lowering chances of its detection, but also effecting in inaccurate quantification. There are many 

inconsistencies among eDNA studies. Mainly in eDNA yield, coherent recovery, fit and slope of 

eDNA/biomass relationships, and inhibition (Eichmiller et al., 2016).  

 

The inhibitor in samples can make accurate eDNA quantification very doubtful. Consequently, the 

researchers should eliminate inhibition already in first steps of DNA isolation. That requires using 

the proper kit for DNA extraction.  

 

Eichmiller et al. (2016) tested several different kits for inhibitors removal in water 

samples:   MoBio PowerSoil DNA Isolation Kit, MoBio PowerWater DNA Isolation Kit, MP 

Biomedicals FastDNA SPIN Kit, MP Biomedicals FastDNA SPIN Kit for Soil, Qiagen DNeasy 

Blood and Tissue Kit, and Qiagen QIAamp DNA Stool Mini Kit. The inhibition in final DNA after 

isolation with the PowerWater and FastDNA SPIN Kit was only slight and was possible to 

eliminate by a 1/2 dilution of DNA extract.  

 

We decided to use FastDNA SPIN Kit in our study. The kit is also highly recommended for 

(anaerobic) sludge, as the DNA purification is performed mainly through binding to a binding 

matrix, utilizing the negative charge of DNA (Guo and Zhang 2013, van Loosdrecht et al., 2016, 

Nagler et al., 2018). 

 

Eichmiller et al. (2016) also pointed out that the presence of inhibition unable using the total DNA 

yield as a valid measure of sensitivity and dilutions eliminating inhibition affect the detection 

sensitivity of the kit. However, the authors normalized the sensitivity assessment and ranked the 

FastDNA SPIN Kit, the PowerSoil kit and the FastDNA SPIN Kit for Soil among the most sensitive 

for lake water and the FastDNA SPIN Kit and the PowerSoil kit for the well water. As in 

experiments performed by Eichmiller et al., (2016) half of the tested kits inhibited qPCR to some 

extent, for this preliminary study we decided to not quantify the genes’ abundance o not present 

biased results. 
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Distribution of ARGs among various DNA fractions 

Even though eDNA cannot be completely separated from intracellular DNA due to its absorption on 

free cells or on the flocs of activated sludge, differences in resistance genes occurrence in cfDNA 

and caDNA were observed in this study. In a few cases (influents and effluents, sul2 genes in 

activated sludge samples) ARGs were found in cfDNA and total DNA, but not in caDNA. It is 

possible that ARGs in effluents originated from bacteria that were destroyed in the treatment 

process only remained part of cfDNA. This case needs to be further investigated.  

 

Some organic substances being PCR-inhibitors may have been stopped during filtration to cell-free 

fraction therefore may have impaired amplification of total DNA and caDNA only. The issue was 

also raised by Hunter et al. (2019) in analyses of eDNA in water. In their studies they additionally 

investigated influence of storage lysis buffer and indirectly showed that increased volume of 

sample can not only improve the yield of eDNA during isolation, but also reduce inhibition. That 

is very important in quantitative analyses and have effect in higher precision of replicate 

measurements.  

 

Also Hoshino and Inagaki (2012) and Sedlak et al. (2014) postulated that additional removal of 

inhibitors, not only optimization of DNA extraction, can help in inhibition removal in PCR. They 

also proposed clean up column usage after extraction, matrix dilution, addition of PCR adjuvants, 

trying modifications in the analysis platform and experimenting with proportions of reaction 

mixture. For quantification in environmental samples they recommended digital PCR, which is 

more resistant to inhibition than qPCR.  

 

CONCLUSIONS 

The significant concentrations of cfDNA were noted during whole treatment process during the 

study. There is need to investigate cfDNA fraction while monitoring antimicrobial resistance in 

WWTPs. PCR method used in this study provided basic information to support further studies of 

ARGs occurrence and abundance. For preliminary screening, PCR is a proper method, but it is 

advised to perform future analyses with quantitative techniques such as qPCR or metagenomics. 

Resistance genes to beta-lactams were not detected in this study and ARGs towards sulfonamides 

were found only in less than one third of all samples (all in one sampling period 13.12.2018). When 

ARGs towards sulfonamides were found, sul2 occurred in all tested sampling sites, while sul1 was 

only in the influent and in activated sludge.  

 

It is clear that two groups of ARGs are not enough for comprehensive monitoring and it is also 

recommended to study more resistance mechanisms.  

 

 

REFERENCES 

Blahna, M. T., Zalewski, C. A., Reuer, J., Kahlmeter, G., Foxman, B., Marrs, C. F. (2006) The role 

of horizontal gene transfer in the spread of trimethoprim–sulfamethoxazole resistance among 

uropathogenic Escherichia coli in Europe and Canada. Journal of Antimicrobial Chemotherapy, 

57, 666-672. 

Cacace, D., Fatta-Kassinos, D., Manaia, C. M., Cytryn, E., Kreuzinger, N., Rizzo, L., Karaolia, P., 

Schwartz, T., Alexander, J., Merlin, C., Garelick, H., Schmitt, Daisy de Vries, Carsten U. 

Schwermer, Sureyya Meric, Can Burak Ozkal, Marie-H., Pons, N., Kneis, D., Berendonk, T. U. 

(2019). Antibiotic resistance genes in treated wastewater and in the receiving water bodies: A 

pan-European survey of urban settings. Water Research. DOI: 

https://doi.org/10.1016/j.watres.2019.06.039. 

https://onlinelibrary.wiley.com/doi/full/10.1111/1755-0998.12421#men12421-bib-0023
https://onlinelibrary.wiley.com/doi/full/10.1111/1755-0998.12421#men12421-bib-0045


Wastewater 
 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

353 

Do, T. T., Murphy, S., Walsh, F. (2018) Antibiotic Resistance and Wastewater Treatment Process. 

In P. L. Keen and R. Fugère (Eds.). Antimicrobial Resistance in Wastewater Treatment 

Processes, 263-291. John Wiley & Sons, Inc.  

Dominiak, D. M., Nielsen, J. L., Nielsen, P. H. (2011) Extracellular DNA is abundant and important 

for microcolony strength in mixed microbial biofilms. Environmental Microbiology, 13(3), 710-

721. 

Eichmiller, J. J., Miller, L. M. Sorensen, P. W. (2016) Optimizing techniques to capture and 

extract environmental DNA for detection and quantification of fish. Mol. Ecol. Resour., 16, 

56-68. 

Gorecki, A., Decewicz, P., Dziurzynski, M., Janeczko, A., Drewniak, L., Dziewit, L. (2019) 

Literature-based, manually-curated database of PCR primers for the detection of antibiotic 

resistance genes in various environments. Water Research, 161, 211-221. DOI: 

10.1016/j.watres.2019.06.009. 

Guo, F., Zhang, T. (2013). Biases during DNA extraction of activated sludge samples revealed by 

high throughput sequencing. Applied Microbiology and Biotechnology, 97(10), 4607-4616. 

DOI: https://doi.org/10.1007/s00253-012-4244-4. 

Hembach, N., Schmid, F., Alexander, J., Hiller, C., Rogall, E.T., Schwartz, T. (2017) Occurrence of 

the mcr-1 colistin resistance gene and other clinically relevant antibiotic resistance genes in 

microbial populations at different municipal wastewater treatment plants in Germany. Front. 

Microbiol. DOI: https://doi.org/10.3389/fmicb.2017.01282. 

Hunter, M.E., Ferrante, J.A., Meigs-Friend, G., Ulmer, A. (2019) Improving eDNA yield and 

inhibitor reduction through increased water volumes and multi-filter isolation techniques. 

Scientific Reports, 9, 5259. pmid:30918268. 

Hoshino, T., Inagaki, F. (2012) Molecular quantification of environmental DNA using microfluidics 

and digital PCR. Systematic and Applied Microbiology, 35, 390-395. 

Karkman, A., Pärnänen, K., Larsson, D. G. J. (2019) Fecal pollution can explain antibiotic 

resistance gene abundances in anthropogenically impacted environments. Nature 

Communications, 80, 10.  

Lood, R., Ertürk, G., Mattiasson, B. (2017) Revisiting Antibiotic Resistance Spreading in 

Wastewater Treatment Plants – Bacteriophages as a Much Neglected Potential Transmission 

Vehicle. Front. Microbiol., 8, 2298. DOI: 10.3389/fmicb.2017.02298. 

Mao, D., Luo, Y., Mathieu, J., Wang, Q., Feng, L., Mu, Q., Feng, C., Alvarez, P. J. J. (2014) 

Persistence of extracellular DNA in river sediment facilitates antibiotic resistance gene 

propagation. Environmental Science and Technology, 48(1), 71-78.  

Monstein, H. J., Östholm Balkhed, Å., Nilsson, M., Nilsson, M., Dornbusch, K., Nilsson, L. (2007) 

Multiplex PCR amplification assay for the detection of blaSHV, blaTEM and blaCTXM genes 

in Enterobacteriaceae. Apmis, 115, 1400-1408. 

Montanaro, L., Poggi, A., Visai, L., Ravaioli, S., Campoccia, D., Speziale, P., Arciola, CR. (2011) 

Extracellular DNA in biofilms. Int J Artif Organs., 34, 824-831. DOI: 10.5301/ijao.5000051. 

Molin, S., Tolker-Nielsen, T. (2003) Gene transfer occurs with enhanced efficiency in biofilms and 

induces enhanced stabilisation of the biofilm structure. Curr Opin Biotechnol, 14, 255-261. 

Nagler, M., Podmirseg, S. M., Griffith, G. W., Insam, H., Ascher-Jenull, J. (2018) The use of 

extracellular DNA as a proxy for specific microbial activity. Applied Microbiology and 

Biotechnology, 102(6), 2885-2898. DOI: https://doi.org/10.1007/s00253-018-8786-y. 

Nielsen, K. M., Johnsen, P. J., Bensasson, D., Daffonchio, D. (2007) Release and persistence of 

extracellular DNA in the environment. Environ Biosaf Res., 6(1-2), 37-53. DOI: 

10.1051/ebr:2007031. 

Okshevsky, M., Meyer, R. L. (2014) The role of extracellular DNA in the establishment, 

maintenance and perpetuation of bacterial biofilms. Crit. Rev. Microbiol. DOI: http://dx. 

doi.org/10.3109/1040841X.2013.841639  



Wastewater 
 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

354 

Palmgren, R., Nielsen, P.H. (1996 Accumulation of DNA in the exopolymeric matrix of activated 

sludge and bacterial cultures. Water Sci Tech, 34, 233-240. 

Rocha, J., Cacace, D., Kampouris, I., Guilloteau, H., Jäger, T., Marano, R. B. M., Karaolia, P., 

Manaia, C. M., Merlin, C., Fatta-Kassinos, D., Cytryn, E., Berendonk, T. U., Schwartz, T. 

(2018) Inter- laboratory calibration of quantitative analyses of antibiotic resistance genes. J. 

Environ. Chem. Eng. DOI: https://doi.org/10.1016/J.JECE.2018.02.022. 

Sedlak, R. H., Kuypers, J., Jerome, K. R. (2014) A multiplexed droplet digital PCR assay performs 

better than qPCR on inhibition prone samples. Diagnostic Microbiology and Infectious Disease, 

80, 285-286. 

Stalder, T., Barraud, O., Jové, T., Casellas, M., Gaschet, M., Dagot, C., Ploy, M.-C. (2014). 

Quantitative and qualitative impact of hospital effluent on dissemination of the integron pool. 

ISME J., 8, 768-77. DOI: https://doi.org/10.1038/ismej.2013.189. 

 Svobodová, K., Semerád, J., Petráčková, D., Novotný, Č. (2018) Antibiotic Resistance in Czech 

Urban Wastewater Treatment Plants: Microbial and Molecular Genetic Characterization. 

Microbial Drug Resistance, mdr.2017.0406. DOI: https://doi.org/10.1089/mdr.2017.0406. 

Torti, A., Lever, M. A., Jørgensen, B. B. (2015) Origin, dynamics, and implications of extracellular 

DNA pools in marine sediments. Marine Genomics, 24 (3), 185-196. 

van Loosdrecht, M., Nielsen, P., Lopez-Vazquez, C. B. D. (2016) Experimental Methods in 

Wastewater Treatment. IWA Publishing. DOI: https://doi.org/10.1017/CBO978110741532. 

Zhang, Y., Li, A., Dai, T., Li, F., Xie, H., Chen, L., Wen, D. (2018) Cell-free DNA: A Neglected 

Source for Antibiotic Resistance Genes Spreading from WWTPs. Environmental Science and 

Technology, 52(1), 248-257. 

https://doi.org/10.1038/ismej.2013.189
https://doi.org/10.1017/CBO978110741532


Wastewater 
 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

355 

On-line Titrimeter: Full Scale Biosensor for Control in 

Wastewater Treatment 
 

 

A. Nardi*, A. Mannucci*, C. Polizzi*, F. Spennati**and G. Munz* 

 

 

* Department of Civil and Environmental Engineering, University of Florence, Via di S. Marta, 3, 50121, 

Firenze, Italy (E-mails: arianna.nardi@stud.unifi.it; alberto.mannucci@dicea.unifi.it; 

cecilia.polizzi@unifi.it; giulio@dicea.unifi.it) 

** Laboratorio CER2CO, Consorzio Cuoio-Depur S.p.A, Via Arginale Ovest , 81, S.Miniato 56020, Pisa, 

Italy (E-mail: francesco.spennati@cuoiodepur.it) 

 

 

Abstract 

In this work a differential on-line continuous titrimeter was installed and conducted at Cuoiodepur 

WWTP (San Romano, PISA, Italy), treating tannery and domestic wastewater, with the aim to 

evaluate the possibility to use the innovative instrument as a reliable nitrification process probe. 

The titrimeter output is the maximum ammonia oxidation rate (AORMAX) that is automatically 

estimated under not limiting DO and substrate conditions in the titrimeter reactors. The titrimeter, 

fed with mixed liquor from aerobic tanks of the real plant, worked for more than 6 months and is 

currently in operation. The possibility to use the titrimeter as a nitrification process probe was 

confirmed by the stability and the reliability of the obtained AORMAX values that were confirmed 

using conventional methods for nitrification process efficiency estimation. AORMAX varied in time 

according to industrial influent loads and environmental and operational conditions variations. 

Moreover, titrimeter output data set was used for the calibration of specific maximum growth rate 

(µMAX,AOB) of Ammonia Oxidizing Biomass (AOB). SUMO© 2S model, modified in order to 

allow its application on high Sludge Retention Time (SRT), was used as a reference model. 

Calibrated (µMAX,AOB = 0.58 d-1) model was validated using monthly average real scale plant 

monitoring data obtained in the years from 2015 to 2017. The model well describes nitrogen 

removal process efficiency.  

 

Keywords 

Nitrification control; nitrification modelling; AOB kinetic parameters estimation; titrimetry; 

industrial wastewater treatment; process probe 

 

 

INTRODUCTION 

Instrumentation, Control and Automation (ICA) in wastewater treatment systems aim to improve 

the efficiency and robustness of the process. Moreover, the increasing requirements in effluent 

quality standards and the need  to increase process sustainability in terms of energy consumption 

and efficiency, made the adoption of optimized ICA systems a crucial aspect for the optimization of 

economic and environmental costs in wastewater treatment plants (WWTPs).ICA may improve the 

efficiency of the aeration system in aerobic section of Conventional Activated Sludge (CAS) 

systems, which constitute one of the higher features of the overall WWTP energy consumption. In 

fact, oxygen supply accounts for more than 55 % in average and can reach up to 80 % of the energy 

demand in WWTPs (Jonasson, 2007). In the perspective of more stringent law limits of nitrogen 

content in the final effluent, the nitrification process is a crucial step in CAS systems due to the 

adopted operational conditions, ad Dissolved Oxygen (DO) set-points. Nitrifiers have lower growth 

kinetics and lower affinity for oxygen compared to heterotrophic biomass: this causes the need for 

higher DO concentration and higher Sludge Retention Time (SRT) in order to ensure a sufficient 

ammonia oxidation rate. In the last decades, control strategies for reducing the energy consumption 

related to oxygen supply evolved in parallel with the state of the art of sensors and monitoring 

mailto:arianna.nardi@stud.unifi.it
mailto:alberto.mannucci@dicea.unifi.it
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techniques (Olsson, 2012). In recent years phosphate, nitrate and ammonia sensors became 

available on the market and especially ammonia probe showed high potential for energy savings; 

however, ammonia probes are either slow, expensive, not accurate and, above all, suffering from 

several chemical interferences that limit their application to domestic WWTPs. At the same time, 

monitoring instruments for biological activity estimation, as respirometers and titrimeters, that use 

DO and pH probes on activated sludge sampled from WWTP in controlled conditions, were 

regarded with a great interest, (Gernaey et al., 2006). These instruments allow the measurement of 

oxygen uptake rate (OUR) and alkalinity production (or consumption) and can be used for the 

estimation of kinetics and stoichiometry parameters of the involved processes. The applicability of 

set-point titration for monitoring biological processes has been widely demonstrated in the 

literature. The application of DO-pH set-point titration may produce innovative data set, different 

from those obtained from standard WWTPs efficiency monitoring activity, that can be used for the 

estimation of AOB kinetic parameters. When applied in continuous conditions they can also provide 

important information about the nitrification process evolution also in industrial WWTPs. Based on 

published and on-going experiences, a full-scale on-line differential titrimeter has been specifically 

developed and installed at the industrial Cuoiodepur WWTP (San Romano - Pisa, Italy) treating 

vegetable tannery wastewater characterized by high salinity, COD and nitrification inhibiting 

compounds (tannins) loads. In this work, the titrimeter was used in order to continuously monitor 

the nitrification process efficiency and to produce an innovative data set used for biological WWTP 

model calibration. 
 

 

MATERIALS AND METHODS . 

A schematic of the instrument is reported in Figure 1, the titrimeter is composed by two identical 

jacked reactors of 2 L of effective volume (R1 and R2), each of them equipped with pH (Metter, 

Toledo, USA), LDO (Metter, Toledo, USA)and temperature probes (Metter, Toledo, USA). 

Operational conditions in the reactors are: 1) Hydraulic Retention Time (HRT) in the reactors is 

maintained at 1 h, by continuously dosing the mixed liquor (ML) from the WWTP aerobic tank 

through peristaltic pumps; 2) not limiting conditions for nitrifiers growth for what concern ammonia 

and oxygen concentration are guaranteed by the continuous dosing of ammonia and the controlled 

dosing of H2O2; 3) the temperature is maintained equal to the temperature of real plant mixed liquor 

through a thermostat; 4) pH is controlled at given values identical in both reactors (within the range 

7 to 8.5) and set according to the pH in the aerobic tank of the real scale plant; 5) mixing in both 

reactors is continuous and ensured by mechanical mixers. AOB activity is inhibited in R1, through 

continuous allylthiourea (ATU) dosing, while in R2 not-inhibited conditions for AOB are 

mainteined. The difference (differential titrimeter) between NaOH dosing of NaOH in R1 and R2 

allows to estimate the maximum ammonia oxidation rate (AORMAX).  

 

Figure 1. Schematic of differential titrimeter installed at Cuoiodepur WWTP 
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The biological section of the Cuoiodepur WWTP, treating 55 % of tannery wastewater (previously 

treated by means of pre-treatments, sulphide oxidation and primary settling) and 45 % of raw 

domestic wastewater, is composed by a 11.000 m3 pre-denitrification and a 26.000 m3 oxydation-

nitrification sections. Three settlers with a total surface of 1.000 m2 (volume 4500 m3) were used for 

solid separation. Oxidation-nitrification section is divided into seven plug-flow tanks (51 m length, 

12.5 m width) working in parallel. Am SRT higher than 90 days is maintained in order to obtain 

complete nitrification also in presence of inhibiting compounds (Munz et al., 2009; Munz et al., 

2008a) while a DO set-point of 2.2 mg DO L-1 is controlled at the end of each aerobic plug-flow. 

The plant efficiency was simulated using SUMO© (Dynamita, Denmark) software and the applied 

layout is reported in Figure 2. 

 
Figure 2. Cuoiodepur WWTP layout used in SUMO© software 
 

Industrial wastewater undergoes to equalization, sulphide oxidation and primary settling before 

entering the biological section. Internal recycles, as the supernatant originated from sludge 

thickening and sludge dewatering, are recirculated in the equalization-sulphide oxidation tank and 

are considered in the primary settler effluent (pre-treated industrial wastewater). 
 

Referring to the results of a three years monitoring activity, average pre-treated industrial 

wastewater flow (Qind) of 6540 ± 640 m3 d-1 and domestic wastewater flow (Qdom) of 3400 ± 630 m3 

d-1 were applied. Average COD and Ammonia concentration are 5450 ± 1130 mg COD L-1, 323 ± 

22 mg N-NH4
+ L-1 and 195 ± 95 mg COD L-1, 23 ± 7 mg NH4

+ L-1 for pre-treated industrial and 

domestic wastewater, respectively. Their variations were considered using monthly average data as 

input. 
 

In order to adequately represent the complexity of tannery wastewaters, five COD fractions 

(including slowly hydrolysable fraction SH), instead of four characterizing the Activated Sludge 

Model (ASM) proposed by IWA (International Water Association) and applied to domestic 

wastewater, were considered. COD fractioning was defined using chemical/physical criteria and 

respirometric techniques as reported by Munz et al., 2008b. 
 

According to monitoring data, nitrate recirculation flow and sludge recirculation flow are 6 and 4 

times the Qind, respectively. An SRT of about 100 days was applied. 
 

Both denitrification and nitrification sections were simulated as Continuous-flow Stirred-Tank 

Reactor (CSTR) cascades and DO varies from a tank to another due to DO variation along the flow 

verified trough experimental tests using a DO portable probe (Hach Lange, Germany). The applied 

DO concentration were 0.6, 1.6, 2.2, 2.2 mg L-1 for NIT_1, NIT_2, NIT_3 and NIT_4, respectively. 

The secondary settler was considered as a reactive tank and simulated by a point-settler tank and an 

anoxic reactor, with a volume equal to 0.8 times the real settler volume, fed with settled sludge. A 

high recycle rate (10 times the Qind) was applied between point settler and reactive settler unit. 
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Due to the high sulphide concentration in the pre-treated industrial wastewater, a model that take 

into account sulphur cycle (including autotrophic denitrification in anoxic conditions) was adopted 

(SUMO 2S; Hauduc et al., 2017). The model, based on ASM1 (Henze et al., 2010) and 

characterized by a two-steps nitrification process, was modified in order to be applied to high SRT 

systems where volatile suspended solids (VSS) and total suspended solids (TSS) concentration are 

often overestimated applying conventional ASM models (Lubello et al., 2009): 
 

- XU (Slowly biodegradable particulate COD) conversion 
 

In conventional ASM models, slowly biodegradable particulate COD (XU) is not involved in any 

degradation process and is removed through solid separation and sludge removal. Lubello et al. 

(2009) demonstrates that high SRT (SRT > 30 d) promotes XU hydrolysis in other fractions, 

conventionally included in not biodegradable particulate COD. In the proposed model, XU is 

converted in biodegradable particulate COD (XB) following a very low rate first order reaction 

respect to XU concentration (Kdis = 0.014). 
 

- XI (Not biodegradable particulate COD) hydrolysis 
 

As proposed for XU, also XI (Not biodegradable particulate COD) is process in high SRT systems. 

In that case, XI is directly converted into soluble component according to a first order reaction 

respect to XI concentration (Khyd_XI = 0.016). 

 

The proposed hydrolysis processes are reported in Table 1. 

 

Table 1. New proposed process description 

Process SB SI Xu Xch XI Xc_decay Kinetic expressions 

Xu conversion 1  -1  fXI_ XC   
XI hydrolysis  1   -1   

 

The whole Gujer matrix and parameter values as implemented in Sumo© can be found as 

supplementary material at the following link: http://www.dynamita.com/wp-

content/uploads/Sumo2S.xlsm.  
 

 

RESULTS AND CONCLUSIONS 

After the instrumentation set-up and its functionality verification, the titrimeter was used for 

specific tests and to monitor the AORMAX of AOB biomass of the Cuoiodepurmixed liquor 

Experimental AORMAX values, provided by the titrimeter, varied in time according to some 

fundamental operational and environmental conditions as temperature, inhibiting compounds 

influent loads (tannins), and salinity. 
 

The titrimeter allows to obtain AORMAX values every 15 minutes. Each values was than considered 

as specific (referring to actual SSV concentration) and was referred to a temperature of 20 °C 

through the application of the Arrhenius’ law (θAOR,MAX = 1.07). 
 

As reported in Figure 3, the specific AORMAX decrases during Christmas’ holiday in December 

2018 (day 0 was 12th of December) reaching values that are 50 % lower to those obtained at the 

beginning of the experimentation. During this period the tanneries were closed and the synergetic 

effects of the drop in salinity content and of the change in influent wastewater characteristics (only 

domestic wastewater entered the plant) causes AORMAX decrease (from 0.6 mg N_NH4 gVSS-1 h-1 

to 0.3 mg N_NH4 gVSS-1 h-1). VSS were approximately 8400 mg L-1 in December and 7700 mg L-1 

in January, the operating temperature was 21°C in the titrimeter and in the oxidation tank. 
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Figure 3. Specific N_NH4 removal rate at 20 °C (December 2018 – January 2019) 

 

In Figure 4 is shown specific AORMAX from the end of April 2019 until June 2019. In this period, 

AORMAX reached almost 1.9 mg N_NH4 gVSS-1 h-1 due to the favourable conditions and the higher 

temperature (average 28 °C). This long period of stable conditions was used as a source of reliable 

data for the model calibration. 
 

In order to validate the AORMAX values provided from the titrimeter, the ammonia oxidation rate 

within the titrimeter was estimated thought an ammonia mass balances. As reported in Table 2 the 

difference between obtained AORMAX and ammonia oxidation rates were very low, and the 

titrimeter can be considered as an affordable nitrification process probe. 
 

 
Figure 4. Specific N_NH4 removal rate at 20°C (April 2019 – June 2019) 

 

Table 2. N_NH4 removal rate calculated from ammonium measurements and from titrimiter 
  N_NH4 removal rate 

from mass balance  

mg N_NH4 h
-1 

N_NH4 removal rate 

from titrimeter 

mg N_NH4 h
-1 

difference % 

14-12-2018 11.7 12.5 6.4 

08-03-2019 25.2 24.1 0.5 

11-03-2019 20.3 22.0 7.7 

03-05-2019 45.7 46.3 1.3 

29-05-2019 35.5 35.62 0.3 
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The titrimeter output (AORMAX) was used as a new data-set in order to calibrate the maximum 

specific growth rate of AOB Biomass (µmax,AOB). In detail, model calibration was conducted using 

average AORMAX data obtained during December 2018 and April/May 2019. Those periods are 

characterized by different sludge temperature that reflects in different nitrifying biomass activity 

rates. January, February and March 2019 data were not considered, since important modifications of 

differential titrimeter hardware and software have been conducted and AORMAX data set was not 

considered as enough consistent. Moreover, real scale WWTP efficiency and operation are deeply 

influenced by the industrial activity restart after winter vacations and nitrification activity is not 

stable. 

 

Experimental and modelled AORMAX after µmax,AOB calibration are reported in Table 3. 

 

Table 3. Experimental and Modelled AORMAX after model calibration 
 Avg. Exp. AORMAX Avg. Exp. 

VSS 

Modelled AORMAX Modelled VSS Temp 

Period (mgN gVSS-1 h-1) (mgVSS L-1) (mgN gVSS-1 h-1) (mgVSS L-1) (°C) 

Dec 2018 0.65±4 % 8500±4 % 0.67 8430 22±4 % 

Apr 2019 2.53±3 % 8660±5 % 2.63 8330 26.8±1 % 

May 2019  2.38±16 % 8780±6 % 2.54 8770 27.7±5 % 

 

A calibrated µmax,AOB value of 0.58 d-1 was obtained. Calibrated model was than validated using 

monthly average real scale plant monitoring data obtained during years 2015-2016-2017. The 

obtained VSS concentration in process tanks and effluent nitrate concentration (N-NO3
-) were 

reported in Figure 5 and 6, respectively. 

 

 
Figure 5. Experimental and modelled VSS trend (years 2015/2017) 

 

The model is able to well describe VSS trend even in winter periods of the years 2016 (from 600 to 

800 d) and 2017 (from 950 to 1100 d) in which, due to malfunctions on the sludge treatment line, 

sludge extraction was drastically reduced. 

 

Modelled nitrification results complete as obtained from the monitoring of aerobic section effluent 

ammonia concentration. However, N-NH4
+ concentration after secondary settler is higher and equal 

to 1.5 ± 10 % mg N-NH4
+ L-1. Moreover, after biological section, modelled nitrate concentration 

results higher than the experimental ones (dotted line in Figure 6) measured on the clarifier effluent. 

The introduction of a reactive settler solved both the problems and modelled nitrate effluent 

concentration (continue line in Figure 6) fits with experimental data. 
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Figure 6. Experimental and modelled N-NO3

- trend (years 2015/2017) 

 

In conclusion, the obtained experimental data confirm the possibility to use the differential on-line 

titrimeter as an affordable process probe. The calibrated model well describes nitrification process 

efficiency of the Cuoiodepur WWTP. In this context the possibility to synergistically use titrimeter 

output and plant model to predict the nitrification process performance and support ICA is 

confirmed.  
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Abstract 

In this study, a Bentonite clay incorporated polyvinylfluoride(PVDF) and polyvinyl 

pyrrolidone(PVP) based adsorbent membrane was produced for the selective separation of oils 

from simulated wastewater. This membrane was produced as an intelligent material that 

selectively separates emulsified oils from water when it is used as adsorbents and purifies water 

when it is used in continuous membrane filtration. The affinity of the membrane to oil components 

was determined by water-oil uptake tests. The uptake experiments were conducted for soybean oil, 

hazelnut oil, lubricant oil and other volatile oils. As a result, membranes absorbed greater than 

200wt.% of oil when the membranes were immersed in the soybean oil, hazelnut oil and lubricant 

oil. When the same membranes were used for continuous filtration, greater than 85 % of oil 

rejection values were obtained. As the PVP ratio in the membrane increased, flux values enhanced 

gradually. Bentonite incorporation simultaneously improved flux values and oil rejection 

remarkably. The soybean rejection increased from 69.15 % to 95 %, hazelnut oil rejection 

increased from 87 % to 99.98 %, and lubricant oil rejection enhanced from 80.5 % to 97.5 % when 

the bentonite amount was increased from 0wt.% to 15wt.%. 

 

Keywords 

Adsorbent membrane; polyvinylfluoride; oil removal 

 

 

INTRODUCTION 

Water is one of the most valuable substances in the world. No living thing, including animals and 

plants, can lead a life without water (He at al., 2019). Due to the increasing population, water use in 

the environment and industry is also increasing significantly. Pollution of existing freshwater 

resources increases the importance of water-saving policy (Nthunya et al., 2019; Doshi et al., 2018). 

Therefore, the importance of sustainable water science such as wastewater treatment, potable water 

production from non-potable water resources, waste disposal technology has become crucial.  
 

Industrial wastewater contains many hazardous substances. Many harmful components such as 

plastic residues, toxic components, heavy metals, volatile organic components, and oil extracts are 

released from the wastewater of industrial plant and discharging to the natural resources such as 

seawater. The oil-based components are found in the wastewater of food, pharmaceutical, polymer, 

automotive, electronics, and petrochemical industries. Many types of oil species can be found in 

water sources. Besides to the petroleum-derived oils such as lubricating oils, engine oils, diesel, 

vegetable-derived oils are also found in the effluent of different industries. These kinds of oils are 

occurred by extracting of different plant seeds or fruits such as soybean and hazelnuts. In general, 

vegetable oils are used in the food industry. Moreover, soybean and hazelnut oil are used in 

biodiesel production as a waste vegetable oil (Celikten et al., 2012). The amount of oils in 

wastewater increases in line with the usage areas of oils in industry and daily life. One liter of waste 

oil contaminates one million liters of water. Hence the oil separation from water is attracting 

attention for the environmental-chemical scientist. Depending on the lower density of oil compared 

to water, the oil-based molecules accumulate on the water surface (Barron, 2012). In addition to the 

industrial waste discharging, oil species spill from the defected pipes of petrochemical plants or sea 
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vessel (Brody et al., 2010; Cui et al., 2018). 

 

There are many techniques to separate oils from waters (Droste and Gehr, 2018). The diversity of 

these techniques is varied according to the structure of oils (emulsified or not, and drop size) and 

the area where oils are emitted. For example, oils spilled by a petroleum accident can be removed 

by in situ separation techniques such as adsorption and chemical methods. Biological, 

electrochemical treatment, coagulation, flocculation, vacuum evaporation, absorption, precipitation, 

and membrane filtration techniques are used for the treatment of emulsified oil from water. The 

most preferred methods are adsorption and membrane separation.  

 

The membrane is defined as a barrier that selectively separates the two phases and allows controlled 

passage of the target component (Kamali et al., 2019; Eykens et al., 2017). Membrane technology is 

known as a promising method for the treatment of oil-based wastewater due to the appropriate pore 

size. Especially for the removal of emulsified oil droplets, the purification is carried out without any 

de-emulsification process (Ang et al., 2015). Recently, the studies on the separation of oil-based 

compounds have been performed by means of the low-cost polymeric membrane having high oil 

absorption capacity and good oil-water selectivity (Eykens et al., 2012). Microfiltration, 

ultrafiltration, nanofiltration techniques are mostly used to remove oil from water (Hoslett et al., 

2018). The selection of the appropriate technique is characterized according to the concentration of 

the oil in water, the type of the treated water, and the operating parameters. Each of these 

techniques is categorized according to the pore size of the membrane and trans-membrane pressure. 

The membrane-based separation has important advantages such as low energy consumption, high 

separation efficiency. Compared to the adsorption technique, membrane separation can be 

conducted continuously. 

 

In this study, poly(vinylidene fluoride) (PVDF)/Polyvinylpyrrolidone (PVP) blend membranes have 

been produced by the phase inversion method for separation of oil-emulsion water mixtures. Poly 

(vinylidene fluoride) is a hydrophobic polymer which is used in membrane separation processes due 

to its superior mechanical strength, heat resistance, chemical resistance and good film formation 

capability (Kang and Cao, 2014). Polyvinylpyrrolidone acts as a pore-forming polymer in 

membrane preparation by phase inversion (Amin et al., 2018). PVP content in the membrane 

influences the surface morphology of the blend membrane. In our study, the membrane has been 

characterized as an oil adsorbent membrane. The membrane can be used to adsorb oil from water in 

case the membrane is used in the batch adsorption process. The membrane is also appropriate to 

remove water when it is used in the continuous water separation process. Therefore, both the 

adsorption and separation characters of membranes have been determined using uptake and 

filtration experiments. The amount of PVP directly affects the separation process due to the 

hydrophilic character of PVP. In order to enhance the flux and oil rejection of membranes, the 

varying amount of Bentonite clay has also been used as filler in the membrane matrix.  

 

 

MATERIALS and METHODS 

Membrane preparation 

Blend membranes were prepared using the phase inversion technique. A certain amount of PVDF 

was dissolved in dimethylformamide (DMF) solvent with a concentration of 10 wt.% PVDF in 

DMF. PVP was also added to the polymer-DMF solution. The blend membrane solution was 

homogeneously mixed at 55 °C for four hours. The mixture was allowed to remove bubbles at room 

temperature for 24 hours. The mixture was poured on a glass surface and a casting knife was used 

to homogenously disperse the mixture. Then, the glass plate was immersed in a water bath. The 

PVDF/PVP weight ratios were varied as 90/10, 80/20, 70/30, 60/40. Membranes were titled 
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according to the ratio of polymers. For example, the membrane containing 90wt.% of PVDF and 

10wt.%of PVP was entitled as PVDF90-PVP10. 

 

For the preparation of Bentonite incorporated membranes, a polymer solution containing 

80wt.%PVDF and 20 wt.% of PVP was firstly prepared. The determined amount of Bentonite clay 

(concentration varied from 0wt.% to 15wt.% according to the total weight of PVDF and PVP) was 

added to the polymer solution and stirred at the room temperature for four hours. The mixture was 

poured on a glass surface and a casting knife was used to homogenously disperse the mixture. Then, 

the glass plate was immersed in a water bath. 

 

Membrane characterization 

The surface hydrophobicity of the membrane was characterized using Contact Angle Measurements 

(KSV). The angle measurements were done by measuring the angle between the water droplets and 

the membrane surface. Each test was repeated for three times and the average angle values were 

recorded. The chemical structure of the membrane was analyzed by using Fourier Transform 

Infrared Spectroscopy (Perkin Elmer, ATR mode). The wavelength of the Spectroscopy was 

arranged between 650-4000 cm-1.  

 

Oil/Water Uptake 

The effect of polymer concentration and clay incorporation on membrane-oil affinity were 

determined by means of uptake experiments. In order to determine the oil-water uptake capacity of 

different membranes, the membrane samples were immersed in water, soybean, hazelnut (nut), 

lubricating oils and volatile oils such as benzene, hexane, and toluene. The uptake experiments were 

carried out for 90 minutes until the samples reached a constant weight. The uptake measurements 

were done by measuring the initial (Wi) and final (Wf) weight values of the membrane as shown in 

Equation 1. 

 

     ,    (1) 

 

Filtration test 

Filtration test was carried out in a vacuum filtration test unit. The experiments were carried out at 

the room temperature by using 1wt.% of oil-containing water solution. Before the experiments, the 

oil-water solution was sonicated for three hours and a milky-like color was obtained. The prepared 

membranes were settled on a porous glass support and the oil/water solution was fed onto the 

prepared membrane. 670 mmHg vacuum was applied at the room temperature. The oil 

concentration of the permeate and the retained solution was determined by means of UV/Visible 

spectrometer at the optimum wavelength of 420 nm. The filtration and separation performance of 

membranes were evaluated as a function of flux (F)(g/min.A) and oil rejection (R)(%) as shown at 

following Equation (2) and Equation (3). 

 

            (2) 

 

          (3) 

where M (g) is the weight of permeate water on downstream side of the membrane, t is the filtration 

time (min), A is the effective membrane area. Cf and Ci are the concentration of oil-water solution at 

feed and permeate side, respectively. 
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RESULTS AND DISCUSSION 

In the present study, PVDF and PVP blend membranes were prepared, characterized and used for 

removal of oil from simulated oil-water mixtures. The chemical structure of the produced 

membranes was determined using FTIR analysis. Figure 1 shows the FTIR spectra of membranes 

having different PVDF/PVP ratio. Peaks at 1680 cm-1 are assigned to the carbonyl stretching in 

membranes. The characteristic –CH2– deformation peaks reveal at 1400 cm-1. the peaks from 760 

cm-1 to 1190 cm-1 are corresponding to CF and CF2 stretching. The intensity of CF based peaks 

decreased due to the PVP addition.  
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Figure 1. FTIR spectra of membranes 
 

The surface hydrophobicity of the membranes was determined using contact angle measurements. 

The contact angle of the surface decreased as the PVDF ratio in membrane increased. This is due to 

the hydrophobic character of the PVDF. It is also related to the hydrophilicity of PVP. Moreover, 

during the phase inversion process, the porosity of the membrane increased by increasing PVP ratio. 

Thus, the water penetration on the surface of the membrane increased as expected.  
 

 
Figure 2. Contact angle of membranes with water droplets 
 

In this study, the affinity of PVDF/PVP membranes to oils and water were investigated. The 

produced membrane is expected to absorb oils when used as adsorbent membranes in batch process 

and permeate water when it is used in a continuous membrane separation process. While the 

usability of the adsorbent membrane was determined by swelling tests, the performance of water 

permeability in continuous separation was determined by filtration tests. 
 

Figure 3 shows the effect of PVDF/PVP concentration and Bentonite concentration on the uptake 

results. It is clear from the figure that the oil uptake capacity of the membrane enhanced with the 

increasing amount of PVP in the PVDF matrix.  This is due to the hydrophilic structure of the PVP 

polymer (Kao et al., 2003). PVP is a water-soluble hydrophilic and polar polymer. Therefore, it is 

expected that water uptake capacities will increase as PVP ratio increases in the matrix. The figure 

shows that the higher uptake capacity was obtained when the membranes immersed in soybean oil, 

hazelnut oil, and lubricating oil. As the PVP ratio increased in the membrane, soybean oil uptake 
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values enhanced. The highest uptake value of 266wt.% was obtained when the PVDF ratio was kept 

at 60 %. Compared to the water and soybean, the hazelnut oil uptake showed a variable trend. The 

highest uptake value was calculated as 325wt.% when the PVDF concentration in the membrane 

was 80 %. Therefore, it can be evaluated that the 80 % of PVDF polymer ratio is more appropriate 

in case the membrane will be used for the adsorbent. In Figure 3, the increasing PVP ratio in the 

PVDF matrix decreased the lubricant oil uptake results. The highest lubricant oil uptake of 267wt.% 

was obtained with the membrane having 90wt.% of PVDF concentration. The figure also illustrates 

the uptake results of petrochemical-based volatile oil species such as benzene, toluene, and hexane. 

These oil-like compounds have a uniform molecular structure and smaller molecular size than other 

oils such as lubricant, hazelnut, and soybean. As shown in Figure 3, the affinity of benzene and 

hexane to the membrane was lower compared to toluene. The increasing PVP ratio in matrix 

enhanced the toluene uptake up to 30wt.%. PVDF70-PVP30 membrane showed the highest uptake 

results of 301wt.% for toluene. 
 

In Figure 4, the effect of Bentonite clay incorporation on oil uptake was also investigated when the 

PVDF ratio was kept constant at 80wt.%. Bentonite concentration was changed from 0wt.% to 

15wt.% according to the total polymer weight. It is clear from Figure 4 that the clay addition has a 

positive effect on benzene and hexane uptake and has a negative effect on nut and lubricant oil 

uptake results.  Due to the fact that the oil swelling capacity of the polymeric structure was higher 

than that of clay, the uptake values decreased as Bentonite content increased in the membrane. 

However, the swelling values of volatile oil-like compounds which have small molecule (benzene 

and hexane) appeared to enhance with increasing amount of the clay. When the amount of 

Bentonite increased from 0 % to 15 %, the uptake results of the membrane immersed in benzene 

and hexane enhanced from 25wt.% to 77wt.% and from 20wt.% to 75wt.%, respectively. 
 

 
Figure 3. Effect of PVDF/PVP ratio on uptake                  Figure 4. Effect of clay content on uptake 
 

Unlike the uptake tests, membrane filtration experiments were performed with non-volatile oil 

materials having large molecule sizes. Figure 5 shows the effect of PVDF/PVP ratio on flux and 

rejection. In the case of the soybean oil, the increasing PVP ratio enhanced the flux remarkably. The 

water flux for 1wt.% of soybean oil content water solution enhanced from 0.89 g/min.A to 16.7 

g/min.A when the PVP ratio increased from 10 wt.% to 40 wt.%. The flux was improved almost 15 

times without rejection loss. Soybean oil rejection also increased from 45.5 % to 84.6 % with 

increasing PVP concentration up to 30wt.%. However, the rejection drastically decreased when the 
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PVP concentration was 40wt.%. This should be related to the increasing porous structure of the 

membrane with an increasing amount of PVP. In the literature, PVP polymer is used as a pore-

forming agent to enhance the membrane porosity during the phase inversion technique (Amin et al., 

2018). Depending on the porous structure, water flow increases with high PVP concentration. 

However, as the size of the pore enlarges, the oil molecules may be dragged with the water 

molecules and the oil rejection decreases as also obtained in the present study. 
 

Filtration experiments results of 1wt.% of hazelnut oil including water solution are also represented 

in Figure 5. As the PVP ratio increased in the matrix, the flux value firstly decreased from           

19.9 g/min.A to 10.7 g/min.A and then remained constant. Moreover, the oil rejection values 

increased from 9.4 % to 98.4 %. when the PVDF ratio was decreased from 90wt.% to 70wt.%. In 

case of the lubricant oil, the flux increased with increasing PVP concentration, then showed a 

constant trend. For this oil rejection of 87 % was obtained when the PVP ratio was 70 wt.%. In 

particular, the permeation results showed that 70wt.% and 80wt.% PVDF containing membranes 

had superior separation performance for removing oil species from the simulated waste water. Oil 

rejection results were lower for 60% PVDF-40% PVP containing membrane due to the increasing 

porosity. In the case of 90wt% PVDF-10wt.% PVP containing membrane, flux values were the 

lowest. In order to enhance the flux and rejection simultaneously, Bentonite was added into the 

membranes. 
 

 
Figure 5. Effect of PVDF-PVP concentration on flux and rejection results 
 

Bentonite has close-packed platelets which consist of tetrahedral–octahedral–tetrahedral layers. 

These layers compose of metal ions that are responsible for negatively charging of membranes.  

Bentonite exhibits strong affinity to water and increases the swelling character of the material 

(Kumar et al., 2015; Kumar et al., 2016). This property may increase the water flux when it is used 

as a membrane main material or fillers. It was also reported that Bentonite clay is effective to 

remove oil from water compared to the activated carbon (Moazed and Viraraghavan, 2005). In the 

literature, several studies have been reported on the use of Bentonite as oil remover (Sun and Chen, 

2013; Zheng et al., 2017). Therefore, in the present study, Bentonite was used to increase water flux 

and to enhance oil rejection, as well. Figure 6 shows the effect of Bentonite content on flux and oil 

rejection. As shown in the figure, there is a significant increase in the flux values of the membranes 

with an increasing amount of clay. Soybean oil flux value increased from 1.5 g/min.A to             

9.98 g/min.A, hazelnut oil flux enhanced 10.8 g/min.A to 24.9 g/min.A and lubricant oil flux 

increased from 14 g/min.A to 78.9 g/min.A when the clay concentration increased from 0wt.% to 
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15wt.% due to the high hydrophilicity of the clay. Flux values decreased when Bentonite 

concentration exceeded 15wt.% concentration. The reason for the decrement should be attributed to 

the overloading of clays that causes aggregation and negative effect on separation performance. 

Therefore, the maximum clay content was determined as 15wt%. In addition to membrane flux, oil 

rejection values were also positively affected by bentonite incorporation. The soybean rejection 

increased from 69.15 % to 95 %, hazelnut oil rejection increased from 87 % to 99.98 %, and 

lubricant oil rejection enhanced from 80.5 % to 97.5 %.  
 

 
Figure 6. Effect of clay concentration on flux and rejection results  
 

 

CONCLUSIONS 

In this study, PVDF/PVP blend membranes were prepared for the separation of oily components 

from seawater or wastewater. Bentonite clay was added to the membrane to increase the water flow 

and enrich the oil rejection. The effect of PVDF concentration, Bentonite content and oil type on 

separation performance was investigated. PVDF ratio has direct effect on oil uptake capacity, flux 

and oil rejection. Especially in soybean oil, the flux increased significantly as PVP ratio increased. 

There was also a significant increase in oil rejection values. The most suitable PVDF ratio was 

found to be 70wt.% and 80wt.%. When Bentonite was added to the membrane, the separation 

performance became superior. Soybean oil flux value increased from 1.5 g/min.A to 9.98 g/min.A, 

hazelnut oil flux enhanced 10.8 g/min.A to 24.9 g/min.A and lubricant oil flux increased from 14 

g/min.A to 78.9 g/min.A when the bentonite amount was increased from 0wt.% to 15wt.%. The 

soybean rejection increased from 69.15 % to 95 %, hazelnut oil rejection increased from 87 % to 

99.98 %, and lubricant oil rejection enhanced from 80.5 % to 97.5 %. 
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Abstract  

The work deals with the impact of velocity in the hydroponic lagoon used as the 3rd stage of 

wastewater treatment in the municipal wastewater treatment plant for washing out particles settled 

on the bottom of the trough to the receiver. In order to analyze the flow velocity in the lagoon, 12 

cross-sections were determined at points where the speed and motion of particles can change. 

Wastewater samples were taken from each of the 12 points, based on which the physicochemical 

parameters of sewage were determined. In selected cross-sections, a granulometric analysis was 

carried out to check the extent to which the trough content can be washed out and how the organic 

slurry moves. Based on the analysis, it was found that velocities in the lagoon during aeration can 

be ten times higher (0.07 m·s-1) than those assumed by designers (0.006 m·s-1). The average value 

of parameters describing the amount of organic matter was: BOD - 4.83 g·m-3, COD - 57.1 g·m-3 

and total suspended solids 34.4 g·m-3.  

 

Keywords 

Hydroponic lagoon; wastewater velocity; wastewater treatment; granulometric composition of 

sewage 

 

 

INTRODUCTION 

Higher and higher standards for the quality of treated wastewater discharged to the receiver become 

a motivation to look for high-performance technological solutions. There are many dangerous 

substances in municipal sewage, which introduced into the environment without purification can 

disrupt the natural balance of receivers (Jin et al., 2017). 

 

One of the extremely important parameters related to the quality of sewage is the organic matter, 

the presence of which limits, inter alia, the development of bacterial flora, and its content in purified 

sewage is expressed by indicators such as BOD, COD, TOC and total suspended solids (TSS) 

(Joshi, 2016). Ensuring appropriate sewage flow rates through the wastewater treatment plant 

significantly influences the organic matter content along with the sewage stream. The objects 

imitating natural conditions are becoming increasingly popular, gaining popularity around the 

world. These include: constructed wetland, sewage pond and hydroponics systems (Maiga et al., 

2017). 

 

Solutions of this type are used as the third or fourth stage of treatment not only of polluted water or 

sewage, but also for contaminated waters from fish ponds (Keeratiurai, 2013). Prevailing conditions 

in flowing waters (where water flow velocity and oxygenation is important) are most beneficial in 

terms of self-cleaning processes (Taseiko et al., 2016), therefore, so-called "artificial rivers" are 

used in wastewater treatment systems, and more specifically hydroponic lagoon with additional 

water plants supporting the purification process (Gosh and Desai, 2006). 

 

In the hydroponic lagoon, the wastewater movement is mainly caused by the appropriately modeled 

drop of the trough bottom as well as by the installation and operation of the aerators. Hydroponic 

lagoon systems provide oxygen necessary for the mineralization of organic matter. In the aeration 
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conditions of the hydroponic lagoon, after 4 days, a reduction of BOD content by about 30 % can be 

achieved. In the case of a suspension after 12 hours of sedimentation, 80 % of the organic particles 

will be located in the sediment (Suryani et al., 2017). Sewage flow in aerated hydroponic lagoon 

systems should ensure sedimentation of organic matter remaining after previous purification 

processes without a marked increase in its level at the outflow. The use of aerators without the 

simultaneous control of the speed of sewage flow, rapid speed increases, the creation of a flow 

opposite to the assumed direction may lead to the lifting of the previously suspended particles. It is 

extremely important to control the flow conditions that translate into the expected effects of the 

hydroponic systems. 

 

As for the movement of solids in aerated lagoons, it can be noticed that due to the rapid increase in 

velocities caused by aeration and its decreases caused by lagoon arches in such structures, it will be 

possible to observe localized deposition of particles set in motion by the increased point speed (Wu, 

2010). 

 

Velocity in this type of lagoon should allow particles to sink freely to the bottom and allow slow 

anaerobic decomposition (Suryani et al., 2017). Measurements of the speed of wastewater moving 

through the lagoon should be carried out regularly and preferably kept constant to ensure adequate 

flow conditions ensuring time for the treatment processes to take place. Measurements can be made 

using hydrometric grinders (based on electromagnets or mechanically acting), electromagnetic 

probes and even Doppler-based devices such as ADCP (USGS, 2010). This is especially important 

when the lagoon constantly drains purified water to the receiver and can be used, among others, to 

carry out the assumptions related to determining the volume of wastewater discharged to the 

receiving water doby (Burgos et al., 2015). 

 

The main objective of the research was to assess the conditions of wastewater flow in the 

hydroponic lagoon in relation to selected quality parameters of treated sewage (BOD, COD, TOC) 

and particle size distribution of suspended solids. An attempt was also made to determine the 

sewage flow rate in the lagoon. 

 

 

RESEARCH FACILITY 

The research was carried out in wastewater treatment plant located in Paczkówin the 

OpolskieVoivodeship (N50.466487, E17.016908). The facility processes sewage supplied by a 

general sewerage network and transported by slurry tankers. The facility accepts an average of 1350 

m3 of sewage per day. The receiver of treated wastewater is NysaKłodzka. The mechanical and 

biological treatment plant was equipped with the so-called "artificial river" - the hydroponic lagoon. 

The length of the lagoon is 190 m, the depth of the trough is 1.4 m and its active capacity is 530 m3. 

The flow time through the lagoon is about 9 hours. The flow velocity according to the design 

assumptions should be around 0.006 m·s-1. 

 

To support the wastewater treatment processes in the lagoon, panels were installed on which plants 

of the following species were placed: pistiastratiotes, limnobiumlaevigatum, eichhorniacrassipes, 

myriophyllumverticillatu. Figure 1 shows the picture taken on the research facility during the work 

of the aerators. 
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Figure 1. Hydroponic lagoon in a wastewater treatment plant in Paczków 

 

 

METHODOLOGY 

The measurement campaign including direct measurements in the lagoon channel (measurement of 

the sewage flow rate) was supported by laboratory analyzes including physicochemical and 

granulometric composition of wastewater. 

 

Measurements of the speed of sewage flowing through the lagoon were made at 12 measuring 

points. The arrangement of the measuring points is shown in Figure 2. 
 

 

Figure 2. Diagram of the hydroponic lagoon with measurement cross-sections 

 

The direct speed measurement was made with an electromagnetic flow meter, whose principle of 

operation is based on Faraday's induction - the wastewater flowing around the head induces a 

current with a value proportional to the velocity of the flowing wastewater (USGS, 2010). Due to 

low flow velocities and unchanging nature of the channel, ie constant width, depth and unchanging 

roughness (the bed is made entirely of precast concrete), it was decided to limit flow measurements 

to one hydrometric section in each profile. Measurements were made successively at depths of 0.1 
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m, 0.3 m, 0.5 m and 1.0 m. 

 

The content of organic matter in the sewage flowing through the lagoon was described by BOD, 

COD, TOC and total suspended solids. From the measurement points (Fig. 2), a sample of 1.5 l 

sewage was taken. Within three hours of collection, selected quality parameters were determined in 

accordance with laboratory testing standards (APHA-AWWA-WEF, 2012). 

 

In selected measurement cross-sections, the size of the outgoing particles (granulometric 

composition) was investigated using a Malvern Mastersizer 2000 laser granulometer. This device 

bases its operation on the Mie solution which allows to determine what amount of light has been 

absorbed or dispersed by a given spherical particle (Black et al., 1996). Malvern Mastersizer 2000 

also uses the Fraunhofer model, which allows you to determine the size of the disc-shaped opaque 

particles (Chen, 2017) as it passes through the laser beam generated by the instrument. 

 

 

RESULTS AND DISCUSSION 

The average value of organic matter in the sewage flowing in the hydroponic lagoon was as 

follows: BOD - 4.83 g·m-3, COD - 57.1 g·m-3, TOC 10.2 ppm, total suspended solids 34.4 g·m-3. 

The measured flow velocity had a similar course for all given depths (Fig.3). Its average value was 

at a similar level for all depths of 0.07 - 0.073 m·s-1 with the maximum value measured at a depth of 

0.1 m at measurement point 1 (inlet to the lagoon). The results of speed measurements are shown in 

Table 1.  

 

Table 1. Speed summary in individual cross-sections 

  Cross-sections 

  Velocity Values(m·s-1) 

Depth(m) 1 2 3 4 5 6 7 8 9 10 11 12 

0.1 0.09 0.074 0.068 0.058 0.075 0.071 0.067 0.08 0.086 0.072 0.045 0.065 

0.3 0.087 0.074 0.063 0.064 0.079 0.069 0.062 0.083 0.078 0.069 0.055 0.064 

0.5 0.080 0.072 0.070 0.063 0.072 0.064 0.059 0.087 0.088 0.070 0.086 0.068 

1.0 0.075 0.068 0.060 0.061 0.082 0.058 0.057 0.074 0.085 0.064 0.083 0.076 

 

At the outlet of the lagoon, higher sewage flow rates were observed for deeper levels (0.5 - 1.0 m). 

This phenomenon may affect the elevation of particles previously deposited on the bottom of the 

lagoon. In addition, the increase in speed at points 8, 9 and 11 in surface wastewater layers is 

caused by the work of aerators. Plant plantings can be used to control flow conditions and prevent 

leaching of unwanted particles to the receiver (Kadlec, 2008). 

 

At given measurement points the particle diameters varied in the range of 0.8 - 800 μm (Figure 3), 

with the particles with the largest equivalent diameters measured in the profile 1 (inlet to the 

lagoon) (Figure 4). Over 90 % of the particles for this measurement were characterized by a 

diameter of more than 178.5 μm, while in the remaining profiles 90 % of the particles were within 

the limits of 0.8 - 8.7 μm. As the flow of sewage through the hydroponic lagoon progressed, the 

particle size (disaggregation) decreased, which probably could be caused by the increase of the flow 

velocity of sewage forced by air introduced into the lagoon by the aerator system. 
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Figure 3. The course of changes in the speed of sewage flow in the hydroponic lagoon at different 

depths 

 

 

Figure 4. The particle size distribution of suspended solids in a hydroponic lagoon with a % content 

of particles 

 

 

CONCLUSIONS 

On the basis of observations and performed tests and analyzes conclusions were formulated. 

 

Average velocity measured in the system of aerated hydroponic lagoon was 0.07 m·s-1, which was 

ten times higher than the assumed rate of sewage displacement in the lagoon. 

 

Speed values caused by frequent and rapid work of aerators cause dynamic movement of organic 

matter and prevent slow sedimentation of particles to the bottom of the lagoon. This leads to 
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leaching organic matter to the receiver of treated wastewater. 

 

The largest particle diameters were observed at theinlet to the lagoon where wastewater from the 

biological reactor is discharged. Over 90 % of the particles had diameters greater than 178.5 μm. 

The particle diameters along with the sewage flow were reduced in the range from 800 to 0.8 μm. 

 

The values of parameters describing the content of organic matter in sewage were within the 

standards describing the quality of treated wastewater. 

 

 

REFERENCES 

APHA-AWWA-WEF (2012) Standard methods for the examination of water and wastewater, 22nd 

edition edited by E. W. Rice, R. B. Baird, A. D. Eaton and L. S. Clesceri. American Public 

Health Association (APHA), American Water Works Association (AWWA) and Water 

Environment Federation (WEF), Washington, D.C., USA. 

Bawiec, A., Pawкska, K., Pulikowski K. (2018) LEDlight use for the improvement of wastewater 

treatment in the hydroponic system. Environmental Technology. DOI: 

10.1080/09593330.2018.1554007. 

Black, D. L., McQuay, M. Q., Bonin, M. P. (1996) Laser-based techniques for particle-size 

measurement: A review of sizing methods and their industrial applications. Prog. Energy 

Combust. Sci., 22, 267-306. 

Burgos A. J. and others (2015) Technology fact sheets for effluent treatment plants on textile 

industry aerated ponds series: Secondary treatments FS-BIO-011. 

Chen, Q., Liu, W., Wang, W. J., Thomas, C. J., Shen, J. (2017) Particle sizing by the Fraunhofer 

diffraction method based on an approximate non-negatively constrained Chin-Shifrin algorithm. 

Powder Technol., 317, 95-103. 

García-Martínez, M., Osornio-Berthet, L. J., Solís-Correa, H. E., López-Chuken, U. J., Beltrán-

Rocha, J. C., Barceló-Quintal, I. D. (2017) Determination of Hydrodynamics in Municipal 

Waste Water by a Lagoon System with Screens. Journal of Environmental Protection, 8, 330-

343. DOI: https://doi.org/10.4236/jep.2017.83025. 

Ghosh, S. N., Desai, V. R.  (2006) Enviromental Hydrology and Hydraulics Eco-technological 

Practices for Sustainable Development, CRC PRESS, Boca Raton. 

Jin, Z., Zhang, X., Li, J., Yang, F., Kong, D., Wei, R., Huang, K., Zhou, B. (2017) Impact of 

wastewater treatment plant effluent on an urban river. Journal of Freshwater Ecology, 32, 697-

710. 

Joshi, S.  (2016) Water Abundance: BOD, COD, TOC, TDS and water pollution 

Kadlec, R. H. (2008) The effects of wetland vegetation and morphology on nitrogen processing. 

Ecological Engineering, 33(2), 126-141. 

Keeratiurai, P. (2013) Efficiency of wastewater treatment with hydroponics, ARPN. Journal of 

Agricultural and Biological Science, 8(12). 

Maiga, Y., von Sperling, M., Mihelcic, J. (2017) Constructed Wetlands. In: J.B. Rose and B. 

Jiménez-Cisneros, (eds) Global Water Pathogens Project. (C. Haas, J. Mihelcic and M. 

Verbyla)  Part 4 Management of risk from exceta and wastewater), Michigan  State  

University, E. Lansing, MI,  UNESCO. [online] http://www.waterpathogens.org, 

http://www.waterpathogens.org/book/constructed-wetlands. 

Shanab, S. (2010) Bioremoval capacity of three heavy metals by some microalgae species 

(Egyptian Isolates). Plant Signal Behav.,  7(3), 392-399. DOI: 10.4161/psb.19173. 

Suryani, S., Maharani, A. B., Alimuddin Hamzah, M. (2017) Proposing of an aerated water 

treatment plant for reducing water pollution problem in Losari Beach after reclamation. AIP 

Conference Proceedings, 1801, 060006. 

https://doi.org/10.4236/jep.2017.83025


Wastewater 
 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

376 

Taseiko, O., Spitsina, T., Milocevic, H, Radovanovic, D., Valjarevic, A. (2016) Biochemical 

Processes of Self-Purification Model in Small Rivers. Mathematical and Information 

Technologies, Mathematical modeling. 

U.S. Geological Survey (2010) Discharge Measurements at Gaging Stations, Chapter 8, Book 3, 

Section A Reston, Virginia, USA. 

Wu, B. (2010) CFD Analysis of Mixing in Large Aerated Lagoons. Engineering Applications of 

Computational Fluid Mechanics, 4(1), 127-138. DOI: 10.1080/19942060.2010.11015. 



Wastewater 
 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

377 

Wastewater Recycling for Use in Water Management 

in the Cities of Future 
 

 

E. Peterková*, M. Pečenka**, J. Wanner**, Z. Nováková* and M. Srb* 

 

 

* PVK, a. s., Ke Kablu 971/1, Hostivař, 102 00, Prague 10, IČ: 2565663, Czech Republic 

(E-mails: eliska.peterkova@pvk.cz; zuzana.novakova@pvk.cz; martin.srb@pvk.cz) 

** University of Chemistry and Technology, Prague, Technická 5, 166 28 Prague 6, Czech Republic 

(E-mails: martin.pecenka@vscht.cz; jiri.wanner@vscht.cz) 

 

 

Abstract 

The aim of this project is to design a pilot plant for tertiary treatment of secondary effluent from a 

municipal wastewater treatment plant. The paper summarizes the results of laboratory testing of 

selected technologies for treatment of biologically treated wastewater. The aim of the laboratory 

testing is to verify if it is possible to achieve such a level of quality of treated wastewater from a 

municipal wastewater treatment plant that would be suitable for wastewater reuse. Water samples 

from technological stages were tested at the Department of Water Technology and Environment at 

the University of Chemistry and Technology in Prague. 
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INTRODUCTION 

The potential of treated wastewater as water resource increases with the climate change, 

industrialization, increasing drought and irregular torrential rains. Recycled wastewater is a reliable 

source of water that must be taken into a consideration. It could be used for agricultural and 

landscape irrigation, for watering hotels gardens, parks or golf courses, etc. In some countries, for 

example Israel, Turkey, Cyprus, France, Spain and Italy, the wastewater is tertiary treated and used 

also for groundwater recharge and river flow augmentation. Because of that, the regulations of 

wastewater recycling are needed to be settled. It is essential to protect public health, prevent 

negative effects on environment and coastal pollution. On the other hand, the problem of water 

scarcity and drought is bigger and bigger in recent years. Reuse of wastewater should help to close 

the water cycle and enable sustainable reuse of available water resources (Kamizoulis et al., 2003). 

 

According to the 2030 Water Research Group, the global annual water requirements in 2030 would 

be 6 900 billion m3, it is more than 64 % of total accessible water resources. The reliable and 

available amount of water is 4 200 billion m3. The case study shows that the demand in India will 

grow to almost 1 500 billion m3, driven by demand for rice, wheat and sugar for a growing 

population. In China, it will be 818 billion m3 of water, over 50 % is for agriculture, 32 % is 

industrial demand. Sao Paulo state´s projected demand of 20.2 billion m3 is divided between 

domestic, industrial and agricultural requirements. And the demand in South Africa will be 

approximately 17.7 billion m3 (Charting our water future, 2019). 

 

All those reasons encourage water management community in the Czech Republic to treat and use 

wastewater differently. Not only to discharge it into a recipient, but to reuse it where it is needed. 

Larger application of the water reuse schemes is currently slowed down by lack of regulation 

providing clear guidelines for those, who would like to use recycled water. The aim of this study is 

to summarize relevant experience from other countries and laboratory data to propose possible ways 

how to enable but also regulate water recycling in the Czech Republic. 
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LEGISLATION REVIEW 

Currently, Czech legislation does not specify the quality requirements for wastewater reclamation 

and reuse. There is just one Czech national standard (ČSN 75 7143) from 1993 which regulates the 

quality of water for irrigation. The limits are very strict and almost impossible to be fulfilled by 

using secondary treatment effluents. Therefore, limits required by international standards were used 

for assessment of water quality. The maximum microbiological and chemical pollution indicators 

for water used for irrigation, flushing toilets or recreational use are given for example by norms 

ISO/FDIS 20761, ISO 16075-2 or JRC Science and policy reports. Below there are some examples 

of legislation requirements valid for reuse of treated wastewater, especially the limits of 

microbiological parameters. The limits of microbiological indicators vary in given standards. For 

example, in the parameter E. coli the limit is in the range from 0 to 105 CFU/100 mL. In Tables 1, 2 

and 3 the BOD5 parameter is reported, but it was not measured in the laboratory tests in this work. 

Instead, the COD was measured. Helminth eggs are defined in Table 5. but no information was 

found in the Czech literature that this determination was carried out.  

 

Table 1. Guidelines for water reuse for irrigation (ISO/FDIS 20761, 2018) 

pH - 6.0 - 9.0

BOD5 mg/L 10 - 30

TSS mg/L <30

Colour mg/L Pt <40

N-NH3 mg/L N <20

Chlorine residual mg/L <1.0 (90 min)

E. coli CFU/100 mL 200 - 1000

Faecal coliforms CFU/100 mL <200

Total coliforms CFU/100 mL <1000 (temporary)

Turbidity NTU/L <10

TDS mg/L <1000

Parameters for irrigation uses

 

  

 

Table 2. Guidelines for water reuse for toilet flushing (ISO/FDIS 20761, 2018) 

pH - 6.0 - 9.0

BOD5 mg/L 10 - 20 (20 max.)

TSS mg/L 10 - 20 (20 max.)

Colour mg/L Pt <30

N-NH3 mg/L N <10

Chlorine residual mg/L 0.5 - 1.0 (90 min)

E. coli CFU/100 mL <200

Faecal coliforms CFU/100 mL <200

Total coliforms CFU/100 mL <3

Turbidity NTU/L <5

TDS mg/L <1500

Parameters for toilet flushing
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Table 3. Guidelines for water reuse for recreational uses (ISO/FDIS 20761, 2018) 

pH - 6.0 - 9.0

BOD5 mg/L 6 - 30

TSS mg/L <30

Colour mg/L Pt 10 - 30

TN mg/L N <15

N-NH3 mg/L N <5

TP mg/L P <1 (0.5)

Chlorine residual mg/L 0.5 - 1.0 (90 min)

E. coli CFU/100 mL -

Faecal coliforms CFU/100 mL 200 - 800 (800 max.)

Turbidity NTU/L <5

Parameters for recreational uses

 

 
 

Table 4. Guidelines for treated wastewater use for irrigation projects (ISO 16075- 2, 2015) 

Ave. Max Ave. Max Ave. Max Ave. Max Ave. Max

A
Very high quality 

treated watewater
≥5 10 ≥5 10 ≤2 5 ≤10 100 - -

B
Hig quality treated 

watewater
≤10 20 ≤10 25 - - ≤200 1000 - -

C
Good quality 

treated watewater
≤20 35 ≤30 50 - - ≤1000 10000 ≤1 -

D
Medium quality 

treated watewater
≤60 100 ≤90 140 - - - - ≤1 5

E
Extensively treated 

watewater
≤20 35 - - - - - - ≤1 5

Intestinal 

nematodes

mg L
-1

mg L
-1

NTU no./100 ml Egg L
-1Cat.

BOD TSS Turbidity
Thermo-tolerant 

coliformsType of treated 

wastewater

 
 
 

Table 5. Minimum quality requirements for water reuse (Alcade Sanz, 2017) 

E. coli CFU/100 mL 0 - 10
5

Faecal coliforms CFU/100 mL 100 - 10
4

Total coliforms CFU/100 mL 2

Legionella Sp. CFU/ mL 0 - 10
3

Sulphate-reducing bacteria log reduction 2 - 4

Helminth eggs eggs/L 0 - 1

Faecal enterococci log reduction 2 - 4

Microbiological parameters

 

 

From comparison of Czech effluent standards (Gov. Act. No. 401/2015 Coll.) and international 

water reuse standards it has been found that in terms of physico-chemical parameters common 

treated wastewater meets the standards for reuse of treated wastewater already at the end of the 
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treatment plant. The microbiological parameters are not common to follow at the Czech treatment 

plant. The first screening showed that average counts of pathogenic organisms are higher that above 

mentioned international standard, so the research focused mainly on this type of pollution.  

 

Last type of pollution relevant for water reuse and mainly not removed from the wastewater during 

standard biological treatment are micropolutants. In this study micropolutants removal process was 

inspired by the experience from drinking water facilities, where the granulated activated carbon 

filters are often used. Our laboratory tests consequently contained testing of granulated activated 

carbon filtration. 

 

 

METHODS AND EXPERIMENT 

This project is supported by the Technology Agency of the Czech Republic. It started in 2018 with 

laboratory tests of water purification technologies intended for wastewater reuse. The tests lasted 

about a year and a half. After that, according to the laboratory results, scheme of the pilot plant for 

the treatment of purified wastewater was designed. It will be operated from August 2019 until the 

end of 2020. During this time the process will be optimized and the operating costs will be 

evaluated. Secondary effluent from the municipal wastewater treatment plant was used as an input 

for this treatment.  

 

Following microbiological and physico-chemical parameters were analyzed: colony counts at 22 °C 

and 36 °C, Escherichia coli, coliform bacteria, intestinal enterococci, Clostridium perfringens, 

orthophosphates, total phosphorus, COD (manganese), acid neutralizing capacity, suspended solids, 

turbidity, nitrate nitrogen, ammoniacal nitrogen and pH value. The COD (manganese) was chosen 

because the concentration of the organic matter was low in the treated wastewater. The tests showed 

that in terms of physico-chemical parameters secondary effluent meets the international standards 

that apply for reuse of treated wastewater. Concerning the microbiological parameters, the quality 

of secondary effluent does not comply with the international standards. Therefore, during the 

laboratory tests big emphasis was placed on reducing this type of pollution in order to comply with 

legislation.  

 

Laboratory testing 

The tested technologies were selected in line with standards common in drinking water treatment. 

The following processes were tested: coagulation, sand filtration, membrane filtration, filtration 

through granulated activated carbon, disinfection with sodium hypochlorite, chlorine dioxide and 

UV radiation and accumulation. 

 

The coagulation was selected as the first step of treatment. Optimal dose of coagulation agent was 

calculated and tested using coagulation experiments. Ferric and aluminum sulfate were tested as 

coagulating agents. Ferric sulfate was found to be more suitable according to removal efficiency of 

organic matter and suspended solids. The dose of 27 mg/L was used. A couple of auxiliary organic 

flocculants has been tested also. However, the results did not show better pollution removal 

efficiency when these flocculants were used. Therefore, only the ferric sulfate was used for 

coagulation. The optimal time for rapid and slow mixing and time of sedimentation was also chosen 

by using the coagulation tests. The time for rapid mixing was 30 seconds, time for slow mixing was 

5 minutes and sedimentation time was 10 minutes. With these mixing and sedimentation times, tests 

were carried out. Another type of coagulation called “in-line” coagulation was tested as well. The 

ferric sulfate was diluted much more than during coagulation (3 mg/L). There is no slow mixing 

phase and no time for sedimentation. The sample of water with the coagulating agent was 

immediately treated further. This type of coagulation will be used in the pilot plant. After the 
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coagulation different types of filtration were tested. In the beginning, sand filtration was used after 

the coagulation. The filtration rate was 25 L/h. The size of sand particles was 1 - 2 mm. The volume 

of the column was 1.53 L. After approximately 25 L of processed secondary effluent the sand 

needed to be replaced because of the biofilm growth. In the pilot plant the filter will be washed 

periodically. However, if the biofilm thickness increases, the filter will be washed with a solution of 

water with sodium hypochlorite. The microbiological pollution was removed with efficiency from 

89 % to 99 % after coagulation and sand filtration. The other type of filtration was membrane 

filtration. Hollow fiber membrane Zeeweed®10 (Zenon) was used, with pore size 0.04 µm, the 

useful membrane filtration area was 0.93 m2. The device operated at a transmembrane pressure of 

max. 600 mbar (optimum 70-550 mbar), the optimal permeate flow was 42 L/h (working range 18-

72 L/h). The membrane worked in the range of ultrafiltration. It was “OUT-IN” type of membrane, 

the water flowed into the membrane fibers from the outside to the inside where the permeate was 

pumped out. After approximately 270 L/m2 of wastewater the membrane needed to be regenerated 

with citric acid solution and with distilled water. During the membrane filtration the 

microbiological pollution was removed by approximately 99 %. The next type of filtration was 

filtration through granulated activated carbon. The filter was filled with activated carbon with a 

particle size of 1.0 – 1.5 mm. This type is mainly used to remove micropolutants such as drugs and 

pesticides. The filtration through activated carbon captured about 80 % of microbiological pollution 

and more. The residual microbial pollution is eliminated after disinfection. The disinfection was 

carried out with sodium hypochlorite, chlorine dioxide, UV radiation or with the combination 

sodium hypochlorite and UV radiation. The chlorine contact time during the disinfection was 90 

minutes in line with the legislation and the dose was used so that the residual concentration was at 

most 0.3 mg/L. For the laboratory experiments the UVC lighting 1G lamp was chosen, the 

maximum flow was 2 L/min, the energy output was 22.4 J/m2. After the chlorination or UV 

radiation, a processed water accumulation was the last treatment step. It took 90 minutes. The aim 

of the accumulation was to find out whether the quality of treated water is deteriorating over time. 

The results showed that there is no deterioration in the quality of the treated water during this last 

stage.  

 

All these technological stages were tested in the different configuration. As an example, one of the 

technological arrangements is explained as follows: Into the purified wastewater a coagulant was 

added and mixed. Than the water passed through the sand filter and through the filter with the 

granulated activated carbon. Chlorination provided a disinfection of water. The last step was 

accumulation. Layout diagram is also provided for clarity. Table 6 shows the results of this 

arrangement. The Clostridium perfringens does not occur in water at all. Intestinal enterococci are 

removed after the filtration through activated carbon. The treated water meets the requirements for 

water reuse after the chlorination.  

 

 
Figure 1. The technological arrangement of one of the laboratory tests 
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Table 6. Microbiological parameters in the treated wastewater 

Sample 

Colony count 

22 °C 

(CFU/100 

mL) 

Colony count 

36  °C 

(CFU/100 

mL) 

Coliform 

bacteria 

(CFU/100 

mL) 

E. coli 

(CFU/100 

mL) 

Intestinal 

enterococci 

(CFU/100 

mL) 

Clostridium 

perfringens 

(CFU/100 

mL) 

Input 162 000 169 000 19 560 2 620 270 0 

Coagulation 15 000 8 000 24 200 211 19 0 

Sand filtration 3 234 1 080 1 733 33 3 0 

Filtration GAC 1 727 0 51 4 0 0 

Chlorination 52 20 0 0 0 0 

Accumulation 1 0 0 0 0 0 

 

 

DISCUSSION 

The acquired knowledge enables a great variability in the design of the pilot plant of the tertiary 

wastewater treatment unit for its further use. Above all, the economic aspect, the requirements for 

servicing equipment, the size of the entire unit and the required quality of treated water will be 

decisive. Due to its high efficiency in removing chemical and microbiological contamination, the 

inclusion of a membrane filtration module can be recommended. However, this technology will be 

one of the most expensive investments. If the sand filtration is included, it is advisable to prevent 

the formation of biofilm, for example by frequent washing of the filter with the solution of sodium 

hypochlorite. For removal of the micropolutants it would be installed activated carbon filtration in 

the process line. The final disinfection of the treated water would be best solved by the installation 

of a UV lamp, but such technology is quite costly. 

 

 

CONCLUSIONS 

The results of all laboratory testing showed that if coagulation, sand filtration, membrane filtration, 

filtration through granulated activated carbon and disinfection are included, treated water meets the 

legislation requirements for reuse of wastewater. Depending on the quality of treated wastewater or 

the way how it would be use, the dose of reagents and the contact time during the filtration will be 

chosen. 

 

There is a need for legislation for reuse of treated wastewater in the Czech Republic. A proposal for 

a regulation of the European Parliament and of the Council on minimum requirement of the reuse of 

water from May 2018 was filed and its approval by the EU administration will be probably finished 

in 2019. The aim of this document is to help with the threat of water scarcity and with “water 

stress”. Currently, reuse of water in Czech Republic is done using two tools that nevertheless do not 

specify its conditions. It is the Water Framework Directive and the Urban Wastewater Treatment 

Directive. The proposed EU regulation is in line with the previous documents. (Schiebertová, 2019) 
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Abstract 

Phosphonates are widely used in various industries. However, it is desirable to remove them 

before discharging phosphonate-containing wastewater. This study describes a large number of 

batch experiments with adsorbents that are likely suitable for the removal of phosphonates. For 

this, adsorption isotherms for four different granular ferric hydroxide (GFH) adsorbents were 

determined at different pH values. Additionally, for the best-performing GFH, the influence of 

temperature was studied. A maximum loading of ~12 mg P/g was found for 

nitrilotrimethylphosphonic acid (NTMP) with an initial concentration of 1 mg/L NTMP-P and a 

contact time of 7 days at room temperature. Then, the adsorption of six different phosphonates was 

investigated as a function of pH. It was shown that GFH could be used to remove all investigated 

phosphonates from water, and with an increasing pH, the adsorption capacity decreased for all six 

phosphonates. Lastly, five adsorption-desorption cycles were carried out to check the suitability of 

the material for multiple use. Even after five cycles, the adsorption process still performed well. 

 

Keywords 

Adsorption; desorption; GFH; NTMP; phosphonates  

 

 

INTRODUCTION 

The worldwide requirements for the discharge of phosphorus into water bodies are becoming 

increasingly stringent. With regard to P emission, in addition to ortho-phosphate, other 

quantitatively relevant P-containing compounds such as phosphonates should be considered (Fig. 

1). Phosphonates are complexing agents that are used in various industries, such as in the textile 

industry as bleach stabilizers, as antiscalants in drinking water purification, but also in domestic and 

industrial detergents (Nowack and Stone, 1999a; Boels et al., 2012). The global phosphonate 

consumption grew from 56,000 t/a in 1998 (Davenport et al., 2000) to 94,000 t/a in 2012 (EPA, 

2013). Phosphonates are suspected of contributing to the eutrophication of water bodies in the long 

term, as UV radiation can promote their degradation to readily available ortho-phosphate (Rott et 

al., 2018a). With regard to the removal of phosphonates from wastewater, the use of UV lamps is 

often limited due to high energy costs and large volumes to be treated. During the Fenton and 

flocculation process, large quantities of sludge are produced which then must be separated and 

disposed of expensively. In addition, to form sufficient amounts of flocks, a very high flocculant 

concentration is often necessary, as phosphonates are very strong complexing agents (Rott, 2016). 

A possible alternative that exploits the relatively high adsorption affinity of phosphonates for metal-

containing surfaces is to use iron-containing filter materials for their removal. Possible adsorbents 

range from iron-coated sand (Boels et al., 2010), commercially available granular ferric hydroxides 

(GFH) (Boels et al., 2012), engineered composite particles (Rott et al., 2018b) to minerals such as 

goethite (Nowack and Stone, 1999a). These adsorbents must have both a high adsorption capacity 

and an effective regenerability for them to be applicable in large-scale wastewater treatment 

applications. So far, however, hardly any studies have been published on these properties with 

regard to iron-containing adsorbents and phosphonates. Furthermore, in these studies only one 

phosphonate is investigated, although various phosphonates with different properties are used in 

industrial processes. In order to close the knowledge gaps mentioned above, this study therefore 

mailto:tobias.reinhardt@iswa.uni-stuttgart.de
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describes a large number of batch experiments with four different GFH adsorbents likely suitable 

for the removal of phosphonates. 
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Figure 1. Chemical structures of considered phosphonates 
 

 

MATERIAL AND METHODS 

Reagents and Chemicals 

All solutions were prepared with deionized water produced from drinking water using an ion 

exchanger (Seradest SD 2000) and a filter unit (Seralpur PRO 90 CN). Acetic acid (AcOH) (100 %, 

Ph. Eur.) and hydrochloric acid (32 %, AnalaR NORMAPUR) were obtained from VWR Chemicals 

(Fontenay-sous-Bois, France) and NaOH (≥ 99%, Ph. Eur.) from Merck (Darmstadt, Germany).     

2-(N-morpholino)ethanesulfonic acid (MES) (≥ 99 %), 3-(N-morpholino)propanesulfonic acid 

(MOPS) (≥99.5 %), 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid (EPPS) (≥ 99.5 %), 3-

(cyclohexylamino)-2-hydroxy-1-propanesulfonic acid (CAPSO) (≥ 99.5 %), 3-(cyclohexylamino)-

1-propanesulfonic acid (CAPS) (≥ 98 %), HEDP∙H2O (≥ 95 %) and NTMP (≥ 97 %) originated 

from SigmaAldrich (St. Louis, MO, USA). PBTC, as technical solution (50 %, CUBLEN P 50), as 

well as EDTMP (5.3 % water of crystallization) and DTPMP (16 % water of crystallization), both 

as solids, were obtained from Zschimmer & Schwarz Mohsdorf (Burgstädt, Germany). HPAA, as 

technical solution (50 %) was purchased from Connect Chemicals (Ratingen, Germany). 

 

Adsorbents 

A total of four different GFH were investigated, the properties of which are shown in Tab. 1. Each 

adsorbent was rinsed once with distilled water over a sieve until the water was clear and then air-

dried under a fume hood. 

 

Table 1. Iron hydroxide granules investigated in this study 

# Adsorbent material Supplier 

Grain size 

after rinsing 

[mm] 

Point of 

zero charge 

[pHPZC] 

Specific 

surface 

[m²/g] 

GFH1 FerroSorp RW HeGo Biotec 0.5-2.5 8.6 210 

GFH2 FerroSorp Plus HeGo Biotec 0.5-2.5 8.7 230 

GFH3 Double P+S 
BwF 

Brauchwasserfilter  
1.25-2.5 8.5 242 

GFH4 K24 Phosphatbinder Teichpoint 2.24-8.0 8.3 279 

 

Experimental procedure 

Buffered solutions containing 1 mg/L P were prepared for the six phosphonates in Fig. 1 as follows 

(pH target value (pHstart) with buffer concentration in brackets): pH 4 (0.01 M AcOH), pH 5 (0.01 

M AcOH), pH 6 (0.01 M MES), pH 7 (0.01 M MOPS), pH 8 (0.01 M EPPS), pH 9 (0.01 M 

CAPSO), pH 10 (0.01 M CAPS) and pH 12 (0.01 M CAPS). The pH was set using HCl or NaOH. 

The required amount of adsorbent was weighed into a 50 mL centrifuge tube which was then filled 

with the buffered P-containing solution to the 50 mL mark, quickly closed and clamped in the 

rotator running at 20 rpm (LLG-uniROTATOR 2). After a specific contact time, the centrifuge tube 
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was quickly removed and a volume of approx. 20 mL of the supernatant was membrane filtered into 

an empty glass bottle using a syringe attachment filter (0.45 µm pore width). From the filtrate, total 

P and the pH (pHend) were determined. The experiments were performed in a single approach, 

except of experiment 4 (duplicate approach, 2 parallel runs) the results of which are presented as 

mean values with their standard deviations. 

 

In experiment 1, isotherms for NTMP adsorption on four different GFH were determined at a 

contact time of 1 h at different pH values (T = 20 °C; pH 4, 6, 8, 10 and 12; tc = 60 min; 1 mg/L 

NTMP-P; four different GFH). Experiment 2 was dedicated to the maximum loading of GFH1 and 

the temperature dependence of the adsorption of NTMP (T = 5, 20, 35 °C; pH 6; tc = 60 min - 7 d; 1 

mg/L NTMP-P; GFH1). For experiments 1 and 2, the initial NTMP concentration remained 

constant while the GFH dosages varied. In experiment 3, the adsorption capacity of GFH1 against 

six phosphonates and the influence of the pH on the adsorption of these compounds were 

investigated (T = 20 °C; pH 4, 5, 6, 7, 8, 9, 10 and 12; tc = 60 min; 1 mg/L HPAA-P, PBTC-P, 

HEDP-P, NTMP-P, EDTMP-P and DTPMP-P; GFH1). Here, a constant factor of 0.23 g 

GFH1/µmol of P compound was applied. Experiment 4 investigated the regenerability of GFH1 in 5 

cycles (T = 20 °C; pH 6; tc = 60 min for adsorption and desorption each; tc = 15 min for 3 rinsing 

steps; 1 mg/L NTMP-P; 1 M NaOH; GFH1). After each adsorption step was performed as described 

above, the supernatant (later to be filtered and analyzed) was decanted. For the desorption steps, the 

centrifuge tube was then filled with 1 M NaOH solution up to 50 mL, rotated for 60 min and 

decanted again (the decanted supernatant was analyzed as well). To remove NaOH residues which 

could unintentionally increase the pH of the solution in the next adsorption step, the same procedure 

was repeated three times in a row with 50 mL of buffered solution (0.01 M MES; pH 6) before the 

next cycle began. The dry weight of GFH1 was determined before and after the five cycles to 

identify how much material had been lost in the experiment.  

 

Analytical methods 

A modified ISO method (ISOmini) as described by Rott et al. (2018c) was used for phosphorus 

analysis. The applicability of this method was confirmed using various organic buffers at 0.01 M, 

mixed with 1 mg/L NTMP-P and 1 mg/L KH2PO4-P standard, at different K2S2O8 (oxidizing agent) 

and NaOH doses, paralleled by P determinations according to ISO 6878 (Rott et al., 2018c). All 

glass materials that came into contact with the sample were thoroughly rinsed with hydrochloric 

acid (10%) and deionized water prior to the analysis. The digestion was carried out in a HachLange 

HT200S thermostat. The absorbance was measured with the UV/VIS spectrophotometer Nanocolor 

UV/VIS II from Macherey-Nagel. For the analysis of the strongly alkaline regeneration solution, 

the ISO 6878 method (molybdenum blue method) was used. The pH value was mainly determined 

with the WTW pH electrode SenTix 81 in combination with the instrument WTW pH91. Scanning 

electron microscopy was applied using a Zeiss DSM-982 Gemini microscope with a thermal 

Schottky field emitter. For preparation, individual samples were applied to a sample carrier and 

fixed with conductive silver. To prevent electrical charging of the granules and gain a clear image, 

the samples were sputtered with gold using a Leica coater (EM ACE 600). Furthermore, energy-

dispersive X-ray spectroscopy (EDS) could be performed with an X-ray detector from 

ThermoScientific (DSM-982 UltraDRY SDD detector). 

 

Model equations 

The Freundlich isotherms were modeled using Eq. 1. The parameters KF and n were determined by 

non-linear regression using the least-squares method. 
 

                                                                                                (1) 
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The curves in Fig. 5 plotting the adsorption capacity as a function of pH were modeled by the 

logistic function model (Eq. 2). The parameters a, b, and d were determined with the least-squares 

method. 

 

                                                                              (2) 

 

The coefficient of determination r² was calculated according to Rott et al. (2018b). For the species 

distribution in Fig. 5, the pK values from Rott et al. (2018b) were used. Additionally, pK values of 

1.12, 3.48, 8.00, and 13.48 for HPAA were applied as calculated for 0 M ionic strength according to 

CA (2017). 
 

 

RESULTS AND DISCUSSION 

Experiment 1 – Adsorption isotherms 

Fig. 2 enables a comparison of the adsorption isotherms for the four GFH examined at 1 h contact 

time and different pH values. Since during adsorption the pH of the solution shifted in the direction 

of the pHPZC of the GFH, the indicated pH ranges describe the ranges between pHstart and pHend. All 

materials generally achieved higher loadings at lower pH values. The adsorbents show a positive 

net surface charge at pH values below the pHPZC, which increases with increasing deviation to the 

pHPZC. NTMP is negatively charged over the entire pH range tested so that adsorptive and adsorbent 

experience a stronger electrostatic attraction at lower pH values (Nowack and Stone, 1999a).  
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Figure 2. Adsorption isotherms for different adsorbents with respect to the adsorption of 1 mg/L 

NTMP-P depending on the pH (buffer: 0.01 M AcOH, 0.01 M MES, 0.01 M EPPS, 0.01 M CAPS) 

at room temperature (20 °C) (20 rpm, tc = 1 h). Modeled Freundlich isotherms are shown 

 

GFH1 was the material with by far the best performance. For instance, GFH1 achieved a loading of 

0.55 mg NTMP-P/g at a pH of 4.0-6.0, in contrast to the second-best material GFH2 with a 

maximum loading of only 0.23 mg NTMP-P/g. This loading was achieved by GFH1 even at pH 

9.4-10.0. Interestingly, GFH4 performed poorly in comparison despite the largest specific surface 

area. As the pHPZC of all investigated adsorbents was in a similar range, the choice of grain size 
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therefore obviously plays the more important role in adsorption. Two images depicting different 

sites of GFH1 at magnifications of 20,000x show that the material has a crystalline structure, 

formed by crystals of different sizes, clearly corroborating a high porosity (Fig. 3). The EDS 

detected mainly Fe, O and Ca (H is not detected by the EDS technique). The Ca has its origin in the 

production process in which calcium-containing compounds are used. Ca has been found to have a 

positive effect on the adsorption of phosphonates (Boels et al., 2012; Nowack and Stone, 1999b), 

which is why the CaCO3 content (≥ 12-19 % in GFH1, for comparison in GFH2 only 5-10 %) could 

be the reason why GFH1 so significantly stood out among the other GFH. 

 

 

Figure 3. Scanning electron microscope images of GFH1 at a magnification of 20,000x 
 

Previous experiments (not shown here) on the stability of the material with respect to the pH had 

shown that GFH1 was chemically unstable at pH < 6, suggesting a poor long-term applicability. 

Thus, the treatment of wastewater with GFH1 is recommended to be performed at pH values close 

to 6, despite its significantly higher efficiency at pH < 6. From the results of this experiment it was 

concluded that the following experiments would be carried out only with the most efficient GFH1.  
 

Experiment 2 – Maximum possible loading and temperature dependence 

Since no adsorption equilibrium was reached after a contact time of 1 h, at pH 6.0-7.8, additional 

isotherms at contact times of 1, 3 and 7 d were prepared (Fig. 4 left). Except for the isotherm after 

3 d, all could be well described with the Freundlich model (r² ≥ 0.847, 3 d: r² = 0.713). Even after 

3 d, equilibrium was not reached. That was because the adsorbents were not ground prior to the 

experiments. At an initial concentration of 1 mg/L NTMP-P, the maximum loading after 7 d was 

~12 mg P/g. Experiments with an initial concentration of 5 mg/L NTMP-P (not shown here) and pH 

6.0-7.6 resulted in a higher maximum loading of about 18 mg P/g due to the stronger gradient 

between NTMP and GFH1. In similar investigations, but with a significantly higher initial 

concentration of 9.3 mg/L NTMP-P and slightly higher pH of 7.85, Boels et al. (2012) found a 

maximum loading on GFH of ~22 mg NTMP-P/g. At similar conditions (9 mg/L NTMP-P, pH 8.3), 

Chen et al. (2017), on the other hand, found a much lower equilibrium loading of ~9 mg NTMP-

P/g. Unfortunately, in these studies the experiments were conducted at pH values at which GFH 

performs insufficiently, which is why no direct comparison is possible to the results of the current 

study. 
 

At a temperature of 5 °C, the maximum loading was only ~7 mg P/g (Fig. 4 right). Consequently, 

the adsorption performance was increased when thermal energy was applied. Wang et al. (2014) 

discovered the same behaviour for the adsorption of phosphate on iron-coated activated carbon 

when investigating temperatures of 20, 30, and 40 °C. They explained that as the temperature in the 

water increases, the surface activity of the adsorbent increases as well. As a result, the interaction 
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forces between adsorbents and adsorptive become stronger (Wang et al., 2014). On the other hand, 

no difference in the maximum loading was found at temperatures of 20 °C and 35 °C. Therefore, it 

can be concluded that 12 mg P/g is the maximum possible loading of GFH1 at an initial 

concentration of 1 mg/L NTMP-P. 
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Figure 4. Adsorption isotherms of GFH1 with respect to adsorption of 1 mg/L NTMP-P at initial 

pH 6 (buffer: 0.01 M MES) at different contact times (left) and different temperatures (right) 

(20 rpm). Modeled Freundlich isotherms are shown 
 

Experiment 3 – Adsorption behavior of different phosphonates 

For all 6 phosphonates, as for NTMP, a decreasing adsorption behavior could be seen with 

increasing pH (Fig. 5). In addition, a reduction of the adsorption affinity with an increasing number 

of phosphonate groups (PG) and increasing molecular mass was observed. For example, at pH 8 for 

HPAA (1 PG, 156.03 g/mol), PBTC (1 PG, 270.13 g/mol), HEDP (2 PG, 206.03 g/mol), NTMP (3 

PG, 299.05 g/mol), EDTMP (4 PG, 436.12 g/mol) and DTPMP (5 PG, 573.20 g/mol), adsorption 

concentrations of 0.88, 0.84, 0.81, 0.58, 0.41 and 0.36 mg P/L (according to model functions) were 

found. 
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Figure 5. Adsorption of different phosphonates at different pH values with a dosage of 0.23 g 

GFH1/µmol phosphonate at room temperature (20 °C) (20 rpm, tc = 1 h). Solutions with 1 mg/L P, 

buffered at pH 4 and 5 (0.01 M AcOH), pH 6 (0.01 M MES), pH 7 (0.01 M MOPS), pH 8 (0.01 M 

EPPS), pH 9 (0.01 M CAPSO) and pH 10 and 12 (0.01 M CAPS) 
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This behaviour could be expected since larger molecules occupy more adsorption sites (Nowack 

and Stone, 1999a). Furthermore, the more phosphonate groups a compound has, the higher its 

negative charge becomes. When these highly negatively charged species adsorb, the adsorption of 

further phosphonate molecules is disturbed by the transfer of the negative charge to the surface 

(Nowack and Stone, 1999a). PBTC deviated from this pattern slightly as, at pH < 9, PBTC-P 

adsorbed in a similar ratio to HEDP-P despite a higher molecular mass than HEDP. A slight 

variation in the pattern for PBTC was not extraordinary since this compound contains three 

carboxyl groups (R-COOH), which are absent in the other phosphonates with the exception of 

HPAA (one carboxyl group). The deviation from the pattern, however, disappeared as soon as the 

fully deprotonated PBTC species became dominant at pH > 9. 

 

Interestingly, there was still adsorption and no sudden drop of adsorption at pH values higher than 

the pHPZC for all investigated phosphonates, meaning that adsorption also took place on the 

adsorbent with a negative net surface charge. 

 

Experiment 4 – Regenerability of GFH 

Nowack and Stone (1999a) for goethite and Boels et al. (2012) and Chen et al. (2017) for GFH have 

already investigated the desorption of NTMP, but only in one, two and three cycles, respectively. 

Fig. 6 shows that GFH1 could be loaded and unloaded several times without loss of adsorption 

capacity (after each adsorption cycle, the total P concentration was < 0.1 mg/L). Total P 

concentrations > 1 mg/L were found in the regeneration solutions, proving that GFH1 already 

contained P and that it was desorbed during the desorption phases with 1 M NaOH solution together 

with the adsorbed NTMP. Interestingly, these concentrations of > 1 mg/L were first found after the 

second desorption (2D). After this cycle, the P concentration in regeneration solutions continuously 

decreased and approached 0.99 mg/L P after 5 cycles. This may be due to a gradual leaching effect 

of the P present in the material, as fresh regeneration solution was always used in each desorption 

step. 

 

The fact that after the fifth adsorption step still a very low residual concentration of 0.05 mg/L P 

was found in the solution (5A) and the total P concentration in the regeneration solution was 

0.99 mg/L (5D) indicates that all P contamination of GFH1 was washed out at the latest after the 

fifth cycle. 
 

In addition, by weighing the dry mass of the GFH before and after the experiment, it was 

determined that during the five cycles 38 % of the initial concentration of 15 g/L GFH1 was lost 

due to abrasion. Although such a high material loss was recorded, the NTMP removal rates were 

still high in all cycles, underlining the excellent performance of this material in adsorbing NTMP. 

Assuming this abrasion occurred linearly and each desorption step was efficient in desorbing all 

NTMP, there would still be enough adsorbent (~6 g/L) to remove > 90 % P when the 9th cycle had 

been reached (according to the adsorption isotherm in Fig. 2). 

 

However, such assumptions and calculations are very uncertain which is why batch experiments are 

only indicative experiments. For a higher significance, column tests that typically show no abrasion 

should be carried out in the future. 
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Figure 6. Total P in synthetic solution (Synth-Sol) initially containing 1 mg/L NTMP-P before and 

after contact with 15 g/L GFH1 at pH 6 (0.01 M MES) as well as in 1 M NaOH solution (NaOH-

Sol) after regeneration of GFH1 for five adsorption (A) and desorption (D) cycles (20 °C, 20 rpm, tc 

= 1 h, 3 rinsing steps for 15 min with 0.01 M MES solution (pH 6) after each regeneration) 
 

 

CONCLUSIONS 

This work showed that GFHs could be used to remove all investigated phosphonates from water. 

For GFH1, the adsorption capacity decreased for all phosphonates with increasing pH value and 

number of phosphonate groups. To achieve the best performance, the treatment of wastewater 

should be carried out at pH values close to 6. Additionally, a temperature of 20 °C is adequate for 

the effective adsorption of NTMP onto GFH1. Furthermore, it was proven that GFH1 can be reused 

multiple times. Therefore, in the future it should be tested with real wastewater and in column 

experiments. 
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Abstract 

In environmental biotechnology applications for wastewater treatment, fungi tend to be 

outcompeted by bacteria. The application of fungal-based bioreactors, with similar performance 

under sterile and non-sterile conditions, for a long-term operation is still challenging. However, an 

engineered ecosystem, based on fungal and bacterial tannin biodegradation, has been recently and 

successfully tested in lab-scale bioreactors under non-sterile conditions by F. Spennati and others. 

In that previous study, the bioreactors (rotating submerged packed bed reactors) were inoculated 

with a pure culture of Aspergillus tubingensis immobilized in PUF cubes and fed with two 

different tannins (Quebracho and Tara). Promising results were obtained from the bioreactor fed 

with Quebracho Tannin (QT), which showed a steady fungal biofilm development and satisfactory 

performance. However, dedicated experiments were still required to characterize the fungal 

biofilm in terms of kinetics and stoichiometry. To this aim, in the present study the set-up of 

specifically designed respirometric tests, to characterize tannin-degrading fungal and bacterial 

biofilms developed under non-sterile conditions, was performed. Afterwards, a mathematical 

model was developed and applied to describe the respirometric profiles and to estimate kinetic and 

stoichiometric parameters inherent to the biofilm under study. 

 

Keywords 

Fungal bioreactor; tannins; Aquasim modelling; respirometic tests 

 

 

INTRODUCTION 

Tanning is the process used to obtain leather from animal skins, and vegetable tannins were the 

most used tanning agent for centuries. Historically leather was tanned with tannins extracted from 

wood, leaves, fruits, and roots. Nowadays, chrome and tannins are the most used tanning agents 

worldwide. The phenolic groups of tannins create hydrogen bonding with collagen proteins, and the 

colour obtained depends also on the mix of tannins applied. Tannins represent one of the low 

biodegradability substances present in tannery wastewater with a relevant recalcitrant soluble 

chemical oxygen demand (COD); moreover, a high concentration of tannins can inhibit biological 

treatment (Mannucci et al., 2010). This soluble recalcitrant component of tannery effluents is 

usually removed by means of chemical processes, but the development of a biological treatment to 

effectively remove this component could lead to environmental and economic advantages 

(Giaccherini, 2016). Despite the antimicrobial properties of tannins, many fungi, bacteria and yeast 

are quite resistant to tannins and can use tannins as carbon and energy sources. The biodegradation 

of natural tannins in the environment is mainly associated with fungi rather than bacteria. Fungi 

could thus be exploited for the bioremediation of wastewater streams of the tanning industry. The 

application of a fungal-based bioreactor, that has a similar performance under sterile and non-sterile 
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conditions in long-term operations, is still a challenging task. However, in a previous work 

(Spennati et al., 2019) we developed and run a long-term test with continuous bioreactor operation 

(4 litres volume) to remove tannins with an engineered ecosystem based on fungi and bacteria for 

application in typical tannery wastewater treatment trains (non-sterile conditions). The tests were 

carried out in two submerged, packed bed reactors run in parallel. The reactors were inoculated with 

Aspergillus tubingensis attached to polyurethane foam cubes, in fact the reactor biomass was mainly 

as biofilm on carriers. In general, microorganisms can be observed in the environment as planktonic 

(free-swimming) organisms or as aggregated communities called biofilms. The transition between 

these two forms is a complex and highly regulated process characterised by a strong interaction 

between cells and various environmental signals. Multiple drives influence biofilm formation and 

structure, and biofilm detachment generally occurs when external forces (such as limitation 

nutrients diffusion, share stress etc.) overpower the internal strength of the matrix holding the 

biofilm together. The reactors were operated for approximately 154 days under different operational 

conditions with respect to HRT and the organic loading rate. A stable fungal biofilm was reached in 

the reactor feed with Quebracho tannin (QT) (the most used condensed tannin) with a COD removal 

up to 53 %. 

 

The kinetics of fungal growth is generally studied in industrial processes for continuous culture 

systems in chemostat for the production of antibiotics or other relevant commercial products. 

However, the industrial processes are traditionally based on batch cultures. The main aim of the 

industrial processes is the production of relevant metabolites, so the substrate is usually glucose and 

fungal growth is in an axenic culture broth. The conditions adopted in an industrial context are 

generally different from those in environmental biotechnologies. For bacterial biomasses, Monod 

kinetics and death regeneration IWA concepts are commonly applied, but there are also other 

options for fungi. However, Monod-kinetics could also describe growth in filamentous fungi (Kelly 

et al., 2004) and this model allows comparisons between both microorganisms. Even though the 

enzymatic pathways were not clear, this approach was chosen to model the fungal biomass. There 

are few examples in the literature of kinetic models of tannin (tannic acid derived from vegetable 

tannins) degradation by activated sludge in industrial WWTP (Lu et al., 2009) and even fewer for 

fungal biomass (Wang et al., 2008). Fungi are rarely used in environmental biotechnologies related 

to wastewater due to their instability in non-sterile conditions. Few studies in the literature have 

performed a stoichiometric and kinetic characterisation. Moreover, the parameter estimation did not 

include COD. Of note is the fact that fungi used in the removal of phenols from vinasseses (as a 

sole carbon source) showed a maximum specific growth rate of 0.06-0.047 h-1, a growth yield of 

0.38-0.39 g cells g COD-1 and a saturation constant of 13,525-4558 mg COD L-1 (García García et 

al., 1997). 

 

Since fungal biomass is poorly characterised with modelling, dedicated experiments were set-up 

along with a respirometric procedure in order to obtain kinetics parameters. Respirometry is a 

technique that measures the oxygen consumption from a biomass in the presence of a substrate. 

Metabolic respiration is a metabolic process that produces adenosine triphosphate due to the 

electron transfer from an electron donor (substrate) to an electron acceptor (O2, NO2, NO3, SO2, 

etc.). Respirometry is the measurement and interpretation of the biological electron acceptor 

consumption (usually oxygen) under well-defined experimental conditions (Andreottola and 

Esperia, 2001). Respirometry is a powerful tool that can be combined with other techniques to 

provide information relative to biological wastewater treatment (and in general environmental 

biotechnologies), including COD fractionation and the characterisation of wastewater, the 

estimation of kinetic and stoichiometric parameters, the monitoring of bioprocesses, and the 

evaluation of potential toxicity and inhibition effects over different suspended cultures, mainly in 

aerobic processes (Mora, 2014).The principal output of respirometry is the oxygen uptake rate 
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(OUR), that represents the consumption of dissolved oxygen (DO) per unit of time. This value is 

related to the catabolic and anabolic functions of the biological system. It is possible to distinguish 

between the endogenous OUR (OURend), in other words, the consumption of oxygen observed 

without a substrate, and the exogenous OUR (OURex), the consumption of oxygen observed in the 

presence of a substrate and related to its oxidation. Respirometry has rarely been applied to fungal 

biomasses and biofilms. The majority of studies focus on homogeneous respirometry in sterile 

conditions (Schinagl et al., 2016), on sterile solid matrices (Willcock and Magan, 2001), on soil 

matrices to analyse some behaviours of fungi and bacteria (Boening et al., 1995), or with olive mill 

wastewater treatment (Caffaz et al., 2007). Sometimes oxygen consumption is exploited to model 

fungal growth. Since respirometric assays for fungal and bacterial biofilm in non-sterile conditions 

are still lacking, in the present study a dedicated respirometric procedure has been developed.  

 

 

MATERIALS AND METHODS 

Respirometric tests set-up 

Respirometric tests are performed in a respirometer. A respirometer is a vessel equipped with 

probes to measure various elements (temperature, pH, oxygen concentration etc.) and actuators that 

control the conditions (mixing device, thermostatic water bath, pH dosage solutions, etc.). 

Respirometric tests were performed in an LFS-type respirometer under controlled conditions. The 

respirometric vessel had a volume of 0.3L and was provided with a gas diffuser. The respirometer 

was jacketed with temperature control via the recirculation of a thermostatic water bath (Polystat24, 

Fisher Scientific, Spain). Vessel mixing was ensured by magnetic stirrers. Temperature and pH 

probes (SenTix82, WTW, Germany) and a dissolved oxygen (DO) probe (CellOx 325, WTW, 

Germany) were connected to a benchtop meter (Inolab Multi 740, WTW, Germany) and a computer 

for data acquisition and process monitoring. The pH was controlled trough the addition of NaOH 

and HCl solutions with a microburette (Multi-Burette 2-SD, Crison Instruments, Spain). The 

biofilm to be characterized in the respirometer was obtained from the bioreactors mentioned above 

(see Spennati et al., 2019 for detailed information) which contained the inoculated polyurethane 

foam (PUF) cubes in a rotating cage and were provided of a pH control system and continuous 

aeration. Each respirometric test required withdrawing 5 of the PUF cubes from the bioreactors, a 

pre-wash of the biofilm with phosphate buffer and an abiotic stage in the respirometric vessel. The 

use of respirometric tests with immobilised biomass is a new technique without a defined 

conventional procedure, thus requiring several months of attempts to identify a feasible procedure. 

Fungal pellets, fresh immobilised biomass and immobilised biomass sampled from the treatment 

reactor were used to test and define the respirometric procedure. Since the dry mass was assessed 

with 3 PUF cubes, the respirometric test procedure (using a 0.3 L vessel) required the removal of 10 

+ 3 PUF cubes from. The PUF cubes were placed in sterile water for 24 hours in endogenous 

conditions before the test water was replaced. The pH set point was controlled during the tests by 

dosing with 0.05 M NaOH and HCl solutions. The air flow was regulated at 10 N mL min-1 with a 

mass flow controller (TecFluid, USA), and mixing was guaranteed with a magnetic stirrer. The PUF 

cubes were fixed in the middle of the vessel, far from the surface and the bottom of the vessel to 

avoid direct contact with the final part of the probe and to minimise fluctuations. The resulting 

profile was accepted as repeatable after multiple pulses. Before each pulse, the endogenous 

conditions and Kla were evaluated with an air cut (Mora, 2014). The concentrations tested were 

within the range of 47 mg L-1 to 476 mg L-1 of COD for QT. The QT pulses were chosen, as shown 

in the Table 1, in order to obtain a similar ratio substrate/microorganism (S/X) among the 

respirometer and the different condition tested in the reactor. The results of the respirometric tests 

on biomass samples from treatment were coupled to the continuous operation performance and 

parameters estimation of Monod kinetics with Aquasim. 
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Table 1. Comparison between the different QT concentrations and S/X ratio in the bioreactors and 

in the respirometer LFS 

Vessel QT 

 (mg COD L-1) 

S/X ratio  

(g COD g COD-1) 

Reactor 25 0.7 

Reactor 50 1.4 

Reactor 175 4.9 

Reactor 350 9.9 

Respirometer LFS   47 1.0 

Respirometer LFS  93 2.0 

Respirometer LFS   233 4.9 

Respirometer LFS  477 10.1 
 

Biofilm model structure definition 

The Aquasim software includes a biofilm compartment (consisting of a biofilm phase and a bulk 

fluid phase) that was used to simulate the behavior of biomass growing on the support media and 

the diffusion phenomena (Boltz et al., 2010). The Aquasim biofilm compartment supports the 

biofilm modelling in different type of biofilm bioreactors (Wanner and Morgenroth, 2004). The 

definition of the characteristics of the biofilm reactor was a necessary step before running the 

simulations. The first step was the definition of the boundary conditions of the reactor required for 

the biofilm compartment. The reactor volume was imposed to be 4 L and the reactor type was 

“confined” with a constant total volume for biofilm and bulk fluid (no biofilm growth out of the 

PUF). The pore volume was defined as “liquid phase only” and influent suspended solids were 

neglected, since the inlet COD was soluble. For the same reason, the biofilm matrix was modelled 

as “rigid” and the diffusive mass transport of solids was neglected. Among the main hypothesis of 

the model, the adsorption was neglected and the diffusion was considered only for tannins and 

oxygen. The surface area and the biofilm thickness are biofilm parameters described in the model as 

follow: the 100 immobilised PUF cubes (2x2x2 cm) were modelled as 100 spheres with 2 cm of 

diameter, in fact the observed diffusion of tannin shown an isotropic behaviour and a radial gradient 

from outside to the centre of the carriers. The plastic carriers were neglected due to the high 

porosity and the small volume occupied by the plastic support. The biofilm thickness was 1 cm 

(initial condition) and the surface area was described in Aquasim as described in the following 

equation as suggested in Aquasim manual: A = 4*π*nsp*(rsp+z)2, where: A is the surface area (m2); 

nsp is the number of spherical particles (100); rsp is the radius of the spherical particles (0.01 m); z is 

the distance from the substratum (program variable). The biofilm density was calculated from pure 

fungi samples. The samples were inserted in graduated volumetric vessel and the dry mass of the 

biomass was measured with the standard procedure. The obtained pure fungal biofilm average 

density was 12.5 g L-1 as dry mass and this value was adopted in the model. Nevertheless, in the 

literature a high variability in fungal biofilm density (Spigno et al., 2003) is reported. Subsequently, 

the transport phenomena and mass transfer related parameters were defined. The water diffusion 

coefficient of oxygen in water (Dw) was 8.96·10-6 m2 h-1 (Horn and Morgenroth, 2006) and the 

internal diffusion in the biofilm could be expressed as Df = fdif*Dw where: Df  is the diffusion 

coefficient in the biofilm (m2 h-1); Dw is the diffusion coefficient in water (m2 h-1); fdif relative 

diffusivity (adimensional). The effective internal diffusion coefficient in biofilms can change with 

the biofilm density and the biofilm thickness; usually, the relative diffusivity (fd) ranges from 40 % 

to 90 % (Hibiya et al., 2004). Some authors found a correlation between the oxygen profiles and the 

biomass distribution in biopellets of Aspergillus niger (Hille et al., 2005) and others proposed that 

the pellet density could allow to predict the steepness of oxygen concentration profiles. The biofilm 

density reported in the previous paragraph, supports the adoption of a fd value equal to 80 % (Horn 

and Morgenroth, 2006). The diffusion of phenols in water was estimated to be 8.47·10-10 m2 s-1 
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(2.35·10-13 m2 h-1) (Fan et al., 1990) and that of natural tannins to be  5·10-11 m2 s-1 (1.38·10-14 

m2 h-1) (Tzibranska, 2000). The tannins diffusion was modelled with the same equation used for 

oxygen diffusion. However, the dissolved compounds (oxygen, tannins) should pass first through 

the mass transfer boundary layer (external mass transfer) via convection and, then, through the 

biofilm matrix (internal mass transfer) via diffusion (Khabibor Rahman et al., 2009). Nevertheless, 

in these simulations the external mass transfer was neglected due to the mixing in the reactor. The 

fdif chosen was 80 % (Stewart, 1998).  
 

 

RESULTS AND DISCUSSION 

Respirometric test 

The immobilised biomass from the reactor was tested in respirometer with a dedicated procedure 

described in Materials and Methods. The development of a procedure for respirometric tests with 

immobilised biomass required several trials also with pure fungi biomass (Aspergillus tubingensis). 

This pure fungal biomass required an endogenous phase and multiple wake up pulses. These tests 

were performed also to verify the tannins biodegradation capacity of selected fungal strain versus 

QT. On the Figure 1 four pulses of QT are represented, with an increasing concentration of COD, 

tested in the respirometer filled with the immobilised biomass sampled from the treatment reactor. 

The respirometric profiles were used, as described in the following section, for modelling and 

characterising of the biomasses. 
 

Reactor modelling 

The modelling of QT degrading fungal biofilm was carried out by coupling the results of tests 

performed in bioreactor with those of respirometric techniques applied to attached biomass. The 

model was designed with the software Aquasim and the dedicated compartment to simulate 

dynamic processes in biofilm bioreactors. The biofilm features and transport parameters were 

defined by measurements or literature, while to describe the microbial kinetics it was selected a 

Monod kinetic equation with substrate inhibition where the parameters were calibrated with the data 

collected. 
 

Microbial parameters estimation and model validation 

The tests in the respirometer were used to preliminary characterise the kinetic and stoichiometric 

parameters of the fungal biomass. A simple Monod kinetics was used for a respirometric estimation 

of microbial parameters, while a biofilm model was used to simulate the reactor performance. For 

the decay coefficient (bf) of fungal biomass it was adopted the value suggested in literature 0.22 d-1 

for Aspergillus niger (Wang et al., 2008).  
 

 

Figure 1. Respirograms with immobilised fungi from the treatment reactor and QT pulses (OURex) 
 

The estimation of the yield coefficient (Yf) was done through the calibration of the parameters with 

the respirograms. The biodegradable COD was assumed as 17 % of the total COD to estimate Yh. 



Wastewater 
 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

398 

This value was extrapolated from an average performance in the reactor at steady state, with similar 

conditions of the respirometric tests (concentration and S/X ratio). The obtained Yf was 0.45 ± 0.01 

mg COD mg COD-1 was quite close to the value suggested in literature for Aspergillus niger with 

glucose 0.37 mg dry mass mg glucose-1 (= 0.51 mg COD mg COD-1) (Aguilar et al., 2001). The 

active biomass (Xf) in the reactor at steady-state was estimated at the two different HRT tested in 

the reactor. The estimated biomass concentrations were 251(mg COD L-1) of active biomass for a 

Hydraulic Retention Time (HRT) of 52 h and 465 (mg COD L-1) for HRT of 28 h. To estimate the 

affinity constant (Ksf) and the maximum specific growth rate (µf) of the biomass of the treatment 

reactor a simple Monod kinetics without diffusion in biofilm, adsorption neither inhibition was 

applied. The model was applied to a respirometric test with the biomass collected from the reactor 

at steady state. The respirometric tests were performed with pulses of 1, 2, 5 and 10 millilitre of QT 

(10 g L-1) in a vessel of 0.3 L with 10 PUF cubes. The best estimation of Ksf and µf were 800 mg 

COD L-1 and 2.88 d-1, respectively, even though, the best fitting simulations overestimated the 

measured OURs. Multiple simulations performed on respirometer tests results showed that the 

limiting step was the diffusion in the biofilm and it was not achieved a better fitting of the data 

since this model did not take in account diffusion in biofilm. The results 154 days of the reactor 

operation were used to obtain a better estimation of µhf and Kf estimate the inhibition due to the QT 

(Kiq). The inhibition kinetics was implemented in Aquasim with the biofilm compartment. The best 

estimation obtained was represented on Figure 2 and the microbial kinetics coefficients of the 

biofilm were reported in Table 2.  
 

 
Figure 2. Measured and simulated values for outlet COD for biofilm model of the reactor 
 

Table 2. Summary table with estimated and chosen microbial kinetics coefficients 

Symbol Characterisation Value Units Reference 

 Yield coeff. for fungi in aerobic 

growth 

0.45 g COD g COD-1 This study 

 Decay coefficient for heterotrophic 

biomass 

0.22 d-1 (Wang et al., 2008). 

 Fraction of inert COD generated in 

decay 

0.08 g COD g COD-1 (Andreottola and 

Esperia 2001) 

 Inhibition constant 13 g COD m-3 This study 

 Half-saturation coefficient  993 g COD m-3 This study 

 Maximum growth rate on substrate 5.39 d-1 This study 

 

 

CONCLUSION 

We demonstrated that a fungal based bioreactor is stable in non-sterile conditions, but that it was 

also able to be modelled and can be described using Monod kinetics with inhibition. The applicative 

consequences of these µhf and Kf are that fungi can grow very quickly if the substrate (QT) is 
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abundant, which is at this level more typical for solid matrices than for wastewater, even though the 

inhibition should be also considered. 
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Abstract 

In a Sequencing Batch Reactor (SBR) according to the sequenced operation utilization of oxygen 

having been blown into the system is typically undesirably low during the early periods of the 

cycles due to the relatively low water level. On the other hand, oxygen that can penetrate into the 

reactors through the open water surface may cause both metabolic and kinetic inhibition in the 

non-aerated parts or phases of the operation hindering efficient denitrification and biological P-

removal. Purpose of the research has been to verify the use of a floating seal on the moving surface 

of an SBR reactor for excluding oxygen from non-aerated reactors. Both nitrification and 

denitrification efficiency proved to be higher, and higher amount of biologically removed 

phosporus was detected in the seal-covered train, even without chemical dosing. The SVI values in 

the two trains proved to be close to each other, despite the high difference in chemical dosing. In 

winter time the seal-covered reactor had ~1.5 °C higher wastewater temperature than the 

uncovered one.  

 

Keywords 

SBR reactor; floating seal; nutrient removal; sludge settling; chemical savings 

 

 

INTRODUCTION AND PURPOSE OF THE RESEARCH 

The Sequencing Batch Reactor (SBR) technology includes reactors for biological (and chemical) 

wastewater treatment and secondary clarifier in one basin separated in time. SBR systems have five 

typical steps continuously repeated during operation: fill, react, settle, decant and idle (Metcalf and 

Eddy, 2003). At this original layout more SBR tanks are needed, one reactor is receiving influent 

wastewater while other reactors are at treatment cycle. Several modifications have been created to 

achieve nitrogen and phosphorus removal. One of these modifications was carried out by UTB 

Envirotec Ltd. resulting in the Cyclator technology.  
 

In a Sequencing Batch Reactor, according to the sequenced operation, utilization of oxygen having 

been blown into the system is typically undesirably low during the early periods of the cycles due to 

the relatively low water level. However, substrate concentration is the highest at the beginning of 

filling and decreases gradually as it is consumed by the biomass. During this time batch kinetics 

may apply. The substrate concentration changes in time resulting changes in oxygen demand. 

Initially the substrate concentration is higher than in continous-flow systems. Due to the batch 

kinetics the SRT (Solids Retention Time) required is lower than in the continous-flow activated-

sludge processes (for BOD removal <1h, for nitrification 1-3 h), although the effective SRT is 

lower (the biomass is aerated for a shorter time) (Metcalf and Eddy, 2003).  
 

On the other hand, oxygen that can penetrate into the reactors through the open water surface may 

cause both metabolic and kinetic inhibition in the non-aerated parts or phases of the operation 

(Plósz et al., 2003; Wanner and Jobbágy 2014; Jobbágy et al., 2015) hindering efficient 

denitrification and biological P-removal. Since the water level is relatively low compared to those 

of common activated sludge basins, oxygen penetration through the same surface area can result in 

considerably higher oxygen concentrations hitting the biomass of the reactors (Figure 1). This 
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reaction is especially dangerous when the influent is in lack of readily biodegradable carbon source 

having been experienced worldwide. 

 
Figure 1. a) Oxygen can penetrate into non-aerated selectors and may leave aerated reactor quickly. 

b) Oxygen does not penetrate into seal-covered selector and may leave seal-covered aerated reactor 

slower 

 

For biological nitrogen removal there are three possible options in the SBR systems: mixed non-

aerated filling period, cycling aeration during react period (on/off switching), as well as operating at 

low DO concentrations, that is likely to produce filamentous overgrowth, however. Cycling aeration 

is used e.g. in Cyclator technology, where the selector and main reactor are alternately aerated. 

However, according to Metcalf and Eddy, (2003) denitrification during mixed non-aerated filling is 

the most efficient. It also provides a selector operation to prevent filamentous sludge bulking. 

Decant volume is only 20-30 % of the total tank volume, and the remaining nitrate can be 

eliminated during filling and mixing cycles. This results a maximum of nitrogen removal efficiency 

that is 70-80 %. This value may not be enough at WWTPs (Wastewater Treatment Plants) with high 

influent ammonia concentrations and strict limitations in effluent TN concentrations. 

 

Purpose of the research has been to verify the benefits of using a floating seal on the moving surface 

of an SBR reactor. This research focused on comparison of the nitrogen and biological phosphorus 

removal of the alternately aerated Reference train (with alternately aerated selector and reactor, and 

continuous inflow into selector) and the Test train with non-aerated selector and alternately aerated 

reactor (continuous inflow into non-aerated selector). 

 

 

EXPERIMENTAL PROCESS 

The experiment was carried out by using an SBR system with two trains designed by UTB 

Envirotec Ltd. in Hungary. The Cyclator system used has a staged reactor including originally a 

temporarily aerated selector and a main reactor also temporarily aerated (Figure 2). The influent 

wastewater flows continuously into the selector, even during sludge settling and decanting clarified 

wastewater. This results that only one train could serve for proper operation, however, the Cyclator 

wastewater treatment plants (Cyclator WWTPs) are designed with two trains for safety reasons. 

 

The experiment was started by converting the selector of the Test train into a non-aerated basin and 

covering the whole surface of this system by a floating seal (Figure 3). There was no technological 

change executed in the Reference train. In the absence of precisely controlled activated sludge 

recycling, the biomass concentration in the selectors could depend on the random transport of 

wastewater from the main reactor. 

 a)  b) 
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Figure 2. Original bioreactor operation with intermittently aerated selector remaining in the 

Reference train 

 

 
Figure 3. Seal covering the experimental system 

 

On the basis of the influent data, marginal C-source availability, even carbon deficiency could be 

assumed in the system as shown in Table 1. 

 
Table 1 Original design parameter and average values measured during the experiment 

Measured by UTB 

Envirotec Ltd.  

Daily 

volume 

[m
3

/d] 

pH 

[-] 

COD 

[mg/l] 

NH
4
-N 

[mg/l] 

TN 

[mg/l] 

TP 

[mg/l] 

TSS 

[mg/l] 

Design parameter 750 6.5-9.0 1 123 67 103 16,8 655 

Influent 
515 

7.8 857 92 128 13,8 - 

Effluent 7.3 39 0,9 4 1.5 11 

Limit - -  125 5 25 2 35 

 

 

RESULTS AND DISCUSSION  

The experimental results confirmed the presumed advantages appropriately. In the winter period, 

with ~ 7-8 ºC influent wastewater temperature 1-1.5 °C higher values could be measured in the 

effluent of the seal-covered Test system shown in Figure 4. The Test train could keep a relative 

stability also during highly increasing temperature. 

Intermittently 
aerated 
selector 

Intermittently aerated main 
basin 

Effluent 

Decanter 
Influent 
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Figure 4. Effluent temperature in Test train (covered) and Reference train (uncovered) 

 
The most significant advantage of the insulation potential has been expressed in the higher 

nitrification efficiency under cold conditions, despite the decreased aeration capacity (as shown in 

Figure 5). At 7-9 °C wastewater temperatures 2-3 mg NH4N/l less ammonia concentrations were 

detected in the effluent of the Test system. The difference in wastewater temperatures was 1-1.5°C 

ensuring autotrophic organisms to consume ammonia with a higher μ value (specific growth rate) in 

the seal-covered train. 

 

 
Figure 5. Effluent ammonia concentrations measured during the experiment 

 
Efficiency of denitrification proved to be also higher in the Test (seal-covered) train. Therefore, 

despite the higher nitrification efficiency, 1-5 mg N/l lower values could be detected in the effluent 

TIN (Total Inorganic Nitrogen) concentrations of the Test system (as shown in Figure 6). This 

result may be attributed to both converting the alternately aerated selector into non-aerated basin in 



Wastewater 
 

11th Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

405 

the Test train, and reserving carbon source for denitrification by excluding oxygen penetration 

through the surface. 

 

 
Figure 6. Effluent TIN concentrations at different temperatures during the experiment 

 
Maintaining PAOs (Phosphorous Accumulating Organisms) in an activated sludge system is 

extremely useful for a good floc structure and settleability, since these organisms are floc-formers. 

Creating a non-aerated selector may obviously help in this respect. However, growth of PAOs may 

generally have difficulties in winter. Figure 7 shows that in the seal-covered system a stable and 

continuous growth of PAOs could be observed even in wintertime.  

 
Figure 7. Influent and effluent TP concentrations and chemical dosing during the experiment 
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Figure 8 Changes of the SVI values and chemical dosing in the seal-covered and uncovered 

systems  

 
The iron chloride dosing could be decreased progressively in the experimental Test train down to 

zero, and still the effluent total phosphorus concentrations of the seal-covered system were 

significantly lower than those of the uncovered train. When the influent TP concentration increased 

suddenly, the seal-covered train was able to remove the excess phosphorous biologically, while the 

reference train could not appropriately handle it despite the chemical dosing. 

 

Figure 8 illustrates the SVI (Sludge Volume Index) values measured throughout the experiment. 

SVI of the uncovered system started below 120 cm3/g, whereas at the beginning SVI was detected 

high, 200 cm3/g in the Test system. During the experiment settleability of the biomass of the Test 

system remained close to that of the Reference system, although the chemical dosed was much less, 

decreasing down to zero from 2017. 01. 25 until 2017. 03. 25, i.e. during the cold season until the 

end of the experiment. It can be assumed that the good settleability of the biomass of the Test 

system was based on the relatively high ratio of the PAOs in the seal-covered system. 

 

 

CONCLUSIONS 

In the Test system important benefits have been achieved through fully excluding oxygen from the 

selector by withdrawing aeration and seal-covering the moving surface. Lower effluent values were 

typical in the modified system, leading to cleaner environment and decreasing water pollution taxes. 

Less iron chloride dosing, down to zero, could be applied due to efficient biological phosphorous 

removal. Potential of temperating the wastewater benefits in cost savings at blowers and higher 

nitrification efficiency, especially in wintertime. The sludge volume indexes in the two trains 

proved to be close to each other, despite the high difference in chemical dosing. SVI values could 

likely be further improved by well controlled sludge recirculation. 
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Abstract 

The development of new technologies in industry and science entails the growing production of 

advanced materials, including engineered nanomaterials. Nanotechnology has become one of the 

fastest-growing fields of science and the widespread use of nanomaterials increases the emission 

of nano-pollutants into the environment. Carbon nanoparticles are a particularly interesting group. 

Their relatively stable structure makes them able to migrate in the environment over long distances 

and enter wastewater treatment plants (WWTP) becoming a potential detrimental factor for 

sewage treatment processes. Therefore, the aim of this study was to determine the potential 

toxicity on the activated sludge microorganisms of four selected carbon nanostructures: graphene 

oxide (GO), reduced graphene oxide (rGO), multi-walled carbon nanotubes (MWCNTs) and 

oxidized multi-walled carbon nanotubes (f-MWCNTs). This study shows that short term exposure 

on GO, rGO, MWCNTs, and f-MWCNTs can be toxic for the microbial activity of activated 

sludge. Definitely, the effects of the nanomaterials increase with exposure time and hence the 

degree of flocs penetration. Further, while the effect of the nanomaterial exposure strongly 

depends on its individual properties, a unique microbial consortium of the activated sludge and 

environmental conditions, this study is a contribution to evaluate and understand the risk resulting 

from CNMs presence in the WWTP. 

 

Keywords 

Ecotoxicology; nanomaterials; grapheme; carbon nanotubes; activated sludge 

 

 

INTRODUCTION 

The development of new technologies in industry and science entails the growing production of 

advanced materials, including engineered nanomaterials (ENMs). One of the most popular groups 

of ENMs is carbon nanomaterials (CNMs), including, among others graphene oxide (GO), reduced 

graphene oxide (rGO), single-walled and multi-walled carbon nanotubes (SWCNTs and 

MWCNTs), both, pristine or functionalized. CNMs possess excellent physicochemical, mechanical, 

and electrochemical properties, as well as they can be widely applied (Kang et al., 2008; Gagliardi 

et al., 2011). Nanotechnology has become one of the fastest-growing fields of science and the 

widespread use of nanomaterials increases the emission of nano-pollutants into the environment 

(Bundschuh et al., 2018). Their relatively stable structure (Flores-Cervantes et al., 2014) makes 

them able to migrate in the environment over long distances and enter wastewater treatment plants 

(WWTP). It is expected that nanomaterials will be found in the natural environment and engineered 

systems, where their fate and behavior are largely unknown (Navarro et al., 2008).  

 

One of the most fundamental functions of typical wastewater treatment plant is degradation of 

organic matter, remediation of toxic compounds and removal of mineral nitrogen and phosphorus 

compounds to reduce the pollution of receiving waters (Gernaey et al., 2004). However, carbon-

pollutants in the wastewater may cause an unexpected effect on the activity of microorganisms used 

mailto:mariusz.tomaszewski@polsl.pl
mailto:filip.gamon@gmail.com
mailto:aleksandra.ziembinska-buczynska@polsl.pl
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in wastewater treatment. Moreover, the mechanism of these compounds action in activated sludge is 

still unclear. Recent studies demonstrated that concentration 219 mg/L of SWCNTs can in various 

way influence microbial communities in activated sludge processes and has negatively affect 

treatment efficiency (Goyal et al., 2010). 

 

Furthermore, there are some studies investigating the toxic properties of GO to pure, both 

planktonic and biofilm form of cultures. In these studies significant level of inactivation of pure 

cultures (60 – 80 %), depending on the graphene oxide concentration (40 – 80 mg/L) was observed 

(Hu et al., 2010; Bao et al., 2011; Mejias-Carpio et al., 2012; Ahmed and Rodrigues, 2013). 

Another study reported that after 4 hours of exposure, 87 % and 86 % of Pseudomonas aeruginosa 

(Gram-negative bacterium causing disease in humans and animals) exposed to GO and rGO, 

respectively at the concentration of 75 mg/L were killed (Gurunathan et al., 2012). However, it is 

worth mentioning that these studies demonstrated the toxicity of GO towards bacterial pure cultures 

under laboratory condition. Engineered systems, such as activated sludge, are more complex than 

presented in these studies, in terms of nanomaterial aggregation in microbial communities, solution 

chemistry, suspended particles and content of organic matter. Therefore, more research on 

a complex system of bacterial communities needs to be performed to explain the impact of GO on 

the environment. Different studies have been conducted focusing on the toxicity of CNMs towards 

the bacterial community in wastewater treatment plants. Ahmed and Rodrigues (2013) indicated 

that acute exposure of activated sludge to GO caused changes in the microbial community of 

activated sludge. These results show significant inhibition of metabolic activity (50 – 70 %), 

depending on the concentration of the substances used (100 – 300 mg/L). In order to investigate the 

toxic effect of the carbon nanomaterials at activated sludge respiratory activity test can be applied. 

Activated sludge respiratory activity inhibition test had been used in several studies (Parise et al., 

2014; Luongo and Zhang, 2010) to check the response of activated sludge to chemical substances 

toxic influence. In this test, the overall metabolic respiratory activity was measured. Thus, 

respiratory activity can be taken as a result of metabolic inhibition due to the presence of carbon 

nanomaterials (Parise et al., 2014). Several studies indicated that bacterial growth inhibition is 

comparable with metabolic inhibition (Kang et al., 2008; Ahmed and Rodrigues, 2013). The 

explanation for this fact is that microorganism, under unfavorable conditions, reduce metabolic 

activity and growth, but resume growth and activity when the conditions will improve (Kang et al., 

2008; Ahmed and Rodrigues, 2013). The toxic effect of SWCNTs measured as growth inhibition of 

Paracoccus denitrificans (a model denitrifying bacterium), with a use of optical density at 600 nm 

(OD600) was studied by Zheng et al. (2014). Results show no growth inhibition depending on the 

concentration of 10 - 50 mg/L. Another study shows growth inhibition of activated sludge (35 %), 

caused by the concentration of GO 300 mg/L (Ahmed and Rodrigues, 2013).  

 

Regarding the wide usage of carbon nanomaterials and their emission into the environment, 

including WWTPs, it is necessary to study effects of CNMs on activated sludge microorganisms as 

a potential risk factor. Currently, numerous ecotoxicological and case studies on living organisms, 

including activated sludge, were carried out. However, taking into account high variability of the 

physical-chemical properties of the nanomaterials and a huge number of factors determining their 

effects (i.e. individual resistance of the tested organism, oxidation state, medium composition, pH 

or temperature), it is essential to examine many cases to get the most detailed answer.  

 

Therefore, the aim of this study was to determine the potential toxicity of four selected carbon 

nanostructures: graphene oxide (GO), reduced graphene oxide (rGO), pristine multi-walled carbon 

nanotubes (MWCNTs) and multi-walled carbon nanotubes functionalized by oxidative treatments 

with a mixture of nitric acid and sulfuric acid solution (f-MWCNTs). 
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MATERIALS AND METHODS 

Commercially available GO, rGO (Nano Carbon, Poland) and MWCNTs (Nanocyl NC7000™, 

Belgium) were used. MWCNTs were functionalized by oxidative treatments with a mixture of nitric 

acid and sulfuric acid solution to obtain f-MWCNTs. Nanomaterials samples were analyzed by 

Transmission Electron Microscope using a S/TEM TITAN 80-300 (FEI Company). The samples 

were prepared by dispersing the nanoparticles in ethanol (99.8 %) using an ultrasound washer, and 

then depositing one or two drops of the dispersion on a TEM copper 200 mesh grid coated with 

a carbon film. The samples were air-dried at room temperature.  

 

Fresh conventional activated sludge originated from the municipal WWTP, located in the Silesia 

region (Poland). CNMs influence on the activated sludge microorganisms has been investigated 

using two acute ecotoxicity tests. Growth inhibition was determined after 5 hours of exposure, 

based on standard method (ISO 15522:1999) using optical density (530 nm), at 22 ± 2 °C, pH 7.0 

and with an average total suspended solids concentration (TSS) 2.2 ± 0.1 g/L. Respiratory activity 

was measured based on oxygen uptake rate (OUR), according to the standard method (PN-EN ISO 

8192:2007), at 22 ± 2 °C, pH 7.5 and with an average TSS concentration 4.5 ± 0.9 g/L. All tests 

were performed in triplicate, the difference between means was tested using the Student’s t-test. 

 

 

RESULTS AND DISCUSSION 

Morphology of all tested nanomaterials was verified using TEM and representative images are 

presented in Figures 1 and 2. MWCNTs are elongated hollow nanotubes formed by curled multi-

layer graphite sheets. MWCNTs functionalized by acid treatment contains at the walls carboxyl and 

hydroxyl groups, i.e. COOH, COO-, OH (Sezer and Koç, 2019). Both types of CNTs were 

characterized by an average inner diameter of 2 – 6 nm, outer diameter of 5 – 20 nm and lengths in 

the microns. In turn, GO is a single layer of carbon atoms (graphene), comprising carboxyl and 

hydroxyl groups. Reduction of GO removes some of these oxygen-containing groups and leads to 

the formation of rGO. Both of them, occur in the water environment in the form of few-layer flakes 

and Figure 2 illustrates much higher disintegration of the carbon basal plane in the rGO sample.  

 

 
Figure 1. Representative transmission electron microscopy (TEM) images of A – multi-walled 

carbon nanotubes (MWCNTs), B – functionalized multi-walled carbon nanotubes (f-MWCNTs) used 

in the ecotoxicological study 
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Figure 2. Representative transmission electron microscopy (TEM) images of A – graphene oxide 

(GO) and B – reduced graphene oxide (rGO) used in the ecotoxicological study 

 

As it has been previously reported by Manshian et al. (2013) and Parise et al. (2014) even a minute 

change in the physical-chemical characteristics of the nanomaterial used can be a reason of its 

toxicity change. However, the detailed mechanism of CNMs toxicity is still unclear and requires 

further elucidation, but three main phenomena are currently considered: (1) mechanical damage to 

the microorganisms cell wall and membrane; (2) reactive oxygen species (ROS) production, which 

can damage membranes, proteins, and DNA; (3) other physical-chemical properties related i.e. with 

their functionalization or electron transport and multi-electron accepting ability (Chen et al., 2019).  

 

In the case of this study, the f-MWCNTs are found to be more toxic towards activated sludge in 

5-hour test that non-functionalized ones causing higher growth inhibition (Figure 3B). Nonetheless, 

both types of nanotubes are toxic for activated sludge microorganisms and the toxic effect increases 

with their concentration. Respectively, 34 % and 41 % inhibition were indicated in the highest 

concentration (2000 mg/L) of MWCNTs and f-MWCNTs. It is possible that f-MWCNTs due to 

their lower hydrophobicity can get into closer contact with the activated sludge flocs and become 

more toxic to these microorganisms. While non-functionalized MWCNTs can aggregate together 

and the toxic effect can be partially neutralized. This thesis is supported by TEM images. Figure 1 

demonstrates that the aggregates of MWCNTs are more cohesive and compact than these created by 

f-MWCNTs. Similar results have been obtained by Parise et al. (2014) and Luongo and Zhang 

(2010) who also obtained higher respiration inhibition values and reported that the more dispersed 

f-MWCNTs can be more toxic. Moreover, according to Ma et al. (2019) functionalized CNTs can 

destroy cell membrane and affect microbial activity. As illustrated in Figure 1B, f-MWCNTs have 

sharp ends, with an average diameter between 5 – 20 nm, which could easily damage membrane 

integrity. 

 

In case of the same toxic compounds used in the short term test only MWCNTs were toxic towards 

activated sludge microorganisms and the effect was not convergent with their concentration (Figure 

4B). The highest 13 % inhibition was observed for MWCNTs in a concentration equal to 

1000 mg/L. Interestingly, f-MWCNTs caused the opposite effect and their increasing concentration 

from 500 mg/L to 2000 mg/L had a stimulating effect. It is possible that in short term test 

f-MWCNTs due to their higher hydrophilicity linked with organic and inorganic matter present in 

the activated sludge accelerating its biodegradation before they become toxic in the long exposure. 

Similar results were obtained by Zhao et al. (2013) who stated that the f-MWCNTs can aggregate 

with different biomolecules, polymers and inorganic matter which accelerate their decomposition. 

Similar results were obtained by Qu et al. (2015, 2016) for phenol biodegradation in a sequencing 
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batch reactor (SBR). Moreover, oxygen uptake rate test is limited to the aerobic organisms present 

in the activated sludge, unlike to optical density test, which evaluates the growth of a total microbial 

consortium. Nonetheless, these results should be considered carefully due to the fact that the test 

was not statistically significant (p > 0.05) and relatively short. In the case of the short term exposure 

on the toxic compounds, two mechanisms should be considered. Firstly, activated sludge flocs 

produce large amounts of extracellular polymeric substances, which constitutes a protective barrier 

against contaminants. For this reason flocs penetration depends on time (Luongo and Zhang, 2010). 

Secondly, bacterial stress response, manifesting by activity increase against the external stimulus, 

is observable during the early phase of exposure. 

 

 
Figure 3. Growth inhibition test results after 5 hours of exposure on A – graphene oxide (GO) 

and reduced graphene oxide (rGO), B – multi-walled carbon nanotubes (MWCNTs), functionalized 

multi-walled carbon nanotubes (f-MWCNTs). Bars represent standard error; * – a statistically 

significant difference with control at p < 0.05 (Student’s t-test) 
 

 
Figure 4. Oxygen uptake rate (OUR) test results underexposure on A – graphene oxide (GO) 

and reduced graphene oxide (rGO), B – multi-walled carbon nanotubes (MWCNTs), functionalized 

multi-walled carbon nanotubes (f-MWCNTs). Bars represent standard error; * – a statistically 

significant difference with control at p < 0.05 (Student’s t-test) 

 

Taking into consideration the results of the short-term tests of GO and rGO toxicity, both of the 

compounds used should be regarded as toxic due to its inhibitory influence on activated sludge 

respiration (Figure 4A). The strongest effects were observed for 100 mg/L of GO and 50 mg/L of 

rGO, which caused 23 % and 13 % inhibition, respectively. However, the toxicity seems to decrease 

while the concentration of GO and rGO increase. It is possible, that much concentrated graphene-
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based nanomaterials aggregates in larger complexes, becoming less available for microorganisms 

and limiting their toxic activity. At the same time, all samples revealed higher toxicity of GO. These 

results can be supported by the results presented by Nguyen and Rodrigues (2018). They reported 

that GO presented higher impact on nutrient removal and community composition of activated 

sludge microorganisms than rGO. It could be explained by the fact that GO possesses more 

functional groups than rGO, which makes it more hydrophilic, thus more toxic towards bacteria 

(Nguyen and Rodrigues, 2018; Santos et al., 2012). GO is also found to be more prone to interact 

with the macromolecules in the activated sludge and thus more reactive by producing more reactive 

oxygen species (Liu et al., 2011; Ahmed and Rodrigues, 2013). 

 

Results of the OUR test can be supported with a 5-hour test of activated sludge growth inhibition 

(Figure 3A), where rGO presented increasing toxicity together with the increasing concentration. 

The highest 59 % inhibition was observed in a concentration of 150 mg/L. Considering mechanical 

damages of cell membranes caused by nanoparticles, TEM images demonstrate that rGO is more 

irregularly shaped than GO, with sharp folds and edges. On the other hand, GO seems to stimulate 

activated sludge growth regardless of its concentration. Statistically significant stimulation of the 

activated sludge microorganisms was noted up to 44 % with 100 mg/L of GO. It is not a new 

phenomenon, because several previous studies revealed that bacterial growth rate and activity can 

be accelerated by this kind of nanomaterial (Ruiz et al., 2011). It has been recognized that graphene-

family nanomaterials could play a role of attachment surfaces, inducing cells aggregation, 

extracellular polymeric substances secretion, and bacteria growth. This is in contrast to the 

respiratory activity test (OUR), suggesting stimulation of the anaerobic and/or anoxic microbial 

consortium. 

 

 

CONCLUSIONS 

Ecotoxicity study of four carbon nanomaterials on the conventional activated sludge 

microorganisms has been performed using two acute tests, based on growth inhibition and 

respiratory activity. These studies show that short term exposure on MWCNTs, f-MWCNTs, GO 

and rGO can be toxic for the microbial activity. Definitely, the effects of the nanomaterials increase 

with exposure time and hence the degree of flocs penetration. Respiratory activity test, where the 

effects were determined immediately after nanomaterials addition, revealed the highest 23 % 

inhibition with 100 mg/L GO addition. In turn, growth inhibition test, after 5 hours of exposure, 

presented the highest 59 % inhibition for rGO in the concentration of 150 mg/L. Regarding the fact 

that nanoparticles can be accumulated by the activated sludge flocs, chronic effects could 

be stronger and should be studied. Further, the effect of the nanomaterial exposure strongly depends 

on its individual properties (i.e. oxidation state, size), a unique microbial consortium of the 

activated sludge and environmental conditions (i.e. medium composition, pH, temperature). 

This study is a contribution to evaluate and understand hazards resulting from CNMs presence 

in the WWTP. 
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Abstract 

The work is motivated by an industrial problem, which is tetrahydrofuran removal from 

pharmaceutical process wastewater with extractive distillation. The goal of the research is to 

rigorously model and optimize this operation in professional flowsheet simulator environment 

based on adequate and consistent vapour-liquid equilibrium data. The number of minimal 

theoretical plates of distillation columns, binary mixture feed stage, solvent feed stage location, 

optimal reflux ratios and Total Annual Cost (TAC) are determined. Dimethyl sulfoxide (DMSO) is 

used as extractive agent. 

Considering the results, it can be concluded that, the extractive distillation process is suitable for 

separation tetrahydrofuran and water in 99.9 weight percent (m/m%) purity of water and 99.5 

m/m% tetrahydrofuran. 

 

Keywords 

Process wastewater; tetrahydrofuran removal; extractive distillation, flowsheet environment 

 

 

INTRODUCTION 

Tetrahydrofuran (THF) forms heterogeneous azeotropic mixture with water, which means 

separation problem. THF content above 93.3 weight% can not be achieved with conventional 

distillation techniques (Marsden, 1954). The vapour-liquid equilibrium of IPA-Water binary 

mixture can be seen in Figure 1. 

 

 
 

Figure 1. Vapour-liquid equilibrium of THF-Water mixture 
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It can be mentioned, extractive distillation is capable for separation of tetrahydrofuran-water 

mixture (Xu and Wang, 2006; Zhang et al., 2014; Deorukhkar et al., 2016; Ghuge et al., 2017). This 

technique has been widespread in the chemical and environmental industries, but it is not 

economical in many cases in the reason of its high operation cost (Toth et al., 2011; Toth and 

Mizsey, 2015; Andre et al., 2018). 

 

MATERIAL AND METHODS 

The aim of this study is to remove of tetrahydrofuran from process wastewater (PWW) with 

extractive distillation in professional flowsheet environment. Consistent vapour-liquid equilibrium 

(VLE) data is essential for computer simulation, therefore laboratory experiments are required. 

 

The determination of the VLE measurements of the THF-water binary system are performed by 

using a modified Gillespie still designed by Manczinger (Manczinger and Tettamanti, 1966) with 

minor subsequent modifications as shown in Figure 2 (Havasi et al., 2016). 

 

 

 

Figure 2. Equilibrium apparatus  

 

The tetrahydrofuran concentration is measured with Shimadzu GC2010Plus+AOC-20 autosampler 

gas chromatograph with a CP-SIL-5CB column connected to a flame ionization detector, EGB HS 

600 headspace apparatus is used for sample preparation. The water content is measured with Hanna 

HI 904 coulometric Karl Fischer titrator (Toth et al., 2015; Toth et al., 2016; Haaz and Toth, 2018). 

 

PWW from pharmaceutical industry has to be separated with the following initial composition:           

5 m/m% THF and 95 m/m% Water. The product purity is min. 99.5 m/m% in both cases and 800 

kg/h PWW must be treated. The ChemCAD flowsheet of extractive distillation can be seen in 

Figure 3. 
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Figure 3. Flowsheet of tetrahydrofuran-water separation with extractive distillation 

 

The first column is the extractive column, where the heterogeneous azeotropic mixture can be 

separated with dimethyl sulfoxide as entrainer. The second column treats the water-dimethyl 

sulfoxide mixture, the entrainer can be recycled and mixed into the feed stream. The optimal reflux 

ratio, the mass- and bottom flow rates, heating and cooling requirements, number of theoretical 

plates (N) and feed plate have to be optimized. 

 

 

RESULTS AND DISCUSSION 

Table 1 introduces the measured vapour-liquid equilibrium data of THF-Water mixture. 

 

Table 1. VLE data of tetrahydrofuran-water binary mixture (x: liquid, y: vapour) 

T p x y T p x y 

[°C] [Pa] [-] [-] [°C] [Pa] [-] [-] 

72.98 103.2 0.02 0.6521 63.81 103.2 0.65 0.7764 

66.48 103.2 0.04 0.7380 63.68 103.2 0.70 0.7831 

65.56 103.2 0.06 0.7514 63.59 103.2 0.75 0.7914 

65.31 103.2 0.08 0.7561 63.52 103.2 0.80 0.8083 

64.92 103.2 0.10 0.7586 63.51 103.2 0.82 0.8173 

64.68 103.2 0.15 0.7617 63.55 103.2 0.84 0.8261 

64.31 103.2 0.20 0.7624 63.62 103.2 0.86 0.8367 

64.28 103.2 0.25 0.7628 63.71 103.2 0.88 0.8497 

64.25 103.2 0.30 0.7634 63.85 103.2 0.90 0.8634 

64.23 103.2 0.35 0.7638 64.03 103.2 0.92 0.8835 

64.21 103.2 0.40 0.7642 64.27 103.2 0.94 0.9045 

64.18 103.2 0.45 0.7647 64.59 103.2 0.96 0.9235 

64.14 103.2 0.50 0.7656 65.05 103.2 0.98 0.9614 

64.04 103.2 0.55 0.7682 65.37 103.2 0.99 0.9813 

63.92 103.2 0.60 0.7719         

 

The thermodynamic consistency test for THF-Water data is performed according to Herrington’s 

area test (Herington, 1947; Havasi et al., 2016; Havasi, 2018) for isobaric data. D and J values are 

calculated according to following equations. 
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                                  ,                  (1) 

 

                          ,    (2) 

 

                               ,     (3) 

 

                                 .     (4) 

 

It can be concluded, D-J is 9.8, therefore the measured data is capable for application in flowsheet 

environment. 

 

The optimized results of simulations with extractive distillation process is listed in Table 2. 

 

Table 2. Optimized results of tetrahydrofuran-water separation 

    Extractive column Recovery column 

N [-] 15 20 

Feed stage (PWW) 7 8 

Feed stage (DMSO) 2 - 

Reflux ratio [-] 3 1 

D 

THF [m/m%] 99.5 0.05 

Water [m/m%] 0.3 99.9 

DMSO [m/m%] 0.2 0.05 

 

The Total Annual Cost (TAC) is also determined, using Douglas-correlations (Douglas, 1988). 

Figure 4 and Figure 5 show the distribution of TAC in both column cases. 

 

 
Figure 4. Distribution of Total Annual Cost of Extractive column (C1) 
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Figure 5. Distribution of Total Annual Cost of Recovery column (C2) 

 

It can be concluded, heat duty/cost of distillation has the largest part of TAC. 

 

 

SUMMARY 

The extractive distillation is investigated in professional flowsheet environment. It can be 

concluded tetrahydrofuran-water mixture can be separated into pure components with this 

operation. The goal composition, which is min. 99.5 m/m% in both product case can be reached. 
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Abstract 

The research is motivated by an industrial problem, that is isopropanol (IPA) removal from 

pharmaceutical process wastewater. To complete the target hybrid treatment is investigated. 

Isopropanol dehydration with combination of distillation and hydrophilic pervaporation (PV) is 

used. The goal of this research is to rigorously model and optimize this hybrid treatment in 

professional flowsheet simulator environment. The number of minimal theoretical stages of 

distillation column and minimal membrane transfer area are determined. Considering the results, it 

can be concluded that, the distillation and pervaporation methods are suitable for separation 

isopropanol and water in min. 99.5 weight percent purity (m/m%). 

 

Keywords 

Isopropanol removal; modelling; mrocess wastewater; mydrophilic pervaporation; distillation 

 
 

INTRODUCTION 

The industrial application of pervaporation separation has been increasing in recent decades, thanks 

to traditional separation techniques (distillation, absorption, etc.), while ensuring lower energy 

consumption and high selectivity. One of the main areas of application of liquid mixtures is the 

dehydration of the various aqueous azeotropic solvent mixtures. Separation can be carried out 

without the addition of an extra component, the recovered solvent and process wastewater can be 

recycled, so that pervaporation is an environmentally friendly process (Toth, 2018; Toth et al., 

2018). 
 

Alcohol and water separation is a well-known method of pervaporation method in chemical and 

environmental sector. It can be mentioned isopropanol forms minimal boiling azeotropic mixture 

with water, which means separation problem. Isopropanol (IPA) content above ~88 m/m% can not 

be achieved with conventional distillation processes (Marsden, 1954; Gmehling et al., 1978). If the 

azeotropic composition can be approached with distillation, then the distillate product (D) can be 

further purified using pervaporation dehydration (Szabados et al., 2018; Toth, 2019). 
 

The vapour-liquid equilibrium of IPA-Water binary mixture can be seen in Figure 1 (NRTL model). 
 

Pervaporation can be characterized by certain quantities and factors. The flux is calculated using the 

following equation (Huang et al., 2014): 
 

,      (1) 
 

where Pi is the partial weight of component i in the permeate, t is the time of duration of experiment 

and A is the membrane area. Separation factor is calculated by the following equation: 
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 ,     (2) 

where α is separation factor (dimensionless), xi is weight fraction of ethyl acetate in feed and yi is 

weight fraction of ethyl acetate of permeate (Toth et al., 2015). 
 

 
Figure 1. Vapour-liquid equilibrium of IPA-Water mixture 
 

An essential tool for designing and optimizing separation processes is the appropriate computer 

modelling, which as accurate as possible model is needed (Rautenbach et al., 1990; Wijmans and 

Baker, 1995; Baker, 2012; Luis and Van der Bruggen, 2015; Csizmadia and Till, 2018). Model 

parameter estimation is achieved using laboratory experiments (Toth et al., 2018). 
 

Hydrophilic pervaporation is able to dehydrate alcohol compounds. The polyvinyl alcohol (PVA) is 

among the most interesting and promising membranes for hydrophilic pervaporation and it has been 

extensively investigated. Table 1 shows some PVA hydrophilic membranes for isopropanol-water 

separation. 
 

Table 1. PVA membranes for isopropanol dehydration 

  PVA membrane type 
xIPA J α 

Ref. 
[m/m%] [g/m2h] [-] 

1 PVA/Silicalite-1 (5 wt.%) 90 38 11240 Adoor et al. 2007 

2 PVA/Silicalite-1 (10 wt.%) 90 26 17990 Adoor et al. 2007 

3 PVA/ZSM-5 zeolite (Si/Al = 25, 20 wt.%) 90 631 2014 Huang et al. 2019 

4 Hybrid PVA 90 18 1570 Sajjan et al. 2013 

5 30 mass% GTMAC/PVA 90 190 1575 Sajjan et al. 2013 

6 20 mass% GTMAC/PVA 90 165 1262 Sajjan et al. 2013 

7 10 mass% GTMAC/PVA 90 132 1073 Sajjan et al. 2013 

8 PVA + TEOS 90 96 913 Sajjan et al. 2013 

9 40 mass% GTMAC/PVA 90 325 417 Sajjan et al. 2013 

10 SA/PVA (50:50) 90 36 117 Kurkuri et al. 2002 

11 PVA with glutaraldehyde 90 191 115 Burshe et al. 1997 

12 Pervap 2201, PVA membrane 80 4 604 Molina 2003 
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MATERIAL AND METHODS 

In the pharmaceutical sector it is an actual problem that IPA should be separated from an aqueous 

mixture (Nangare et al., 2017; Cheng et al., 2018). PWW from pharmaceutical industry has to be 

separated with the following initial composition: 5 m/m% IPA and 95 m/m% water. The product 

purity is 99.5 m/m% in both cases and 800 kg/h PWW must be treated. Before optimization, 

laboratory experiments have to be carried out. 

 

The experimental set-up is a P-28 membrane unit from CM-Celfa Membrantechnik AG (see Figure 

2 and Figure 3). The flat sheet membrane with 28 cm2 effective area is placed on a sintered disc 

separating the feed and the permeate sides. Cross-flow circulation velocity is kept at a permanent 

value of ∼182 l/h (Toth and Mizsey, 2015). 

 

 

 

Figure 2. Photo of CM-Celfa Membrantechnik AG P-28 universal test membrane apparatus (Toth, 

2015) 

 

 

 
 

Figure 3. Schematic figure of CM-Celfa P-28 pervaporation unit (Toth and Mizsey, 2015) 

 

The vacuum on the permeate side is maintained with VACUUMBRAND PC2003 VARIO vacuum 

pump and kept at 2 Torr (2.67 mbar). The isotherm conditions are assured with a thermostate and 

monitored with thermometers at the inlet and outlet of the unit. The permeate is collected in two 

traps connected in series and cooled with liquid nitrogen to prevent loss of the permeate. The ethyl 
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acetate content is measured with Shimadzu GC-14B gas chromatograph. The water content of 

organophilic experiments are measured with Hanna HI 904 coulometric Karl Fischer titrator (Toth 

et al., 2015). 

 

According to the methodology of Valentínyi et al. (2013) the pervaporation can be described with 

the following semi-empirical model: 

 

   (3) 

 

The model is an improvement of Rautenbach’s model (Rautenbach et al. 1990) and it considers the 

concentration dependencies of the transport coefficient. Four parameters of this model are estimated 

based on our measured data: transport coefficients (Di), permeability coefficients (Q0), activation 

energies (Ei) and B parameter. The estimations are completed with the STATISTICA® program 

environment (Andre et al., 2018; Haaz and Toth 2018). 

 

Professional flowsheet simulator is applied for separation of isopropanol-water mixture. First step, 

PWW is pumped into the middle of the distillation column and pervaporation separates further the 

IPA-rich intermediate product. It can be determined the suitable water can be received as bottom 

product (W) of distillation. Actually it is the purified PWW. The isopropanol substance can be 

appropriate using this hybrid method as retentate (R) of pervaporation dehydration. 

 

Additional apparatuses are also needed for PV process (Toth et al., 2015). The temperature and the 

pressure must be increased for the operational level prior to the first membrane unit, because the 

feed (F) has atmospheric conditions, 20 °C and 1 bar. Permeate (P) streams leaving the 

pervaporation units are collected, mixed, condensed with cooler and its pressure is increased again 

from vacuum with pump. The applied feed temperature in membrane modules is 70°C. Feed and 

permeate pressures are the following, 3 bar and 0.008 bar. UNIQUAC thermodynamic model is 

applied in the case of SCDS distillation column and exponential Rautenbach model (Valentínyi et 

al., 2013) for the pervaporation. 

 

ChemCAD professional flowsheet simulator is used for the investigation of hybrid separation (see 

Figure 4). 

 
 

Figure 4. Flowsheet of isopropanol-water separation with distillation and hydrophilic pervaporation 

 

 

RESULTS AND DISCUSSION 

Results of simulations with distillation and hydrophilic PV process are listed in Table 2. 
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Table 2. Optimized results of ethanol-water separation 

  Distillation Pervaporation 
 F W D P R 

IPA [m/m%] 5 0.1 86 1 99.5 

Water [m/m%] 95 99.9 4 99 0.5 

 

Figure 5 shows the isopropanol concentrations of retentate stream in the function of membrane 

module numbers. 

 

 
Figure 5.Isopropanol concentration in retentate stream 

 

It can be seen 5 membrane module is sufficient for reach the enrichment limit, which is 99.5 m/m% 

isopropanol. The optimized column has 25 theoretical plates and the reflux ratio is 1 in the 

optimized case. 90 m2 effective membrane transfer area is required for removal IPA from PWW. 

 

 

SUMMARY 

The combination of distillation and pervaporation dehydration is investigated in professional 

flowsheet environment. It can be concluded isopropanol-water mixture can be separated into pure 

components with this hybrid operation. The goal composition, which is 99.5 m/m% in both product 

case can be reached. 
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Abstract 

In this study, the pervaporative dehydration of diethylene glycol (DEG) through a hydrophilic 

PVA membrane was investigated at various operation temperatures in the range of 333–363 K 

with feed mixture containing 0.5–2.0 wt % water. The pervaporation (PV) performance of poly 

(vinyl alcohol) (PVA) is enhanced by the addition of natural clay kaolin into pristine membrane. 

The thermal stability of membranes were analyzed by TGA. The morphological analysis was 

carried out with SEM. Separation success was determined by calculation of flux, selectivity and 

PSI. These values were investigated as functions of the clay amount, feed concentration and feed 

temperature. The obtained results show that PV is an effective method for recycling waste cutting 

oil from wastewater. 

 

Keywords 

Cutting oil; diethylene glycol; kaolin; PVA; pervaporation 

 

 

INTRODUCTION 

The solar energy and semiconductor sectors are needing more and better wafers. The general cutting 

process cannot satisfy these demands, so the wire saw process was enhanced. In the wire saw 

process, a material called cutting oil is used in the wire saw instrument. The cutting oil is consisting 

of SiC particles, solvent, and additives. The used solvent must have two properties: it is easily 

cleaned using water and viscosity must cause the abrasive to be suspended in the solvent. Ethylene 

glycol (EG), diethylene glycol (DEG), and polyethylene glycol (PEG) are often used as solvents for 

cutting oil.  

 

DEG has the necessary characteristic properties of cutting oil. DEG, (HOCH2CH2)2O, is a co-

product with ethylene glycol and triethylene glycol. It is a colorless and  odorless liquid that is 

miscible in water and alcohol (Schep et al., 2009). Only disadvantage of DEG is high boiling point 

of 245.3 °C. This point and its miscibility with water increase difficulty of its recycle. Tons of waste 

cutting oil is produced by wafer slicing. The waste cutting oil contains the original cutting oil, 

water, and Si particles. SiC and Si particles will be recovered by solid-liquid technique, but the 

solvent recovery is possible with dehydration method. The conventional method for dehydration is 

distillation. Distillation requires high energy and cost and the obtainment of high purity of DEG is 

not possible. Therefore, a new process must be developed. Pervaporation is a good alternative to 

distillation process in treatment the waste cutting oil (Chen and Huang, 2018).  

 

Pervaporation is one of the promising technique of membrane processes. Pervaporation is used to 

separate azeotropic mixtures and organic–organic mixtures (Oh et al., 2013; Shaban, 1997; 

Abdallah et al., 2013; Suhas et al., 2013). The advantages of the pervaporation process are low cost, 

low energy consumption and high separation efficiency. Pervaporation process is carried out under 

mild operation conditions (Park et al., 2004; Sha et al., 2018; Unlu et al., 2014; Assabumrungrat et 

al., 2003). Hydrophilic membranes are used to separate water from water/organic mixtures. Poly 

(vinyl alcohol) (PVA) is widely used in pervaporative dehydration process. PVA is a nontoxic, 

water soluble, biocompatible and biodegradable polymer (Rashidzadeh at al., 2013; Zheng et al., 

mailto:derya.unlu@btu.edu.tr
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2001). In recent years, filler materials have been used to improve the water adsorption capacity of 

PVA membrane. 

 

In this study, a synthetic wastewater DEG-water was tested in pervaporation system. Natural clay 

modified PVA membrane was used in the process. PVA is a well-known hydrophilic polymer that 

is used in the pervaporation process. This study has a new development in using a natural clay 

additive hydrophilic membrane for pervaporative dehydration of cutting oil. No study are available 

in the  literature on the membranes of PVA incorporated kaolin clay used in recovery of cutting oil 

by pervaporation Clay improved the dehydration performance of membrane. The optimum clay 

amount and optimal operation temperature were investigated. According to the author’s knowledge, 

this is the first study on pervaporative dehydration that deals with the effect of the different ratios of 

clay/PVA membranes on dehydration of cutting oil performance. 

 

 

MATERIALS AND EXPERIMENTAL METHODS 

Materials 

Polyvinyl alcohol (PVA), diethylene glycol with a purity of 99 %, hydrochloric acid  and 

glutaraldehyde were purchased from Sigma Aldrich. Kaolin clay was provided by Karabacak 

Mining Industry. 

 

Membrane Preparation 

A 6 wt% PVA aqueous solution was prepared at 90 °C to obtain a homogeneous solution. Certain 

amount of kaolin clay was dispersed in 10 ml of deionized water by sonication for 2 h. The PVA 

solution was mixed with the aqueous clay solution to obtain 6 % PVA casting solution with 

different concentration of clay. Clay amount was defined as the respect to the dry polymer weight. 

After mixing for 24 h, membrane was cross-linked in situ. A certain amount of glutaraldehyde and 

HCl solution were added and stirred for 1 h. Then final solutions were cast onto glass plate and 

dried at room temperature. Membranes were characterized by using TGA and SEM analysis. 

 

Waste cutting oil pervaporation experiment  

The scheme of lab scale pervaporation unit is shown in Figure 1.  

 

 
 

Figure 1. PV configuration. (1) agitator thermocouple (2) membrane cell (3) heating jacket, (4) 

membrane, (5) Dewar flasks (6) vacuum pump 
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The membrane surface area is 9.61 cm2. The volume of the feed solution was 70 ml. The pressure at 

the permeate side was reduced to 5 mbar by a vacuum pump. Total flux was calculated by weighing 

the liquid mixtures collected in the trap for each 60 min. The flux (J), separation factor (α) and 

pervaporation separation index (PSI) were calculated by analysis of the compositions of both the 

feed and permeate streams with the gas chromatography and refractometer. The flux, separation 

factor and pervaporation separation index values were determined as the following equations:  

tA

m
J

.
=  ,          (1)                 

feedba

permeateba

xx

yy
α

)/(

)/(
=  ,          (2)           PSI=J x (α-1),          (3) 

 

where J is the  flux, m is the permeation mass, t is the time in Equation 1; ya and xa is the weight  

fraction of water in the permeate and feed streams, and yb and xb is the weight fraction of DEG in 

the permeate and feed streams in Equation 2. 

 

 

RESULTS AND DISCUSSION 

Membrane characterization 

Figure 2 depicts the cross-section images of pristine PVA membrane and natural clay modified 

PVA membrane. Pristine PVA membrane has smooth surface according to the clay modified PVA 

membrane, because pristine membrane represents crystalline morphology. The incorporation of clay  

destroys the crystalline structure of polymer matrix and amorphous state is obtained. 

 

 
 

Figure 2. Cross section images of membranes (a) pristine PVA membrane (b)clay loaded PVA 

membrane 

 

Figure 3 shows the TGA profiles for the pristine PVA membrane and PVA/clay membrane. The 

most weight loss is observed in the range of 150–40 oC for all membranes. It corresponds to the 

structural decomposition of the polymers. The thermal decomposition of kaolin loaded PVA 

membrane shift  toward the higher temperature range than that of pristine PVA membrane. This 

confirms that the addition of clay enhances the thermal stability of pristine membrane. 
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Figure 3. TGA curves of membranes 

 

 

Recovery of cutting oil from wastewater by pervaporation 

The flux, separation factor and PSI values of the binary mixtures were investigated with kaolin clay 

amount in the membrane in the range of 1–5 wt % at 333 K and the results are shown in Figures 4 

and 5. 

 

 
 

Figure 4. Effect of clay amount on flux                    Figure 5. Effect of clay amount on α and PSI 

 

In pervaporation, molecular diffusion is generally explained by the solution–diffusion mechanism. 

According to solution–diffusion mechanism, firstly molecules dissolve on the membrane surface 

and then diffuse through the membrane as a result of the concentration gradient (Adoor et al., 

2006). However, the overall separation is related to physical feature of the solvents, affinity of 

solvents to membrane as well as the morphological structure of the membrane. With this approach, 

alcohols can be diffused into the PVA membrane due to hydrophilic–hydrophilic interactions, 

because alcohols have close polarity with water.  The addition of clay in membrane restricts the 

diffusion of organic molecules and thus excess swelling of membrane is prevented. Separation 

performance changes depending upon the clay content, water selectivity enhances with clay amount 

in membrane. PVA is hydrophilic polymer and has many hydroxyl groups. The performance of 
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PVA membranes can be improved by the addition of clay. These membranes are water selective. As 

shown in Figure 3, flux and selectivity increased with clay amount. However, the flux is small at 

lower feed water concentration. Higher concentration of water in the feed mixture would result in a 

higher permeability. The pristine PVA membrane shows selectivity value of 24 at 2 wt.% feed 

water concentration. However, high clay amount in the PVA membrane, water selectivity values 

increased to 134 for the same 2 wt.% feed water. These water selectivity values are very high when 

compare with pristine membrane. In pristine PVA membrane, transport occurs by driving force. In 

case clay loaded PVA membrane, hydrophilic interactions between clay and the PVA acts as a role 

in separation. Water molecules are adsorbed in the hydrophilic clay instead of PVA. Therefore, 

diffusion becomes difficult. Consequently, the flux of clay loaded membrane is lower than the 

pristine membrane. Clay avoids the diffusion of the organic molecules through the membrane, so 

selectivity increases. However, selectivity of clay loaded membrane declined with the increasing 

feed water concentration due to the plasticization effect. This is further supported by the PSI (given 

in Figures 5 and 7). The flux is decreased with an increase of the amount of clay beyond 3 wt. %. It 

is observed that there is an increase in PSI values with increase in the clay from 0 to 3 wt. %, but 

further addition of clay (more than 3 wt. %) decreases the PSI value. This result can be related to 

the aggregation of clay nanoparticles. When the clay amount is greater than 3 wt %, the 

compatibility of the additive and the polymeric matrix decreases. This situation is resulted in 

microphase separation. Therefore, separation factor drops and permeation rate increases (Anilkumar 

et al., 2008). 

 

 
Figure 6. Effect of water concentration on (a) flux and water selectivity (b) PSI 

 

The effect of feed water concentration on separation performance of both pristine and clay loaded 

PVA membrane was investigated, and results are presented in Figure 3 and 4. The flux increased 

with increasing feed water concentration from 2 to 8 wt. %. For 3 wt.% of clay loaded PVA 

membrane, the observed selectivity for dehydration of cutting oil is 134 at 2 wt. % of water in the 

feed, which decreased with increasing concentration of water in the feed (see Fig. 6). At higher 

concentration of water in the feed mixture, 3 wt.% of clay loaded PVA membrane could absorb 

more amounts of water molecules when compared to pristine membrane due to plasticization effect 

of the polymer (Devi et al., 2006). However, selectivity has decreased, but flux increased 

considerably for the 3 wt. % clay containing PVA membrane. For 8 wt. % water-containing feed 

mixture, selectivity decreased to 78, but flux is enhanced to 1.73 kg/m2h for 3 wt.% of clay loaded 

PVA membrane.  In all cases, flux and selectivity of PVA-Clay membranes are higher than that of 

pristine PVA membrane (0.6 kg/m2h and 24). The present study demonstrates the positive role 

played by clay upon incorporation into PVA to enhance the membrane performance over that of 

pristine PVA membrane. 
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Figure 7. Effect of temperature on (a) flux and water selectivity (b) PSI 

 

No study are available in the literature on the membranes of PVA incorporated kaolin clay used in 

recovery of cutting oil by pervaporation. Results of recovery of cutting oil from wastewater 

obtained at 60, 70, 80 and 90˚C are presented in Figure 7. It is known that PVA has superior 

separation performance for dehydration process, but temperature affect the separation performance 

of PVA negatively. Polymer mobility increases with temperature, diffusion channels expanded. 

Flexible polymer chains allow the water molecules through the membrane easily. This fast and 

more diffusion causes the membrane swelling, flux increases and selectivity declines. The driving 

force is created from a difference in temperature between feed and permeate mixtures. As the feed 

temperature increases, vapour pressure in the feed mixture also increases, but vapour pressure at the 

permeate side is not affected. The driving force increases with increasing temperature (Ravindra et 

al., 2015; Wang et al., 2001; Hu et al., 2002). 

 

 

CONCLUSION 

PVA-clay nanocomposites containing different clay amounts have been prepared, and application of 

separation performance on recovery of cutting oil from wastewater was investigated in 

pervaporation system. The dispersion of nanoparticles in membrane decreases with an  increase in 

clay amount. Pervaporation experiments showed a far excellent performance in solvent selectivity 

in the case of the clay loaded membrane compared to the pristine membrane. 3 wt.% clay loaded 

membrane showed excellent performance with a flux of 1.40 kg/m2h and water selectivity of 134 at 

60◦C when the flux and selectivity values of pristine membranes were 0.6  kg/m2h and 24, 

respectively. Membranes containing 3 wt % clay showed maximum separation performance. 

However, an increase in flux and a decrease in separation factor were observed when the clay 

amount became higher than 3 wt %. 
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Abstract 

In this study; mandarin peel activated carbon (CMP) was prepared and the adsorption behaviour of 

the activated carbon for copper removal was investigated. In the adsorption studies; the effects of 

initial metal concentration, solution pH, adsorbent dosage and contact time on copper removal 

were investigated. As a result; a complete copper removal was achieved when the copper 

concentration in water was 5 mg/L and the adsorbent dosage was 3.75 g/L when the solution pH 

was 7. Freundlich isotherm was more appropriate to explain the removal of copper from the 

solution. The kinetic of the heavy metal adsorption onto CMP was obtained as pseudo-second 

order. 
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INTRODUCTION 

The development of technology led to an increase in the spread of the chemical industry. The 

growth of the industrial population causes an increase in industrial pollution. The pollution affects 

the soil, air, and water. In particular, water pollution directly shows a fatal effect on the living 

organism. In many sectors such as mining, paint, leather and textile industry, inorganic and organic 

pollutants cause environmental problems (Enniya, 2018). Especially, heavy metal pollution is an 

important problem for the environment and human health. Because heavy metals are inorganic 

pollutants, they are non-biodegradable and contaminate in the ecosystem. Various methods such as 

precipitation, coagulation and flocculation (Yi, 2017), reverse osmosis (Amuda, 2007), membrane 

filtration, ion exchange (Kurniawan, 2006), adsorption (Thuan, 2017) have been developed for the 

treatment of heavy metals from wastewaters. Adsorption is commonly used owing to the advantages 

such as high efficiency, low cost, easy process and re-use of the adsorbent. However, the high-cost 

synthetic adsorbent is one of the biggest disadvantages of this method. In recent years, bio-wastes 

have been transformed into activated carbon, have a great interest in the re-using of wastes. The 

carbon-based materials produced from the biological feedstock is characterized as a non-toxic and 

low-cost material (Hashemian, 2014). The efficiency of these materials can be improved by 

increasing their surface area, porous structure, and functional groups (Thuan, 2017; Yahya, 2015; 

Dias, 2007). Most of the vegetable foods have the potential to be produced as an active carbon 

because of the ingredients they contain. The peels of citrus fruits such as lemon, orange, mandarin, 

grapefruit are the most important ones. 

 

According to the data of the United Nations Food and Agriculture Organization (FAO) 2013, 21 

million tons of mandarin was produced in the world. Turkey is the biggest supplier of mandarin 

with the production capacity of 872 thousand tons. The amount of waste peel of this fruit is 

approximately 8-14 % by weight. Utilizing these waste peel as a valuable substance and reusing as 

a useful product contributes to the economy of the supplier. Valuable organic essences, oil species, 

and some other chemicals can be produced by regeneration of these peels and can be used in 

cosmetic and pharmaceutical industries. Nevertheless, after the removal of these important 

chemicals, peel residue still has a vast amount of biomass. In recent years, a number of studies have 
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been carried out on the use of biomass as adsorbents. Due to the lignocellulosic and phenolic 

content of mandarin shells, it provides high adsorption efficiency by converting them into the 

activated carbon (Koyuncu, 2018; Tsitsagi, 2018).  

 

In this study; mandarin peel based activated carbon (CMP) was prepared and the adsorption 

behaviour of the activated carbon for copper removal was investigated. In the adsorption studies; 

the effects of initial metal concentration, solution pH, adsorbent dosage and contact time on copper 

removal were investigated. 

 

 

EXPERIMENTAL  

Materials 

Copper sulfate pentahydrate was provided from Merck Chemicals, Turkey. Sulfuric acid (H2SO4) 

and sodium hydroxide (NaOH), which were used to convert the mandarin peels into functionalized 

carbon adsorbent, were provided from Merck Chemicals, Turkey.  

 

Adsorbent preparation 

The mandarin peel was washed with distilled water and dried in oven (Santez SE-45F) at 100 °C for 

24 hours. The functionalization was carried out at a hydrothermal reactor at 105 °C with 1M of 

H2SO4 solution four hours. The acid treated mandarin peels (CMP) were dried in an oven at 70 °C 

for one day. Following the drying process, CMP was neutralized with 2M NaOH solution. After the 

neutralization, the CMP was dried in a vacuum oven at 70 °C for 2 hours. 

 

Batch adsorption studies 

In this study, the effects of heavy metal concentration, adsorbent dosage, pH, and the adsorption 

time on adsorption performances were evaluated. Firstly, a stock solution of 1000 mg/L Cu was 

prepared by diluting the copper sulphate pentahydrate. Then, the varying concentration of Cu (5, 15, 

25 mg/L) was prepared from the stock solution. After determining the heavy metal concentration 

that gives the highest removal performance, the effect of the adsorbent dosage (0.625, 2.1875, 3.75 

g/L) were investigated. The experiments were carried out in 100 mL Erlenmeyer with a total 

solution of 20 mL in a fixed mixer. Prior to performing the absorbance measurement, the solution 

was centrifuged, then filtered using a vacuum pump and filter paper. The absorbance of the purified 

solution was measured by means of UV/visible spectrophotometer (Thermo Spectronic) with a 

wavelength of 790 nm. 

 

The metal removal (R)(%) and the adsorption capacity at the equilibrium state, qe (mg/g) was 

calculated using the following equation: 

             (1) 

                          (2) 

where Co, Ct and Ce are the initial, at a given t time, and equilibrium heavy metal concentration 

(mg/L), V is the volume of the heavy metal solution (L), W is the weight of the adsorbent (g). 

 

Isotherm Investigations 

Langumir and Freundlich isotherm were adapted to the experimental results and the appropriate 

isoterm were determined by means of the following equations (Enniya, 2018; Greenlee, 2007): 
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Langumir isotherm:        (3) 

Freundlich isotherm:       (4) 

where KL is Langumir constant (mg/L), qmax is the maximum monolayer adsorption capacity of the 

adsorbent (mg/g). KF and n are Freundlich constant. To accept the isotherm, 1/n should be between 

“0” and “1”. 

          (5) 

where RL is the separation factor. If RL value is between 0 and 1 then the adsorption isotherms are 

acceptable. If  RL is greater than 1, then the adsorption is define as unfavorable. If RL value equal to 

“0” or “1”, then the adsorption is accepted as irreversible and linear, respectively (Ho, 1998). 

 

Kinetic studies 

The adsorption kinetics of Copper ions on the mandarin peel was investigated by accepting of the 

kinetics as pseudo-first order, pseudo-second order. The amount of adsorbed adsorbent qt (mg/g) at 

a given time was calculated by the following equations: 

        (6) 

Pseudo-first-order:  In (qe-qt) = In qe - K1∙t    (7) 

Pseudo-second-order:  = +      (8) 

 

where qt are the amount of adsorbate which is adsorbed per unit mass of adsorbent (mg/g), t is time 

(minute), K1 and K2 are pseudo-first order, pseudo-second order kinetic model rate constant 

(Ponnusami, 2009). 

 

 

RESULT and DISCUSSION 

Heavy metal concentration is an important parameter for mass transfer during the adsorption 

process. The optimum metal concentration directly affects the removal of heavy metal by increasing 

the driving force (King, 2006; Mobasherpour, 2014). In addition, the appropriate metal 

concentration exhibits positive results on the adsorption efficiency by increasing the interaction 

with the adsorbent surface (Semerciöz, 2017). In this study, the effect of initial metal concentration 

on the removal of copper from copper-water solution was evaluated. Experiments were conducted 

with the constant adsorbent concentration of 3.75 g/L when the solution pH was 7 and the contact 

time was 150 minutes at the temperature of 25°C. The initial metal concentrations were varied from 

5mg/L to15 and 25 mg/L. The effect of Cu metal concentration on removal is illustrated in Figure 1. 

 

Figure 1 shows that 100 % of copper rejection was achieved at the low metal concentration            

(5 mg/L). When the metal concentration increased from 5 mg/L to 25 mg/L, the removal decreased 

from 100 % to 92.59 %. The decrement should be attributed to the saturation of the active sites of 

adsorbent when the copper concentration exceeds to the maximum point. With the increase of the 

metal concentration, the active adsorption sites where the adsorption occurs are saturated and the 

removal remains at a certain level (Semerjian, 2018; Moghadam, 2013). As active areas on the 

adsorbent surface are used, mass transfer reaches the maximum level (Semerciöz, 2017). 
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Figure 1. Effect of metal concentration (3.75 g/L adsorbent, pH: 7) 
 

Contact time is one of the effective parameters of the low-cost adsorption process. It directly affects 

the adsorption performance. For a high-performance and cost-effective process, it is desired to 

complete the adsorption process as short as possible. Figure 2 shows the effect of contact time on 

copper removal when the metal concentration was 5 mg/L, the adsorbent concentration was        

3.75 g/L and pH value was 7. 
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Figure 2. Effect of contact time (5 mg/L Cu, 3.75 g/L adsorbent, pH: 7) 

 

The copper removal was %87.51 at the first 90 minutes and then reached 100 % of removal within 

150 minutes. As shown in the figure, the removal of heavy metal ions showed a significant increase 

up to 90 minutes. After 90 minutes the adsorption layer became saturated. The driving force 

between the adsorbent and the metal ions maximized the mass transfer (Souza, 2018). The optimum 

contact time was determined as 150 minutes by providing a dynamic balance. 

 

The adsorbent dosage or adsorbent concentration is another important parameter for the 

performance of adsorption. Increased adsorbent dosage directly affects the total cost of the 

adsorption process and the cost of recycling. The effect of adsorbent concentration on copper 

removal is given in Figure 3 when the metal concentration was 5 mg/L, the pH value was 7 and the 

contact time was 150 minutes.  
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Figure 3. Effect of adsorbent dosage (5 mg/L Cu, pH: 7) 
 

While 76.47 % of removal was achieved by using 0.625 g/L of adsorbent concentration, 100 % 

removal was achieved with the adsorbent concentration of 3.75 g/L. The concentration of the 

adsorbent determines the number of binding sites for adsorption. As the number of the adsorbent 

increases in the media, the total surface area for the process and empty adsorption sites enhance 

(Tadepalli, 2016). Therefore, adsorption performance increases as also obtained in the present 

study. 
 

The surface charge of the adsorbent affects the ion concentration and the degree of ionization in the 

functional groups of the adsorbent such as carboxyl, hydroxyl, amino groups (Othman, 2012). Since 

the number of active sites on the adsorbent surface changes with pH, it has a direct effect on the 

adsorption efficiency (Ali, 2016). The effect of 3, 5 and 7 media pH on the removal of Cu was 

investigated when the metal concentration was 5 mg/L, the adsorbent concentration was 3.75 g/L 

and the contact time was 150 minutes. The removal results are illustrated in Figure 4. As shown in 

the figure, 82.61 % of copper removal was obtained when the pH of the solution was 3. At the same 

conditions (adsorbent concentration, copper concentration and contact time), 100 % of separation 

was achieved when the pH was 7. In the highly acidic environment, the adsorbent surface is 

positively charged while in the basic environment the adsorbent is charged negatively. This 

difference affects the adsorbent surface chemistry and leads to a significant change in adsorption 

efficiency. As the pH decreases, the concentration of H3O
+ ions increase and the adsorption of 

positive copper ions decreases.  Similar results have been obtained in the literature before (Ali, 

2016). 
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Figure 4. Effect of pH (5 mg/L Cu, 3.75 g/L adsorbent) 
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Adsorption isotherm studies 

The adsorption isotherm shows the distribution of adsorbate molecules between liquid and solid 

phases while the adsorption process is in an equilibrium state. The different isotherm models and 

isotherm data can be used to determine a suitable model for design purposes (Ali, 2016). 

Adsorption isotherms are used to optimize how the adsorbent interacts with the adsorbate. It gives 

information about the adsorption mechanism and surface properties of adsorbents. In the different 

metal concentrations (5, 15 and 25 mg/L) with in the constant adsorbent dosage of 3.75 g/L, 150 

minutes mixing time and the pH of 7, the Langumir and Freundlich isotherm calculations were 

done. The isotherm data are shown in Table 1. According to the R2 values given in the Table 1, the 

most suitable isotherm was determined as Freundlich isotherm. 

 

Table 1. Langumir and Freundlich isotherm’s data 

Heavy metal                     Cu 

 

Langumir 

qm 0.8936 

KL 3.2158 

R2 0.8632 

 

Freundlich 

1/n 0.8513 

KF 0.5585 

R2 0.9542 

 

Adsorption kinetics 

Kinetic models help to estimate the rate constants of adsorption and help to explain the mechanism 

of the adsorption. In the present study, kinetic studies were performed using the metal concentration 

of 5 mg/L. In this concentration, the performance of the copper removal was highest and the 

adsorption was achieved with the highest rate. In order to estimate the adsorption mechanism, 

pseudo-first order and pseudo-second order models were applied. The kinetic model parameters are 

shown in Table 2 (C0: 5 mg/L, adsorption dose: 3.75 g/L, pH: 7). For determining the appropriate 

kinetic model, both the experimental and calculated qe values accompanied with the R2 value should 

be taken into account. According to the results obtained in this study; the pseudo-second order 

kinetic was suitable. The kinetic model was acceptable, since the qe value that was calculated from 

the figure and obtained from the experiment were close to the each other. The pseudo-second order 

kinetic model confirmed that the adsorption rate was independent on the adsorbate concentration 

and was dependent on the adsorption capacity (Lim, 2017). 

 

Table 2. Kinetic parameters for the adsorption of copper onto CMP  

Heavy metal  Cu 

 

Pseudo 1st order 

K1 (min-1) 0.6278 

qe,exp (mg/g) 1.17496 

qe,cal (mg/g) 1.1751 

R2 09613 

 

Pseudo 2nd order 

K2 (g/mg min) 3,.6804 

qe,exp (mg/g) 1,17496 

qe,cal (mg/g) 0.4064 

R2 0.9865 
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CONCLUSION 

In the present study, a new acid treated and factionalized carbon adsorbent was synthesized from 

the mandarin peels and used for the adsorption of heavy metal. As a result, it was obtained that the 

CMP was very effective to remove copper from simulated metal containing water solution. The 

highest removal of 100% was obtained when the copper concentration was 5 mg/L, adsorbent 

dosage was 3.75 g/L, pH value was 7. Freundlich isotherm was more appropriate to explain the 

removal of copper from the solution. The kinetic of the heavy metal adsorption onto CMP was 

obtained as pseudo-second order. As a result, it can be evaluated that the adsorbent synthesized 

from the waste mandarin peels is an effective candidate to be used as a low-cost adsorbent. 
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Abstract 

In the present study real car wash wastewater was purified by different coagulation/flocculation 

methods. As coagulant, polyaluminum chloride (named as ‘BOPAC’), conventional iron(III) 

chloride, iron(III) sulfate, and aluminum(III) chloride, and as flocculant, non-ionic and anionic 

polyelectrolytes (UNIFLOC-M20 and UNIFLOC-LT27) were investigated. The effects of added 

clay mineral (Na-bentonite) and cationic surfactant (hexadecyltrimethylammonium bromide – 

HTABr) were also investigated, as organophilic clay minerals can adsorb many different types of 

contaminants. The aggregation/sedimentation properties and purification efficiencies were 

compared in detail in the case of different combinations and concentrations. The utilization of 

polyaluminum chloride was significantly more effective to decrease the turbidity compared to 

conventional coagulants. Extra addition of clay mineral was also beneficial in relation both with 

the volume of the sediment and the sedimentation speed, and polyelectrolyte (LT27) addition was 

able to increase the size of the produced clusters resulting in further enhancement of the 

sedimentation. Moreover, the simultaneous addition of the cationic surfactant significantly affected 

the color removal due to the successful in-situ production of organophilic clay minerals from Na-

bentonite. In summary, the utilization of 100 mg L-1 Na-bentonite with 20 mg L-1 Al3+ (from 

polyaluminum chloride) and 0.5 mg L-1 anionic polyelectrolyte decreased effectively the turbidity, 

the COD and the extractable oil content with efficiencies of 98 %, 59 %, and 85 %, respectively. 

While with the utilization of organophilic bentonite in a higher concentration (500 mg L-1) with the 

same concentrations of polyaluminum chloride (20 mg L-1 Al3+) and anionic polyelectrolyte (0.5 

mg L-1) significant color removing, and even lower sediment volume was also achieved. 

 

Keywords 

Car wash wastewater; coagulation; flocculation; bentonite; BOPAC 

 

 

INTRODUCTION 

The solution of the global “water problems” is one of the biggest challenges of the 21st century 

(Smalley, 2005), which requires several provisions such as the promotion of more rigorous source 

protection, the development of low-water technologies and novel water treatment methods, and the 

maximization of used waters’ reclamation. Car wash stations produce large and increasing volume 

of wastewaters, since the number of registered vehicles exceeded 1.2 billion in 2014 (worldwide), 

and it is estimated to be 2.0 billion until 2035 (Currie, 2018; Zhao, 2017). Car wash wastewaters 

contain several pollutants such as hydrocarbons, oily pollutants, brake dust, detergents, surfactants, 

heavy metals, etc. (Jönsson, 1995; Kiran, 2015). Efficient purification and reclamation of these 

waters are highly recommended both from environmental and economic reasons (Al-Odwani, 2007; 

Kiran, 2015; Panizza, 2010). Moreover, the utilization of freshwater per vehicle is already limited in 

some countries, such as in Netherland, in the Scandinavian countries or in Australia (60-100 L/car), 

which makes it compulsory to reclaim the used waters (Kiran, 2015; Pinto, 2017). 
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There are several methods, which can be useful for the reclamation of car wash wastewaters, such 

as sand filtration (Al-Odwani, 2007; Zaneti, 2011), oil skimming (Al-Odwani, 2007; Brown, 2000),  

flotation (Zaneti, 2011), adsorption (Hamada, 2004), coagulation/flocculation (Hamada, 2004; Li, 

2007; Rodriguez Boluarte, 2016; Zaneti, 2011), ozonation (Rodriguez Boluarte, 2016), 

electrochemical oxidation (Panizza, 2010), biological treatments (Rodriguez Boluarte, 2016; 

Suzuki, 2000), electrocoagulation (Mohammadi, 2017) and membrane separation (Boussu, 2008; 

Hamada, 2004; Jönsson, 1995; Kiran, 2015; Lau, 2013; Li, 2007; Pinto, 2017). Due to the 

complexity of car wash wastewaters, single methods usually are not efficient enough (Brown, 2000; 

Rodriguez Boluarte, 2016) and/or the sufficient high purification performance does not meet with 

the economic considerations. Membrane separation is one of the most promising techniques, which 

can result in excellent purification efficiency (Lau, 2013; Pinto, 2017). The main advantages of 

membrane filtration are low cost, easy scale-up and low energy consumption (Chelme-Ayala, 

2009). However, a general drawback of membrane filtration is the inevitable fouling mechanism, 

which leads to flux reduction and membrane amortization, hence reduced lifetime and higher costs 

(Boussu, 2008; Li, 2007; Panizza, 2010). Therefore, efficient pre-treatment of car wash wastewaters 

is necessary to protect the membrane and to slow down the fouling, achieving lower costs and 

higher flux. Among the contaminants of car wash wastewaters, oily pollutants have major 

responsibility for membrane fouling and flux reduction, since oil droplets form blocks in the pores 

and hydrophobic cake layer on the surface (Veréb, 2017). Conventional oil skimming and floatation 

is able to eliminate free and dispersed oil (doil droplets > 20 µm), but oil-in-water emulsions require 

more effective elimination methods (Chakrabarty, 2008; Gryta, 2001; Souza, 2016; Veréb, 2017). 
 

However common coagulants such as iron and aluminum chlorides/sulfates are not efficient enough 

for the elimination of emulsified oil, but in our previous study (Veréb, 2017) it was proved that the 

combination of special coagulant and flocculant like polyaluminum chloride and anionic 

polyelectrolyte can be efficient for the destabilization of micro- and nanosized oil droplets. 

Therefore, the mentioned coagulant/flocculant combination might be useful for the purification of 

car wash wastewaters before membrane filtration, resulting in significant fouling reduction and 

longer lifetime for the membranes. In this study, purification of real car wash wastewater was 

investigated by the utilization of different coagulants/flocculants, including polyaluminum chloride, 

polyelectrolytes, and clay mineral. This latter material can intensify the sedimentation of the flocks 

and it’s adsorption capacity also can be favorable to reach higher elimination efficiency of dissolved 

organic compounds (Szabo, 2011; Zhu, 2008). Additionally, the effect of in situ generation of 

organophilic clay mineral by the addition of hexadecyltrimethylammonium bromide (HTABr) 

cationic surfactant was also investigated, since HTABr as an organic cation carrier can exchange the 

Na+ ions of clays minerals, hence can make them suitable for the adsorption of different organic 

contaminants, such as anionic (Shen, 2009) and cationic (Tonlé, 2008) dyes and different non-polar 

contaminants, such as hydrocarbons (Ilisz, 2002; Wiles, 2005), phenols (Senturk, 2009) and 

naphthalene (Zhu, 2008). 
 

 

MATERIALS AND METHODS 

Coagulation/flocculation experiments 

The purification of real car wash wastewater was investigated in a F4P portable Jar Test flocculator 

(VELP Scientifica) with the addition of different coagulants as polyaluminum chloride (‘BOPAC; 

Unichem Kft.), iron(III) chloride (‘UNIFLOC-C‘, Unichem Kft.), iron(III) sulfate (‘UNIFLOC‘, 

Unichem Kft.) and aluminum(III) chloride (‘UNIPAC’, Unichem Kft.), different flocculants as non-

ionic and anionic polyelectrolytes (‘UNIFLOC-M20’ and ‘UUNIFLOC-LT27’, respectively; 

Unichem Kft.) and clay mineral (Na-bentonite; Unikén Kft.). Hexadecyltrimethylammonium 

bromide (HTABr, analytical grade, Sigma-Aldrich) addition was also investigated since 

organophilic clay minerals can adsorb different dyes and non-polar contaminants.  
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Coagulants/flocculants and other supporting materials were added in calculated amounts during 

intense stirring (200 rpm) of 0.5 L of the car wash wastewater and after 30 s of the last material 

addition 2 min slow stirring (20 rpm) was applied, then the formed flakes were allowed to sediment 

for 30 min. In the case of Na-bentonite addition, always that was added firstly in suspension form 

(before the experiments the bentonite was allowed to swell in stirred water for minimum 48 h, 

csuspension = 10 g/L). In the case of HTABr addition – amounts were calculated according to the total 

cation exchange capacity –  it was added directly after the clay mineral and 20 min of continuous 

fast stirring (200 rpm) was used to provide the possibility of complete exchange of Na+ ions of clay 

mineral with the cationic surfactant. After 20 min of stirring, the coagulant and flocculant were also 

added to the beakers and then 2 min of gentle stirring (20 rpm) was applied, as usually. The 

volumes of the produced sediments were also determined with Imhoff cone sedimentation 

experiments. 
 

Determination of purification efficiencies 

Purification efficiencies were always determined by measuring the turbidity of the supernatants 

after 30 min of sedimentation with a Hach 2100N nephelometric turbidity meter. Additionally, 

chemical oxygen demand (COD) and extractable oil content were also measured in some cases. 

COD was measured by the standard potassium dichromate oxidation method using standard test 

tubes (Hanna Instruments), applying digestions for 120 min at 150°C in a Lovibond ET 108 digester 

and using a Lovibond COD Vario photometer. Extractable oil content was measured by a Wilks 

InfraCal TOG/TPH analyzer, using hexane (analytical grade, VWR International Kft.) as extracting 

solvent. 
 

Characterization of the investigated car wash wastewater 

The investigated car wash wastewater was collected from a south Hungarian car wash station and it 

was characterized as it is summarised in  Table 1. 
 

Table 1. COD, conductivity, turbidity, extractable oil content and pH of the car wash wastewater 

COD Conductivity  Turbidity Extractable oil content pH 

357±8 mg L-1 1.43±0.1 mS cm-1 333±10  NTU 26±2 mg L-1 7.30±0.2 
 

 

RESULTS AND DISCUSSION  

Addition of polyaluminum chloride in different concentrations 

In the first series of experiments, different amounts of BOPAC coagulant were added to the 

wastewater, and the achievable purification efficiencies were determined by turbidity measurements 

and the sediment volumes were also measured (Figure 1). 
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Figure 1. Effects of Al3+ concentration (originated from BOPAC addition) on the coagulation: 

turbidity values after sedimentation, calculated purification efficiencies, and sediment volumes 
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The turbidity values of the supernatants decreased intensely by the increasing concentration of Al3+ 

from 2 to 20 mg L-1, resulting in 35±4 NTU and 89±1 % purification efficiency, but higher 

concentrations resulted in only slightly lower turbidity values. At the same time, the volume of the 

produced sediment showed a nearly linear increase with the increasing Al+3 content. Considering 

the achievable purification efficiencies, the used chemical amounts and the produced sediment 

volumes, the 20 mg L-1 Al3+ concentration could be recommended. 50 mg L-1 aluminum content 

resulted in just slightly higher purification efficiency (93±1 %), but twice higher sediment volume 

compared to the 20 mg L-1 added aluminum content. 

 

Addition of clay mineral in different concentrations 

In the next series of experiments different amounts of Na-bentonite (0, 100, 250, 500 mg L-1) were 

added before the BOPAC addition (in these experiments 20 mg L-1 Al3+ content was used). The 

purification efficiencies (calculated from turbidity) and the sediment volumes are in Figure 2a. 
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Figure 2. a) Effects of Na-bentonite addition on purification efficiency and sediment volume; b) 

photographs after 30 and 60 s of sedimentations (0, 100, 250, 500 mg L-1 Na-bentonite additions, 

respectively, before the BOPAC addition – 20 mg L-1 Al3+ content in all cases.) 

 

100 mg L-1 Na-bentonite addition increased significantly the purification efficiency (98±1 %), and 

the sediment volume was also slightly decreased. With the utilization of higher Na-bentonite 

amounts, almost the same purification efficiencies were measured and the sediment volume just 

slightly decreased, so higher than 100 mg L-1 Na-bentonite concentration could not be 

recommended, even the sedimentation was slightly faster at higher Na-bentonite concentrations as it 

can be seen in Figure 2b. The addition of Na-bentonite alone was also investigated as reference 

experiments, and the turbidity values (333, 210, 285, 355 and 580 NTU in the case of 0, 100, 250, 

500 and 1000 mg L-1 bentonite additions, respectively) proved the necessity of the coagulant 

addition. 

 

Addition of non-ionic and anionic polyelectrolytes 

The extra addition of two different types of polyelectrolytes – after the Na-bentonite (100 mg L-1) 

and BOPAC (20 mg L-1 Al3+) additions – was investigated in two beakers, while in other two 

beakers reference experiments were carried out by using the polyelectrolytes alone. Non-ionic 

(UNIFLOC-M20) and anionic (UNIFLOC-LT27) polyelectrolytes were applied in a low 

concentration (0.5 mg L-1). The results (Table 2) confirmed that the extra addition of both 

polyelectrolytes increased the achievable purification efficiency, but in relation with the sediment 

volume, the anionic polyelectrolyte (UNIFLOC-LT27) was more beneficial, as half the sediment 

volume (V = 15 mL) was measured compared to the non-ionic polyelectrolyte addition (V = 30 

mL). 
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Table 2. Achievable purification efficiencies (calculated from turbidity values) and the resulted 

sediment volumes via polyelectrolyte addition (in 0,5 mg L-1 concentration) 

Added materials 
Turbidity 

(NTU) 

Purification 

efficiency (%) 

Sediment 

volume (mL) 

- 333 - - 

UNIFLOC-M20 (0,5 mg L-1) 100 70 Not measured 

UNIFLOC -LT27 (0,5 mg L-1) 65 80 Not measured 

Na-bentonite (100 mg L-1) + BOPAC (20 mg L-1 Al3+) 

+ UNIFLOC -M20 (0,5 mg L-1) 
4 98.5 30 

Na-bentonite (100 mg L-1) + BOPAC (20 mg L-1 Al3+) 

+ UNIFLOC -LT27 (0,5 mg L-1) 
4 98.5 15 

 

Comparison of conventional coagulants and BOPAC polyaluminum chloride  

Polyaluminum chloride (BOPAC) was compared with different conventional coagulants, as 

iron(III) chloride, iron(III) sulfate and aluminum(III) chloride in relation to the achievable 

turbidities. Coagulants alone (used in 20 mg L-1 metal ion concentrations), and together with the 

anionic polyelectrolyte (0.5 mg L-1) and/or the Na-bentonite (100 mg L-1) were also investigated 

(Table 3). 
 

Table 3. Achievable turbidity values of the supernatants in the case of different coagulants. M: 

given coagulant metal ion; Bent.: Na-bentonite; PE: UNIFLOC-LT27 anionic polyelectrolyte 

Added materials 

Turbidity values of the supernatants 

Polyaluminum 

chloride (BOPAC) 

iron(III) 

chloride 
iron(III) sulfate 

aluminum(III) 

chloride 

20 mg L-1 M 35 160 175 75 

100 mg L-1 Bent. 

+ 20 mg L-1 M 
7 173 190 82 

20 mg L-1 M 

+ 0,5 mg L-1 PE 
5 91 96 22 

100 mg L-1 Bent. 

+ 20 mg L-1 M 

+ 0,5 mg L-1 PE 

4 88 110 44 

 

The results confirmed the outstanding efficiency of polyaluminum chloride in the case of the real 

car wash wastewater, as the measured turbidity values were 4-35 NTU, while in the case of iron(III) 

coagulants 88-190 NTU values and in the case of conventional aluminum(III) chloride 22-82 NTU 

values were measured. The outstanding purification efficiency of the BOPAC can be explained by 

its’ pre-hydrolyzed form and Keggin structure, which result in advanced adsorption ability. In the 

series of BOPAC addition, the COD values and extractable oil contents of the supernatants were 

also measured, and 57±1 % and 83±3 % purification efficiencies were determined, respectively. 
 

Effects of in situ production of organophilic clay minerals by HTABr addition.  

In situ addition of HTABr was also investigated, since it can exchange the Na+ ions of bentonites to 

organic cations, hence it can modify the surface to be organophilic and this makes them suitable for 

the adsorption of different type of organics such as dyes and different non-polar contaminants. 

Different amounts of Na-bentonite (0, 100, 500 and 2000 mg L-1) and HTABr (in calculated 

concentrations, according the bentonite’s cationic exchange capacity) were added before the 

BOPAC coagulant (20 mg L-1) and UNIFLOC-LT27 polyelectrolyte (0.5 mg L-1) addition. 
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Turbidity, COD and extractable oil content of the supernatants and the sediment volumes were 

measured (Table 4). 
 

Table 4. Turbidity, COD and extractable oil content of the supernatants and sediment volumes 

No. Added materials 
Turbidity 

(NTU) 

COD (mg 

L-1) 

Extractable oil 

content (mg L-1) 

Sediment 

volume (mL) 

- - 333 357 26 - 

1 
100 mg L-1 Bent. 

+ 20 mg L-1 Al3+ + 0,5 mg L-1 PE 
6 158 4 15 

2 
100 mg L-1 Bent. + HTABr 

+ 20 mg L-1 Al3+ + 0,5 mg L-1 PE 
6 156 5 13 

3 
500 mg L-1 Bent. + HTABr 

+ 20 mg L-1 Al3+ + 0,5 mg L-1 PE 
3 156 4 11 

4 
2000 mg L-1 Bent. + HTABr 

+ 20 mg L-1 Al3+ + 0,5 mg L-1 PE 
4 154 4 20 

 

The reduction of turbidity, COD and extractable oil content were very similar in all cases, but color 

removals of the supernatants were observed visually when the organophilic bentonite was used. 

Absorbance measurements confirmed these color removals with an increasing degree from sample 1 

to sample 4, as the absorbance values significantly decreased at λ=400 nm (Figure 3a). Considering 

the turbidity values, the color removal and more importantly the reduced sediment volumes                    

(Table 4.), the usage of 500 mg L-1 organophilic bentonite can be considered beneficial. The 

beneficial effect of HTABr addition as the formation of more compact flocks (which resulted in the 

reduced sediment volumes) can be seen in Figure 3b, where the treated waters are stirred slowly (20 

rpm). 
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Figure 3. a) absorbance values of the supernatants (λ=400 nm), b) photographs of samples 2 and 3 

 

 

CONCLUSIONS 

As the main aim of this study was the effective elimination of dispersed contaminants, the 

utilization of BOPAC alone (without Na-bentonite or polyelectrolyte addition) was not effective 

enough. Extra addition of anionic polyelectrolyte (UNIFLOC-LT27) significantly increased the size 

of the produced clusters, intensified the sedimentation and decreased the sediment volume. BOPAC 

proved to be significantly more effective than conventional coagulants due to its’ pre-hydrolyzed 

form and Keggin structure. In summary, the utilization of 100 mg L-1 Na-bentonite with 20 mg L-1 

Al3+ (originated from the BOPAC addition) and 0.5 mg L-1 anionic polyelectrolyte decreased 

effectively the turbidity, the COD and the extractable oil content of the real car wash wastewater 

with efficiencies of 98 %, 59 %, and 85 %, respectively. Moreover, the simultaneous addition of the 

cationic surfactant (HTABr) resulted in the successful in-situ production of organophilic clay 
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minerals and via its’ utilization in a higher concentration (500 mg L-1) significant color remove, 

slightly lower turbidity value (99 % efficiency) and significant lower sediment volume were also 

achieved. The utilization of both these last two combinations can be recommended as single, easy 

but efficient pretreatments of car wash wastewaters before the final membrane filtration step. 
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Abstract  

The dairy industry generates high amount of wastewaters. Biological treatments for these 

wastewaters are possible, however its quiantity is too big, which may cause problems. Therefore 

new solutions are needed and membrane separation is a promising method. With the proper choice 

of membranes different type of wastewaters can be cleaned with high efficiency but the fouling 

remains a limiting factor of the applications. The goal of this study was to clean real dairy 

wastewater with membrane separation. To reduce the membrane fouling, ozone and Fenton-

reaction were used as pre-treatments, The generated concentrate was used to produce biogas, and 

it’s methane content was measured. Filtration resistances, fluxes, purification efficiency were also 

investigated.  
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INTRODUCTION  

There are several investigations to clean or reuse of dairy wastewaters, and membrane processes are 

promising methods to treat such wastewaters. Earlier works proved that an appropriate retention can 

be achieved by membrane filtration and permeates can be reused.  Membrane separation is also an 

proper method for reducing the amount of the wastewater, by concentrating it. With the appropriate 

choice of the membranes, the purification efficiency can be high, but the concentrate needs further 

treatments. Fortunately the concentrated dairy wastewaters not containing any toxic materials or 

dangerous compounds, but contain high amount of organic materials like proteins, fat, lactose etc. 

(Sarkar, 2006) The concentrated wastewater mixed with anaerobic sludge can be used to produce 

biogas  (Joshiba, 2019). However, membrane fouling is a limiting factor in these processes 

(Abdelkader, 2019). One of the biggest challenge about the researches of membrane separation is to 

reduce the fouling, and there is a promising method for it, called advanced oxidation processes.  

 

Advanced oxidation processes (AOPs), like Fenton-reaction are widely used in the fields of water 

and wastewater treatments and are known for their capability to mineralise a wide range of organic 

compounds. AOPs also have some other effects on the filtration procedure, e.g. the micro-

flocculation effect (László, 2009). Ozone as pre-treatment also has similar effects like AOP-s, and 

it’s also can increase the biodegradability of food waste, and can increase the production of 

biogas (Beszédes, 2009).  
 

In the present study the effect of the Fenton-reaction and ozone treatment as pre-

treatments of real dairy waste waters were investigated. Fluxes, filtration resistances and pollutant 

retentions were determined and compared.  Biogas production from the wastewater’s concentration 

mixing with municipal sludge also was investigated. 

mailto:zsizsu@mk.u-szeged.hu
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EXPERIMENTAL  

The dairy wastewater is origineted from Sole-Mizo Zrt., a dairy factory in Szeged, Hungary. The 

raw wastewater has 3800-4100 mg/l COD, all dry matter content  around 2000 mg/l and the pH 

changing between 6,5 and 7. During ozone treatment experiments, ozone-containing gas was 

bubbled continuously through a batch reactor during the treatment. The absorbed ozone 

concentration was 30-40 g/m3 (30 g/m3 in 5 minutes and 40 g/m3 in 20 minutes) The volume of the 

treated water  was 0.4 dm3. Ozone was produced from oxygen (Linde, 3.0) with a flow-type ozone 

generator (Ozomatic Modular 4, Wedeco Ltd., Germany).The durations of the treatment were 5, 10 

and 20 mins; and the flow rate was 1dm3 min–1. Fenton-reaction was conducted in a stirred batch 

reactor with 1.5 mmol dm–3 FeSO4×7H2O (purity 99 %, VWR, EU) adjusted to pH 3 with H2SO4 

(purity 96 %, Farmitalia Carlo ErbaSPA, Italy), and H2O2solution (30 %, purity 99 %, VWR.), the 

[H2O2]:[Fe] ratio was 5:1 (Fenton (5:1). The ozone or Fenton pre-treated samples were used as a 

feed in ultrafiltration (UF) experiments. The UF experiments were carried out in a batch stirred 

ultrafiltration cell (Millipore, SN:XFUF04701, USA), the filtrations were performed at 0.3 MP 

transmembrane pressure and the feed solutions were stirred at 350 rpm. For filtration experiments 

flat-sheet PES membranes (PES6 series, New Logic, USA) with MWCO (10 kDa) were used with 

effective membrane area of 0.00173 m2. The initial feed volume was 250 cm3, the UF experiments 

were carried out until 200 cm3 of the total sample was filtered, where the volume reduction ratio 

VRR=5.  

 

For the chemical oxygen demand (COD) measurements high range (0 - 15000 mg/l) photometric 

test kits (COD VARIO tube tests (Lovibond Tintometer)) were used. 
 

The purification efficiency was calculated by: 
 

 *100)                 (1) 

Biogas production tests were performed in triplicate in batch mode under mesophilic conditions, at 

40 °C for 40 days, in an anaerobic laboratory digester with a pressure measuring head (Oxitop 

Control AN12 measurement system, WTW Gmbh, Germany). The digester was inoculated with 

acclimated sludge from a municipal wastewater treatment plant (Hódmezővásárhely, Hungary) in 

order to eliminate the possible lag-phase of anaerobic biological degradation process. After 

inoculation nitrogen gas was flowed through the reactor to prevent exposure to air. The pH was 

adjusted to pH 7.2 with 1M NaOH and 1 M HCl solution. The capacity of digesters was 1000 mL, 

the volume of mixtured sample was 70 mL, 50 mL from the retentate and 20 mL from the sludge, 

considering our previous work and the pressure range of equipment. The pressure values were 

automatically stored by barometrical heads in every 2 hours. For simple methane determination, 

measurements were performed in parallel in two vessels: one of them contained a CO2 absorber, 

while the other measured the total gas pressure. The resulting pressure difference was proportional 

to the CO2 concentration, and the remaining overpressure was proportional to the methane 

concentration. In addition the accurate composition of the biogas produces was measured by gas 

chromatographic and mass spectrometric method (Agilent 6890N-5976 GC-MS). In the case of 

methane content, there was a close correlation between the pressure difference method and gas 

chromatographic determination (R > 0.85). 
 

In order to investigate the membrane fouling mechanisms, filtration resistances were calculated 

according to the resistances-in-series model.  
 

The membrane resistance was calculated as 
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where RM  is the membrane resistance,  p is the pressure difference between the two sides of the 

membrane (MPa), JW  is the water flux  of the clean membrane and ηW is the water viscosity (Pa·s). 

RT  is the total resistance (m–1), can be evaluated from the steady-state flux by using the resistance-

in-series model: 

reviirevMT RRRR ++=    ,                                                (3) 

where Rirrev is the irreversible resistance (mainly caused by the fouled pores) and Rrev is the 

reversible resistance [m–1]. 
 

The irreversible resistance was determined by measuring water flux through the membrane after 

filtration and rinsing it with deionized water to remove any particles of residue layer from the 

surface, by subtracting the resistance of the clean membrane: 

M

WWA

irrev R
J

p
R −=




 ,                                             (4) 

where JWA is the water flux after concentration tests. The reversible resistance of the layer deposited 

on the membrane surface was calculated as  

Mirrev

WWC

rev RR
J

p
R −−=




,                                  (5) 

where Jc is the constant flux at the end of the concentration and ηww is the wastewater viscosity 

(Hermia, 1982). 
 

 

RESULTS 

In the first series of experiments, the dairy wastewater samples were pre-treated with ozone for 5, 

10 or 20 min or with Fenton reaction for 0, 30 or 90 min. The pre-treated samples were filtered, and 

the filtration resistances were calculated based on measured fluxes. It was found, that the ozone 

pretreatment increased the relative fluxes in every cases, and the 10 minutes pre-treatment caused 

the highest values. , while surprisingly, the Fenton-pretreatments decreased the relative fluxes. In 

order to get more information about the nature of the fouling, filtration resistances were calculated 

and compared (Figure 1). 
 

 

Figure 1. Filtration resistances 
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As it was expected based on flux curves, the ozone pre-treatment decreased the filtration 

resistances, in more detailed, the irreversible resistances were decreased and the reversible 

resistances were increased. It means that membrane will be easier to clean after the filtration. 

Fenton-pretreatment increased the total resistances via increasing the irreversible resistance, which 

was caused by the particles blocking the membrane pores, and make the membrane cleaning harder, 

or even not possible. 

 

After the filtration, the purification efficiencies were measured and compared. It was found, that the 

shorter (5 and 10 minutes ozone and 0 and 30 minutes Fenton) pre-treatments resulted higher 

purification efficiency than the filtration of untreated samples. However, further increasing of the 

duration of pre-treatments (20 minutes ozone and 90 minutes Fenton) the efficiency decreased and 

it resulted in even lower cleaning efficiency than without any pre-treatments.  

 

 
Figure 2. Purification efficiency after filtration 

 

The short-term beneficial effect of ozone pre-treatment can be explained by the microflocculation 

effect of ozone. The Fenton-reaction has similar (coagulation/flocculation) effect, because of the 

coagulation-flocculation effect of ferrous-sulfate (FeSO4) reagent used to carry out the Fenton-

reaction, resulting in enhanced purification efficiency. However, if we increase the duration of the 

oxidation processes, the larger particles can be degraded, the smaller particles can pass through the 

membrane, and increase the COD in the permeate. The smaller particles can also get into the 

membrane pores, causing irreversible resistances (Figure 3). 

 
Figure 3. Comparing the mechanism of the shorter and longer pre-treatments 
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After the filtration the concentrate contains most of the organic content of the wastewater. Because 

of the high organic content and the lack of toxic materials it is possible to use it for biogas 

production. The concentration alone does not contain any anaerobic microorganisms so the retentate 

was mixed with anaerobic sludge from a municipal wastewater factory, which was used biogas 

production before. (Beszédes, 2009)  During a 40 days period on fixed 40 °C temperature the 

pressure was measured in the biogas reactors. The control probe was the municipal sludge alone  

(70 cm3). The untreated concentrate, the ozone and the Fenton-pretreated mixture also were 

inoculated with the anaerobic sludge by mixing the samples with the anaerobic sludge (50cm3 

sample+ 20cm3 sludge). It was found, that the ozone pre-treatment highly increased the pressure in 

the biogas reactor, which means that more biogas was produced during the 40 days. The Fenton pre-

treatment also increased the biogas production, but it resulted in only a slightly higher pressure than 

the untreated one (Figure 4).  

 
Figure 4. Biogas production from the wastewater concentration mixed with sludge 

 

The increased biodegradability was caused by the pre-oxidation effect of the ozone and Fenton-

preatreatments. However, it can be used for energetic intention if the methane content is high 

enough (Pangrahi, 2019). So the actual methane content of the biogas samples also were measured. 

It was found that the methane content was high even in the untreated samples, and the pre-

treatments further increased it. With the ozone pre-treatment, it reached 70 % and the Fenton-

reaction resulted 68 % methane content in the biogas, so it may be possible to use it for energetic 

purposes (Figure 5). 

 
Figure 5. Methane content of the biogas 
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SUMMARY 

In this work the ozone and the Fenton-reaction as pre-treatments before membrane separation of 

real dairy wastewaters were investigated and compared. Our goal was to decrease the membrane 

fouling, increase purification efficiency of the filtration and the biological degradability of the 

remaining concentration after the filtration. The short term ozone pre-treatment decreased the 

fouling due to the microflocculation effect of the ozone. According to our experiments, the 

available fluxes were increased and the filtration resistances decreased, moreover the ozone pre-

treatment decreased the irreversible resistances, make the membrane surface easier to clean after the 

procedure. Fenton-reaction decreased the fluxes and increased the filtration resistances, so in case of 

this type of wastewater the ozone pre-treatment is the recommended option. With shorter pre-

oxidation treatments such as 10 minutes ozone and 30 minutes, Fenton-reaction the purification 

efficiency found to be increased. However if we further increase the oxidation time (20 min ozone 

and 90 min Fenton) the large particles can be decomposed and can pass through the membrane 

pores into the permeate, resulting in higher COD. Both pre-oxidation pre-treatments increased the 

biological degradability of the retentante and with the proper mixture with anaerobic sludge; it is 

possible to produce biogas from the filtration leftover. The comparison of the two pre-treatments, in 

the case of ozone treatments more biogas was produced, and higher methane content was observed 

in the biogas (up to 70%) so it may be possible to use this biogas for energetical purpose. 
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Abstract 

This research work focused on the analysis of hydraulic transients induced by a pump tripoff in a 

hypothetical water pumping system equipped with an air valve. The influence of the dynamic 

effects on the system behaviour and on the numerical modelling has been highlighted. Pressure 

transients were simulated considering the classic water hammer model as well as the incorporation 

of unsteady friction model. The results showed that unsteady friction causes attenuation of 

pressure peaks and pressure signal delay. Thus, unsteady friction cannot be neglected when 

analysing hydraulic transients in pressurized pipes as its consideration is responsible for the greater 
damping of calculated pressure peaks. 
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Water hammer; numerical modelling; dynamic effects 

 

 

INTRODUCTION 

Hydraulic transient modelling is important in the design of pressurized piping systems to ensure 

their safety, reliability and good performance under various operating conditions. Several causes 

can originate transient phenomena such as valve manoeuvres, pump trips or start-up, or by the 

occurrence of sudden pipe ruptures (Soares et al., 2013). Checking the minimum permitted 

pressures is important to prevent pipeline collapse by avoiding air release, cavitation and separation 

of the water column. Calculation of the maximum transient pressures is usually performed to verify 

if materials and characteristics of the pipe are sufficient to withstand the expected pressure loads to 

avoid tube rupture or damage to the system (Covas et al., 2006).  
 

Accurate analysis of pressure wave propagation in pipes depends on the ability to model many 

phenomena that are secondary to the main effect described by the Joukowski equation. Secondary 

phenomena include, for example, cavitation and fluid–structure interaction, both of which can 

influence the evolving shapes of wave fronts as well as their amplitudes and speeds of propagation. 

Another such phenomenon is skin friction (Vardy and Brown, 2007). The main motivation for the 

attempts of improving models of unsteady-state friction in pressurized pipe systems is the need for 

simulating properly the very large decay and rounding of pressure peaks after the end of a complete 

closure manoeuvre or a pump shutdown (Brunone et al., 2004). Differences can be verified between 

the behaviour obtained from the theoretical results and data collected from real systems, especially 

during rapid transients with high frequencies, when trying to model a transient event considering 

steady friction. Thus, it was verified the need to treat the friction factor differently for the steady-

state flow and unsteady flow regimes (Vardy et al., 1993).  
 

In this study, transient pipe flows caused by pump tripoff have been analysed. Numerical results 

obtained from hydraulic modelling of a hypothetical system with similar characteristics to existing 

systems have been used to evaluate the performance of the transient solver. 
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METHODOLOGY 

The case study consists of a hypothetical pipe-rising main between two storage tanks. Figure 1 

presents the simplified scheme of the water pipeline profile. An air valve was designed to protect 

the high point of the line (Point B – x = 400 m) against negative pressures. The system consists of a 

centrifugal pump with nominal values of 158 m for total head, 150 kW for power, 1750 rpm 

rotational speed, 70 L/s for pumped flow, 72.33 % for efficiency, and pump-motor inertia of 

4.03 kg.m². The main force consists of pipes with an absolute roughness of 0.1 mm, an inner 

diameter of 300 mm, a wave speed of 1000 m/s and a total length of 1000 m. 
 

 
Figure 1. Water pipeline profile (zA = 0 m; zB = 60 m; zC = 0 m; zD = 150 m) 
 

Elastic Model 

In the analysis of hydraulic transients in pressurized conduits, it is possible to consider the elastic 

model, which takes into account the compressibility of the fluid and the mechanical characteristics 

of the conduit walls, used for the analysis of rapid transients with high frequencies (Soares, 2007). 

A pair of partial differential equations (Chaudhry, 2014; Wylie and Streeter, 1993) can represent the 

modelling of the flows using the elastic model: 
 

 
 

(1) 

 
 

(2) 

 

where x = coordinate along the pipe axis; t = time; H = piezometric head; Q = flow rate; a = celerity 

or elastic wave speed; g = gravity acceleration; A = pipe cross-sectional area; hf = head loss per unit 

length. The solution of the equations is usually obtained through the Method of Characteristics 

(MOC), which transforms the original pair of hyperbolic equations into two pairs of simple 

differential equations. 
 

Unsteady Friction 

To take into account unsteady friction effects, the friction losses, hf, have been separated into two 

components (Soares, 2007): 
 

 
 

(3) 

 

where hfs = head loss for steady-state conditions (expressed in terms of square flow rate for 

turbulent flows); hfu = head loss for unsteady-state conditions; D = pipe inner diameter; and 

f = Darcy-Weisbach friction factor calculated for turbulent and laminar flow (Swamee, 1993). 
 

A 
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With regard to the head loss for unsteady-state conditions, two one-dimensional models have been 

developed in this study: Vardy et al. (1993) and Vardy and Brown (2007). Vardy et al. (1993) 

proposed a model for the consideration of unsteady friction in turbulent transient flow that follows 

the hypothesis formulated by Zielke (1968) for laminar flow. This method relates the term of 

unsteady friction to the average velocity and the history of instantaneous velocities and can be used 

in Method of Characteristics (MOC). The head loss for unsteady-state conditions is given by: 
 

 
 

(4) 

 

where υ = dynamic viscosity of the fluid. Variables Y𝑖 depends on the fluid and on the 

characteristics of the flow itself, which are defined by: 
 

 
 

(5) 
 

where parameters Bi and Ai are dependent on the product of friction and Reynolds number (f×Re) 

and the respective weighting functions are presented in Figure 2.  
 

 
Figure 2. Weighting functions for smooth turbulent flows (Covas, 2003) 
 

Vardy and Brown (2007) presented a weighting function approach suitable for the whole range of 

turbulent flows from fully smooth to fully rough, allowing for an extensive range of Re: 
 

 

 

(6) 

 

where  and 

, in which a0 = −291.07; a1 = 149.33; a2 = −24.410; a3 = 1.3524; b0 = 1; b1 = −0.14810; 

b2 = 0.0078897; and b3 = −0.00014504. 
 

The scaled weighting function W
*

a is equal to the inverse of the square root of the nondimensional 

time and is thus independent of the particular flow conditions. The relationships between the 

universal and specific values of mi and ni are implicit in Equation 6, namely mi = A
*
mi

*
 and 

ni = ni
*
+B

*
. Sets of values of the coefficients mi

*
 and ni

*
 are presented in Vardy and Brown (2007). 

 

Boundary Condition 

The relationships between flow (Q) rotational speed (N), head (H) and torque (T) must be specified 

in order to mathematically represent a pump. Dimensional parameters related to the best efficiency 

point are used as reference and defined by the following variables, where the subscript R denotes 

nominal values (Chaudhry, 2014): 
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(7) 

 

During normal pump operation, α, β, υ and h are all positive. However, during the transient state, 

they can become negative individually or in groups. The operation of a pump can be divided into 

eight operating zones and four quadrants, in terms of an angle ω = tan
-1

 (α / υ). Head and torque 

characteristic curves are defined according to Suter parameters, calculated by Fh and Fb (Figure 3), 

respectively, as a function of angle ω for different values of specific velocity (Ns): 
 

   

(8) 

 

 
Figure 3. Pump characteristic curves for different specific speeds: (a) pumping pressure head; (b) 

net torque (Soares et al., 2013) 
 

The head on the pump can be calculated from the following equation: 
 

  (9) 

 

in which Hsuc = height of the liquid surface in the suction reservoir above the datum, HP = pumping 

head at the end of the time step, and ΔHPv = head loss in the discharge valve for the pump discharge 

at the end of the time step given by: 
 

 
 

(10) 

 

where Cv is the coefficient of valve head loss. 
 

The boundary condition imposes four unknown variables αP, υP, hP and βP, which must be 

determined at each time interval. Therefore, four equations that provide a single solution are 

required. From Equations 7 to 10, we obtain: 
 

  (11) 

 

After equation development, resolution is performed via Newton–Raphson Method (Chaudhry, 

2014). Rearranging Equations 7 to 11 gives: 
 

 
 

(12) 

 
 

(13) 

 

where C6 = -15TRΔt/(πINR), in which I = inertia of the motor-pump assembly. 
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Air Valve Boundary Condition 

In this work, the device used to relieve the effects of negative pressures was the triple function air 

valve with nominal inlet and exhaust air diameters of 80 mm and 20 mm, respectively. The 

characteristic curves of intake and expulsion of air by the air valve are shown in Figure 4. The 

discharge coefficients for air inlet and outlet were defined at the constant value of 0.61, which is 

usual for the calculation of a standard orifice. The high point B (zB = 60 m in Fig. 1) was chosen as 

the air valve installation site, which is a possible air accumulation region. 

 

 
Figure 4. Characteristic curves of the air valve. a) Air intake curve. b) Air expulsion curve 

 

Modelling air valve boundary conditions may be handled within the usual framework of the MOC. 

Complete equations used for air valve boundary simulation are presented in Wylie and Streeter 

(1993). Four conditions - air inflow and outflow through an air valve at subsonic and sonic levels - 

are considered. Assumptions are made in the analytical equations for air valve boundary conditions 

(Wylie and Streeter, 1993) as: (1) isentropic flow is assumed for airflow through the air valve; (2) 

the air mass within the pipe is assumed to obey the isothermal law; (3) the air admitted into the pipe 

is assumed to stay near the valve; and (4) the water surface elevation is assumed to remain constant, 

and the volume of air is considered small compared with the liquid volume of pipeline reach.  

 

 

RESULTS 

To validate the hydraulic model developed, comparisons to the software Allievi (ITA, 2018) were 

made by simulating two distinct scenarios: steady-state friction and water pipeline without air valve 

(Scenario 1); and steady-state friction and water pipeline equipped with a triple function air valve 

(Scenario 2). To verify the influence of the dynamic effects on the system behaviour, hydraulic 

transients were simulated considering the classic water hammer model as well as unsteady friction 

models (Vardy et al., 1993; Vardy and Brown, 2007). The developed model was evaluated in two 

different scenarios: unsteady friction and water pipeline without air valve (Scenario 3); and 

unsteady friction and water pipeline equipped with a triple function air valve (Scenario 4). 

 

Figure 5 shows that the developed hydraulic model reproduces accurately the initial minimum 

pressure heads (t ≈ 1.5 s and H ≈ 45 m). The attenuation and dispersion of the pressure wave fit 

precisely to the simulated time interval, reproducing analogous pressure peaks. 

 

a) b) 
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Figure 5. Variation of pressure head in the pumping system – Scenario 1 

 

As shown in Figure 6 and 7, dynamic effects caused by the addition of an air valve in the system 

did not compromise the accuracy of the developed model. The results obtained for the pressure 

transients in the pumping system and in the air valve also showed convergence between the two 

models. 

 

Figures 8 and 9 show the results obtained by unsteady friction models simulation. When comparing 

results of simulations using steady-state friction to results of unsteady friction model of Vardy and 

Brown (2007) the pressure signal presents damping of pressure peaks as well as phase delay of 

pressure waves. The model proposed by Vardy et al. (1993) showed no significant difference from 

the classic elastic model. As shown in Figure 9, the pressure signal behaviour is quite similar to the 

one observed in Scenario 3. Including the effects of air valve operation did not change how the 

models behave numerically in terms of pressure attenuation and pressure wave delay. In general, 

consideration of the unsteady friction resulted in attenuation of pressure peaks and pressure wave 

delay only for Vardy and Brown (2007) model. 

 

 
Figure 6. Variation of pressure head in the pumping system – Scenario 2 
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Figure 7. Variation of pressure head in the air valve – Scenario 2 

 

 
Figure 8. Variation of pressure head in the pumping system – Scenario 3 

 

 
Figure 9. Variation of pressure head in the pumping system – Scenario 4 

 

 

CONCLUSIONS 

A hydraulic transient solver incorporating unsteady friction and air valve boundary condition has 

been proposed in this research work. When only steady-state friction has been taking into account, 
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the proposed model presented results in accordance with software Allievi and accurate estimations 

for the maximum and minimum transient pressures. These results obtained were used to validate the 

transient solver developed. 

 

Obtained numerical results showed that unsteady friction model proposed by Vardy and Brown 

(2007) reproduced more accurately expected pressure wave dispersion and attenuation effects, 

comparing to the other two models evaluated (classic elastic model and Vardy et al., 1993 unsteady 

friction model). Initial maximum and minimum transient pressures are quite similar to the three 

models evaluated. The major advantage of Vardy et al. (1993) and Vardy and Brown (2007) 

unsteady friction models is their dismissal for empirical determinations, i.e. they are non-

parameterized models instead of unsteady friction models considering wall shear stress directly 

proportional to local and convective terms.  

 

When considering an air valve located in a high point of the water pipeline, the pressure signal 

presented some pressure spikes after air admission. Vardy and Brown (2007) unsteady friction 

model delays the pressure wave and smooths the pressure peaks eliminating pressure spikes. In this 

way, the interaction between unsteady friction and admitted air volumes by air valves have to be 

better studied in existing water pumping systems. 
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Abstract 

Pumped irrigation is a way to improve water control for smallholder farming, hence to intensify its 

production. In this context, the Dutch company aQysta has developed the Barsha pump (BP), the 

first-ever commercial version of a hydro-powered pump traditionally referred to as spiral pump. 

BPs, however, have to deal with several constraints that affect the decision-making and access of 

smallholders to this as well as other agricultural (water pumping) technologies, thus to their 

benefits. On this subject, Product Service System (PSS) is a type of business models able to 

potentially cope with a number of restrictions of different nature (i.e. technical, financial, social). 

Moreover, if co-created with the feedback of the users, and by addressing contextual tensions of 

different cases, these models can be substantially richer than their top-down counterparts. From 

this perspective, six cases of use of BPs have been addressed in Nepal and Malawi, respectively. 
Both primary and secondary data, which was analyzed qualitatively under the analytic induction 

approach, was collected through a number of methods: on-site observations, unstructured 

interviews, structured questionnaires, and Q-methodology. Evidence shows a wide range of (non-

)technical facilitating and hampering conditions for the use of the BP, as well as preferences of the 

smallholders in regards to existing and proposed business model elements. Based on the 

corresponding analysis, a set of opportunities for an improved BP-based business model – PSS, 

aiming to fulfil several (and at times opposing) needs, is ultimately proposed in the current paper. 

 

Keywords 

Hydro-powered pump; Barsha pump; spiral pump; smallholder; business model; product-service 

system; co-creation 

 

 

INTRODUCTION 

Given the significant quantity of smallholder farms worldwide (Lowder et al., 2016), intensifying 

their crop production is key for food security, as well as in creating positive impacts in their 

livelihoods. Amongst many challenges that smallholders face, proper water management is one of 

the most critical elements to achieve such objective (Giordano et al., 2019). A way to improve (or 

enable) access to and control of irrigation water is—yet not limited to—by the use of pumping 

technologies to water lands that will remain otherwise (partly) unirrigated throughout the year. 

 

Most water pumping systems, however, operate on electricity or fossil fuels, thus are (too) cost-

intensive, or even inaccessible, for many smallholders due to the continuous use of electricity and 

fossil fuels (Chandel et al., 2015); moreover, they affect the environmental quality due to their 

gaseous emissions and noise. More environmentally sound and at times less expensive alternatives 

are renewable energy (RE)-based pumping technologies (Gopal et al., 2013). From these, hydro-

powered pumping (HPP) technologies—i.e. those hydro-mechanically driven by the water they 

lift—pose even further advantages over their other RE counterparts (Fraenkel, 1986). 
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The Dutch start-up company aQysta developed the Barsha pump (BP), the first ever commercial 

version of a HPP device traditionally referred to as “spiral pump”, firstly reported during the 18
th
 

century (Ziegler, 1766) and applied after the late 70s in a number of countries (Morgan, 1984; 

Naegel, 1998; UNEP, 2015). Roughly 150 BP units have been deployed since 2014 in Nepal, and 

13 units since 2018 in Malawi (aQysta, personal communication, July 26, 2019). The BP has to deal 

with market inefficiencies caused by, amongst others, underdeveloped supply chains, economic 

constraints, lack of knowledge, amongst others, which consequently limit the access of smallholders 

to this as well as other agricultural technologies, thus to their benefits (Giordano et al., 2019). 

 

A business model that potentially can deal effectively with such a number of restrictions, while at 

the same time creating value for the involved parties, is ‘Product Service System’ (PSS) (Mont, 

2002). In addittion, some authors state that a participatory process of co-creation / co-design (Dahan 

et al., 2010), especially while identifying and addressing contextual tensions at an early stage—in 

line with the so-called Context Variation by Design (CVD) approach (Kersten et al., 2017)—will 

substantially enrich the outputs to meet the user’s needs. However, with exception of few authors 

(Corti et al., 2013; Devisscher and Mont, 2008), these models have not been studied within the 

agricultural sector—let alone their co-created, bottom-up versions. None of them as well have 

addressed the specific case of water pumping technologies for smallholder farming. 

 

In that perspective, Delft University of Technology and Comillas Pontifical University, are 

exploring the co-creation and implementation of affordable and clean pumped irrigation systems for 

smallholders, based upon novel HPP technologies like the aQysta BP (Intriago et al., 2018). Within 

this context, the objectives of this paper are: (1) to qualitatively analyze different (and opposed) use 

cases of BPs in Nepal and Malawi; (2) to highlight the underlying reasons for (not) using the BP, 

with emphasis on the most preferred / least preferred current and proposed BP business model 

elements (BME); and, (3) set grounds, based on the feedback of smallholders, for the future co-

design of an improved BP-based PSS. 

 

 

MATERIALS AND METHODS 

Criteria for selection of use cases 
The BP use-cases were selected within certain Nepali and Malawian smallholder communities, 

during the field visits in June – July 2019, based on the following criteria: (1) at least one BP must 

have been posing continuous presence for ≥ 2 months; (2) in accordance with the CVD approach, 

the BP use-cases must show different characteristics (e.g. topography, water source, facilitating / 

hampering conditions) between each other. 

 

Data collection 

Primary data, both quantitative and qualitative in nature, was collected and triangulated by: (1) 

direct on-site observations; (2) unstructured interviews to BP users, other smallholders (non BP 

users), and experts (authorities, NGOs) relevant to the chosen communities; (3) structured 

questionnaires administered to smallholders; and, (4) Q-methodology. Secondary data, which 

complemented the understanding of the researched phenomenon, was collected through: (1) 

databases administered by aQysta on the use of BPs; (2) official documents issued by the respective 

Nepali and Malawian authorities; and, (3) other related literature. 

 

Data analysis 

Due to their nature, as well as to the size of the selected population, the collected data will be 

analyzed qualitatively, under the analytic induction approach. Particular attention will be given to 
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contrasting data between cases, in line with the aforementioned CVD approach. 

 

 

RESULTS AND DISCUSSION 

On the basis of the criteria pointed out above, the selected communities were, in Nepal: (1) Sokhu 

Besi neighborhood in the Jhangajholi Ratamata village, Sindhuli district, (2) Manthali 

municipality, Ramechhap district, and (3) Lele village, Lalitpur district; and, in Malawi: (4) 

Michiru, near Blantyre, (5) Tedzani, near Zalewa, and (6) Kachere cooperative, near Ntchisi. These 

BP use cases show a wide range of codified categories / attributes, as summarized in Table 1. 

 

Brief description of cases 

Case 1: Sokhu Besi. The farmer is the sole owner of the BP, obtained by means of a subsidy      

(~90 %) from the local government. The water supplied by the BP supports both crop—mainly 

vegetables sold to local markets—and livestock farming. The unit has been operative yet with two 

broken waterwheel paddles, thus working less efficiently. The farmer counts on basic 

complementary infrastructure for pumped water management: two plastic reservoirs and one 

plastic-lined open-air excavated pond, both at farm-ground level. The BP shares space with other 

two community-owned diesel water pumps on the riverside. The latter require fuel input, resulting 

in operation costs 600 NPR (~ €4.80) per hour per farmer. Nevertheless, in general the community 

prefers the diesel pumps over the BP due to its higher pressure and flowrate, and (perceived) faster 

spinning speed. 

 

Case 2: Manthali. The farmer has two BPs, one owned—subsidized ~90 % by the government—

and one lent quad-spiral prototype (intended to reach twice the pumped flow. His farm consists of 

several plots, some of them rented from neighboring farmers, to produce vegetables for sale at the 

local market. Albeit in operational conditions, none of the BPs was in use at the time of the field 

visit. The farmer argued this was due to the forthcoming rains, hence potential floods that could 

flush away the pumps; however, this might also be occurring due to the preferential use of 

groundwater sources within his lands. According to other interviewees, the farmer receives more 

revenues from selling groundwater to neighbors than the agricultural produce itself. This coincides 

with the fact that some plots remain barren, although he could ensure higher water volumes by 

additionally using the two BPs. 

 

Case 3: Lele. The current farmers took over the farm on rental basis three months before the field 

visit. An infrastructure was already established, i.e. open plastic greenhouses and drip irrigation 

system, though the latter was removed by the farmer. The breast-shot BP lent along with the farm, 

stopped functioning after a flood damaged the ~0.50 m weir four months before. The farmers do not 

know how the BP operates. As a consequence, they bought an electric pump right away to supply 

their farm’s need of water. This pump feeds an in-farm plastic-lined excavated reservoir, as well as 

a sprinkler irrigation system. They grow a number of vegetables that are sold locally. 

 

Case 4: Michiru. This farm is a BP demonstration site in the Blantyre District. Since the farmer is 

aware of global warming effect, he sees the BP as an ideal technology. The unit has been in his 

possession for three months without any charge, after which he will have to start paying it off. The 

BP has been working so far irregularly due to water level fluctuations. Consequently river 

management—done through sandbags—will remain a reoccurring activity. The water supplied is 

used to irrigate several types of vegetables. Moreover, the farmer constructed a reservoir, which acts 

both as water storage and fish pond, to further manage the pumped water. After filling it, the water 

quickly seeped away; aQysta has offered to supply with a plastic lining to tackle this issue. 
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Table 1. Attributes of the selected BP use cases in farming communities in Nepal and Malawi 
 Nepal  Malawi 

 Sokhu Besi Manthali Lele  Michiru Tedzani Kachere cooperative 

Distance from 

aQysta 

88 km 129 km 16 km  3 km 60 km 396 km 

Travelling time ~3.5 h ~5 h ~1 h  15 min ~2 h ~6.5 h 

Topography River bottom valley River bottom valley Sub-valley  River bottom valley River bottom valley Shire river basin 

Accessibility Next to national 

highway 

Next to regional 

road 

Next to district road  Next to district road Next to footpath Next to dirt road 

Main water 

source 

Sun Koshi river Tamakoshi river Unnamed river  Likhubula river Shire river Chafumbi river 

Farm size 0.4 ha 1 ha 0.2 ha  ~1 ha 4 ha (partly 

cultivated) 

~1.5 ha 

BP presence 

time 

~3 y ~2 y ~1.5 y  ~ 3 m ~ 2 m ~ 3 m 

Facilitating 

conditions for 

BP 

-Closeness to river 

(~170 m) 

-Stream speed 

-Closeness to river 

(~80 m) 

-Stream speed 

-Closeness to river 

(~105 m) 

 -Closeness to river 

(~30 m) 

-Closeness to river 

(~80 m) 

-Closeness to river 

(~120 m) 

-Stream speed 

Hampering 

conditions for 

BP 

-Presence of diesel 

water pumps 

-Groundwater 

sources 

-Stream speed 

-Need of a weir 

-River floods 

 -Stream speed 

-Changing water 

depth 

-Need of a weir 

-Stream speed 

-Floating weed 

-Changing water 

depth 

-Lack of irrigation 

equipment 

BP ownership -1 private -1 private / -1 lent -1 lent  -1 lent 

(demonstration) 

-1 lent (for testing) -1 private 

BP conditions Partially functional 

and operative 

Fully functional yet 

not operative 

Fully functional yet 

inoperative 

 Partially functional 

and operative 

Partially functional 

and inoperative 

Fully functional and 

operative 

Farmer attitude 

on BP 

Willing to keep 

using it 

BP less useful than 

other water pumps 

BP does not provide 

any benefit 

 Willing to keep using 

it 

Willing to keep using 

it 

Willing to keep using 

it 

Impact of the 

BP 

The farm relies on 

the BP 

None (BPs not in 

use) 

None (BPs not in 

use) 

 The farm relies on the 

BP 

None (BP not in use) The farm relies on the 

BP 

Most preferred 

existing BME 

-Subsidies 

-Clean energy 

-Subsidies 

-Zero operation 

costs 

-Clean energy 

-Easy to install and 

use 

-Subsidies 

 -Flexible payment 

methods 

-Zero operation costs 

-Clean energy 

-No human labor 

-Flexible payment 

methods 

-Zero operation costs 

-Clean energy  

-Flexible payment 

methods 

-Zero operation costs 

-No human labour 

Most preferred 

proposed BME 

-Extra services 

-Entrepreneurial 

training 

-Creation of jobs 

-Extra services 

-Creation of jobs 

-Nothing  -Extra services 

(reservoirs) 

-Provision of (basic) 

infrastructure 

-Nothing -Nothing 

Least preferred 

existing BME 

-Complex 

maintenance 

-Savings in 

operation 

-Pumped pressure 

-Pumped pressure 

-Perceived saved 

labor 

-Maintenance 

provided by an 

external organization 

 -Weight and size 

-Easy to 

steal/vandalism 

-BP does not operate 

yet 

-Pumped flow rate 

Least preferred 

proposed BME 

-Paying for extra 

services 

-Non-ownership 

models 

-Entrepreneurial 

training 

-Paying for extra 

services 

-Entrepreneurial 

training 

-Intervention of 

external 

organizations 

-Paying for extra 

services 

 N/A N/A N/A 

Attitude of 

other farmers 

on the BP 

-Not enough 

pumped pressure nor 

flowrate 

-Diesel water pumps 

are more useful 

N/A N/A  -Curiosity on the BP 

operation 

-Skeptical about BP 

efficiency, though 

they think the owner 

made a good decision 

-Curiosity on the BP 

operation 

N/A 

 
Case 5: Tedzani. This farm is an experimental site, intended to test the BP feasibility in the Shire 

river. Its conditions however, are challenging: too deep to anchor the BP, too low water speed next 
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to the banks, rapidly fluctuant water level, and houses crocodiles. If this pilot turns successful, the 

farmer will pay the BP off in instalments—a key driver for her choice—after which she is willing to 

buy another one. The main reason to adopt a BP was to cut down on fuel costs of the pumps that are 

currently used for irrigation. The BP was in the water but not operating due to low water speed. 

 

Case 6: Kachere cooperative. This is a group of smallholders that has received support from several 

organizations; they shifted from watering cans to treadle pumps, and later on to diverting the river 

and gravity irrigation. None of these methods worked to their satisfaction, as such they inquired a 

BP, which was provided after paying a deposit. Yet, they find the pumped flow rate insufficient. 

This occurs due to the inadequate water management, associated with lack of infrastructure (e.g. 

sprinklers, reservoirs): water pumped through the night is not stored but simply flows off. Even 

though farmers are aware that they could pay in instalments, affordability is still a concern. 

 

Facilitating and hampering conditions for the BP 
It was observed, in line with findings on other HPP devices (Garman, 1986; Naegel, 1998; Weng, 

1994), that a sound technical performance of the technology does not guarantee its sustained use. In 

Manthali and Lele, the BPs were simply neglected despite optimal working conditions. In Sokhu 

Besi and Kachere cooperative, similarly to other studies on RE-technologies (Bhattacharyya, 2006; 

UNCTAD, 2010), (in)existence of external elements (e.g. reservoirs, centrifugal pumps) affected 

the perceived usefulness of the BP. Within another Nepali community, the BP was deemed as 

undesirable since it might impede the provision of a subsidized diesel water pump (aQysta, personal 

communication, June 11, 2019). On the contrary, the Michiru and Tedzani cases depict the 

willingness of the farmers to use the BP, even though site conditions were unfavorable. 

 

These conditions, particularly for newly adopted technologies, are negatively boosted by weak 

supply chains (Giordano et al., 2019; Johan, 2015; Weng, 1994). In both Nepal and Malawi, aQysta 

rely only on a centralized office; as a consequence, all the site-dependent after-sale services (e.g. 

reparation, maintenance) are decreased in efficiency (Dahan et al., 2010). In both countries, due to 

their topography and road conditions, extended travelling times deepen the remoteness of certain 

locations, thereby worsening the already limited logistic networks (UNDP, 2018). 

 

Preferences on existing and proposed BME 
Most preferred existing BME. Some existing BMEs could cause undesirable side effects if not well 

managed. Subsidies can steer practices and behaviors, hence to cope with several barriers (e.g. 

unaffordability, promotion of use, gender inequity) (Bista et al., 2018; Fisher and Kandiwa, 2014; 

Rai et al., 2019). Nevertheless, if not considered as temporary elements of change, linked to 

obligations from the counterpart, they can turn into permanent “crutches” for smallholders (Clay, 

2013), even posing eventual decreases in productivity (Paudel and Rago, 2017). Moreover, the 

technology is prone to be deemed as a mere handout due to the lack of empowerment. In some 

cases, subsidies can be out of the reach of many smallholders, due to e.g. remoteness or institutional 

barriers (Gauchan and Shrestha, 2017; Paudel and Rago, 2017). Unlike Nepali BPs, which are 

largely subsidized by the local governments, the Malawian ones do not rely on such mechanisms 

(although they are previously half-paid by UNDP), hence their unaffordability is worsened in the 

latter. Therefore, flexible payment methods, e.g. instalments, is a preferred BME in Malawi. 

Although zero-operation costs and no human labor required are strengths of the BP, they could be 

misinterpreted as zero-maintenance due to a lack of understanding of the technology (K.C. et al., 

2011). If proper maintenance is not given to the BP, its lifetime will be severely compromised. 

Likewise many other newly introduced (RE) technologies, the BP was observed to require 

substantial follow-up support and maintenance assistance, as well as transfer of know-how (Gewali 

and Bhandari, 2005; Johnson and Lybecker, 2009). Despite being a clean energy-based technology, 
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and notwithstanding its advantages, the BP faces some challenges that might hamper its 

implementation: policy barriers, lack of awareness, and financial barriers (K.C. et al., 2011). 

 

Least preferred existing BME. In Sokhu Besi, where the BP was in operation within their 

applicability ranges, its pumped pressure and flowrate were considered insufficient. In Michiru, it 

was seen as a useful yet cumbersome device that could be stolen or vandalized. As pointed out by 

K.C. et al. (2011), this might be linked to a lack of awareness of the technology and its benefits. 

This was aggravated by the presence of other (traditional) water pumps; and, by the absence of 

safety means and water management infrastructure that reduces its usefulness, respectively. In the 

Nepali cases, despite the BP’s virtual zero operation costs, its savings are not perceived as 

compensating the high upfront cost. Therefore, it becomes imperative to increase its affordability as 

well as the understandings of the farmers on the technology (K.C. et al., 2011). The maintenance of 

the BP, though not specialized, is seen as complex by the Sokhu Besi and Lele farmers. This might 

be increased by the lack of know-how that would enable local partners and/or owners to perform it 

(Johnson and Lybecker, 2009); i.e. even small repairs must be conducted by the company 

headquarters. In the Lele case, its maintenance by an external organization is deemed as undesired. 

 

Most preferred proposed BME. Both extra services—e.g. assistance, infrastructure, inputs—and 

creation of new jobs, fit under a product-oriented PSS (Beuren et al., 2013; Mont, 2002; Tukker, 

2004). While not having to be all managed but coordinated by the company, the extra services 

would enable potential job opportunities and their benefits (Beuren et al., 2013; Mont, 2002). 

 

Least preferred proposed BME. Paying for extra services was one of the least preferred options. 

Though contradictory with the preference for counting on them, it is obvious that the BP would be 

much less affordable with extra costs, particularly if paid upfront in economically depressed areas 

(K.C. et al., 2011). In addition, using the BP without being the owner was not considered desirable 

by the Manthali farmer, thus posing potential barriers to other payment schemes (Tukker, 2004). 

 

Opportunities for an improved business model - PSS 

Based on the pitfalls and challenges of the current business models analyzed above, an improved, 

BP-based PSS can be built upon these specific opportunities: 

 To offer water pumping systems rather than mere pumping devices; i.e. to give BP-based 

packages with customized (outsourced) services such as irrigation and water management 

infrastructure, thereby increasing the usefulness of the BP under a wider range of scenarios. 

 To operate with financial aids (e.g. subsidies, microloans), which support the BP 

affordability, along with co-payment conditions from the end-users. Moreover, extra 

services offered along with the BP could be attached to these payment methods as well. 

 To identify and partner with existing actors to strengthen the supply chains. In Nepal and 

Malawi, both Collection and Distribution Centers (Rai et al., 2019) and Agricultural 

Extension Officers (Fisher and Kandiwa, 2014), respectively, act as two-way middlemen 

that provide technical assistance and agricultural inputs to smallholders. This would reduce 

service times, create local job opportunities, and increase contact times. 

 To partner with NGOs to conduct awareness raising and know-how transfer programs, 

hence to increase the understanding of the BP as a RE-based technology (K.C. et al., 2011). 

 To ensure optimal working conditions whenever required, by the commissioning of 

additional infrastructure (weirs, diversion canals, gates) that can be outsourced. This will 

require, however, further assessment of financing and pay-off methods. Otherwise, BP 

underperformance could ultimately affect its perceived usefulness amongst farmers. 
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CONCLUSIONS 

Hundreds of BPs are in use in several countries. From these, six cases from Nepal and Malawi were 

selected and analyzed due to its noticeable differences. In line with the wide range of conditions, the 

BP owners/users, as well as their neighboring farmers, showed different attitudes on the technical 

performance of the device and its respective BMEs. Nevertheless, and in line with the CVD 

approach, instead of aiming to a tailor-made top-down solution for specific situations, the present 

paper shows how embracing such a diversity could enable co-created richer—yet not perfect—

solutions to fulfil several (and at times opposed) needs while coping with different restrictions. 
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Abstract 

The present study examines the 42 km of the River Topolnitza, from the outfall of Medetska river 

to the Topolnitza dam. A hydraulic model has been built using the MIKE HYDRO software. Data 

of average monthly discharge for the period 2016-2017 are included. For the calibration of the 

model was used the last point of the section, where Q-H relation is known. Four criteria were used 
to verify the efficiency of the model: relative error (r), root mean square deviation (σ), Nash-

Sutcliffe coefficient and correlation coefficient (R2). Nash-Sutcliffe efficiency coefficient gives 

NSE=0,904, which means high convergence between model and observed data. Relation between 

model and observed data can also be described by the equation  y=0,7764x+0,1732 and the 

correlation coefficient between coordinates of model and observed data R2=0,9875. The results 

obtained correspond with the fact, that the river model thus created is sufficiently accurate. Based 

on this, it is possible to design various tasks related to river hydraulics, water quality, floods and 

forecasting of different processes. 

 

Keywords 

Mike Hydro; hydraulic model; stability; Topolnitza river water quality; Nash-Sutcliffe efficiency 
coefficient  

 

 

INTRODUCTION 

This paper deals with the examines of upper reaches of the Topolnitza river four of its tributaries. 

The river is located in southwest Bulgaria and springs from Sredna Gora mountain. The total length 

of the river is 129 km. In this case are considered 42 km from the river - from the outfall of the first 

tributary to the Topolnitza dam. The displacement in the area under consideration is 580 m altitude 

at the outfall of the first inflow until 398 m altitude before the dam. The width of the river is 10 to 

15 m long and the river bed has a depth of about 0.40-0.60 m. The right slopes of the valley in the 

section are sloping (10-15 degrees), and the left - steep. The slope of the river is 3 – 4 % (Varlev et 

al., 1998). 

 
Figure 1. Map of the considered area 
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MATERIALS AND METHODS  

Hydraulic model 

MIKE HYDRO is the modelling framework for defining and executing one-dimensional river 

models to a large variety of river related project applications. It allows modelling of different tasks 

related to river hydraulics, ecology and water quality assessments in rivers, flood analysis and flood 

alleviation design studies, real time flood or drought forecasting, dam break analysis, sediment 

transport and long term assessment of river morphology changes and many more. 

 

This software includes a variety of computational methods for fully dynamic, unsteady river flow 

simulation as well as simpler hydraulic routing in branched and looped river channel networks. 

 

While building hydraulic model the forecasting is of particular importance. The most common 

applications are reservoir inflow forecasting and common forecasting of flood levels at specific 

locations along the river system. Reliable forecasts help you optimize control strategies for 

increased downstream flood protection and optimized reservoir storage for water resources 

management. Also, forecasts form the basis for the dissemination of warnings to local authorities 

and the public with information about the time scale and extent of the expected flood inundation. 

Consequently, forecasting techniques in river modelling constitute a viable and important tool 

within flood management. 

 

Computational mechanism. Water flow modeling is based on the solution of the one-dimensional 

shallow-flow equation (Saint-Venan equation). Numerical algorithms provide efficient and accurate 

solutions in both branching and closed pipe and river systems. 

 

The calculation scheme is applicable to vertically homogeneous flow conditions. These conditions 

are available both in drainage and sewer pipes, with varying water levels, and in rivers, open 

channels and floodplains. 

 

This software gives a possibility to build realistic and reliable models for the operation of existing 

and project river and channel networks. 

 

The software works with several river bed resistances: 

 Manning 

 Chezy 

 Darcy-Weisbach 

 Colebrook-White for circular pipes 

 Hazen-Williams 

 

The resistance gives information about how easily the water crosses the cross section. The higher 

the resistance, the more the water slows down and a higher slope is required to obtain a certain flow 

rate. In the instantaneous equation, the resistance element is represented by the slope of the terrain. 

The slope of the terrain can be expressed as a function of the flow parameters (Q, A and R) and the 

properties of the water and the resistance. 

  

The application of Manning's formula uses a friction slope: 

                                                              
. | |fI f q q

,                                                                     
 ( 1 ) 

where f is the friction factor. 
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The one-dimensional model approximates vertically oriented moment and mass conservation 

equations (Saint-Venan Equation) based on the following assumptions: 

 The water is homogeneous and there are no significant changes in density; 

 The slope of the river bad is small; 

 The wavelength is longer than the water depth. It can thus be assumed that the watercourse 

has a direction parallel to the bottom. Vertical acceleration can therefore be neglected and a 

change in vertical hydrostatic pressure can be accepted; 

 The velocity of the water is less than the critical one. 
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where q is discharge 

Afl – flow area, also called cross section area 

qin – lateral inflow 

h – water level  

α – momentum distribution coefficient  

If – flow resistance term, in the form of a friction slope 

f – momentum forcing (per length unit) 

ρw – density of water 

 

Equation (2) is called the mass equation or continuity equation and expresses conservation of mass; 

the volume of water which is added, q in reach section of length x is balanced by an increase in 

cross section area Afl (volume). 

 

Equation (3) is called the momentum equation and expresses conservation of momentum; the first 

two terms on the left side of the momentum equation represent the inertia forces (local and 

convective acceleration), the third term represents pressure forces due to gravity, and the last term 

represent resistance/friction. The right-hand side represents an external momentum forcing.  

 

Input data 

 Model basis  

The hydraulic model of the Topolnitza River was built on the basis of DEM (digital elevation 

model), outlined the river bed at the points of the midstream and generated cross sections over 200 

m along the river. 

 Bed resistance 

Manning resistance formula was used, defined as a constant along the river– 0.35. 

 Simulation period and time step 

Simulation period was divided by two, first simulation period was 01.01.2016 – 31.12.2016 and the 

second: 01.01.2017 – 31.12.2017. 

 

Time step was calculated by iteration. Hydro-dynamic model was tested with fixed time steps over 

10 seconds: 10, 20, 30, 40 and 6 sec. It is found that the highest stability is achieved in a time step 

of 10 seconds, so the whole model was developed with it. 
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The software is programmed to store values for water level and discharge every 24 hours of the 

simulation to obtain daily values. 

 

 Boundary conditions  

It was defined the discharge at the beginning of the modelled area, discharge after each of the 

tributaries (Medetska river, Zlatishka river, Vozdol river and Bunovska river), Q-H relation at the 

last point of the modelled area, before the Topolnitza dam – Poibrene village. The tributaries at the 

model are defined as a point sources, because the inflow for simulation period is lower than cross 

section height. In the end of the river, Q-H relation area is known  

 

Reliability of the model 

Four criteria were used to verify the efficiency of the model: relative error (r), root mean square 

deviation (σ), Nash-Sutcliffe coefficient and correlation coefficient (R2) (Bao and Mays, 1990; 

Dahmardeh et al., 2018). Sensitivity equations are considered, because they give the most accurate 

results (Kapelan, 2002). Different parameters can give an effect to reliability of a hydraulic model 

such as vegetation parameters and the root depth as well as empirical parameters influence 

evapotranspiration, transpiration and recharge, in the unsaturated zone, the type of the soil has an 

effect on the infiltration/evapotranspiration and recharge functions and at the saturated zone level, 

the hydraulic conductivity of the matrix represents the dominant parameters (Sandu, M.; Virsta, A., 

2015). 

 

 

RESULTS AND DISCUSSIONS  

The model of the water flow of Topolnitza river was designed from the outfall of Medetska river to 

the tail of Topolnitza dam, near Poibrene village. Results were obtained for discharge and water 

level in grid 50 x 50 m.  Longitudinal profile and cross sections was obtained for every day of the 

simulation period. (Figure 1 and Figure 2) On the longitudinal profile and cross sections are shown 

minimum and maximum water level for all period and additional water level at the specific date. 

  

 

Figure 2. Longitudinal profile of Topolnitza river - from the outfall of Medetska river to the tail of 

Topolnitza dam, near Poibrene village 
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Figure 3. Cross section of Topolnitza river – outfall of Medetska river 
 

Based on the last point of the considered section of the river, validation of the model was made. 

There is hydrometric station near Pibrene village. 

 

The assessment of the reliability of the model is made as a comparison between the observed and 

prediction data.  

 

Four criteria were used to evaluate efficiency of created model: relative error (r), root mean square 

deviation (σ), Nash-Sutcliffe coefficient and correlation coefficient (R
2
). 

 

Observed and modeled discharge are present in Table 1 and Figure 4. 

 

The values of the model are lower than observed discharge in the end of the considered section of 

the river, with average value of relative error 17.66 %. The model does not reflect the effects of 

rainfall and wind and some of the smaller tributaries of the main river due to lack of such data 

(Armstrong and Collopy, 1992). 

 

Table 1. Discharge value in Topolnitza river, near Poibrene village – observed an prediction. 

Absolute and relative error 

year month 

Observed  

Q 

Prediction 

Q 

Absolute 

error (∆) 

Relative error 

(r) 

m
3
/s m

3
/s m

3
/s % 

2016 

I 5.17 4.50 0.67 13.00 

II 9.00 7.08 1.92 21.33 

III 9.84 7.90 1.94 19.70 

IV 8.81 7.89 0.92 10.43 

V 14.12 10.28 3.84 27.20 

VI 6.72 5.95 0.77 11.45 

VII 3.55 3.02 0.53 14.97 

VIII 1.45 1.43 0.02 1.11 

IX 1.57 1.29 0.28 17.55 

X 1.72 1.45 0.27 15.75 
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year month 

Observed  

Q 

Prediction 

Q 

Absolute 

error (∆) 

Relative error 

(r) 

m
3
/s m

3
/s m

3
/s % 

XI 2.12 1.66 0.46 21.59 

XII 1.65 1.38 0.27 16.52 

2017 

I 0.88 0.70 0.18 20.75 

II 5.56 4.78 0.78 14.07 

III 5.62 4.43 1.20 21.26 

IV 7.07 5.68 1.39 19.71 

V 8.99 7.00 1.99 22.13 

VI 7.33 5.99 1.34 18.32 

VII 2.46 2.10 0.36 14.67 

VIII 1.59 1.27 0.31 19.65 

IX 1.04 0.86 0.18 17.25 

X 1.60 1.24 0.36 22.66 

XI 1.76 1.42 0.34 19.38 

XII 3.10 2.38 0.72 23.31 

Average value  4.70 3.82  17.66 

 

 
Figure 4. Discharge in Topolnitza river, near Poibrene village – observed and prediction data 

 

Root mean square error is: 

                               

2
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1,22
i i

N

perdiction observed

i

Q Q

m s
N

 



 


                                        (4)
 

Nash-Sutcliffe efficiency coefficient is NSE=0,904, demonstrates the high convergence of the 

prediction with the observed data (Figure 5). 

  

The Nash-Sutcliffe efficiency (NSE) is a normalized statistic that determines the relative magnitude 

of the residual variance compared to the measured data variance (Nash and Sutcliffe, 1970). Nash-

Sutcliffe efficiency indicates how well the plot of observed versus simulated data fits the 1:1 line. 

NSE = 1, corresponds to a perfect match of the model to the observed data. NSE = 0, indicates that 
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the model predictions are as accurate as the mean of the observed data, Inf < NSE < 0, indicates that 

the observed mean is a better predictor than the model.  
 

 
Figure 5. Nash Sutcliffe model 
 

The relationship between observed and prediction data can also be described by equation  

0.7764 0.1732y x   with a correlation coefficient between the coordinates of the observed against 

the prediction data 2 0.9875R  . We can assume that the equation thus obtained gives sufficiently 

reliable results for each possible value of the actual discharge, relative to the model ones (Figure 6). 

 
Figure6. Data convergence (observed against prediction) 
 

 

CONCLUSIONS 

Using the Nash-Sutcliffe efficiency coefficient to evaluate the model's performance, a value of 

0.904 is obtained, which is evidence of the high reliability of the model data. 
 

Prediction values are lower than the observed once, but they strictly preserve the nature of the 

observed data. The discrepancy between the actual measured and model data is due to the lack of 

additional information on precipitation and winds (Figure 4). 
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The results obtained correspond with the fact, that the river model thus created is sufficiently 

accurate. Based on this, it is possible to design various tasks related to river hydraulics, water 

quality, floods and forecasting of different processes. The model is designed to determine the 

distribution of heavy metals in the river bed in a considered section of river. 
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Abstract 

In this study, we studied the migration potential of water-based paint components, used in 
flexographic printing on polyethylene film, into the water environment. We analyzed the changes 

in physicochemical and phytotoxicological parameters. The tests were conducted in parallel in 

various water matrices, including deionized water and tap water and under various conditions—

lack of lighting, 24-h exposure of samples, and in the laboratory, with naturally variable daily 

lighting and temperature. We used three types of prints made with water-based paints and one 

made with solvent-based inks. During the 14-week research, changes in the quality of water 

matrices in which the film samples were placed were recorded. Total organic carbon gradually 

increased in the majority of samples during the study period. Most of the samples showed an 

increase in the amount of phytotoxicity; they demonstrated inhibition rather than a stimulating 

effect on the growth of plants. In the last week of the study, the fronds demonstrated an increase in 

the percentage of chlorosis.  
 

Keywords 

Water-based paints; flexographic printing; phytotoxicity; ecotoxicology; water pollutions; total 

organic carbon  

 

 

INTRODUCTION  

In search of methods to increase their brand’s recognition, the owners of shopping, service, and 

catering outlets reach out for various methods of promotion. One of the commonly used methods is 

printing the logo and/or company address on the packaging items (e.g. T-shirt and polyethylene 

bags). Printing inks are multicomponent mixtures of chemical substances with different 

physicochemical properties (Gajadhur and Łuszczyńska, 2017; Zołek-Tryznowska et al., 2015). 

Their production is aimed at reducing or completely eliminating the use of polar and toxic organic 

solvents which are harmful to the environment. Some of the effective work conducted in this regard 

is the production of, among others, water-based paints. Currently, the most popular printing 

technology is flexographic printing (Ealer et al., 1990; Liu et al., 2017). The increased consumption 

of plastic-based packaging materials has resulted in the dramatic increase in the detection of macro- 

and microplastics in all elements of the natural environment. A large part of them has on its surface 

varied in terms of type, composition, and technology of printing (Ataeefrad, 2019; Ramirez and 

Tumolova, 2018; Rentzhong and Fogden, 2005a; Rentzhong and Fogden, 2005b; Rentzhong and 

Fogden, 2006). Therefore, the aim of this study was to analyze the migration potential and 

durability of prints made on polyethylene films, as well as to assess the phytotoxicity of the water 

extracts. This study was conducted at the Faculty of Environmental and Energy Engineering, 

Poland. This article presents part of the results for the two selected water matrices and samples of 

prints.  
 

 

MATERIALS AND METHODS 

In this study, water extracts were prepared from the solutions of matrices and fragments of low-

density polyethylene (PE-LD) film with print made using the flexographic technique. Four samples 
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of overprints (marked with symbols MK, D, AP, and L) were analyzed. Five squares of each 

research material were prepared, with an area of 9 cm
2
 and a thickness of 50 µ (each). Three prints 

were made with water-based paints (MK, D, and AP), and one was made with solvent-based paints 

(L). Each of the printed film samples was placed in two matrices: deionized water and tap water, 

which were in laboratory reactors with a capacity of 150 mL. Furthermore, changes in the values of 

physicochemical and phytotoxicological parameters were analyzed concerning the lighting 

conditions of the samples. Each of the samples of imprints in the respective matrices were placed in 

the following three conditions: (1) in the dark at a constant temperature of 25 °C (symbol: 0 h/day); 

(2) under natural light conditions and at natural temperature (symbol: natural); and (3) in the 

laboratory incubator with continuous light (symbol: 24 h/day) and at a constant temperature of      

25 °C. Samples for the physicochemical analyses were withdrawn once a week for 14 weeks. Then, 

the losses (50 mL) were supplemented with a fresh portion of the matrix solution. Simultaneously, 

samples were withdrawn for phytotoxicological assessment at 6, 10, and 14 weeks from the 

beginning of analyses. 

 

Analysis of carbon compounds 

In this study, we measured the total organic carbon (TOC) in matrices (deionized water and tap 

water) and sample extracts from polyethylene films based on catalytic oxidation using a TOC-L 

series analyzer (Shimadzu). 

 

Phytotoxicological assessment 

Phytotoxicity of matrices and samples was tested according to the author’s method based on the 

recommendations of the United States Environmental Protection Agency (EPA-712-C-008, 2012). 

The phytotoxicity of the samples was assessed based on the observation of either stimulation or 

inhibition of the growth of Lemna minor in a 7-day test (from day t1 = 0 to day t2 = 7) at 23 °C, with 

an illumination of 25 W (224 lm). The phytotoxic effect (%) was presented in the form of the 

coefficient of frond growth inhibition (IRf (%)) (EPA-712-C-008, 2012). The indicator of inhibition 

of plant growth (phytotoxicity) and growth inhibition coefficient values was positive, whereas the 

growth stimulation was indicated by negative values. The macroscopic effects of extracts on L. 

minor fronds (chlorosis and necrosis) were analyzed. For this purpose, the classification of plant 

frond coverage (%) by chlorosis was conducted. 

 

 

RESULTS 

The physicochemical analysis 

In the case of D samples, the highest level of TOC was recorded at week 14 ((range = 0.00–6.88 mg 

C/L) (Figure 1b). In the case of MK samples, the highest TOC value was recorded at week 9 (mean 

± standard deviation (SD) = 1.60 ± 0.75 mg C/L) (Figure 1b). In the case of AP samples, a gradual 

increase in the value of TOC was observed during the course of the study, and the maximum value 

was recorded at week 13 (6.74 mg C/L) (mean ± SD = 1.74 ± 2.03 mg C/L) (Figure 1b). In the case 

of L samples, the highest TOC value was recorded at weeks 9 and 14 (respectively 2.74 and 2.75 

mg C/L) (mean ± SD = 1.47 ± 0.88 mg C/L). 

 

In this study, the high content of carbon compounds was observed in the case of test tubes with 

deionized water placed in the darkroom (Figure 1a). In the case of L samples, the TOC value was in 

the range of 0.00–31.89 mg C/L (mean ± SD = 9.46 ± 9.04 mg C/L). In the case of AP samples, the 

TOC values ranged between 0.00 and 35.89 mg C/L (mean ± SD = 9.16 ± 9.37 mg C/L). In the case 

of D samples, TOC values ranged between 0.00 and 33.78 mg C/L (mean ± SD = 8.45 ± 9.74 mg 

C/L). In the case of MK samples, the TOC values ranged between 0.00 and 36.82 mg C/L (mean ± 

SD = 8.66 ± 9.69 mg C/L). All samples showed the highest TOC values at week 5, and in the 
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remaining weeks, it was significantly lower (Figure 1a–c), and all samples were characterized by 

the lack of organic carbon on the first day of testing (0.00 mg C/L).  

 

In the case of samples illuminated continuously (matrix of deionized water), we obtained low 

values of TOC (Figure 1c). In addition, all samples showed the maximum TOC values at week 14. 

The TOC values for MK, L, D, and AP samples were 4.24, 4.09, 3.47, and 2.89 mg C/L, 

respectively. The mean values range between 1.59 and 2.18 mg C/L, with the standard deviation not 

exceeding 1.14.  
 

a) 

 
b) 

 
c) 

 
Figure 1. Changes in total organic carbon (TOC) content in samples placed in deionized water (as a 

matrix) after illumination: (a) 0 h/day (0 %), (b) natural, and (c) 24 h/day (100 %) 
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Figure 2a-c shows the results for samples placed in the tap water matrix. In the case of darkroom 

samples, the highest values of TOC were recorded at weeks 13 and 14 (range = 56.06–74.52 mg 

C/L) (Figure 2a). The mean ± SD values for the MK, D, AP, and L samples were respectively 21.35 

± 24.45; 38.33 ± 24.69; 36.58 ± 15.06; and 39.91 ± 24.10 mg C/L. 
a) 

 
b) 

 
c) 

 
Figure 2. Changes in the total organic carbon (TOC) content in samples placed in tap water (as a 

matrix) after illumination: (a) 0 h/day (0 %), (b) natural, and (c) 24 h/day (100 %) 

 

In samples placed under natural conditions, a dramatic increase in the values of TOC was observed 

after week 8 of research (Figure 2b). In the case of D samples, the maximum TOC value was 

recorded at week 9 (61.93 mg C/L) (mean ± SD = 23.38 ± 24.56 mg C/L). In the case of AP and L 

samples, the highest values of TOC were 56.54 (mean ± SD = 21.57 ± 22.84 mg C/L for AP) and 
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56.25 mg C/L, respectively (mean ± SD = 22.67 ± 23.73 mg C/L). 
 

Lowest values of TOC were recorded in samples illuminated continuously (Figure 2c). In the case 

of MK samples, the TOC values increased after week 8 of research, and the highest value recorded 

was 42.58 mg C/L (mean ± SD = 18.42 ± 19.07 mg C/L). In the case of AP samples, the increase in 

the TOC values was also recorded after week 8, and the maximum value (41.91 mg C/L) was 

recorded at week 10 (mean ± SD = 17.50 ± 17.19 mg C/L). In the case of D sample, the maximum 

TOC was obtained at week 11 (47.82 mg C/L) (mean ± SD = 12.62 ± 18.78 mg C/L). In the case of 

L samples, the maximum TOC value was recorded at week 14 of the study (46.19 mg C/L) (mean ± 

SD = 16.59 ± 18.85 mg C/L). 
 

The assessment of phytotoxicity  

Phytotoxicity of the samples was analyzed based on the growth of L. minor (Figure 3a, b). The 

initial (week 6) stimulation in the growth of L. minor was observed in the case of samples MK, D, 

and AP in tap water matrix, as well as by samples AP and D in the deionized water matrix. At week 

6, L samples placed in the deionized water matrix and in the absence of light, L samples under 

natural conditions, and L samples under constant light showed the inhibition of the growth of fronds 

(27.92 ± 0.33 %, 8.23 ± 0.29 %, and 72.41 ± 0.10 %, respectively), whereas in the case of L 

samples placed in the tap water, the inhibition of the growth of fronds was respectively 31.38 ±  

0.38 %, 15.53 ± 0.67 %, and 22.65 ± 0.42 %. 
 

a) 

 
b) 

 
Figure 3. Phytotoxicity of printing samples under conditions: (a) matrix: deionized water, lighting: 

24 h/day, (b) matrix: tap water, lighting: 0 h/day 

 

At weeks 10 and 14, an increase in the level of phytotoxicity was observed in most samples, with an 

exception of the L sample. The L sample in the deionized water matrix showed an inhibition of the 
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growth of fronds by 55.58 ± 0.54 %. 

 

The change in the nature of the extracts from stimulating to the growth-inhibiting fronds and the 

increase in phytotoxicity resulted in an increase in the incidence of chlorosis. Table 1 shows the 

percentage of chlorosis based on the phytotoxicological assessment. In order to facilitate fast 

visualization of test results, a 5-step range of the percentage coverage of fronds was prepared (Table 

1). While the maximum chlorosis was recorded for sample MK (matrix tap water) under natural 

conditions, the degree of coverage of the fronds was 88.78 ± 1.05 %. A high percentage of chlorosis 

was recorded in extracts from AP and L samples under natural conditions (matrix tap water); the 

percentage coverage of fronds was 69.70 ± 2.05 % and 64.38 ± 1.85 % respectively. In addition, in 

the case of sample MK, under continuous lighting (matrix tap water) the coverage of fronds was 

57.88 ± 1.64 %. 

 

Table 1. The incidence of chlorosis on Lemna minor fronds 

Coverage of fronds by chlorosis 

Matrix 

Sample 

lighting Sample 
Week of the research 

(%) 6 10 14 

Deionized 

water 

0 

MK    

D    

AP    

L    

Natural 

MK    

D    

AP    

L    

100 

D    

MK    

AP    

L    

Tap water 

0 

MK    

D    

AP    

L    

Natural 

MK    

D    

AP    

L    

100 

MK    

D    

AP    

L    

Coverage in % > 5 6÷20 21÷50 51÷75 76÷100 

Symbol      
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CONCLUSION 

Under the influence of printing components made on polyethylene films, the quality of the tested 

matrices has changed. The fastest increase in total organic carbon concentration was observed in 

samples placed in tap water (lighting: 0 hours per day). At this stage of the study, no clear 

differences were found in the quality of extracts for individual samples.  

 

It is necessary to emphasize the growing phytotoxicity of extracts obtained from printing samples. 

The speed of this effect was dependent on the matrix, environmental conditions (lighting, 

temperature) in which the sample was kept and the type of printing itself. Due to the prevalence of 

printed plastic in the natural environment, further qualitative analyses are necessary, including 

changes in the structure of materials and prints during exposure to environmental factors.  
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Abstract 

Concentration levels of ten Emerging Organic Contaminants (EOCs), including ibuprofen, N-

Butylbenzenesulfonamide, nonylphenol, caffeine, butylated hydroxytoluene, diclofenac, 

pentachlorophenol, triclosan, triallate and benzocaine was investigated in fifty Polish swimming 

pools located in Silesia. The occurrence of butylated hydroxytoluene (BHT), pentachlorophenol 

(PCP), triallate (TRI) and N-butylbenzenesulfonamide (BMB) has not been studied so far in 

swimming pools by other researchers. Samples were analysed by Gas Chromatograph coupled to 

Mass Spectrometry (GC/MS) with Electronic Ionization, after solid phase extraction (SPE). In 

general, measured concentrations were in accordance with the reports in the available literature. 
Human Risk Assessment show negligible risks for swimmers of any age or sex, considering both 

the exposure to each single contaminant and the co-exposure to all contaminants. No significant 

correlations were observed between physical-chemical parameters of pool water with the 

investigated EOCs. 

 

Keywords 

Swimming pools; micropollutants; emerging organic contaminants 

 

 

INTRODUCTION 

The dynamic development of analytical techniques, which nowadays enable the identification of 

micropollutants in trace concentrations, causes the growing concern about the presence of Emerging 

Organic Contaminants (EOCs) in water environment. They may have adverse effects on both 

human health and aquatic ecosystems, as some of them are biologically active even in low-dose 

exposure. There is a threat of hormonal imbalance, leading e.g. to feminization in animals (Filali-

Meknassi et al., 2004). Numerous studies have shown a broad range of chemicals that have been 

detected globally in various aquatic environments – wastewater, drinking water, ground water, 

surface water. The mentioned aquatic environments are well described, however there is a need to 

expand the scope of research on swimming pool water, as swimmers may be exposed to three routes 

of exposure: accidental ingestion, inhalation and dermal absorption. Meanwhile, the assessment of 

anthropogenic organic micropollutants occurrence in this specific environment is not obligatory 

according to the applicable regulations. Thus, information on the presence of these compounds in 

swimming pools is very limited. Weng et al. (2014) studied 32 pharmaceuticals and personal care 

products (PPCPs) in three swimming pools in USA and detected three of them: N, N-diethylm-

toluamide (DEET), caffeine, and tri(2-chloroethyl)-phosphate (TCEP). Li et al. (2015) investigated 

the occurrence of eight parabens, four chlorinated parabens, and their common hydrolysis product, 

phydroxybenzoic acid (PHBA), in 39 swimming pools in Beijing, China. Ekowati et al. (2016) 

focused on 32 pharmaceuticals and 14 UV filters in the waters of 17 swimming pools in Catalonia, 

Spain. In Australia, Teo et al. (2016a) investigated the occurrence and daily variability of 30 

pharmaceuticals and personal care products in 15 public pools, where only ibuprofen and caffeine 

were above the limit of quantification. Teo et al. (2016b) also studied the presence of five 

organophosphate flame retardants in 15 public swimming pools. Suppes et al. (2017) explores 24 

PPCPs contamination risk factors and identifies contamination sources in water samples collected 
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from 31 swimming pools in eastern Minnesota and western Wisconsin. Fantuzzi et al. (2018) 

investigated the occurrence of illicit drugs (cocaine, opioids, amphetamines and cannabis 

derivatives), some of their metabolites and 48 pharmaceuticals in ten Italian indoor swimming 

pools.  

 

The aim of the research was to quantify the actual concentrations of organic micropollutants in fifty 

swimming pools located in Silesia, Poland and to assess the human risk related to ingestion of water 

during swimming. Previous authors’ study (Lempart et al., 2019) showed that from among 26 tested 

compounds, the most commonly occurred in tested swimming pools (>50 % frequency of 

occurrence) are ibuprofen, N-Butylbenzenesulfonamide, nonylphenol, caffeine, butylated 

hydroxytoluene, diclofenac, pentachlorophenol, triclosan, triallate and benzocaine. In the study 

presented in this paper authors focused on the concentrations of these compounds. Of them, the 

occurrence of butylated hydroxytoluene (BHT), pentachlorophenol (PCP), triallate (TRI) and N-

butylbenzenesulfonamide (BMB) has not been studied so far in swimming pools by other 

researchers.  

 

 

MATERIALS AND METHODS 

Materials and reagents. The standards of target compounds (Table 1) of purity grade >98 % were 

supplied by Sigma-Aldrich. Organic solvents: methanol and acetonitrile of purity grade >99.8 % 

and >99.5 %, respectively, by Avantor Performance Materials Poland S.A. were also used. 

Disposable Supelclean™ ENVI™-18 Tubes packed with octadecyl bed of 1.0 g by Supelco were 

applied to solid phase extraction. Bottles made of chemically and biologically inert borosilicate 

glass, were used for the collection, transport and storage of collected water samples. The tested 

water samples were carefully transported in the refrigerator and protected against the light in order 

to minimize any possible changes in its composition. 

 

Table 1. Properties of the studied organic micropollutants 

Compound Abbreviation Molecular formula  
Molecular weight 

[g∙mol
-1

] 
CAS Number 

Ibuprofen IBU  C13H18O2  206.28  15687-27-1 

N-Butylbenzenesulfonamide BMB  C10H15NO2S   213.30 3622-84-2 

Nonylphenol NP  C15H24O  220.35 84852-15-3 

Caffeine CAF  C8H10N4O2  194.19 58-08-2 

Butylated hydroxytoluene BHT  C15H24O  220.35 128-37-0 

Diclofenac DCL  C14H9Cl2NO  278.13 15307-86-5 

Pentachlorophenol PCP  C6Cl5OH  266.34 87-86-5 

Triclosan TRC  C12H7Cl3O2  289.54 3380-34-5 

Triallate TRI  C10H16Cl3NOS  304.7 2303-17-5 

Benzocaine BZC  C9H11NO2  165.19 94-09-7 
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Sample collection. Sampling took place in accordance with the guidelines of the Polish standard 

PN-ISO 5667-5:2003. Samples of swimming pool water were taken from a depth of about 30 cm 

below the water surface. Authors, in accordance with the conclusions from previous studies, took 

samples at several characteristic basin points and used a mixed sample for analysis (Wyczarska-

Kokot et al., 2017). Each sample was analysed 5 times and the presented results are the average 

values of these repetitions. Standard deviations of repetitions did not exceeded 5 percentage, what 

indicates the high repeatability of results. Samples have been collected from 50 different swimming 

pools located in Silesia (Southern Poland), including publics and privates, outdoors and indoors, 

sports basins, hot tubes, water slides, paddling pools and recreational pools. All of the tested pools 

were disinfected with sodium hypochlorite. To support disinfection, UV lamps were used in 21 of 

tested swimming pools, ozone was applied in 4 cases. Vacuum filters with diatomaceous bed were 

used in 4 locations, pressure sand filters with layer of hydro-anthracite in 26 pools, the other 20 

were equipped with pressure sand filters.  

 

Analysis of swimming pool water physico-chemical parameters. The pH of water, redox and 

temperature were measured by the use of Multifunction Meter CX-461 by ELMETRON (Zabrze, 

Poland). Concentrations of free, total and combined chlorine were determined by portable Pocket 

Colorimeter II DeviceTM, (Hach®, Loveland, CO, USA). Total organic carbon was measured by 

the use of TOC-L Analyzer, Shimadzu), the absorbance in wavelength 254 nm with an optical path 

length of 1 cm by UV-VIS Cecil 1000 (Analytik Jena AG). 

 

Analytical procedure for determination of micropollutants. Due to the lack of reference methods for 

the determination of micropollutants in the swimming pool water environment, authors have 

developed their own procedure, based on the method presented in paper (Lempart et al., 2018). 

It enables the quantitative determination of trace contaminants with satisfactory repeatability and 

accuracy, which guarantees full quantitative control of selected compounds in samples from 

swimming pools. The isolation of micropollutants from swimming pool water matrix was carried 

out by solid phase extraction (SPE) in Supelclean
TM

 ENVI-18 tubes. The bed was firstly 

conditioned in sequence with 5 mL of methanol and 5 mL of acetonitrile. Then it was washed with 

5 mL of deionized water. Afterwards 1 L of water sample was applied. To ensure optimal retention, 

extraction was carried at a consistent and reduced flow rate of ~1-2 drops/second. After extraction 

the bed was dried for 5 min under vacuum. The extracts were analysed using a Gas Chromatograph 

coupled to Mass Spectrometry (GC/MS) with Electronic Ionization, model 7890B by Perlan 

Technologies. The extract was separated in a SLBTM - 5 ms Capillary GC Column of Supelco with 

an internal diameter of 0.25 mm, a length of 30 m and a layer thickness of 0.25 μm. The oven 

temperature program was as follows: 80 °C (6 min), 5 °C/min to 260 °C, 20 °C/min to 300 °C. The 

support phase was helium with a flow of 1.1 mL/min. Sample injections of 1μl were performed 

automatically. The mass detector operated in the total ion current (TIC) mode in the range of 50 to 

700 m/s. Quantification was done by interpretation of the mass spectra obtained by 

chromatographic analysis using the NIST v17 Mass Spectral Library and comparing the response of 

the mass detector with the standards response. To identify the compounds, also the retention times 

were compared with reference standards. The detection limits (LOD) and quantification limits 

(LOQ) were calculated from chromatograms of swimming pool samples; the LOD was the 

concentration with a signal/noise ratio of 3 and the LOQ was the concentration with a signal/noise 

ratio of 10. The main performance parameters of the method are reported in Table 2.  
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Table 2. Analytical performance of the method and parameters used for quantification 

Compound 
Linearity range 

[µg∙L
-1

] 

Correlation  

coefficient R
2  

Recovery ± SD 

 [%] 

LOD 

[ng∙L
-1

] 

LOQ 

[ng∙L
-1

] 

IBU 0-100 0.9904   86 ± 3.9 1.13 3.19 

BMB 0-100 0.9975   92 ± 4.1 0.84 1.20 

NP 0-100 0.9993   88 ± 4.4 0.08 0.23 

CAF 0-100 0.9994   100 ± 4.2 0.02 0.84 

BHT 0-100 0.0991   96 ± 3.8 0.02 0.11 

DCL 0-100 0.9983   84 ± 3.2 0.07 0.23 

PCP 0-100 0.9923   98 ± 1.2 0.06 0.15 

TRC 0-100 0.9948   95 ± 2.9 0.23 0.41 

TRI 0-100 0.9996   89 ± 4.4 0.04 0. 37 

BZC 0-100 0.9929   100 ± 1.8 0.44 0.75 

 

Human Risk Assessment. Human Risk Assessment (HRA) was conducted based on the 

methodology by Fantuzzi et al. (2018), considering both the exposure to each single contaminant 

and the co-exposure to all contaminants. Concentrations were compared with Drinking Water 

Guideline Levels (DWGLs). The worst case scenario was designed taking the maximum 

concentration of each contaminant measured in waters and assuming that the subjects swam daily. 

The ratios between the concentrations measured and the DWGLs are called Hazard Quotients 

(HQs). HRA assessed for co-exposure to all contaminants was measured following the Hazard 

Index (HI) approach, in which the HQs of single contaminants are summed to obtain a single risk 

value. 

 

 

RESULTS AND DISCUSSION 

Physical and chemical parameters were mostly in line with the requirements for swimming pools.  

Average pH was 7.2±0.4, potential of redox 784±22, water temperature 28.7±0.3 °C. Combined 

chlorine concentrations sometimes exceeded the limit values, even considerably. New requirements 

in this area (max 0.3 mg∙L
-1

) have been in force in Poland since 2015 and many swimming pools 

have a problem with their adaptation. Free chlorine ranged from 0.5 to 1.0 mg∙L
-1

. Cases of 

exceeding the limit values resulted from intentional water “shock chlorination”. The correct 

application of this procedure leads to the oxidation of chloramines, which cause the excess of 

combined chlorine content. The average free chlorine concentration was 0.5±0.1. Table 3 reports 

the results of quantitative research on EOCs in swimming pools.  
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Table 3. Concentrations of Emerging Organic Contaminants in fifty tested swimming pools 

Compound 

Frequency of 

identification  

(Lempart et al., 2019) 

Mean ± SD 

[ng∙L
-1

]
 

Range  

[ng∙L
-1

] 

IBU 48/50 139.9 ± 2.4 4.4 ÷ 420.6 

BMB 43/50 727.1 ± 10.1 185.0 ÷ 2388.0 

NP 40/50 0.8 ± 0.1 0.4 ÷ 1.8 

CAF 39/50 16.8 ± 0.8 3.6 ÷ 1943 

BHT 37/50 4.6 ± 0.2 0.2 ÷ 54.7 

DCL 36/50 0.4 ± 0.1 0.3 ± 1.5 

PCP 36/50 7.3 ± 0.3 0.2 ÷ 10.0 

TRC 31/50 3.9 ± 0.2 0.4 ÷ 11.1 

TRI 30/50 0.6 ± 0.1 0.4 ÷ 0.8 

BZC 26/50 1.6 ± 0.1   0.8 ÷ 3.7 

 

In general, these concentrations are in accordance with the reported in the literature. Teo et al. 

(2016) detected IBU at concentration levels 16÷83 ng∙L
-1

, Ekowati et al. (2016) measured 

16.27÷171.25 ng∙L
-1

. Weng et al. (2014) reported CAF in range about 30÷500 ng∙L
-1

, Teo et al. 

(2015) up to 1540 ng∙L
-1

, depending on the time of the day. Caffeine concentration were 

significantly lower in outdoors than indoors, Teo et al (2015) noted CAF below ng∙L
-1

in all of the 

outdoor pools, what is in line with the fact that CAF undergo slow photodegradation with half-lives 

of roughly 12 days under sunlight (Buerge et al. 2003; Zhang et al. 2013) and is highly stable during 

chlorination (Glassmeyer and Shoemaker, 2005; Weng et al., 2014). Thus, a possible reason for 

these differences between outdoors and indoors in concentration levels could be due to the outdoor 

pools exposure to sunlight. Nonylphenol was analysed by both Teo et al. (2015) and Weng et at. 

(2014), but it was not observed over limit of quantification, that was equal to 10 ng∙L
-1 

 in study by 

Teo et al. and 100÷200 ng∙L
-1

 by Weng et al. However, Suppes et al. (2017) reported NP presence 

in 10 out of 31 tested swimming pools in Midwestern USA. Similarly, diclofenac was tested and not 

reported >LOQ by Ekowati et al., 2016 (LOQ= ng∙L
-1 

) and Weng et al., 2014 (LOQ=3÷60 ng∙L
-1

)
 
, 

but Suppes et al. (2017) observed it in 48 % of tested swimming pools. Triclosan has been studied 

by Teo et al. (2015), Suppes et al. (2017) and Weng et al. (2014) and was not observed in any 

studied pool. Canosa et al. (2005) showed the co-existence of important concentrations of triclosan 

and its most degradation by-products (2,4-dichlorophenol and 2,4,6-trichlorophenol), reinforcing 

the potential occurrence of its transformations when products containing triclosan are mixed with 

chlorinated water. The concentrations of N-butylbenzenesulfonamide (BMB), butylated 

hydroxytoluene (BHT), triallate (TRI) and pentachlorophenol (PCP) in swimming pools has not 

been studied so far. As the use and sale of PCP has been restricted, its presence in swimming pool 

water may be a bit surprising, however it may be formed as a by-product in the chlorination of 

water (Czaplicka et al., 2004; Canosa et al., 2005). Triallate is the only of the tested compounds 

without ring structure but contains chlorine molecules in its structure itself, what may indicate that 
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it was formed as a by-product of the decomposition of another substance (ring breakdown + 

chlorine molecule joining). 

 

No significant correlations were observed between physical-chemical parameters of swimming pool 

water with the EOCs investigated in the presented paper. However, it was observed that when 

hydro-anthracite were used as additional filtration bed layer, EOCs levels were lower than in pools 

where only sand was used. This is consistent with the research conducted by Fantuzzi et al. (2018). 

Significant differences were also noted for application of any method supporting water disinfection, 

both ozonation or UV lamp. They effectively reduced the measured concentrations. However, the 

analysis of post-processed water solutions in research (Kudlek, 2018) pointed that both UV 

irradiation and ozonation cause formation of intermediates, that may remain endocrine disrupting 

compounds. 

 

Table 4. Human Risk Assessment 

Gender Male Female 

Age 3 years 14 years Adult 3 years 14 years Adult 

Weight* [kg] 15 55 70 15 54 55 

Water swallowed** 

[L] 
0.045 0.045 0.022 0.030 0.030 0.012 

Compound Hazard Quotients 

IBU <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

BMB <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

NP <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

CAF <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

BHT <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

DCL <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

PCP <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

TRC <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

TRI <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

BZC <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Hazard Index <1.0 
<1.0 <1.0 <1.0 <1.0 <1.0 

* According to Cacciari et al. (2006) considering the 50
th

 percentile;  

**According to Dufour et al. (2006) considering average amount. 

 

Human Risk Assessment for the single substances and for co-exposure show negligible risks for 

swimmers of any age or sex (Table 4), as HQs were below 0.001 and the cumulative risk calculated 

as HIs were below 1. However, it is not allowed to disregard the occurrence of micro-pollutants in 
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swimming pools. These compounds and their impact on human health are not yet well known, 

moreover they can be precursors of very dangerous disinfection by-products (DBPs). 

 

 

CONCLUSIONS 

This study demonstrated the environmental concentrations of emerging organic contaminants of 

several categories in Polish swimming pool waters at levels up to the hundreds of ng∙L
-1

. The 

highest concentration was reported for N-Butylbenzenesulfonamide, a compound that is widely 

used as a plasticizer. In general, concentrations were in accordance with the reports in the available 

literature. The human risk assessment indicated that the health risk from exposure to tested 

compounds in swimming pools is generally low. However, further research is needed to check 

effects of the disinfection. 
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Graphical Abstract 

 
 

Abstract 

There is no longer doubt that nanoscale zero-valent iron (nFe0) is one of the most promising 

materials in environmental remediation technologies. Iron nanoparticles were modified by 
magnesium hydroxide (Mg(OH)2) addition with different mass ratios in order to form a 

nanocomposite with superior aqueous characteristics. Optimization process of the iron-magnesium 

nanocomposite (nFe0-Mg) was conducted through different approaches including; settlement tests, 

morphology and crystallinity investigations and particle size estimation. The addition of Mg(OH)2 

to nFe0 with coating ratio of (Mg/Fe: 100 %) resulted in stimulated stability of the particles in 

aqueous suspension with lower settlement rate than that of unmodified iron particles. Transmission 

electron microscopy (TEM) and X-ray diffraction (XRD) analyses showed obvious enhanced 

features of the modified nFe0 particles in terms of structure stability and degree of crystallinity 

respectively. Anti-aggregation effect was achieved corresponding to the smaller average particle 

size of the nFe0-Mg particles which was confirmed by the morphological observation. 

Additionally, the iron core of the synthesized nFe0 was adequately protected from aqueous 

corrosion with lower iron oxides leachates after the optimal modification with Mg(OH)2. The 
current work suggests the potential applicability of the proposed iron-based nanocomposites 

towards sustainable effectiveness in water treatment applications. 

 

Keywords 

Iron nanocomposites; magnesium hydroxide; crystallinity; aqueous characteristics 

 

 

INTRODUCTION 

Nanotechnology has been emerged recently in several environmental remediation aspects owing to 

the excellent functional characteristics of the nanomaterials (Ghasemzadeh, 2014; Zhao, 2016). 

Nanoscale zero valent iron (nFe
0
) is one of the most commonly used nanomaterials in water 

treatment applications during the last two decades. Owing to its particular core-shell structure in 
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addition to the dual redox potential, nFe
0
 has the ability to react with most of the soluble 

contaminants in water in addition to the dual redox potential (O’Carroll, 2013;Wen, 2014). 

Furthermore, it has a high performance as an efficient adsorbent comparing with other adsorbents 

because of the relatively large surface/volume ratio of the nanoparticles (Maamoun, 2018a; 

Maamoun, 2017). Despite all the formerly mentioned features, nFe
0
 particles have some serious 

drawbacks in terms of the aqueous characteristics when it comes to the real water treatment 

applications, including the tendency of aggregation and the rapid settlement due to the strong 

magnetic attraction force between the particles (Eljamal, 2018b; Tosco, 2014). Therefore, several 

modifying techniques of the nFe
0
-based materials were applied to avoid such drawbacks, such as 

using supporting materials as substrate for iron nanoparticles (Khalil, 2017; Tomašević, 2014; 

Zhang, 2011), in addition to NZVI stabilization (Jiemvarangkul, 2011; Raychoudhury, 2012). 

 

Hence, the main objective of this study is the modification of nFe
0
 by magnesium hydroxide 

(Mg(OH)2) addition with different coating ratios in order to form an iron-magnesium 

nanocomposite (nFe
0
-Mg) with superior aqueous characteristics. Morphology and crystallinity 

properties of the synthesized particles were investigated using transmission electron microscopy 

(TEM) and X-ray diffraction (XRD) analyses respectively. Moreover, aqueous stability in 

suspension was examined through set of settlement experiments based on the spectrophotometric 

absorbance principle. The presented optimized nFe
0
-Mg showed am improved potential in terms of: 

morphological properties, aqueous suspension stability, reactivity and longevity effect. 

 

 

MATERIALS & METHODS 

Chemicals 
For the preparation of nFe

0
, ferric chloride hexahydrate (FeCl3.6H2O, >99.0 %, Junsei Chemical 

Co., Japan) and sodium borohydride (NaBH4, >98.0 %, Sigma-Aldrich Inc., USA) were used. 

Magnesium nitrate hexahydrate (Mg(NO)3)2.6H2O, >99.0 %, Sigma-Aldrich Inc., USA) was used to 

synthesize the iron-magnesium nanocomposites. nFe
0
 synthesis and coating solutions were prepared 

using deoxygenated deionized water (DDIW, 18.2 MΩ·cm, Milli-Q filter) and ethanol (C2H5OH, 

>99.5 %, Wako Co., Japan) respectively. For pH adjustment, sodium hydroxide (NaOH, >97.0 %, 

Wako Co., Japan), hydrochloric acid (HCl (30.0%, Wako Co., Japan) were employed. Phosphorus 

solutions were prepared using potassium dihydrogen phosphate (KH2PO4, 99.5 %, Wako Co., 

Japan) to be used in reactivity experiments. All chemicals were used directly without further 

purification. 

 

Materials synthesis 
Preparation of nFe

0
. Chemical reduction methodology was considered to synthesize the nanoscale 

zero valent iron (nFe
0
) particles, using ferric chloride and sodium borohydride as precursor and 

reductant respectively, following this reaction equation (Almeelbi and Bezbaruah, 2012; 

Yuvakkumar, 2011): 

 

                  (1) 

 

100 mL of the reductant solution (22 g/L) was injected drop wisely at 20 mL/min into a four-nick 

flask containing 200 mL of the ferric solution (25 g/L). The synthesis solutions were mechanically 

mixed (400 RPM) and kept in a water bath at 30 
o
C during the whole injection time in addition to 

another 5 min as aging time for a complete reduction. Nitrogen bubbling was provided to prevent 

any interruption of the process by the oxidation. Synthesized particles were collected using vacuum 

filtration system after washing several times by DDIW. 
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Synthesis of nFe
0
-Mg. The iron-magnesium nanocomposite was synthesized by the hydrothermal 

precipitation of magnesium hydroxide (Mg(OH)2) onto the nFe
0
 surface within an alkaline medium 

(NaOH) (Hu, 2018; Maamoun, 2018b). Concentrations of the Mg/ethanol and NaOH/ethanol 

solutions were controlled in order to keep the (OH
-
/Mg

2+
) molar ratio to be 2. Moreover, different 

(Mg/Fe) mass coating ratios were considered through varying the added volumes of magnesium and 

hydroxide solutions. The whole coating process was conducted under ultrasonication at 50 
o
C and 

the final composite product was separated by vacuum filtration.   

 

Characterization & analysis 

Crystalline structure of nFe
0
 and nFe

0
-Mg composites was examined using X-ray diffractometer 

(XRD, TTR, Rigaku Inc., Japan). Measurements were conducted using Cu Kα radiation at 40 

kV/200 mA (λ = 1.5418 Å) and scanning rate of 2° min
–1

 from 3° to 90° (Eljamal, 2016). The 

degree of crystallinity (DOC) was estimated from the XRD patterns as follows (Aggarwal and 

Tilley, 1955; Sami, 2010): 

                                              (2) 

Furthermore, morphology characteristics of the synthesized materials were investigated using 

transmission electron microscopy (TEM). Average particle size was estimated from the TEM 

images considering around 80-90 particles using imaging software (ImageJ, NIH) (Schneider, 

2012). Phosphorus (P) concentration was analysed using UV-Vis spectrophotometer (DR3900, 

Hach Co., USA), considering USEPA PhosVer 3-ascorbic acid method at 880 nm wavelength. 

 

Stability tests 
In order to investigate the suspension stability of the synthesized nFe

0
-Mg composites within 

aqueous solutions, optical absorbance test was conducted by dispersing 0.01 g of the materials in 10 

mL of 2.5 mM sodium hydro-carbonate (NaHCO3, >99.7 %, Sigma-Aldrich Inc., USA). Using an 

optical cuvette, the settlement of the suspension was recorded at 508 nm wavelength using UV-Vis 

Spectrophotometer (DR3900, Hach Co., USA).  

 

 

RESULTS & DISCUSSION 

Characterization 

Crystallinity. XRD results, shown in Figure. 1, depicted obvious peaks of brucite (Mg(OH)2) in the 

iron-magnesium composites which confirmed the formation of the magnesium hydroxide coating 

around the nFe
0
 core. Moreover, no peaks related to the presence of iron oxides, indicating 

functional effect of the magnesium hydroxide shell in the protection of the nFe
0
 core from 

oxidation. The peak of ɑ-Fe
0
 became broader by the increase of the (Mg/Fe) coating, which could 

be related to the semi-amorphous nature of the brucite shell on the surface of nFe
0
 particles. The 

degree of crystallinity results presented in Table. 1, implied that the higher the Mg/Fe coating ratio 

from 20 % to 100 %, the higher the crystallinity of the composite. 

 

Table 1. Characteristics of nFe
0
 and nFe

0
-Mg composites 

 

nFe
0
 

nFe
0
-Mg 

 
Mg/Fe: 

 20 % 

Mg/Fe: 

40 % 

Mg/Fe: 

60 % 

Mg/Fe: 

80 % 

Mg/Fe: 

100 % 

Average particle size (nm) 92.4 70.84 61.32 73.97 75.94 49.25 

Degree of crystallinity (DOC) 60.63 35.56 41.32 54.34 63.49 70.82 
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Figure 1. X-ray diffractograms of nFe

0
 and iron-magnesium nanocomposites 

 

Morphology characteristics. Results of transmission electron microscopy (TEM) investigation is 

displayed in Figure. 2. TEM images obviously depicted aggregated clusters of bare nFe
0
 with 

average estimated particle size of 92.4 nm. On the other hand, particles agglomeration slightly 

decreased for the nFe
0
-Mg composites with finer size comparing to that of bare nFe

0
. The increase 

of the Mg/Fe coating ratio resulted in smaller size of the particles as presented in Table. 1, where 

nFe
0
-Mg (Mg/Fe:100 %) exhibited an average particle size decreased by 46.7 % comparing with 

that of bare nFe
0
. In general, the achieved finer size of the nFe

0
 composites provides a great 

potential towards higher specific surface area which is a crucial factor in the water treatment 

applications. 

 

 
Figure 2. TEM images at 100 nm resolution of: (a) nFe

0
 and nFe

0
-Mg composites with Mg/Fe 

coating ratios (b) 20 %, (c) 40 %, (d) 60 %, (e) 80 %, and (f) 100 % 

 

Settlement investigation 
The addition of Mg(OH)2 to nFe

0
 with coating ratio of (Mg/Fe: 100 %) resulted in stimulated 

stability of the particles in aqueous suspension with lower settlement rate (SR) than that of 
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unmodified iron particles. As shown in Figure. 3, the increase in the Mg/Fe coating ratio resulted in 

a higher suspension efficiency (SE) up to around 88 % for the fully coated nFe
0
-Mg particles.  

 

The normalized absorbance intensity (In) was considered as an indicator of the suspension stability 

of the suspension over 3 hrs settlement time, where (In = It/Io) is a function of absorbance intensity 

at specific time (It) and initial intensity (Io). Sedimentation curves were obtained by plotting (In) 

with respect to time as displayed in Figure. 4. For nFe
0
-Mg composites, the value of the normalized 

intensity tended to decrease gradually along with the increase in Mg/Fe coating ratio. Whereas, 

rapid settlement occurred for bare nFe
0
 with full settlement within 30 minutes. Additionally, the 

suspension stability of the composites enhanced with the increase of the Mg/Fe coating ratio. 

Moreover, nFe
0
-Mg (Mg/Fe:100 %) was found to be the optimal coating ratio in terms of 

suspension stability in aqueous solution which was consistent with the visual observation. 

 
Figure 3. Suspension Efficiencies and Settlement Rates of nFe

0
 and iron-magnesium 

nanocomposites 

 

 
Figure 4. Normalized absorbance intensity vs. time for nFe

0
 and iron-magnesium nanocomposites 

suspensions 

 

Reactivity effect 

Phosphorus (P) was considered as the indicator for the reactivity influence of the synthesized 

materials. Batch experiments were conducted using 50 mL solution volume of 50 mg/L-P with the 
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addition of 50 mg of nFe
0
 or nFe

0
-Mg nanoparticles as adsorbent dosage. Removal efficiency of the 

synthesized iron-magnesium nanocomposites towards phosphorus was calculated as a function in 

initial (Co) and final (Cf) concentrations, corresponding to different (Mg/Fe) coating ratios using the 

following formula:  

                                                                    (3) 

As shown in Figure. 5, the nFe
0
-Mg particles showed comparable removal efficiencies to that of 

bare nFe
0
. The stimulating effect of the (Mg/Fe) coating ratio on the phosphorus removal efficiency 

was clearly observed, where (Mg/Fe:100 %) was correspond5ing to the highest value of the 

removal efficiency. Moreover, nFe
0
 (Mg/Fe:100 %) and (Mg/Fe:80 %) removed phosphorus with 

3.13 % and 2.23 % respectively higher than that of bare nFe
0
. This enhanced effect in reactivity of 

the iron-magnesium composites could be attributed to the contribution of the formed magnesium 

hydroxide shell around the iron core in the phosphorus adsorption. Additionally, as it was 

previously reported, the neutral pH conditions provides a positive surface charge of the Mg(OH)2, 

leading to a better electrostatic attraction of the aqueous phosphate (PO4
3-

) species onto the 

adsorbent surface (Schott, 1981). 

 
Figure 5. Phosphorus removal efficiency of nFe

0
 and iron-magnesium nanocomposites (initial pH: 

7 ± 0.2 at 25 
o
C and 300 RPM)  

 

The leaching of iron oxides, ferrous (II) and ferric (III), was considered as an indicator to 

investigate the reactive longevity of the nFe
0
-Mg composites within aqueous solutions over 1-week 

experiment. Ferrous aqueous concentration is a representative of the iron dissolution, where the 

higher the concentration, the more the dissolution and the less the precipitation (Eljamal, 2018a). As 

shown in Figure. 6, iron dissolution occurred rapidly (within the first hour) for nFe
0
 represented by 

maximum ferrous concentration of 2.42 mg/L followed by a decline trend corresponding to a rise in 

ferric concentration. Whereas, iron oxides precipitation was dominant during the rest of the days. 

For nFe
0
-Mg (Mg/Fe:100 %), iron dissolution started after 12 hrs due to the high coating ratio and it 

was competing with precipitation during the rest of the experiment days. Results implied that the 

gradual increase in iron oxides leachates for the iron-magnesium composite proved the continuous 

dissolution of the nFe
0
 core due to the anti-corrosion effect of the brucite shell. That could be 

preferable for the real remediation applications where the longevity and electron availability are 

vital parameters in achieving higher performance. 
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Figure 6. Iron oxides leaching into aqueous solutions of nFe
0
 and nFe

0
 (Mg/Fe:100%) 

 

 

CONCLUSIONS 

Iron-magnesium nanocomposite (nFe
0
-Mg) with better aqueous characteristics was successfully 

synthesized. The increase of the Mg/Fe coating ratio up to 100% resulted in a smaller average 

particle size by 46.7 % comparing with that of bare nFe
0
. Anti-aggregation effect was achieved 

corresponding to the smaller average particle size of the nFe
0
-Mg particles which was confirmed by 

the TEM morphological observation. Moreover, the degree of crystallinity enhanced for the nFe
0
-

Mg composites by higher the Mg/Fe coating ratio from 20 % to 100 %, the higher the crystallinity 

of the composite. The three hours settlement investigation of the modified nFe
0
 exhibited higher 

stability in aqueous suspension comparing with the rapid settlement of bare nFe
0
. Furthermore, 

Phosphorus removal efficiency was improved by 2-3 % for the nFe
0
-Mg composites to that of nFe

0
. 

Additionally, the iron core of the synthesized nFe
0
 was adequately protected from aqueous 

corrosion after the optimal modification with Mg(OH)2, corresponding to lower iron oxides 

leachates, indicating the enhanced reactive longevity of the modified composites. The current work 

suggests that the achieved enhanced features of the proposed iron-based nanocomposites could lead 

to great potential applicability towards sustainable effectiveness in water treatment applications. 
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Abstract 

Smart Water Metering (SWM) technologies constitute advanced and modern methods to access 

reliable information on water usage and to regulate water supply and consumption, forming a basis 

for the successful design and implementation of Water Demand Management (WDM) strategies. 

The Smart-Water research project, which is launched by a consortium specialised in telemetry 
systems, Internet-of-Things (IoT) and Advanced Metering Infrastructure (AMI) and is 

implemented in the domain of responsibility of the Water Supply and Sewerage Company of 

Thessaloniki in Greece (EYATH S.A), aims at the development of smart infrastructure for water 

consumption and management of drinking water demand. Smart-Water is expected to promote 

user-oriented management strategies of water demand, assist in reducing leaks and non-revenue 

water in the water system, increase awareness of consumers towards water conservation and 

saving, as well as have significant environmental, economic and social benefits. In the frame of the 

project and during its various stages several issues are examined such as selection of areas for pilot 

study, features of smart infrastructure, design, supply and installation of software and equipment 

of network connectivity etc.  

 

Keywords 

Smart-Water project; Water Management; Smart Metering; AMI 

 

 

INTRODUCTION 

The Smart-Water project is about smart infrastructure of telemetry systems for water consumption 

and management of drinking water demand. The water utility company involved in the project is 

EYATH SA, the water supply and sewerage company of Thessaloniki. Apart from EYATH SA 

there are two participants in the project, APIFON Private Company and Information Technology 

Institute (ITI)/CEntre of Research and Technology Hellas (CERTH). Smart-Water is co-financed by 

the European Union, Greek national funds as well as by partners’ own funds. Among the objectives 

of the project are: (a) to design an original infrastructure which will exploit the latest technologies 

in order to give the opportunity to EYATH SA offer innovative services to its consumers and (b) 

develop and pilot test of a management, display and data analysis water consumption system. 

 

The Smart-Water project is implemented under the Operational Programme Competitiveness, 

Entrepreneurship and Innovation 2014-2020 (EPAnEK). More specifically, the project is included 

in the Action measure “RESEARCH – CREATE - INNOVATE”, which aims to support and 

promote research, innovation and technological development. The main purpose of the Action 

measure is to link research and innovation to entrepreneurship enhancing competitiveness, 

productivity and extroversion of enterprises· this enhancement would strengthen companies towards 

innovative entrepreneurship of high quality.  
 

EYATH SA is the second biggest water supply and sewerage company in Greece, situated in the 

city of Thessaloniki in northern Greece. EYATH supplies water to around 500,000 water meters. 

The water supply needs are covered by three resources: (1) the Aliakmonas river, (2) the Aravissos 

springs and (3) boreholes in the plain of Thessaloniki (groundwater). The external water supply 

mailto:pstournara@eyath.gr
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network extends over 460 km, while the distribution network consists of water supply pipes with a 

total length exceeding 2,690 km. 
 

 

WATER MANAGEMENT 

The aim of urban water management is to provide a safe and reliable water supply to consumers. 

Nowadays, maintaining the sustainability of this water supply has become equally important, with 

the adverse effects of the projected climate change on water scarcity already manifesting themselves 

in many countries around the world. Water Demand Management (WDM), i.e. the management 

approach aiming to conserve water by influencing demand, is used by water utility companies and 

policymakers in order to manage water supply, enact water conservation and design water safety 

plans. WDM consists of activities ranging from engineering/infrastructure maintenance and 

upgrading to economics analyses, and from sustainable consumption incentives to consumers’ 

education. The availability of reliable information on water use is the basis for the successful design 

and implementation of WDM strategies and, in this context, water metering is essential for 

acquiring the data needed (Randall and Koech, 2019). The transition from traditional water 

metering methods/tools to the technology known today as Smart Water Metering (SWM), as well as 

the added value SWM brings to water management as a whole, is the subject of this work and will 

be discussed in brief in the following sections.  
 

 

SMART METERING 

Water companies are constantly on the trend worldwide to invest increasingly in "smart" automated 

telemetry infrastructures for water consumption and processing of collected measured data. These 

infrastructures, scientifically known as Advanced Metering Infrastructures (AMI), enable water 

companies to create improved services for consumers in order to upgrade consumer service. 
 

Smart water meters provide a new measurement technology. Application of smart water meters 

allows continuous collection of consumption data, without requiring physical presence on site. In 

addition to water consumption information, smart meters can provide instantaneous water supply 

information, water temperature, pressure values, reverse flow measurement, water meter alarm, etc. 

Additional benefits are the detection and notification of losses due to leaks or unauthorized use of 

the water network, protection of the environment by reducing the wastage of water resources, and 

customer service upgrade with modern information services.  
 

Along with smart meters, smart valve regulates, drives and controls the flow of a water, by opening, 

closing or partially blocking its passage. Smart valves use the actuators to operate. Actuators require 

control signal and power source to operate. The control signal is a low power signal. It can be 

caused by electrical voltage or power supply. When the actuator receives the control signal, it reacts 

by converting the signal energy into mechanical motion. Remote management of smart valve is 

surely an important benefit of this new technology, giving the means to control in real time the 

water consumption. 
 

 

INTERNET OF THINGS (IoT) 

The Internet-of-Things (IoT) has recently gained more attention due to the technological 

advancement of wireless technology. It is based on the integration of different technologies (Shah 

and Yaqoob, 2016). Low Power Wide Area Networks (LPWAN) are best suited for IoT 

applications which require the transmission of very small amounts of data over long distances· as in 

the case of recording and transmitting measurement data (Xu et al., 2018). IoT technology is 

applied in Smart-Water project through the installation of a fixed LoRa network of antennas with 

Radiofrequency of 868 MHz for the transmission of the appropriate data. 
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BENEFITS OF THE PROJECT 

Over the last decades, smart water metering (SWM) programs have been launched in several urban 

areas worldwide, advancing user-oriented management strategies of water demand, providing 

significant environmental, economic and social benefits, and promoting sustainability and 

adaptation of modern societies to future challenges. 

 

SWM techniques develop accurate water consumption profiles for end-users, which can assist with 

the design and evaluation of water demand management strategies, contributing to behavioral 

changes of consumers towards supporting water conservation and saving (Fielding et al., 2013). 

Water saving by the consumers can significantly decrease power and energy consumption of 

pumping water (Brzozowski, 2010), leading to environmental benefits resulting mainly from 

greenhouse gas emission reduction and stabilization of the groundwater level, and can finally 

contribute to a smaller water footprint of urban water supply infrastructure (Laspidou, 2014). SWM 

can also contribute to testing the effectiveness of demand management interventions, as well as to 

developing pressure management strategies in water distribution networks. The latter can assist in 

reducing or eliminating leakages and non-revenue water in water supply networks, allowing an 

increase in the efficiency of such systems at lower costs (Cominola et al., 2015). 

 

SWM could also achieve economic savings for water utilities and, therefore, financial benefits for 

the local communities. This means that smart metering may not only contribute to reducing 

operational and maintenance costs for water utilities (Cominola et al., 2015), but also help in 

forming more flexible and regulated water tariff schemes (March et al., 2017), such as dynamic 

water pricing (Vasak et al., 2014). Energy costs could also be reduced by using smaller pumps, as 

well as by treating and transferring smaller water volumes (Nguyen et al., 2018).  

 

In the social sector, SWM programs including detailed and targeted information dissemination, can 

assist in raising the environmental awareness of local societies and authorities on water 

conservation issues (Liu et al., 2017; Nguyen et al., 2018), helping entire communities to develop 

sustainable habits regarding urban water use (Magiera and Froelich, 2014; Laspidou, 2014). Such 

programs can also contribute to the exchange of best practices and experiences in the field of water 

distribution networks management, increasing the credibility of water utilities and empowering two-

way relationships between them and the consumers. Furthermore, SWM is expected to have 

significant benefits on public health, based on limitation of network damages and reduction of water 

contamination risk. Smart meters can detect leak problems and their location in water supply 

networks, as well as identify differential pressure issues able to cause contaminant intrusion and can 

create alerts for responsible authorities (Mutchek and Williams, 2014). Addition of biosensors for 

contamination detection in SWM systems can assist in safeguarding water security, by identifying 

and locating water quality problems in the network.  

 

The Smart-Water project will provide EYATh the ability to establish a two-way relationship 

towards the consumer, through creation of new software apps for organized and consistent 

communication and direct customer service. These will gradually lead to the development of water 

culture and cultivation of water consciousness of the consumers. The Smart-Water project will also 

provide the possibility of revenue management to consumers by knowing their water consumption, 

since they will be able to be informed about it, among other things such as water exploitation, 

possible leakage, imminent interruption of their water supply and choosing flexible invoice and 

offers by SMS, telephone etc.  
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STAGES OF THE PROJECT 

The stages of the project are presented briefly in Figure 1. There are a total of 7 stages: (1) analysis 

of requirements, (2) software and equipment of network connectivity, (3) telemetry and telecontrol 

equipment, (4) center for control and management of metering data, (5) pilot tests, (6) cost-benefit 

study, (7) dissemination of results. The project has completed up to now the 1
st
 and 3

rd
 stages and 

parts of the 2
nd

, 4
rd 

and 5
th
 stages as shown in Figure 1.  

 

 

 

 

 

Figure 1: The stages of Smart-Water project in brief (stages 1-6). Stages which are completed are 

noted with grey colour 
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CASE STUDIES 

As far as the project's implementation areas, the choice of scattered spots in various areas of the city 

of Thessaloniki would increase the cost of the project, since it would require the development of 

many telecommunication networks, which was not an objective of the project. For this reason, two 

specific areas were selected from all over the city of Thessaloniki: (1) the center and (2) Kalamaria 

area, which is situated in the southeastern part of the city. Both areas were selected due to their 

different urban structure, their water consumption habits and their geomorphology. City center was 

selected because it presents a particular difficulty regarding telecommunications coverage, a 

difficulty which is owed to its dense construction and tall buildings. Kalamaria was selected 

because of the large relative household consumption.  
 

In order to locate the consumers wishing to participate in the project and get their relevant 

consensus, an initial phone communication approach was set up. An information leaflet of the 

project and two (2) questionnaires to be filled at the beginning and at the end of the project were 

prepared. The process of approaching prospective participant consumers was planned. For this 

specific project, the sample of one hundred (100) consumers (water meters), who were located and 

wish to participate in the project, was divided into two groups, fifty (50) consumers situated in the 

city center and fifty (50) situated in the area of Kalamaria. 
 
 

SCENARIOS DEPLOYMENT 

The scenarios for the use of the SMART WATER app were defined and formulated in order to: (a) 

meet the basic needs of EYATH S.A. for effective water demand management, and (b) being able 

to contribute to answering the critical research questions set by the SMART-WATER project, 

regarding the use of new technologies in the specific field. The scenarios are divided in three 

categories: (I) those involving the smart water meter (15 scenarios), (II) those involving the smart 

electric valve (10 scenarios) and (III) one scenario involving both the smart water meter and smart 

valve. The scenarios of the first (I) and the second (II) categories are further classified regarding: (a) 

the type of the scenario and (b) the part “triggering” the scenario. The types of scenarios comprise 

for category (I), Update/information, Alert and Data Recording/Analysis scenarios, and for category 

(II), Action, Alert and Update/Information scenarios. The parts “triggering” the scenarios comprise: 

(a) Customer (i.e. the end-user of the SMART-WATER app), (b) EYATH S.A. (i.e. the 

administrator and operator of the SMART-WATER app) and (c) an option for the scenarios which 

are triggered automatically. The above classifications are presented in Figures 1 and 2. The most 

characteristic scenarios are mentioned below: 
 

Table 1. Scenarios involving the smart water meter 

Scenarios Title Description 

Scenario 1 Information about water 

consumption, after a 

consumer's relevant 

request. 

The consumer stays informed about his/her water consumption by 

an application, which runs on a computer or a mobile phone, for the 

period starting from the last billing up to the time the request has 

been made. 
System Response: 

“Your consumption from day/month/year to day/month/year was 

XXm
3
” 

Scenario 2 Keep a record of all 

information from smart 

water meters and smart 
valves stored in a 

database. The stored data 

can be visualized (charts, 

statistics etc.) 

Creation of a database in which consumption data of every smart 

water meter will be stored. Data will be displayed in tables, charts, 

etc. and will be available to consumers upon request. 



Other 
 

11
th

 Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

510 

 

Table 2. Scenarios involving the smart valve 

 

Table 3. Scenario involving both the smart water meter and the smart valve 

 

 

 
Figure 1. Classification of the SMART-WATER app use scenarios involving the smart water meter 

 

Scenarios Title Description 

Scenario 1 The consumer wishes to 

open/close the smart 
valve, which is located 

before the smart water 

meter. 

The consumer sends from a computer or a mobile phone a request 

to EYATH SA that he/she wishes to open/close the smart valve. 
The system verifies through "one-time pin" (OTP) that he/she is the 

account manager.  

The system, after finding that there are no debts or any other 

reasons that the smart valve should remain closed, it automatically 
opens/closes the smart valve and informs EYATH SA about this 

action. The time needed for the procedure described above depends 

on the response of the telecommunication system. EYATH SA 
sends the following message to the consumer:  

“At your request in the day/month/year and PP time, we 

opened/closed the smart valve”. 

Scenario 2 EYATH SA closes the 
smart valve because 

there is no recorded 

consumption of the 
consumer for a period of 

48 hours (after prior 

relevant declaration of 

the consumer). 

The consumer declares in advance that he/she wishes EYATH SA 
to close the smart valve whenever zero consumption occurs for a 

48-hour period. The smart valve can be opened by the consumer at 

any time. 

Scenarios Title Description 

Scenario 1 Application of night-

time pricing. 

EYATH SA may provide night-time pricing for some night hours, 

after a consumer's request. 
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Figure 2. Classification of the SMART-WATER app use scenarios involving the smart valve 
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Abstract 

The challenge of smart infrastructure by integrating smart technology in the existing water supply 

system requires a carefully designed implementation plan. In order to secure the proper function of 

a water utility company, water use demand should be taken seriously into account. In the present 

study, a preliminary design for positioning the antennas of a fixed telecommunication network is 

presented. The methodology implemented uses Geographic Information Systems (GIS) in order to 
conduct several visibility analysis tests, finding the proper antenna positions which fit best to the 

project needs. Two urban areas in Thessaloniki city were selected for the pilot research project: (a) 

the city centre and (b) Kalamaria situated in the southeastern part of Thessaloniki. The fixed 

network was scheduled to work in combination with smart water meters and smart water valves.  

 

Keywords 

Smart infrastructure; smart water metering; water-wise cities; Geographic Information System 

(GIS); visibility analysis; geocoding; consumption data; real time control 

 

 

INTRODUCTION 

Fulfilling total water use demands is a prerequisite for normal function of a water utility company. 

This includes: (a) the base water use -during winter months- and (b) the seasonal use, either spread 

over the year or presenting short term-variations (Zhou et al., 2002). Balancing between urban 

water demand and water supply, while keeping customer service at a satisfactory level, belongs to 

the main and most important objectives of a water utility company (Zhou et al., 2002; Herrera et al., 

2010). Efficient managing and operating the water supply network are affected and significantly 

assisted by detailed water demand patterns, which provide a better description of the consumption 

needs (Herrera et al., 2010, Zhou et al., 2002). Smart metering technology provides (a) the proper 

data for creating such profiles, (b) opportunity of creating new products for the consumers. 

 

The Smart-Water project is about smart infrastructure of telemetry systems for water consumption 

and management of drinking water demand. The water utility company involved in the project is 

EYATH SA, the water supply and sewerage company of Thessaloniki. Apart from EYATH SA 

there are two participants in the project, APIFON Private Company and Information Technology 

Institute (ITI)/CEntre of Research and Technology Hellas (CERTH). Smart-Water is co-financed by 

the European Union, Greek national funds as well as by partners’ own funds. Among the objectives 

of the project are: (a) to design an original infrastructure which will exploit the latest technologies 

in order to give the opportunity to EYATH SA offer innovative services to its consumers and (b) 

develop and pilot test of a management, display and data analysis water consumption system. 
 

Thessaloniki Water Supply and Sewerage Company S.A. (EYATH S.A.) 

EYATH S.A. provides water supply and sewerage services to the broader urban area of 

Thessaloniki, which is situated in Northern Greece. Among its strategic targets is the 

implementation of smart metering infrastructure in order to: (a) reduce Unaccounted-For Water 

(UFW), (b) enhance customer service by creating new products and (c) contribute in developing 

water culture and in strengthening water-consciousness of the customers. 

mailto:pstournara@eyath.gr
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Challenge 

Addressing the challenge of smart infrastructure by integrating smart technology in the existing 

water supply system requires a well-designed implementation plan. Studying this integration in the 

current city’s infrastructure on a pilot research level makes its further financing on a wider scale 

more viable and robust. 

 

Through smart infrastructure, provision of smart services to end users (EYATH S.A. and 

consumers) will be possible. In this way, EYATH S.A. will have benefits as an end-user by 

upgrading its service quality at a reduced cost· such as (a) reduce the total operational cost of its 

complaint management by notifying the consumer utilizing an ALERT service, when its 

consumption exceeds a threshold which can be determined either by EYATH S.A. or by the 

consumer – all based on the high frequency of consumption measurements, (b) remotely interrupt 

and recover water supply directly, serving the consumer etc. The consumers, who are the final end-

users will be offered a variety of services such as: (a) apps for remote control of their private water 

connection, (b) access to their private consumption profile, (c) alerts of predetermined consumption 

thresholds (of water volume or of water bill) etc. 

 

In this paper, the study conducted for designing telecommunication parts of the smart water 

infrastructure is presented and analyzed using the companies developed Geographic Information 

System (GIS). 

 

 

MATERIALS AND METHODS 

Study area 

The study area is the city of Thessaloniki, where EYATH provides its services. Two areas in 

Thessaloniki were selected to implement the pilot research project. The first area under study is 

situated in the urban centre of Thessaloniki and the second one in Kalamaria, which is an eastern 

extension of the older, central, urban tissue of the city. These areas were selected in order to 

evaluate the new, available communication technologies in relation to the existing urban structure 

and its geomorphology.  
 

 

Figure 1. Overview of the study area. Image on the left (image Landsat/Copernicus, data SIO, 

NOAA, U.S. Navy, NGA, GEBCO) and images on the right (image © 2019 TerraMetrics, image © 

2019 CNES/Airbus, image © 2019 Maxar Technologies) are from Google Earth 

 

Urban center of 

Thessaloniki 

Kalamaria 
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Smart-Water infrastructure 

Smart water infrastructure requires the integration of a reliable telecommunication network to the 

existing infrastructure of the city for (a) transferring measurement data from the smart metering 

system to a system of data storage and data processing, as well as for (b) provisioning of smart 

services to the end-users (consumers & EYATH S.A.). Walk-by or drive-by wireless technologies 

don’t provide high frequency recording rates. Also, they lack the ability to synchronise water 

pressure measurements with water demand measurements, which is required in the study of District 

Metered Areas (DMA). Walk-by or drive-by wireless technologies cannot lead to full exploitation 

of the capabilities the new metering devices have to offer. Moreover, the high cost of the latter 

cannot allow an insufficient technical exploitation. For their full exploitation a fixed 

telecommunication network is required.  

 

A fixed telecommunication network is a fixed network of antennas. The location of the antennas in 

the network is of crucial importance for its effective operation. Geographic Information Systems 

(GIS) provide the opportunity of studying the antenna positioning in the area of interest, prior to 

implementing the positioning in the field, by utilizing visibility analysis tools. The selection of the 

antennas’ location depends on the visibility coverage that can be achieved in the study area by 

installing the antennas at these locations. There have been various studies dealing with visibility 

analysis (Chmielewski and Tompalski, 2017; Caha and Kačmařík, 2017; Liu et al., 2010), studies 

focusing on visibility for telecommunication (Baek and Choi, 2018; Jewell, 2014) as well as on 

other issues such as landscape visual quality assessment (Štefunková and Cebecauer, 2006). 

 

The approach of a fixed network of telecommunication antennas (Radiofrequency 868 MHz), which 

was scheduled to be constructed especially for this project, is to be applied. The fixed network will 

work in combination with smart water meters and smart valves. The initial thought was to choose 

scattered households in various areas within the city of Thessaloniki for installing the smart water 

meters and smart valves. But this would increase the cost of the project, since it would require the 

development of many telecommunication networks, which is not an objective of the current project. 

For this reason, two specific areas were selected from all over the city of Thessaloniki, the urban 

center and Kalamaria area. The former was selected because of its dense building construction 

patterns and its tall building, presenting particular difficulty regarding telecommunication coverage. 

The latter (Kalamaria) was selected due to the relative large household water consumption.  

 

The project supports financially the installation of 100 smart water meters and 100 smart water 

valves· where a smart water meter and a smart water valve consist a set of equipment for 

installation to a single consumer. To apply the sample of one hundred (100) consumers participating 

in the project, the specimen was divided into two parts, fifty (50) consumers in the city center and 

fifty (50) in the area of Kalamaria. 

 

Visibility Analysis 

Positioning of the antennas is a crucial step in the implementation of the project. The aim of the 

visibility analysis was to detect locations, from which antennas are visible to an adequate extent in 

the study area.  

 

Possible locations of the antennas were studied in the ArcGIS 10.6 environment. ArcGIS offers the 

possibility of applying different types of visibility analysis, eg. construct sight lines, generate 

viewsheds etc.  

 

The visibility analysis selected in this study utilized: (a) a raster LIDAR DEM, depicting the terrain 

surface, including surface objects (buildings, trees etc) from EYATH SA and (b) user-determined 
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observer points, producing a raster identifying which observer points are visible from each raster 

surface location. It was applied through the “visibility tool”, which includes two (2) visibility 

analysis types: (a) frequency and (b) observers. The latter type was chosen because it provides more 

detailed information, i.e. which observers are visible from each raster surface location, while the 

former gives a more generalized result, i.e. the number of the observers each raster surface location 

is visible to, without more information about which of the observers. To all the observer points used 

here, information about the height of their location was derived from the available LIDAR of 

EYATH SA and an offset of 3m or 4m was set depending on each case (most offsets were set to 

3m). 
 

Several visibility analysis tests were applied in order to find the proper antenna positions. These 

tests were applied separately for each area (Thessaloniki centre and Kalamaria). In the areas, which 

were quite extended for 100 smart water meters and valves, further selection of districts was 

performed, so as the installed equipment would: (a) span in a continuous manner geographically 

and (b) be inside the visibility coverage of the antennas. 
 

Selection of possible participants & Geocoding 

Apart from running the visibility analysis, a selection of possible participants of the pilot study was 

implemented. The selection was driven by using: (a) predetermined thresholds on the available 

consumption data in the case of private connections and (b) predetermined postal codes of 

consumers, in order to secure that consumers are situated inside a specified district in each subarea. 

The specified districts were selected considering the results of the visibility analysis, so as to have 

participant consumers inside the area presenting adequate antenna visibility. 
 

A geocoding process was applied, in order to geolocate the previously selected data of possible 

participants. The geocoding process aimed at acquiring better overview of the geographical 

distribution of the possible consumer participants, which is to be used during their final selection. It 

was implemented in the ArcGIS 10.6 environment. Parameters utilized in the geocoding procedure 

were: (a) a table containing consumer data (name, address, postal code) and (b) an address locator 

which was previously created in the GIS department of EYATH SA.  
 

Additionally, in the frame of the project, apart from the brand-new smart water meters which are to 

be installed, old technology, positive displacement, water meters are to be considered in order to 

exploit their ‘smart capability’, which is provided through the use of clip on (pulser) devices that 

can be adjusted on the water meter. These pulsers can convert consumption data into digital form 

and transmit it using radio frequency communication protocols, providing data in real time. 
 

 

RESULTS AND CONCLUSION 

After various visibility tests, which were applied separately for the city centre and Kalamaria, five 

(5) positions for installing antennas were selected for the city centre and three (3) for Kalamaria. 

Their positions as well as the visibility results are shown in Figures 2-5.  
 

Based on predetermined criteria, 183 candidate consumer participants in the centre and 318 in 

Kalamaria were selected. They were all geocoded following the procedure presented in the previous 

section and proper manual editing was performed to the automatically generated results, when 

required.  
 

The geocoding and the visibility results were superimposed as illustrated in Figures 2-5.  
 

The visibility analysis allowed a better study of the positioning of the antennas. The product maps 

provided better overview of the geographic distribution of the consumers and the visibility coverage 
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of the antennas. The product maps aided crucially establishing a well-designed implementation 

plan, in order to achieve improved financial viability and research product’s output.  

 
Figure 2. Product map depicting the results of the visibility analysis and geocoding processes for 

the centre of Thessaloniki. Satellite imagery: Google Earth (© 2019 Digital Globe, © 2019 

CNES/Airbus, © 2019 TerraMetrics) 

 
Figure 3. Product map depicting the results of the visibility analysis and geocoding processes for 

the area of Kalamaria. Satellite imagery: Google Earth (© 2019 Digital Globe, © 2019 

CNES/Airbus, © 2019 TerraMetrics) 
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Figure 4. Product map depicting the results of the visibility analysis overlaid by the geocoding 

results of the consumers with mechanical positive displacement water meters for the area of 

Kalamaria. Satellite imagery: Google Earth (© 2019 Digital Globe, © 2019 CNES/Airbus, © 2019 

TerraMetrics) 

 
Figure 5. Product map showing the results of the visibility analysis overlaid by the geocoding 

results of the consumers with mechanical positive displacement water meters for the area of 

Kalamaria. Satellite imagery: Google Earth (© 2019 Digital Globe, © 2019 CNES/Airbus, © 2019 

TerraMetrics) 
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Abstract 

In this study, a UV-assisted desalination system was prepared with a non-porous TiO2 doped 

Pebax 1657 membrane. The membranes were characterized and desalination tests were performed. 

The effect of UV light and TiO2 ratio on the performance of desalination were investigated. 

According to the results, TiO2 incorporation increased the membrane hydrophilicity, increased the 

membrane swelling values, enhanced the membrane flux and improved the salt rejection. 
Moreover, UV treatment has a positive effect on desalination performance. The best improvement 

was achieved in the results of 10wt.% TiO2 doped membrane. It was found that the flux value of 

the UV-treated membrane having 10wt.% TiO2 concentration was 8.2 kg/m2.h and the salt 

rejection value was 99.97 %. It was found that the prepared membrane showed excellent 

desalination performance.  

 

Keywords 

TiO2 nano powder; Pebax 1657 membrane; desalination; non-porous membrane 

 

 

INTRODUCTION 

Photocatalytic oxidation of organic compounds for desalination and water treatment is one of the 

most interesting topics in recent years. The activity of this reaction depends on the process and the 

photocatalyst type. There are two main process configurations as a process with free catalyst and 

the process where the catalyst immobilized on a support.  The activity of the catalyst used in the 

free state is high, but after the water treatment, it is necessary to remove the catalyst in order not to 

poison the pure water. The use of photocatalytic membrane reactors (PMR) restricts the reduction 

of photocatalytic activity and ensures that the freshwater is not poisoned by the photocatalyst 

(Argurio et al., 2018; Zheng et al., 2017). Membrane usage prevents the passage of catalyst and 

depredated compounds into the purified water side. Additionally, the use of photocatalytic 

membrane reactors eliminates the use of further separation step such as sedimentation-coagulation-

flocculation, which will then be used to separate the photocatalyst. furthermore, it reduces the total 

process volume and enables the reuse of the catalyst.  The heat energy which is necessary for the 

reaction and separation can be provided by the UV in daylight. Therefore, PMR system is defined 

as an energy-saving and cost-effective purification process (Mozia, 2010; Molinari et al., 2017). 

 

The photocatalytic membrane has been recently developed for a wide range of application (Ye et 

al., 2019; Argurio et al., 2018; Zheng et al., 2017). Biological treatment of organic content water, 

seawater desalination, and wastewater treatments are most know application areas of photocatalytic 

membranes. Mechanical properties and selective separation capability of membranes can be 

destroyed by the cumulation of organic pollutants in seawater. Therefore, photo catalytically 

eliminating of organic pollutants may be improved both structural properties and separation 

performance of membranes (Yacou et al., 2015). 

 

Membrane technology is emerging science for advanced water treatment. Membranes are mostly 

used for water purification, waste-water treatment, and desalination purposes. The productivity and 
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overall performances of membrane-based processes are directly related to the physicochemical 

properties of membranes. Therefore, scientific studies have been focused on the development of 

high-performance membrane materials. Especially for water treatment, it is important to produce 

superior membranes having high water permeability, high rejection capacity, biofouling resistance, 

and process stability. For this purpose, new generation composite membranes have been developed.  

 

In this study, it is aimed to develop new material for UV-assisted desalination of seawater. For this 

purpose, titanium dioxide nanotube (TiO2) doped polyether block amide (PEBA-

Pebax1657(commercial name)) membrane has been produced. TiO2 is the most widely used 

photocatalyst. TiO2 is a semiconducting material that destroys the organic contaminant in the water 

by the assistance of UV-light (Mayyahi, 2018; Yacou et al., 2015, Salcova et al., 2016). However, 

because the energy band of TiO2 is large, it is not active in daylight. Since the UV content in 

daylight does not exceed 5 %. Therefore, the UV source is required for a photocatalytic activation. 

In this study, the desalination system has been utilized by assisting UV light. The structural 

property of the composite membrane has been investigated by means of Fourier Transform Infrared 

Spectroscopy and X-Ray Diffraction. The distribution of TiO2 particles within the membrane has 

been analyzed using Polarized Electron Microscopy. Swelling experiments have been performed to 

determine the water-uptake capacity of the TiO2 filled and unfilled Pebax1657 membrane. The 

separation performance of membranes with/without TiO2 nanotube was investigated to separate 

water seawater. Desalination test has been conducted at the room temperature with/without UV 

light. The effect of TiO2 concentration, UV light were investigated.   

 

 

EXPERIMENTAL 

Titanium dioxide nanotube preparation 

1 gram of commercial titanium dioxide powder (ACROS) was mixed with 10 M sodium hydroxide 

solution. The mixture was subjected in an ultrasonic bath for 30 minutes. The mixture was left for 

hydrothermal treatment at 130 °C for 24 hours in a Teflon lined autoclave. After filtration, the 

nanotube titanium dioxide was washed with hydrochloric acid and water. Nanotube titanium 

dioxide was dried at 110 °C for 16 hours and calcined at 500 °C for 2 hours. 

 

Membrane Preparation 

Polyether block amide (Pebax 1657) was kindly supplied from Arkema, France. 10 wt.% of Pebax-

acetic acid solution was prepared and stirred until the solution became homogeneous. The 

determined amount of TiO2 nanotube particles were added to Pebax solution according to the 

weight of the dry Pebax polymer. According to the Pebax content, TiO2 concentration in the 

membrane solvent was changed from 0 to 10wt.%. Membranes were entitled according to the TiO2 

content in the membrane. Pebax-0 represents the membrane without filler, Pebax-2.5T represents 

the membrane having 2.5wt.% of TiO2 nanotube particles. Membrane solutions were cast onto a 

Teflon plate and allowed to dry at the room temperature. Then, membranes were cured in a vacuum 

oven at 60 °C. The membrane was then immersed in a solution containing 2vol.% of Tolylene-2,4-

diisocyanate-hexane solution to prevent the dissolving of the membrane in water media.  

 

Swelling experiment 

Swelling experiments were performed to determine the affinity of membranes to the water. The 

swelling test was continued for approximately 4 hours until the membrane reached a constant 

weight. For the swelling experiment, membranes cut into equal size (1 cm2) and were soaked in 

deionized water. The dry (Md) and swollen (Ms) weights of membranes were measured and the 

swelling percentages (S) were determined as the following equation; 
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                                               ,             (1) 

Desalination 

Desalination test were carried out at the ambient condition. Prior to desalinate a seawater, 

separation capabilities of membranes were tested to separate water from seawater. Water removal 

and water flux were calculated from Equation 2 and Equation 3 which are shown as follow; 

 

                                                                  (2) 

                                                                  (3) 

 

Where M (kg) is the weight of permeate water on the downstream side of the membrane, t is the 

operating time (h), A is the effective membrane area (m
2
), Ci and Cf represent the initial and final 

total dissolved solid concentration of water. Total dissolved solids and ion concentrations were 

analyzed using Multi-Functional Conductometry (Seven Compact-Mettler Toledo). The seawater 

desalination test was conducted under UV light and effect of UV on desalination was investigated.  

 

Characterization 

The crystalline phases were characterized by means of X-ray diffraction (XRD) (Rigakku, Miniflex 

2, Japan). 2θ values were selected from 10
o
 to 80

o
 with a step size of 0.02 using Cu Kα radiation (λ 

= 0.15418 nm) at 45 kV/40 mA. Fourier Transform Infrared Spectroscopy was used to determine 

the chemical structure of the membrane in the wavelength range from 650 cm
-1

 to 4000 cm
-1

 (Perkin 

Elmer-ATS). Surface hydrophilicity properties of membranes were determined using contact angle 

measurements (Attension). 
 

 

RESULTS 

The prepared membranes were characterized in order to determine physical, chemical and 

morphological properties. In Figure 1, the XRD spectra of pure nanotube TiO2 and nanotube TiO2 

doped membrane are given. The characteristic peaks of anatase phase obtained at two theta 25.1
o
, 

36.9
 o
, 37.7

 o
, 38.4

 o
, 47.9

 o
, 53.7

 o
 and 54.9

 o
 degrees. The characteristic peaks are determined at 12.3

 

o
 and 21.4

 o
 for Pebax 

 

In literature Pebax is defined as a semi-crystalline polymer which shows diffraction peaks at two 

theta 14
 o

, 17
 o
 and 26

 o
. (Sridhar et al., 2008). As seen from the figure that there are no crystalline 

phases obtained from nanotube doped PEBAX this phenomenon can be explained by the chemical 

interaction of Pebax with nanotube TiO2 that nanotubes affected the bonds and an amorphous phase 

was formed. 

 

The FTIR analysis of TiO2 nanoparticle doped Pebax1657 membrane is given in Figure 2. The band 

at 1107 and 1733 cm
−1

 are attributed to the C─O─C and ─C═O stretching vibrations, respectively. 

Also, another 2 bands at 1638 and 3303 cm
−1

 are assigned to the presence of H─N─C═O and N─H 

groups, in the hard Polyamide (PA) segment, respectively. In FTIR spectra of Pebax, it seems that 

PA block of Pebax is significantly self-associated via hydrogen bonding. For TiO2, in Figure, the 

bands which observed in the range of 650 to 800 cm 
−1

 are related to the stretching vibrations of 

Ti─O─Ti and Ti─O groups on the surface of TiO2 nanoparticles (Cheshomi et al., 2018). 
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Figure 1. XRD patterns of Pebax-TiO2 membrane and pure TiO2 

 

 
Figure 2. FTIR spectra of Pebax-TiO2 membrane and pure TiO2 

 

Figure 3 shows the distribution of TiO2particles in the membrane. In the first picture represented the 

pebax1657 membrane without filler, the smooth, dense structure of the membrane can be clearly 

observed except some impurity in the surface. The membrane has a non-porous structure. The POM 

images of 2.5wt.% of TiO2 loaded membrane indicated that the distribution of the particles within 

the membrane is excellent. TiO2 particles have been homogeneously dispersed within the 

Pebax1657 matrix. Homogeneous distribution of the additive into membranes is very important in 

terms of providing the same physical and chemical properties in every region on the membrane. 

Homogeneous dispersion means uniform separation performance across the membrane. As it is 

known, there are electrostatic interactions between particles, such as TiO2, which tend to connect 

with each other. In this study, the particles were first separated from each other by the sonication 

process, then the priming method was used to provide homogeneous distribution (Nigiz, 2018). 

Thus, agglomeration was tried to be prevented. Agglomeration within the membrane was rarely 

observed even with high TiO2 addition (wt.10%). However, it is still possible to see cumulated TiO2 

particles in a particular area (Figure 2). This is due to the orientation of the particles in the drying 

step of the membrane. During the casting-evaporation step, the membranes were first dried at the 

room conditions. The TiO2 particles might be orientate at this stage. 
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Figure 3. Polarized Electron Microscopy images of the pristine and TiO2 loaded membranes 

 

The contact angle between the membrane surface and water droplet is illustrated in Figure 4. It is 

clear that the water contact angle decreases with increasing TiO2 ratio in the membrane. This is 

meant that the hydrophilicity of the membrane enhanced with TiO2 addition. Owing to the 

hydrophilicity of TiO2 particles the surface water affinity of the membrane enhanced as also 

reported by Huang et al. (2017). According to the results obtained from the contact angle 

experiments, water flux is expected to increase as TiO2 ratio increases in the membrane matrix. 

There are also many studies on the use of TiO2 in the membrane matrix to enhance the surface 

hydrophilicity and lux, as well (Du et al., 2017; Pan et al., 2019).  

 

 

 
Figure 4. Contact angle images of the pristine and TiO2 loaded membranes 

 

Figure 5 shows the water affinity of the pristine and TiO2 nanotube loaded membranes in terms of 

the swelling experiment. The increasing TiO2 nanotube ratio remarkably enhanced the water 

swelling ratio. The swelling values of the membrane increased from 72 % to 129 % when the TiO2 

ratio was increased from 0wt.% to 10wt. %. This is due to the hydrophilic character of TiO2 

nanotube particles which was also confirmed by the results of water contact angle experiments. It 

was reported that TiO2 nanotube particles especially the nano-sized TiO2 nanotube has an affinity to 

water (Bolis et al., 2012). 
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Figure 5. Swelling results of the membranes 

 

Desalination results in the system with/without UV lambs are given in Figure 6 as a function of flux 

and rejection. In order to investigate the effect of TiO2 nanotube addition, desalination experiment 

of the pristine Pebax1657 (Pebax-0) was also performed. As can be seen from the figure, increasing 

TiO2 ratio improved flux values significantly. In the pristine membrane, 4.11 kg/m
2
.h flux value 

was obtained while 8.2 kg/m
2
.h flux was obtained with 10wt.% TiO2 nanotube loaded membrane 

when the separation occurred in UV assisted system. As it was confirmed by the results of surface 

hydrophilicity and swelling degree, the water permeability was increased due to the hydrophilic 

character of TiO2 nanotube particles. At the same time, it was also found that UV usage has little 

effect on the flux results. In the pristine membrane, 3.75 kg/m
2
.h flux was obtained in the system 

without using UV light and this value increased to 4.11 kg/m
2
.h when UV light was used. 

 

There may be several reasons for this slight difference. In the present study, the usage of UV light 

caused a temperature increment about 7 °C. The increasing temperature increased the vapor 

pressure, the solubility of the water on the membrane surface and the diffusivity of the water. 

Consequently, driving force across the membrane increased and the flux enhanced. The other 

reason is related to the UV effect on organic compounds in seawater. By using UV light, TiO2 was 

activated and the degradation of big molecules into small molecular sizes might prevent the surface 

cake formation. Therefore, flux decrement due to the boundary layer problem could be prevented. 

This effect could become more effective in long-period separation experiments. Another reason 

could be related to antimicrobial effect of TiO2 on bacteria, microbial and other substances in 

seawater. These substances also cause a cake formation on the membrane surface. TiO2 is known as 

anti-microbial chemicals that prevent biological contamination on the membrane surfaces.  
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Figure 6. Flux results of membranes    Figure 7. Rejection results of membranes 

 

The effect of TiO2 ratio on the salt rejection of desalination process performed with/without UV 

light is seen in Figure 7. All Pebax-based membranes show a high salt rejection value above 99.78 

%. TiO2 incorporation into membrane appears to increase salt rejection. The possible reason for 

these minor differences is that the TiO2 particles extend the tortuous pathway, increase the water 

affinity of the membrane, and increase the ion rejection by electrostatic interaction. The higher salt 

rejection values are seen in the system where UV lamp is used. This should be attributed to the 

retention of ions by TiO2 which generates radicals by the UV activation. The highest salt rejection 

value was obtained as 99.97 % with 10wt.% of TiO2 loaded membrane. 

 

 

CONCLUSIONS 

In this study, TiO2 nanotube incorporated Pebax1657 non-porous membranes were produced. The 

produced membranes were characterized and the desalination performance of the pristine and 

nanocomposite membranes was carried out at the room temperature. General experimental results 

can be summarized as; 

 The compatibility of Pebax1657 polymer and TiO2 nanotube particles was excellent and the 

TiO2 nanotube particles were homogeneously dispersed in the matrix. 

 TiO2 nanotube incorporation was found to increase both the surface and structural 

hydrophilicity of the membrane. The swelling values of the membrane increased from 72 % 

to 129 % when the TiO2 ratio was increased from 0wt.% to 10wt. %.  

 TiO2 nanotube addition enhanced the flux from 4.11 kg/m
2
.h to 8.2 kg/m

2
.h and the salt 

rejection from 99.90 % to 99.97 %. 

 Both the flux and salt rejection values were improved with the assisted of the UV-light. 
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Abstract 

The new method for assessment of the ecological risk of deterioration of a surface waters 

condition was presented. The methodology for assessment of the risk of the water ecosystem well-
being disruption is based on the determination of all parameters of the state of quality of surface 

waters that exceed the ecological standards using the probit-regression model. The process of 

determining the ecological risk for watercourses of the Udy river basin in Kharkiv region showed a 

high level of danger to the well-being of the water ecosystem. Ranking of the observation posts for 

the quality status of the Udy river in terms of the ecological risk makes it possible to identify the 

most polluted river sections. 
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Ecological risk; river basin; rational use of water; water protection measures; surface waters; 

Kharkiv region; Udy river 

 

 

INTRODUCTION 

The current state of surface waters requires the development of new scientific tools to prioritize the 

implementation of environmental protection measures. One of the most effective methods for 

determining the level of environmental hazard is an ecological risk assessment. 
 

Method of assessment the ecological risk for disturbing the well-being of an aquatic ecosystem, 

presented in this paper, is based on the determination of ecological standards. The necessity of 

scientific substantiation of the permissible limit of anthropogenic impact on the qualitat ive 

condition of surface waters determines the relevance of this development. The implementation of 

the method for assessing the ecological risk of disturbing the well-being of an aquatic ecosystem is 

performed on determining the excess of ecological standards. The purpose of development of this 

method is to increase ecological safety and rational use of natural resources. 
 

The Udy River basin has a transboundary significance and flows through the territory of a large 

industrial center of Ukraine. The region in general characterized by high anthropogenic pressures in 

many components of the environment. This is confirmed in different research papers (Vasenko et 

al., 2006; Vystavna et al., 2018; Vystavna et al., 2019), where the contamination of Udy river is 

affected on even groundwater and urban springs. Therefore, determination of implementation of 

environmental measures prioritization based on the assessment of such ecological risk is a very 

relevant task in Kharkiv region. 
 

 

ANALYSIS OF RECENT STUDIES 

Many scientific studies are devoted to determination of surface waters pollution level, in particular 

in the field of ecological risk assessment. (Hofmann et al., 2015; Keese, 2010; Gov.uk, 2011; 

Tsybulskiy, 2015; Levenets et al., 2017). 
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Generalized ecological risk comes down to two types: 

– the risk of contravention sustainability of ecosystems as a result of actual or potential 

environmental pollution; 

– the risk to public health is the probability of adverse health effects on human (Vasenko et al., 

2015). 

 

Currently, there is a large number of well-known methods for assessing the risk to public health, but 

in the majority of cases, they are based on sanitary and hygienic standards, limit (safe) values 

(Epa.gov, 2016).  

 

The approaches to assessment of water bodies’ quality based on the determination of Threshold 

Limit Value (TLV) or Maximum Permissible Concentrations (MPC) do not adequately reflect the 

state of the aquatic ecosystem. Therefore, the using of such limit values in the calculations of 

ecological risk is not correct. Although the measurement units of the level of environmental safety 

can be indicators, what characterizes the state of human health. There is the problem in 

determination of the deterioration risk of aquatic ecosystems. 

 

The method for assessing ecological risks appeared from the impact of pollution sources on water 

bodies (Oehha.ca.gov, 2016) is based on the processing of data collected using a specially 

developed express scheme of field studies based primarily on biological data. The expert analysis of 

the characteristics of receptors and risk indicators, the size of anthropogenic pressure and possible 

threats to the aquatic ecosystem is applied at the level of detailed risk assessment. There are well 

known methods for assessment of the ecological risk for water bodies, based on the biological 

sensitivity and the response of certain organisms (Salem et al., 2016), as well as methods for the 

probable distribution of the species sensitivity (SSD) (Afanasyev and Grodzinskiy, 2004; 

Romanenko et al., 2009). 

 

Ecological risk assessment using SSD reflects the probability that observed concentrations will 

exceed critical ones for organisms. Research (Afanasyev and Grodzinskiy, 2004; Romanenkoet al., 

2009) was showed that probable results reflect empirical information well enough, so this method is 

valuable as an addition to more traditional approaches for calculating risks(EPA, 1994;Gottschalk 

and Nowack, 2012). 

 

The disadvantage of the above mentioned methodological approaches is laboriousness, unequal 

conditions in aquatic ecosystems and the reaction of organisms, as well as the need toper form the 

additional hydrobiological studies with the involvement of leading experts. 

 

In Directive 2000/60 / EC (EU WFD, 2006) it was proposed to carry out the risk assessment of 

priority substances, identified in accordance with Article 16 (2) and listed in Annex X. Currently, 

not all substances including those listed in Annex X are controlled and can be provided by official 

data of monitoring studies.This indicates the need to implement the risk assessment systems that 

will be provided by the existing monitoring system and statistical reporting. 

 

The aim of this research is determination in prioritization of environmental measures 

implementation based on the assessment of the ecological risk of the aquatic ecosystems 

deterioration with consideration of established environmental standards. 
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RESEARCH METHODS 

The paper (Rybalovaand Artemiev, 2017) is proposed the method of the ecological risk assessment 

of the aquatic ecosystem deterioration based on the determination of environmental standards with 

consideration of the landscape and geographical features of river basins. 

 

In case of absence of environmental standards in the work, it is proposed to use the upper limit of 

the 3 categories of surface water quality classification as a threshold value. This corresponds to 

class II in good condition according to the procedure. It is believed that if the ecological standard is 

exceeded, there is a risk of disturbing the well-being of the aquatic ecosystem. (Vasenko et al., 

2016). Our article is proposed to use the methodology of ecological assessment of surface water 

quality for the relevant categories (Romanenko et al., 1998; Korobkova, 2016). 

 

The value of the ecological index of water quality is determined by the following 

formula(Romanenko et al., 1998; Korobkova, 2016): 
 

,
3

321 III
eI




     (1) 

where І1 – contamination index of salt components; І2 – trophic-saprobiological index (ecological 

sanitation) indicators; І3 – index of specific indicators of toxic and radiation exposure. 

 

At the second stage, ecological standards are determined according to the method presented in the 

article (Vasenko et al., 2016). 

 

During developing ecological standards, it is necessary to apply a landscape-ecological approach, 

taking into account the geographical location, the dynamics of the formation and functioning of 

natural systems, their diversity and at the same time individual uniqueness, sustainability to climatic 

changes, natural and anthropogenic impacts (Vasenko et al., 2016). 

 

Ecological standards can be individual (for specific and unique objects) and typical; promising and 

potentially possible (taking into account the latest technologies and trends), relatively stable (long-

lasting) and operational (taking into account situational changes), acceptable and optimal 

(targeted).Ecological standards are scientifically based values of indicators (hydromorphological, 

hydrophysical, hydrochemical, hydrobiological, microbiological, radiation) of aquatic ecosystems, 

which reflect a good ecological condition of a water body. Ecological standards are established on a 

basis of analysis of the results of processing materials from previous hydrological, hydrochemical, 

hydrobiological, ecological toxicological and radioecological expeditionary research and regime 

observations. This is the fundamental difference between ecological standards for surface water 

quality and water use safety standards (threshold limit value (TLV)) for certain hazardous 

substances (Vasenko et al., 2017). 

 

The risk of the well-being disturbing of an aquatic ecosystem (ER) is estimated by determining 

probits based on the following equation (Rybalova et al., 2018): 

,lg21,23,2Pr  














C
C

ЕНі

iob    (2) 

where Сi – concentration of i-th substance in the water body, mg/dm
3
; СЕНі – ecological standard for 

the i-th substance in water body, mg/dm
3
. 
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Table 1.Normal-probabilistic distribution with interconnection of probits and risk 

Prob ER Prob ER 

–3.0 0.001  0.1 0.540 

–2.5 0.006 0.2 0.579 

–2.0 0.023 0.3 0.618 

–1.9 0.029 0.4 0.655 

–1.8 0.036 0.5 0.692 

–1.7 0.045 0.6 0.726 

–1.6 0.055 0.7 0.758 

–1.5 0.067 0.8 0.788 

–1.4 0.081 0.9 0.816 

–1.3 0.097 1.0 0.841 

–1.2 0.115 1.1 0.864 

–1.1 0.136 1.2 0.885 

–1.0 0.157 1.3 0.903 

–0.9 0.184 1.4 0.919 

–0.8 0.212 1.5 0.933 

–0.7 0.242 1.6 0.945 

–0.6 0.274 1.7 0.955 

–0.5 0.309 1.8 0.964 

–0.4 0.345 1.9 0.971 

–0.3 0.382 2.0 0.977 

–0.2 0.421 2.5 0.994 

–0.1 0.460 3.0 0.999 

0.0 0.50 – – 

 

At the third stage, in accordance with a principle of the normal-probabilistic distribution, for value 

of Рrob, the corresponding value of the ecological risk of deterioration of water bodies is 

established. 

 

At the fourth stage, the total ecological risk of water bodies deterioration is determined by the 

formula (Vasenko et al., 2015): 
 

1 21 (1 ) (1 ) ...(1 ),nER ER ER ER            (3) 
 

where ЕR – summarized ecological risk of deterioration of water bodies; ЕR1,..., ЕRn – ecological 

risk of each pollutant substances. 

 

At the fifth stage, the characteristic of the ecological risk of water bodies’ deterioration is given. In 

the interpretation of the obtained values of ecological risk it is proposed to use the following rank 

scale. 

 

The classification of water bodies according to the ecological risk (Table 2) allows determining 

their suitability for water use. This is an important for the implementation of an iterative approach 

to the management of water protection activities. 
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Table 2.Characteristics of surface water quality by the value of the ecological risk 

Water quality class 
The value of ecological 

risk indicator (ER) 

Qualitative assessment of the ecological 

risk of aquatic ecosystems deterioration Trophism 

I Excellent 0.01–0.19 Minor risk Oligotrophic 

II Good 0.20–0.39 Increased risk Mesotrophic 

III Satisfactory 0.40–0.59 Significant risk Eutrophic 

IV Unsatisfactory 0.60–0.79 High risk Polytrophic 

V Bad 0.80–1.00 Critical risk Hypertrophic 

 

The assessment of the ecological risk of disturbing the well-being of the aquatic ecosystem was 

performed for the watercourses of the Udy River basin in the Kharkiv region. The Udy River basin 

is one of the largest tributaries of the Seversky Donets River and has a transboundary disposition. 

Total river length – 164 km, from them 127 km are flowed through the territory of the Kharkiv 

region. Total catchment area – 3894 km
2
, from them 3460 km

2 
are situated in Kharkiv region. 

 

At the first stage, the degree of pollution of the Udy river watercourses is determined according to 

the method of ecological assessment of the quality of surface waters by the relevant (Romanenko et 

al., 1998; Korobkova, 2016). 

 

The assessment of the ecological condition of the Udy River by the values of the ecological index 

showed the deterioration in the long-term period. The qualitative condition of the Udy River in the 

Kharkiv region is deteriorating from the border with Russia (Urban-type settlement (uts) Okop) to 

the mouth (uts. Eshar). 

 

The ranking of monitoring posts for the qualitative condition of the Udy River in the Kharkiv region 

by the value of the ecological index showed that the most polluted area is in uts. Eshar (Figure 1). 

 

 
Figure 1.Ranking of monitoring posts for the qualitative condition of the Udy River in the Kharkiv 

region by the value of the ecological index 

 

The ecological standards for the Udy River basin within the Kharkiv region were determined (Table 

3). 
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Table3. Ecological quality standards for surface waters of the Udy River basin 

 

It should be noted that the maximum ecological index value for establishing the permissible 

ecological standard in uts. Horoshevo and uts. Eshar corresponds to category 6, class 4 (bad 

condition), and the average ecological index value in uts. Eshar - category 5, class 3 (unsatisfactory 

condition).  

 

Table 4. Characteristics of the Udy river basin in the Kharkiv region for the ecological risk of 

deterioration of the status of aquatic ecosystems 

River's title, post observation 
ER Class 

Qualitative ecological risk 

assessment 

River Udy, uts Horoshevo 0.64 4 High risk 

River Udy, uts Peresichna 0.63 4 High risk 

River Udy, uts Eshar 0.60 4 High risk 

River Udy, uts Okop 0.39 2 Increased risk 

 

For determination of complex of environmental measures, it is necessary to identify the influence of 

natural and anthropogenic factors on the ecological condition of this river and analyze the 

rationality of the economic use of the drainage basin of the river. 

No. Indicator uts Okop uts Peresichna uts Horoshevo uts Eshar 

1. Mineralization, mg/dm
3
 548 603 739 658 

2. Sulfates, mg/dm
3
 28.7 104 165 185 

3. Chlorides, mg/dm
3
 114 36.5 86.3 81.7 

4. Ammonium nitrogen, mg/dm 0.434 0.39 2.52 3.71 

5. Nitrite nitrogen, mgN/dm
3
 0.065 0.02 0.189 0.293 

6. Nitrogen nitrate, mgN/dm
3
 2.39 0.54 2.79 2.62 

7. Phosphorus Phosphates, 

mgР/dm
3
 0.61 0.92 9.0 1.13 

8. Suspended solids, mg/dm
3
 8.99 17.4 19.5 38.8 

9. Dissolved oxygen, mgО/ dm
3
 7.72 9.02 7.3 8.36 

10. BOD-5, mgО/dm
3
 3.19 3.47 5.2 4.8 

11. COD, mgО/dm
3
 29.6 26.5 0.01 29.4 

12. рH 7.86 7.82 7.71 7.62 

13. Surfactant, mg/dm
3
 0.015 0.018 0.023 0.16 

14. Petroleum products, mg/dm
3
 0.07 0.12 0.15 0.16 

15. Iron total, mg/dm
3
 0.15 0.25 0.24 0.13 

16. Manganese, mg/dm
3
 - - 0.022 0.04 

17. Cuprum, mg/dm
3
 0.003 0.003 0.004 0.01 

18. Zinc, mg/dm
3
 0.007 0.011 0.015 0.07 
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Figure 2. Ranking of watercourses of the Udy River Basin in the Kharkiv region by the value of the 

ecological risk of deterioration of aquatic ecosystems 

 

 

CONCLUSIONS 

For the first time, the assessment of ecological risk disturbance of well-being of the aquatic 

ecosystem was made for the watercourses of the Udy River basin in the Kharkiv region based on 

the determination of ecological standards. This assessment showed that the risk value for 

watercourses situated in Kharkiv corresponds to the 4th class (high risk). Thereby, these rivers are 

required the priority implementation of environmental protection measures. 
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Abstract 

The intrinsic connection between water and energy has already been documented in numerous 

publications. Water industry is increasingly concerned with energy-efficiency issues due to an 

increased public awareness. However, the technical concepts for implementing a more energy-

efficient water supply and wastewater disposal are diverse and complex, and thus require targeted 

control in order to manage the mostly implicit trade. This leads to complicated decision situations 

in which management accounting and its tools could offer support. Within this paper interlinkages 

between energy management and management account are analysed from theoretical and empirical 

perspective. The empirical part is based on two qualitative-explorative studies of which the earlier 

one focused on identifying the current status and main challenges for management accounting 

systems in water supplying companies. The second study aimed at documenting the status quo of 
interactions between management accounting and energy management staff and identifying 

essential drivers of this "management accounting change".  

With regard to management accounting in water supply companies, the empirical studies show that 

management accounting systems have become increasingly important in recent years but differ a 

lot in dependence of the company´s size. The processes in management accounting of utilities 

active in several sectors are significantly influenced by the requirements of the regulated electricity 

and gas markets and have only little focus on the water division. Nearly all companies that 

participated in the survey have established a management accounting system in accordance with 

DIN EN ISO 50001 that is integral part of the structures and process within the company and 

practiced on an ongoing basis. Overlapping contents between management accounting and energy 

management mainly appear in the areas of cost accounting, reporting, investment and maintenance 

planning. In addition, most companies make use of energy related figures also within their key 
performance indicators for the purposes of corporate management.  

 

Keywords 

Energy management; management accounting; water supply systems; qualitative-explorative 

study; semi-structured interviews; water-energy nexus 

 

 

INTRODUCTION 

Over the past decades, management accounting has become a well-established part of corporate 

management (Weber and Schäffer, 1999). In contrast to external accounting, which is characterised 

by a high level of standardizations limiting the possibility of developing tailored approaches and 

tools, management accounting as part of internal accounting is almost free from any requirements 

imposed by national or international institutions (Wagenhofer, 2006). Ensuring the efficiency and 

effectiveness of corporate governance, management accounting systems should be adapted to the 

individual needs of the company (Haldma and Lääts, 2002; Luft and Shields, 2003). 

 

Due to its strong public, monopolistic market structures, the water sector clearly differentiates from 

other service and industry sectors, but also strongly different from the other network industries, 

resulting in special requirements that the internal management accounting system has to meet 

mailto:k.wencki@iww-online.de
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(Cassia et al., 2005). The core issues can be traced back to the fact that water utilities are regularly 

facing trade-offs between their stakeholder´s interests and the special technical features of water 

supply systems, putting companies in a field of tension between external interests, such as the 

demand for security of supply and cost transparency, and the internal demands for efficiency and 

efficiency. 

 

Energy efficiency is another example of such a subject of high public interest and increasing public 

discussion. The intrinsic connection between water and energy has already been documented in 

numerous publications (c. f. Morales et al., 2013). But also from an economic perspective, a more 

conscious use of energy at company level seems reasonable in the context of the climate change 

debate and the increased public pressure to optimize the use of energy and resources. The costs of 

energy purchase in Germany have increased steadily in recent decades and according to the latest 

forecasts they won´t decline in the coming years either. Against this background, it is not surprising 

that companies with high electricity demand are increasingly striving to reduce their energy 

consumption and increase their own energy production. 

 

 

MANAGEMENT ACCOUNTING IN WATER SUPPLYING COMPANIES 

The German Water Sector  

The drinking water supply as well as the electricity and gas supply belongs to the area of the grid-

bound infrastructure, which is characterized by the occurrence of partial or cross-process monopole 

structures. For a long time, the provision of infrastructure was a service offered by public 

monopolists, but the market structures in some sectors have undergone fundamental changes. The 

electricity and gas markets have been liberalized in recent years, significantly boosting competition 

(Ewers et al., 2001). However, the water supply sector has remained untouched by these changes 

and therefore still has little potential for competition. Reasons for this are the specific cost structures 

within water supply infrastructure and the legal framework (Ewers et al., 2001). 

 

According to Art. 28 (2) Basic Law, water supply and disposal in Germany are the responsibility of 

municipalities, which allows them to decide more or less freely on the structure of the water supply 

in their area. This legal situation in Germany has caused a structure of water supply sector that is 

dominated by the presence of few large and a variety of small supply companies of different legal 

forms. From this market situation follows that water supply companies face numerous, sometimes 

contradictory objectives, that have to be prioritized for the purpose of management accounting. 

Water supply companies in Germany are either publicly or privately organized. The goal-

orientation of these two types of companies is fundamentally different. Private companies 

predominantly pursue financial objectives that are determined by the interests of the owners or 

shareholders. This orientation is usually reflected in a value-oriented management system, 

characterized by orientation to financial key figures. For companies established under public law, 

by contrast, these monetary interests tend to be in the background. However, an inclusion of safety 

aspects in investment and maintenance as well as the consideration of sustainability principles in the 

planning process seem indispensable in both public and private companies. 

 

Empirical results on management accounting in German water supplying companies 

In order to identify the current status and main challenges for management accounting systems in 

water supplying companies, a small qualitative-explorative study was conducted in German water 

supply companies in 2013. Seven representatives from management accounting departments of 

German water supplying companies participated in that survey by giving interviews based on an 

interview guide provided.  
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Study results revealed some serious weaknesses in the design of the company´s management 

accounting systems that coincided with the results of previous studies on management accounting in 

SMEs. The basic organization of the controlling departments, their embedding in the organization, 

the highly limited human resources and the frequent exchange with other departments, which was 

highlighted as an important factor for these companies, show no deviations from surveys conducted 

in other industries, which indicates that purely size-dependent influences seem to be decisive for the 

management accounting organization. According to the statements of the experts, the core tasks of 

the management accounting departments are focusing on reporting, maintenance and investment 

planning. In addition, a special focus is also placed on cost accounting. According to the experts, 

there was already a tendency towards a stronger process orientation in the area of cost accounting. 

Due to the expected developments in the water industry and the resulting growing cost pressures, it 

was expected that in terms of the current disregarding of management accounting in water supply 

companies, there are further optimizations required. The same applies to the topic transparency in 

cost accounting, which is assigned an increasingly important role in water supply management. The 

study results prove that there is still a lot of catching up to do in this area. 

 

Results regarding strategic management accounting within the seven surveyed water supplying 

companies reveal that except for the politically driven benchmarking there are no activities in this 

field of internal accounting. The implementation of as balanced scorecard in one of the companies 

is an exceptional case. Benchmarking, on the other hand, has a high impact on all the companies 

considered. In addition to the increasing political function of this management accounting 

instrument, the respondents of this survey highlighted, that there is also an intrinsic motivation of 

the persons in charge of accounting to participate.  

 

However, the survey results reinforced the impression that water supply companies and in particular 

their management accounting in its decision support function are exposed to a multitude of different 

influencing factors, which results in a field of tension (Figure 1) that can significantly influence the 

operative work of the accountant.  

 

 
Figure 1. Field of tension in water management 
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legislation, operative and strategic decision-making is strongly influenced by municipal or other 

Reliability 

and Water 

Quality 

Tariff 

setting and 

Pricing 

Legal 

framework 
Benchmark 

Stakeholder 

interest 

Public 

Interest 

Operation of 

technical 

facilities 

Water Supply 

Companies 



Other 
 

11
th

 Eastern European Young Water Professionals Conference IWA YWP, 

1-5 October 2019, Prague, Czech Republic 

539 

political influences. The high dependence of water supply companies on the public owners and the 

resulting tension between results-oriented corporate governance, political influence and public 

perception became visible in all surveyed companies. The biggest challenge for management 

accounting in water supply can therefore be seen in the agreement of the interests of the different 

stakeholders. 

 

Another key finding of the study was that water supply divisions have a rather low impact on the 

design of the management accounting system of multi-branch companies compared to the energy 

and gas divisions, which are dominated by much more legal requirements due to regulated market 

structures. However, in terms of process-related elements of cost accounting this seemed not 

detrimental. Even more, the orientation of the operational structures in the field of water supply to 

those of regulated business divisions was even more seen as a long-term strategic advantage with 

regard to transparency and process maturity from the experts surveyed. All the more, the evident 

interlinkage of energy legislation and accounting structure triggered further investigations on the 

interlinkages of energy management and management accounting.  

 

 

INTERLINKAGES BETWEEN MANAGEMENT ACCOUNTING ENERGY 

MANAGEMENT  

Responsible management of the Earth's fossil fuels is an important part of the concept of sustainable 

development presented in 1987 by the United Nations World Commission on Environment and 

Development (Brundtland Commission, 1987). Sustainability can be seen either globally as an 

"ethical orientation based on philosophical standards and moral value-setting processes" 

(Lackmann, 2010) or as a long-term optimization approach at company level consisting of 

ecological, social and economic components (Haller and Ernstberger, 2006). The latter idea has 

been well received in recent decades on a global political level resulting in national strategies to 

reduce the resource use of the economies for the benefit of sustainable development (Ekardt, 2005). 

These national legislative changes and the increasing public interest have contributed significantly 

to the higher awareness and company´s feeling of responsibility to contribute to the climate change 

debate, which has helped to establish the macroeconomic ideas of sustainability at company level 

over time (Ekardt, 2005). 

 

In addition to the climate change debate and the increased public pressure to reduce and optimize 

the use of energy and resources and to promote the use of renewable energy sources, however, 

monetary interests also seem to promote a more conscious use of energy at company level. Energy 

costs are one of the main cost drivers in many companies (Marzinkowski, 2014). The costs of 

purchasing energy have been rising steadily in recent decades and forecasts are not going to decline 

in the coming years (Schäfer et al., 2014). Against this background, it seems little wonder that 

electricity-intensive companies are increasingly striving to reduce their energy consumption and to 

increase the energy efficiency of their overall processes and their own (regenerative) energy 

production. 

 

Energy management in German electricity-intensive companies 

Energy efficiency in companies is influenced by several factors, such as organizational structures 

(e. g. production program planning taking into account environmental condition, production control 

according to energy efficiency criteria), process design (e. g. process development, combination and 

substitution, choice of process parameters), resources (e. g. careful determination of requirements 

and capacities, market position, component selection, design, loss reduction, substitution of energy 

sources), human capital (e. g. qualification, awareness, responsibility), and products (e. g. 

production concept taking into account the energy demand characteristics, careful specification of 
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tolerances, avoidance of unnecessary production costs) (Weinert, 2010). An energy management 

system in accordance with DIN EN ISO 50001 can give structure to a company´s efforts to reduce 

its energy consumption by introducing an energy policy and respective strategic energy objectives, 

as well as processes to achieve these goals. 

 

Water industry is also making increasing efforts to reduce energy consumption and implementing 

energy-efficient process structures (Schäfer et al., 2014). Although the share of water supply sector 

in total primary energy consumption in Germany is comparatively low, such companies are also 

called upon to contribute to achieving the federal government's climate goals. Energy plays a 

central role not only in wastewater treatment, but also in all process stages of the drinking water 

supply (Schäfer et al., 2014). In Germany, between 1.4 kWh and 5.3 kWh per cubic meter of 

drinking water are required for the entire process, from raw water production and drinking water 

treatment through to transport, storage and distribution to end customers (Cornel et al., 2009; 

EEA/McGlade, 2009). In addition to electrical energy while other forms of energy, such as sewage 

gas for power and heat generation, used. Nevertheless, electricity from public grids is still 

considered the most commonly used form of energy (Schäfer et al., 2014). 

 

The technical concepts for implementing a more energy-efficient water supply and disposal are 

diverse and range from energy-saving pump systems to concepts of hydropower utilization to the 

considerations of demand-side and demand-response management (Schäfer et al., 2014). The 

complexity of the options for increasing energy efficiency in the water industry therefore requires 

targeted control, since efficiency-enhancing individual measures can imply a trade-off between 

energy cost savings and maintenance cost increases of the individual system components. The 

preservation of the functionality of the supply system must not be neglected in the energetic 

optimization (Thamsen et al., 2014). This often results in complex decision situations that require 

sufficient support from the controlling department. 

 

Unfortunately, currently there is only little knowledge on possible synergies between management 

accounting and energy management processes available, so that it can be assumed that not all 

potentials for improvement of company’s in-house processes are exploited. For example, there is 

extensive and reliable theoretical foundation in the field of sustainability management, but so far, 

there has been hardly any transfers in relation to water management. Possible explanations for this 

could be, that in comparison to the deregulated electricity and gas markets, water management is so 

far only to a very limited extent represented in management accounting literature (Pedell, 2008) and 

that international research on business administration in net industries has been more focused on 

data provision for external accounting within the last decades (Chalmers et al., 2012). 

 

A legal obligation to disclose energy-related company data does not exist in Germany. However, 

proof of an energy management system in accordance with DIN EN ISO 50001 can not only 

provide the company with considerable energy savings, but also other monetary advantages. Thus, 

electricity-intensive companies can benefit from the equalization scheme in accordance with § 64 of 

the Renewable Energy Sources Act (EEG, 2017), provided that they provide evidence of a total of 

more than 1 GWh of electricity purchased last year and a certified energy or environmental 

management system. Energy and water utilities have not been eligible since the amendment to the 

Renewable Energy Sources Act in 2013. 

 

In the water industry, energy management systems are not widely used anyway. Another reason for 

this could be that the focus of water management efforts in the field of energy efficiency is 

currently still primarily at the process engineering level. The widely used tools of energy analysis 

and energy testing are central to this effort. However, their field of application focuses primarily on 
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wastewater management. Transfer of widely used instruments and tools of wastewater management, 

such as energy checks and the more detailed energy analyses - both described in the worksheet of 

the German Association for Water, Wastewater and Waste (DWA) DWA-A 216 - to the field of 

drinking water supply is not easily possible due to the large structural differences between the two 

sectors. 

 

However, in recent years and decades, a large number of guides and guides have been published to 

identify and realize potentials for improving energy efficiency in drinking water supply systems            

(c. f. DVGW, 2010). However, such documents focus primarily on the technical operating level and 

are concerned, for example, with the efficient control of pump systems. In addition, there are 

already many studies on the quantification of the potential for technical savings and analyses of 

systemic interactions (Thamsen et al., 2014). However, the economic component of these 

investigations is limited primarily to investment cost accounting in the form of cost-benefit analyses 

or life-cycle assessments. 

 

So far, consideration of demand-side management in the field of water supply has only been dealt 

with comprehensively. Cost-benefit analyses to investigate the monetary advantages and 

disadvantages of nationwide equipment with smart meters and other necessary measuring 

equipment required to implement a consumption control have so far only been carried out for the 

energy supply. The transferability of the results to the water industry is not possible due to the 

structural and technical differences of the industries. In view of the high household-related energy 

expenditure for water heating, cooling and filtering, consumption control generally makes sense 

(Arpke and Huntzler, 2006; Cheng, 2002; Kenway et al., 2011), but the real potential of controlling 

water consumption is still unknown. On the other hand, concepts for the use of consumers in water 

supply systems for demand-response management are well-proven, especially for the wastewater 

supply sector. It is also conceivable to use the electrical consumers in the areas of water extraction 

and distribution for the provision of loads in the area of the minute reserve, but it is currently 

sampled only in the context of research projects. Water treatment plants, on the other hand, appear 

rather unsuitable for such control measures due to their special characteristics. 

 

Methodological approach of the empirical study 

Due to these gaps in empirical research, both in the field of energy management in energy-intensive 

industries as well as management accounting in water supply in general, an empirical approach to 

answering the open research questions outlined above was indispensable. Thus, an empirical study 

was performed between 2016 and 2018 in order to document the status quo of interactions between 

management accounting and energy management staff (if applicable), to derive the essential drivers 

of this "management accounting change" and to develop approaches for the best possible 

combination of energy management and management accounting. For this purpose, an interview 

guide had been developed, with the help of which a qualitative-explorative study (Yin, 2014) was 

conducted with more than ten participating companies of different sizes and corporate forms. The 

focus of the study was therefore less on the technical possibilities of increasing the efficiency of 

water supply companies than on the resulting challenges for the ´functional´ planning and reporting. 

 

Preliminary study results  

With regard to management accounting in water supply companies, the preliminary results of the 

empirical study show that management accounting systems have become increasingly important in 

recent years but differ a lot in dependence of the company´s size. The processes in management 

accounting of utilities active in several sectors are significantly influenced by the requirements of 

the regulated electricity and gas markets and have only little focus on the water division. 
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Nearly all companies that participated in the survey have established a management accounting 

system in accordance with DIN EN ISO 50001 that is integral part of the structures and process 

within the company and practiced on an ongoing basis. Overlapping contents between management 

accounting and energy management mainly appear in the areas of cost accounting, reporting, 

investment and maintenance planning. In addition, most companies make use of energy related 

figures also within their key performance indicators for the purposes of corporate management. 

Even though in daily routine trade-offs between technical and economic interests create potential 

for conflicts, the cooperation between the two departments is described as well functioning and 

harmonious - but still highly improvable! - by most of the interview partners. 

 

 

CONCLUSION 

Energy-efficiency in water supply and wastewater disposal is a complex topic, and thus requires 

targeted management approaches in order to deal with the mostly implicit trade-offs. This leads to 

complicated decision situations in which management accounting and its tools could offer support. 

Within this paper interlinkages between energy management and management account were 

analysed from theoretical and empirical perspective. The empirical part was based on two 

qualitative-explorative studies of which the earlier one focused on identifying the current status and 

main challenges for management accounting systems in water supplying companies and the second 

study aimed at documenting interactions between management accounting and energy management 

staff and identifying essential drivers of this "management accounting change". 

 

With regard to management accounting in water supply companies, the empirical studies show that 

management accounting systems have become increasingly important in recent years but differ a lot 

in dependence of the company´s size. The processes in management accounting of utilities active in 

several sectors are significantly influenced by the requirements of the regulated electricity and gas 

markets and have only little focus on the water division. Strong interlinkages between management 

accounting and energy management mainly appear in the areas of cost accounting, reporting, 

investment and maintenance planning. 
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The Endress+Hauser Group  
Endress+Hauser is a global leader in measurement instrumentation, services and solutions for 
industrial process engineering. The Group employs approximately 14,000 personnel across the globe, 
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With dedicated sales centers and a strong network of partners, Endress+Hauser guarantees competent 
worldwide support. Our production centers in 12 countries meet customers’ needs and requirements 
quickly and effectively. The Group is managed and coordinated by a holding company in Reinach, 
Switzerland. As a successful family-owned business, Endress+Hauser is set for continued independence 
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Products  
Endress+Hauser provides sensors, instruments, systems and services for level, flow, pressure and 
temperature measurement as well as analytics and data acquisition. The company supports customers 
with automation engineering, logistics and IT services and solutions. Our products set standards in 
quality and technology.  
Industries  
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safety, economic efficiency and environmental impact.  
History  
Founded in 1953 by Georg H Endress and Ludwig Hauser, Endress+Hauser has been solely owned by 
the Endress family since 1975. The Group has developed from a specialist in level measurement to a 
provider of complete solutions for industrial measuring technology and automation, with constant 
expansion into new territories and markets. 
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