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Abstract

Drinking water company Dunea Duin en Water produces drinking water from the Meuse River, which
contains a variety of organic micropollutants (OMPs) from upstream activity. OMPs found in Dunea’s
source are plant protection products, pharmaceuticals, hormones and endocrine disruptors and X-ray
contrast media. Continues development of measuring equipment has resulted in lower detection limits
for most substances and measuring programs are expended yearly. Consequently, more substances
are found in the Meuse River and other surface water bodies.

Dunea is currently performing research to extend the multiple barrier treatment with advanced
oxidation processes (AOP) via UV and hydrogen peroxide. Mostly medium pressure (MP) mercury
vapour ultraviolet lamps are used that emit a broad spectrum of light, coinciding with the absorbance
spectrum of many substances, which results in a high photolytic capacity. Low pressure (LP) mercury
vapour lamps emit ultraviolet light at just one single wavelength (254 nm). Consequently, the direct
photolysis of target substances is less effective and the yield of hydroxyl radicals is lower compared to
MP lamps. However, LP lamps have advantages over MP lamps such as significantly lower energy
consumption and fewer by-products such as Assimilable Organic Carbon (AOC) and nitrite are formed.
The objective of this research is formulated as follows:

Performance comparison of low pressure versus medium pressure mercury vapour lamps in advanced
oxidation via UV/H-0,, by means of experimental research with a pilot-scale set-up.

In order to simulate the AOP, a pilot scale experimental set-up was built with a design flow of 5 m*/h
per reactor. Two reactors are used during the experiments: a reactor equipped with 4 medium
pressure mercury vapour ultraviolet lamps (Pww = 4.4 kW) and a reactor equipped with two low
pressure mercury vapour ultraviolet lamps (Pt = 1.32 kW). Atrazine, bromacil, ibuprofen and NDMA
are dosed to the influent which is abstracted directly from the full-scale plant after pre-treatment by
coagulation, microstraining and dual media rapid sand filtration. Hydrogen peroxide concentrations are
varied (0, 5 and 10 ppm) and static mixers are installed to ensure homogenic water mixture and
samples. The maximum UV dose in the MP-reactor is approximately 850 mJ/cm? and the maximum UV
dose in the LP-reactor is approximately 1140 mJ/cm? The UV doses are estimates based on the
information given by the suppliers which at the moment of writing have not yet been confirmed by
computational fluid dynamics (CFD) modelling. Experiments have been performed between March and
October 2009, using different combinations of UV and peroxide doses.

Although reduction in concentration of the model compounds - atrazine in particular - is the key
performance indicator, the degradation capacity should be judged in relation to the energy
consumption, the formation of undesirable by- and degradation products and the overall sensitivity
towards seasonal fluctuations of the Meuse water.

The target set for atrazine degradation is 80%, which is not reached yet: the average degradation
levels of atrazine achieved at maximum UV and peroxide doses using LP and MP lamps are 72% and
75% respectively. However, the average degradation levels of atrazine may not reach 80%; this level
has been achieved once by both reactors. During this particular experiment, the water quality of the
pre-treated Meuse water was optimal: high UV transmission (>80%), low concentrations of nitrate
(8.65 mg/L NOs"), dissolved organic carbon (DOC, 3.36 mg/L C) and bicarbonate (137 mg/L HCO;3").
The poorest performances occurred when the quality of the pre-treated Meuse water was poor: low
UVT (74%), high concentrations of nitrate (16 mg/L NOs"), DOC (4 mg/L C) and bicarbonate (151
mg/L HCO5").

Performance comparison of achieved degradation based on variations in UV doses is difficult. The UV
dose is a reactor specific characteristic and varies due to hydraulic influences and variations in water
quality. Therefore a parameter known as the electrical energy per order EEO (kWh/m?) is used,
defined as the electrical energy in kWh required for achieving 1 log degradation of a substance per
unit of treated water. The EEO of the LP reactor is considerably lower than the EEO of the MP reactor.
The energy requirement of the MP reactor is 2 to 5 times higher then the energy requirement of the
LP reactor, depending on the dosed amount of peroxide. Determined EEO values for atrazine
degradation are 0.48 kWh/m? (LP) and 1.45 kWh/m? (MP).



Assimilable Organic Carbon (AOC) is a readily available food source for microorganisms. AOC is
formed as a result from direct photolysis of dissolved organic carbon (DOC) or through a reaction of
DOC with hydroxyl radicals. AOC in water can result in bio-films on surfaces like pipe walls. In the
Netherlands chlorination in the distribution net is not allowed which stresses the need for biologically
stable water. From the results can be concluded that AOC formation is enhanced in the presence of
peroxide, since more DOC can be oxidized. In general, the observed AOC formation is relatively low
and similar levels for both lamps types (60-70 ug/L) are observed in the presence of 10 ppm H,0,. In
the absence of hydrogen peroxide, AOC formation using MP lamps (50 ug/L) is twice as high as AOC
formation using LP lamps (25 pg/L).

Nitrite is formed from photolysis of nitrate and has adverse effects on public health, like for instance
methemoglobinemia (blue-baby syndrome) in infants younger then 6 months caused by decreased O,
uptake of blood. Furthermore, nitrite is a radical scavenger and competes with the model compounds
for availability of free hydroxyl radicals. Observed nitrite formation using LP lamps is generally well
below 0.015 mg/L, regardless of the hydrogen peroxide dose and can thus be considered negligible.
Nitrite concentrations observed in the MP effluent during the research were highest in the absence of
hydrogen peroxide (0.61 mg/L). Dosing 5 and 10 ppm H,0, yields nitrite concentrations of 0.56 and
0.48 mg/L NO,  respectively.

Nitrate is the water matrix parameter with the largest influence on the performance of the AOP
because nitrate absorbs more UV light then other water matrix parameters, especially between 200-
250 nm. Moreover, the characteristic of the UV absorbance by the influent is similar to the
characteristic of the UV absorbance by nitrate. Consequently, the influence of higher nitrate
concentrations on the degradation of model compounds is stronger than the influence of other
parameters such as DOC. Seasonal variations of nitrate concentrations can be used to estimate the
seasonal variations in performance of both reactors. Between December and March the performance
will be poor because nitrate concentrations are maximal (14-17 mg/L NO3’), resulting in low UV
transmission of the water. Nitrate concentrations decrease from 14 mg/L NOs™ in April to a minimum
of 8.9 mg/L NO5™ in August. During the summer period the performance will be best due to a higher
UV transmission. In September the concentrations of nitrate start to increase, resulting in poorer
performances.

Degradation model compounds Energy . _
(%) performance Formation of by-products
AOC mg/L mg/L
ATZ BRO IBU  NDMA EEOur e Nos s
(1 1%';?,%;2) 72 74 78 90 0.48 64 (23-106)  0.01-0.015 95
MP lamps 75 71 76 88 1.45 71 (51-90)  0.436-0.504 9.5

(850 mJ/cm?)

From the research can be concluded that the performance of low pressure mercury vapour lamps in
terms of degradation of model compounds, energy performance and nitrite formation is superior to
the performance of medium pressure mercury vapour lamps, when applied for advanced oxidation. It
is suspected that the high UV doses are responsible for the fact that the amount of AOC formed in the
presence of 10 ppm H,0, is similar to the amount of AOC formed when medium pressure lamps are
applied. Residual hydrogen peroxide levels in the effluents are also equal.
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1. Introduction

1.1 Background

Organic micropollutants (OMPs) such as pesticides, pharmaceuticals and industrial chemicals have
found their way into water bodies and from there into drinking water supplies (CRC, 2007). Over the
years continues development of measuring equipment has resulted in lower detection limits for most
substances and measuring programs are expended yearly. Consequently, more substances are
detected in surface waters. OMPs are also found in the Meuse River which forms the primary source
for the production of drinking water by Dunea Duin en Water.

Adverse effects of OMPs include among others aquatic toxicity and endocrine disruption in fish and
crustaceans (Yuan et al., 2009). The potential chronic effects on public health associated with long
term exposure to pharmaceutical residues through drinking water consumption are suspected to be
negligible (Schriks et al., 2009): seventy years consumption of Dutch drinking water will result in a
total intake of less then one pill. However, the Dutch approach is to protect sources and remove
undesired compounds when necessary. Furthermore, increased awareness among the public stresses
the need for extension of traditional water treatment schemes.

on°

Prozac drupt uit kraan

Figure 1.1: Media attention to the problem

Depending on the characteristics of a specific compound, application of membrane filtration,
GAC/PAC, soil passage or advanced oxidation processes is effective. Unfortunately no single
technology is capable of removing or converting all types of organic micropollutants, so multiple
barriers are required.

1.2 Drinking water production

Dunea Duin en Water produces drinking water from the River Meuse. After coagulation, the water is
abstracted, pre-treated and transported to dune areas in the province of South Holland. The water is
infiltrated, recovered and receives post-treatment before it is distributed to 1.2 million customers in
The Hague region. Currently, dune passage and dosing of Powdered Activated Carbon (PAC) is applied
for the removal of OMPs. Unfortunately PAC was proven to be insufficiently robust for the removal of
priority substances (Beerendonk et al., 2006). Dune passage does a positive contribution towards the
removal of priority substances but is incapable of removing or converting all types of organic
micropollutants (Segers et al., 2007). The main functions of dune passage are the provision of a
barrier against micro-organisms and pathogens, levelling of peaks and provision of a reservoir (de
Moel et al, 2005). Furthermore, the dune areas have a nature reserve status and it remains unsure
whether the infiltration license granted by the Province of South-Holland will be prolonged.

Dunea is performing research to extend the current multiple-barrier treatment with advanced
oxidation processes (AOP) via UV and hydrogen peroxide. UV light can weaken or break the double
bonds of the complex molecular structures that characterize organic micropollutants, which can
potentially enhance the biological degradation during dune passage (Lekkerkerker-Teunissen et al.,
2009 and MWH, 2005). Furthermore, when H,0, is subjected to UV radiation, hydroxyl radicals are
formed that have a large oxidative capacity, capable of oxidizing several target compounds.
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1.3 Research objectives

Advanced oxidation processes (AOP) have been applied successfully for disinfection and degradation
of organic micropollutants during drinking water production (e.g. PWN Water Supply Company North
Holland). Mostly medium pressure mercury (MP) vapour ultraviolet lamps are applied. Medium
pressure UV lamps emit a broad spectrum of light (200-600 nm), coinciding with the absorbance
spectrum of many substances which results in a high photolytic capacity. A drawback of MP lamps is
the fact that the only a fraction of the emitted spectrum (200-300 nm) is relevant for the AOP,
resulting in a low energy efficiency (IJpelaar et al., 2007-a).The fact that the polychromatic spectrum
coincides with the absorbance spectrum of many substances is a drawback it self; non-targeted
substances can be influenced resulting in competition for available light but also could result in the
formation of unwanted by-products. Low pressure (LP) mercury vapour lamps emit ultraviolet light at
just one single wavelength (254 nm). Consequently the photolytic capacity of LP lamps is lower but
the energy performance is higher compared to MP lamps. The formation of unwanted by-products
could be lower as well (IJpelaar et al., 2007-a). Furthermore, the yield of hydroxyl radicals is lower,
which results in an overall reduced performance of the UV/H,0, AOP in terms of degradation capacity.
However, LP lamps have advantages over MP lamps such as significantly lower energy consumption
and fewer by-products such as Assimilable Organic Carbon (AOC) and nitrite are formed. The
objective of this research is formulated as follows:

Performance comparison of low pressure versus medium pressure mercury vapour lamps in advanced
oxidation via UV/H,0,, by means of experimental research with a pilot scale set up.

The outcomes of this research should provide insight into the relevant mechanisms behind AOP via
UV/H,0,, in particular the differences between the two lamp types. Furthermore, Dunea can use the
outcomes for the design and implementation of full-scale AOP in her drinking water treatment
scheme.

1.5 Research approach

The degradation of organic micropollutants by advanced oxidation through UV/H,0, is assessed with a
pilot-scale experimental set-up, located at Dunea’s pre-treatment in Bergambacht. A reactor equipped
with MP lamps and a reactor equipped with LP lams are used in parallel configuration. Both receive a
feed flow abstracted directly from the full-scale plant, spiked with four model compounds: atrazine,
bromacil, ibuprofen and NDMA. The quality of the Meuse water shows seasonal variations in
concentrations of dissolved organic carbon (DOC), nitrogen compounds, bicarbonate and parameters
such as the water temperature and UV transmission. In order to gain insight into the influence of the
seasonal variations, the experiments are performed weekly, over a longer period of time. Although
reduction in concentrations of model compounds is the key performance indicator, the degradation
capacity should be judged in relation to the energy consumption, the formation of undesirable by and
degradation products (increased toxicity for instance) and the overall sensitivity towards seasonal
fluctuations. The performances of the reactors are compared based on the following aspects:
1. The degradation of the dosed model compounds at different combinations dosages of UV
(mJ/cm?) and hydrogen peroxide (ppm), calculated as a relative reduction in concentrations:
i >80% Atrazine degradation
2. The energy consumption corresponding with the degradation capacity, EEO, expressed as the
total consumed energy per unit of treated water (kWh/m?).
3. Minimal formation of by-products:
i.  The levels of formed Assimilable Organic Carbon (AOC, pg/L)
ii.  The levels of formed nitrite (ug/L)
iii.  Toxicity of the effluent
iv. Residual hydrogen peroxide in effluent
4. Sensitivity and influence to seasonal fluctuations of the influent water.
Although very important, the toxicity of the effluent is not addressed in this research.
The performed experiments yield a large amount of data which allows for a qualitative and
quantitative comparison of the performances.
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1.7 Structure of report

This report starts with a description of the current situation at Dunea: the applied treatment and the
identified substances that form a threat are elaborated in chapter 2. Prevention at the source is of
utmost importance, that is why Dunea engaged in a project aimed at reducing the emission of
pesticides from the Bommelerwaard, an agricultural area located just upstream of the intake. A
description of the project, the results and the results of an investigation into the possibilities for other
emission reduction measures can be found in chapter 3. The motivation for implementing AOP and
the arguments for the chosen location in the pre-treatment, are elaborated in chapter 4. The theory
behind the advanced oxidation processes is explained in chapter 5. A detailed description of the
experimental research -the heart of this thesis- and the results can be found in chapter 6 and 7.
Conclusions and recommendations resulting from the experiments are formulated in chapter 8.
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2. Current situation

2.1 Production of drinking water by Dunea

2.1.1 General principles

Dunea Duin en water supplies 1.2 million customers in the western part of South-Holland with safe
drinking water of high quality. As is suggested by the name, Dunea uses dune-water for the
production of drinking water and has done so since 1874. The residents of The Hague consumed
untreated water from canals, wells and other sources which caused major outbreaks of cholera- and
typhoid epidemics, claiming thousands of lives. The solution was found in the dune area: during
hundreds of years, a fresh water supply was build up from rain water passing through the soil. The
water proved to be a perfect, safe and reliable source for drinking water production. Drinking water
production was simple from a technology point of view: open channels were dough in the dunes
where fresh water was collected. Post treatment with sand filtration was sufficient to produce safe
drinking water that was transported to the city via pipelines. When the population grew significantly at
the start of the twentieth century, the demand for drinking water increased as well. The amount of
precipitation was insufficient to maintain the freshwater volume, which could eventually result in
salination of the dune water. From 1940 Dunea started infiltrating surface water and since 1996,
water abstracted from the Meuse River is used for infiltration. The treatment scheme has been
extended over years, and currently Dunea applies a typical multiple-barrier treatment, consisting of an
extensive infrastructure and multiple treatment steps (Lekkerkerker-Teunissen et al, 2009). Water
from the river Meuse is collected in a dead end side stream (Afgedamde Maas) where coagulation,
flocculation and sedimentation take place. The water is taken in, treated by microstraining and
transported via pipeline to Bergambacht where dual media rapid filtration is applied. From
Bergambacht the pre-treated water is transported to a dune area where open infiltration takes place.
The soil passage takes on average 120 days after which the water is abstracted, post-treated and
distributed (Lekkerkerker-Teunissen, 2009).

Waterbedrijl
Groningen

7 s PWN Waterleiding
d bedrijf Noord-Holland ——S

Waternet ——S—— ’

— 4 - *"‘
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Py
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== Brabant Water
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Figure 2.1: Supply area Dunea
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2.1.2 Intake and pre-treatment

Dunea’s intake is located in Brakel, a village in the province of North-Brabant, on the banks of a dead-
end side stream of the Meuse River. Ferrous sulphate is dosed at the beginning of the side-stream
resulting in coagulation, flocculation and sedimentation. Furthermore, there is a certain amount of
self-cleaning during the total retention time of seven weeks. At the Wilhelminasiuis the water is taken
in and micro straining is applied during spring and summer, necessary due to the higher concentration
of organic material and organisms in the water. From Brakel the water is pumped over a distance of
35 km to the pre-treatment in Bergambacht. The location of the pre-treatment has her origin in the
history of Dunea: before 1975, water from the river Lek (a tributary to the river Rhine) was used.
When the intake was relocated to the Afgedamde Maas, it was decided to maintain the pre-treatment
in Bergambacht. Whenever a calamity occurs in the Afgedamde Maas or the transport pipeline, the
Lek water can be abstracted and pre-treated on site. This configuration increased Dunea’s continuity
of supply. From Bergambacht the water is transported to the dune areas via two pipelines, with a
length of 46 and 57 km (Lekkerkerker-Teunissen, 2009).

Dune areas
(infiltration, recovery
and post-treatment)

Transport
plpelines

Brakel
(intake)

Bergambacht
(pre-treatment)

)

. Afgedarmde Maas
River Meuse (coagualation)

Figure 2.2: Infrastructure Dunea

2.1.3 Artificial recharge and recovery

When the water arrives in the dune areas Meijendel, Solleveld and Berkheide, the bulk volume is
infiltrated via open ponds. A smaller volume is infiltrated in deeper layers after receiving extra pre-
treatment. After an average retention time of 2 months, a mixture of artificial and original dune water
is abstracted and receives post-treatment in Scheveningen, Katwijk or Monster (Lekkerkerker-
Teunissen, 2009).

2.1.5 Post-treatment and distribution

The abstracted water receives more or less the same treatment at all three locations. In general the
following treatment is applied: softening, aeration with dosing of powdered activated carbon (PAC),
dual media rapid filtration followed by slow sand filtration. The water is collected in the clear water
reservoirs from where it is distributed to the customers (Lekkerkerker-Teunissen, 2009).
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Figure 2.3: Post-treatment
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2.2 Priority substances relevant to Dunea

2.2.1 Introduction

On request of and in cooperation with Dunea, KWR Watercycle Research Institute and HWL (Dutch
laboratory for drinking water) made an inventory of (priority) substances which may threaten the
production of drinking water, today and in the near future. The inventory is limited to chemical water
quality parameters only. The most recent data is used, at the disposal of RIWA — Maas, HWL, KWR
Watercycle Research Institute and RIZA. In this paragraph a summary of the identified substances is
given. For further information on this specific research and the used methods, the reader is referred
to Puijker et al. (2008).

2.2.2 Identified substances

A specific priority substance threatening the drinking water treatment was selected if one or more of
the following characterisations apply:

A. Possible norm exceedence, found regularly in surface water

B. Found in drinking water, undesirable, found regularly in surface water or infiltrate

C. Highly polar (logkOW <3 ), mobile and/or persistent (poor biodegradability) difficult to

remove, found regularly in surface water

D. Carcinogenic or toxicologically relevant substance found in surface water

E. Substance has high production volume and is found regularly in surface water

F. Relevant for infiltration license

Table 2.1: Inventory of threats to the treatment of Dunea

Application Emission route Characterisation
Pharmaceuticals
Carbamazepine Anti-eplilepticum DW B
Diclofenac Analgesic DW B
Ibuprofen Analgesic DW B
Fenazon Analgesic DW B
Metoprolol Beta blocker DW B
Sulfamethoxazole Anti biotic DW B
Bezafibrate Cholesterol lowering DW B
Acetylsalicylic acid Analgesic (aspirin component) DW B
Clofibric acid Cholesterol lowering DW B
Pesticides
2,4-D Herbicide AR (BW&M) A F
DEET Insecticide DW, drift (M) A F
Dimethenamide Herbicide/ foliage dead plea AR (BW&M) A F
Diuron Herbicide AR (BW&M) A F
Carbendazim Fungicide AR (BW&M) A F
Chloridazon Fungicide AR (BW&M) A F
Isoproturon Herbicide AR (M) AF
MCPP, MCPA Herbicide/ growth regulator AR (BW&M) A F
Nicosulfuron Herbicide/ foliage dead plea AR (M) A F
Glyphosate Herbicide/ foliage dead plea AR (BW&M)/ use on A F
pavement
AMPA Degradation product glyphosate/ zinc AR (BW&M)/ IW B

phosphonates cooling water

Hormones and endocrine disruptors

17B-oestradiol Natural hormone DW, AR B,C D
Oestron Natural hormone DW, AR B,C D
17a- Synthetic hormone, anti conception DW B,C D
ethynyloestradiol

Bisfenol-A Monomer for polycarbonates and epoxy w B,CD,E

resins/ PVC Stabilizer

Diethylftalaat PVC plasticizer Iw, DW B,C D,E
Dibutylftalaat PVC plasticizer IW, DW B,C D,E
Diethylhexylftalaat PVC plasticizer IW, DW B,C,D,E
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X-ray contrast media

Amidotrizonacid

Contrast agent

DW (hospital)

~

B, C
Iopamidol Contrast agent DW (hospital) B, C
Iomeprol Contrast agent DW (hospital) B, C
Iopromide Contrast agent DW (hospital) B, C
Iohexol Contrast agent DW (hospital) B, C
Additional emerging substances
PFOS Surfactant in fat-repelling paper, textile, fire Iw, DW B, C
extinguishers
PFOA Surfactant in fat-repelling paper, textile, fire W, DW B, C
extinguishers
MTBE, ETBE Fuel additive IW, shipping E
NDMA Industrial intermediate product Iw C,D
Diglyme Industrial solvent w D,
p,p-sulfonyldifenol Industrial intermediate product w C E
TCEP Reducing agent Iw C, D,
EDTA Chelating agent, preservative W, DW E
Urotropine Fuel additive w ?
Tributyl phosphate Plasticizer, solvent, anti-foaming agent, IW, DW ?

Dw = Discharge domestic WWTP
w = Discharge industrial WWTP
AR = Agricultural runoff

BM = Bommelerwaard

M = Maas
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3. Preventative measures

3.1 “Zuiver water in de Bommelerwaard”

3.1.1 Introduction

Dunea’s intake point is located just downstream of an area with a cluster of agri- and horticulture that
uses and consequently discharges pesticides (see figure 3.1). Together with involved stakeholders,
the project Zuiver Water in de Bommelerwaard was started in 2002, aimed at reducing the emission
of plant protection products to aquatic environment of the Bommelerwaard.

Water is released to the Afgedamde Maas from four pumping locations whenever the water level in
the Bommelerwaard too high. If the Bommelerwaard requires extra water, it is taken in from the
Meuse when needed. On average 40% of the total water volume in the Afgedamde Maas consists of
Bommelerwaard-water, the rest originates directly from the Meuse. It therefore makes sense to aim at
reducing the emissions from the Bommelerwaard with location specific preventative measures.

This paragraph describes the relevant aspects and outcomes of the initiative.

Bommelerwaard

D Mixed uses D Fruit culture

[] Green house farming - [[] Not monitored
Pipeline to
Bergambacht

Intake Dunea X H.C. de Jong

MAASDRIEL

x de Baanbreker

Dosing Ferric chloride @

Figure 3.1: Water system "de Bommelerwaard”

3.1.2 Motivation and objectives

The project is an initiative of Dunea, water board Rivierenland (WSRL) and Rijkswaterstaat Direction
South- Holland (RWS-DZH) and aims at reaching agreements with stakeholders towards reduced
usage and emission of pesticides. In 2002 a ‘intention agreement’ has been signed by the involved
actors: the province of Gelderland, the municipalities of Maasdriel and Zaltbommel, representatives of
region’s farmers/horticulturists (GLTO) and drinking water company Vitens. The project’s main
objective is to improve the surface water quality of the Afgedamde Maas, by realising an improvement
in quality of the water released from the Bommelerwaard. The quality of the Bommelerwaard-water
should comply with the maximum permissible risk (MTR) or with the drinking water norm when no
MTR exists or when the MTR exceeds the drinking water norm (Hoekstra et al., 2002).

The multifunctional principal applies when surface water is infiltrated in the soil. It requires that the
quality of the infiltrated water should pose no threat to the other functions of infiltrated soil and the
quality of the groundwater. The quality of surface water used for infiltration and abstraction in the
dunes does not meet the standards set by law (Infiltratiebesluit Bodembescherming or IB). As a
result, the province of South-Holland has decided to allow infiltration until 2016 under a few
conditions. Those conditions require Dunea to execute several projects and activities (Speets, 2005):
1. Improvement of surface water quality via preventative measures.
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Improvement of pre-treatment.

Aiming at reduced agricultural run-off.

Mapping of the dispersion of substances that are foreign and of high concentrations of
substances known to be used in the area.

5. Compensate/mitigate harm to nature/environment caused by infiltration of undesirable
substances.

hwnN

3.1.3 Preventative measures Bommelerwaard

Several different types of measures have been designed and put into practice. Some were sector
specific; others had a more general aim. The measures are categorized as reducing the use of
pesticides (1), use of alternative technologies (2) or use of alternative (more eco-friendly) pesticides
(3). In table 3.1 a summary of the measures can be found. For a more detailed description the reader
is referred to Speets (2005), Hoekstra et al. (2002) and Vlaar et al. (2007).

Table 3.1: Preventative measures Bommelerwaard

General

Financial contribution to investments in emission-reduction (mainly fruit culture
Advising on pesticide usage

Prevention at source: reduced usage as 1% step

Altering pumping regime Bommelerwaard

Communication

Fruit culture

Category Measure Comment
Reduction of usage Application of AseptaColl Improves the effect of glyphosate and
thus reduces the required dose
Usage of models and weather station information to
optimise usage fungicides in scab control

Smaller ‘black strip” (zwarte strook) Smaller black strips around trees require
less pesticide use
Vegetation black strip Vegetation on black strips significantly

limits pesticides use
Manual grubbing

Biological control Use of assassin-bugs
Alternative Windshields on ditch sides
technologies Sprayer filler machine Central, mobile filler for sprayers,

meeting all latest requirements
Alternative nozzles
Using lime against fruit tree cancer
Use of ‘Wannerspuit’ Sprayer with emission shields

Other Cost/Benefit analysis of emission reducing measures
Informing about new policies

Green house farming (chrysanthemum)

Category Measure Comment

Reduction of usage Increase steaming frequency Steam used to heat the ground controls
several diseases and pests
Improved steaming efficiency

Usage alternative Use of Mycotal A mould preparation, capable of
substances replacing several chemical pesticides
Use of Nemasys An eel preparation, capable of replacing
several chemical pesticides
Biological control One type of millipedes preys on another
type of millipedes
Alternative Recirculation of irrigation water
technologies Optimising usage fertilizer by a software tool that
calculates evaporation from plants
Other Monitoring development of reconstruction/expansion

green house farming in Bommelerwaard
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3.1.4 Results

The water quality is an important indicator for the success of the project, and is monitored intensively.
In the figures below trends of norm exceedence (concentrations above drinking water norm or
maximum allowable risk, MTR) can be found. The interpretation is a bit problematic because the
measuring package is changed every year; more compounds are included annually.

Speets (2005) has evaluated the outcomes of the project over the period 2002-2004 and concludes
that the implementation of the measures was lagging behind the planning, despite the financial
contribution and contribution of manpower. The results of the first couple of years of the project did
not meet the expectations: the direct measurable effect in terms of a reduction in the emission of
pesticides from the Bommelerwaard is very limited (see figures below).
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©  40% 4
E 2000
" 30% 20
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]
E 2003
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E 2005
s 10% - = 2006
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Gemaal Maas Intake Dunea Fruit culture Greenhouse G Ivan
Stuvers Keizersveer farming Baanbreker Dam van de Jung

Brakel

Figure 3.2: Monitoring results Bommelerwaard, location specific (adapted from Visser et al,, 2007).
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Figure 3.3 Average water quality Bommelerwaard. Amount of measurements exceeding the norms in relation to
the total number of measurements. (Adapted from Visser et al., 2007)

In 2007 the results were evaluated again (Visser et al., 2007, Speets, 2007 and Vlaar et al.,2007).
Overall, the water quality in the Bommelerwaard has improved since the project ‘Zuiver water in de
Bommelerwaard’ commenced in 2002. It is difficult to state just how much of the improvement can be
fully attributed to the project, since autonomous policy developments have their influence as well.
Speets (2007) concludes his evaluation by stating that based on the results achieved up to 2005, it
will be unlikely that the water quality goals for 2010 will be reached, even though a significant
increase in water quality was observed in 2006. The exceedence of norms may have been reduced for
the whole of the Bommelerwaard, however at Dunea’s intake point the exceedence show increments
from 2004 and onwards.
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3.2 Reduced emission of pesticides, national levels

Reducing the contamination of surface waters is one of the main objectives of the European Water
Framework Directive, which is implemented via national legislation of the member states. The
Netherlands, Belgium, Germany and France have implemented policies and programs aiming at a
reduction of pesticide use and emission to the natural environment.

The Dutch Ministry of Agriculture, Nature and Food Quality has formulated a target concerning the
environment and the protection of crops: a 95% reduction of the environmental impact to surface
waters in 2010 compared to 1998, in an economically sound way (maintaining the competitive
position). The quality of surface waters used for the production of drinking water has improved, but
the intermediate target of 50% reduction in the number of drinking water problems — exceedence of
the drinking water standard at site of abstraction - has not been achieved. In 2005 a reduction of
18% has been reached. The reduction can be fully attributed to the prohibition of three types of
pesticides in the Netherlands: atrazine, diuron and simazin. It is suspected that 27% of the problems
concerning drinking water have an origin outside the Netherlands (MNP, 2008).
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Figure 3.4: Trends and targets concerning norm-exceedence (MTR and DWN) pesticide concentrations in Dutch
surface waters

From figure 3.4 can be concluded that the impact of pesticide use to the Dutch aquatic environment
has been reduced. For a more detailed description of the pesticide reduction programs of EU member
states and the results, the reader is referred to Derks (2010).

3.3 Reduced emission of pharmaceuticals

Pharmaceuticals are biologically active substances, designed to have an effect at relatively low
concentrations. Most pharmaceuticals are highly polar —easily dissolved in water- since they are
designed to spread well via the bloodstream. The problematic substances found in waters include a
large number of human and veterinary pharmaceuticals, veterinary food additives and the formed
metabolites (degradation products). Almost 100% of total amount of pharmaceuticals and hormones
found in domestic wastewater comes from human urine, which consists of only 1% of the total
wastewater volume (Scheffer, 2007). Pharmaceuticals are not adequately removed during
conventional wastewater treatment. Consequently, the solution may be to implement advanced post-
treatment of wastewater, or to collect and treat urine separately from other sewerage. For a
description of pilot projects, the advantages and drawbacks, the reader is referred to Derks (2010).

urine
collection
truck

feaces,

=

urine
reservoir

Figure 3.5: 1-Step filter for removal of nitrate, phosphate and organic micropollutants from WWTP effluent (left,
van de Sandt, 2009) and principle of separate urine collection (right, Scheffer, 2007)
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4. Motivation for AOP in pre-treatment

" 7o prevent, to remove or to convert”

4.1 Introduction

Drinking water companies that use surface water as their primary source for production of drinking
water face the threats posed by OMPs. Prevention at the source is the preferred solution. Emission
reduction is however very complex and where organic micropollutants are used, a portion will always
find its way into the aquatic environment. Prohibition of one substance is often a short term solution,
as is shown by the atrazine/glyphosate problem. Atrazine use has been prohibited in the Netherlands
since 2000 but unfortunately glyphosate, an even more persistent pollutant has taken its place. The
“solution” for tackling the issues of OMPs and drinking water production is two-folded:

Continues effort should go towards reducing the emission of organic micropollutants to the
aquatic environment, combined with extended drinking water treatment capable of removing
or converting OMPs.

Atrazine & Glyphosate in Meuse river near Keizersveer
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Figure 4.1 Glyphosate has gradually replaced Atrazine (adapted from Lekkerkerker-Teunissen, 2009)

The extended treatment should be robust and capable of removing future substances as well. Dunea’s
primary barriers against micropollutants are the dune passage followed by dosing of PAC in the post-
treatment. Research has shown that dune passage has positive effect on the removal of OMPs,
however, 15 substances currently present in the pre-treated Meuse water are poorly adsorbed and
cannot be degraded biologically (Segers and Stuyfzand, 2007). Furthermore, PAC proved to provide
an insufficient barrier against OMPs found in the Meuse water. Small, polar substances in particular
are difficult to remove with the current treatment (Beerendonk et al., 2006).

4.2 Choice for AOP

Dunea’s treatment philosophy is to prevent (1), to remove (2) or to convert (3) unwanted substances
from her source water. The emission of OMPs to her source should be prevented and when that is not
possible, OMPs should be removed. When removal is not possible, OMPs should be converted into less
harmful substances. Three possibilities for extended treatment are viable (Lekkerkerker-Teunissen,
2009):

- Reverse osmosis (RO, to remove)

- Nano-filtration combined with granular activated carbon filtration (NF + GAC, to remove),

- Advanced oxidation (AOP, to convert).
Not just the technology itself but the relation to Dunea’s existing multiple barrier treatment and the
status of the dune areas (nature reserves) are important. Currently infiltration of pre-treated river
water is allowed until 2016. The license will have to be renewed and it is expected that stricter criteria
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regarding the concentration of OMPs will be formulated. In order words, the level of pre-treatment
needs improvement.

Membrane filtration can remove most organic micropollutants, but have significant drawbacks like for
instance high energy consumption and the remaining concentrate containing the OMPs. The
concentrate should receive treatment or perhaps it can be transported and discharged into the ocean,
not the most environmental friendly solution. The recovery of the membranes may introduce capacity
problems for Dunea in the future. Furthermore, when reverse osmosis is applied the water should be
remineralized before being suitable for human consumption. These drawbacks made Dunea decide to
start pilot-scale AOP research and to monitor the development in the field of membrane technology
(Lekkerkerker-Teunissen, 2009).

4.3 Location in pre-treatment

Besides the environmental motivation for extension of the pre-treatment, AOP in the post-treatment
would introduce extra risks for the biological stability of the produced water. A drawback of advanced
oxidation is the formation of extra assimilable organic carbon (AOC), a readily available food source
for microorganisms. This implies a significant increase in the load of the slow sand filters - assuming
their capability of removing the extra AOC - and probably increases the biological activity in the
distribution network. The current AOC levels in Dunea’s drinking water are very low, which should be
maintained in the future (Lekkerkerker-Teunissen, 2009).

The fact that advanced oxidation and dune passage are complementary makes the
combination a promising multiple barrier approach. Advanced oxidation is a short, chemical process
while dune passage is characterized as a long-term biological process that levels peak concentrations
(Lekkerkerker-Teunissen et al., 2009). During advanced oxidation, double bonds that characterize
many OMPs are weakened or broken, resulting in smaller molecules that are more easily degraded
biologically (Lekkerkerker-Teunissen et al., 2009 and MWH, 2005). When AOP is applied in the pre-
treatment, AOP followed by dune passage form a multiple-barrier against OMPs. The dunes provide a
first barrier against the increased AOC levels, followed by slow sand filtration.

Abstraction
Meuse water

Transport

Pre-treatment

Transport

Dune passage Post-treatment

Distribution

Figure 4.2: Future treatment schema Dunea
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5. Theory of advanced oxidation processes

5.1 Introduction

From the late 1970s UV-radiation has been applied in the Netherlands for water disinfection since the
discovery of chlorinated disinfection by-products (EPA, 2003) became a concern. In 1995, Water
Company PWN started to perform research towards the application of UV-radiation in combination
with hydrogen peroxide as the barrier against OMPs (IJpelaar et al., 2007) and has implemented
advanced oxidation at her production site in Andijk.

Advanced oxidation processes (AOP) is a collective term for treatment methods capable of oxidizing
undesirable substances by hydroxyl radicals. AOP through UV/H,0, combines two mechanisms that
contribute towards the degradation of undesirable substances: photolysis and oxidation. This chapter
describes the relevant aspects concerning the theory of advanced oxidation.

5.2 UV radiation

5.2.1 Quantification of UV radiation

Ultraviolet is the region of the electromagnetic spectrum between x-ray and visible light, with a
wavelength of 100-400 nm (EPA, 2003). The UV spectrum can be divided into four regions:

- Vacuum-UV,

- UG,

- UVB,

- UVA,

X-ray Ultraviolet Visible Light Infrared

Vuv WwC |UvB| UVA

T i » Wavelength (nm)
100 200 280 315 400 780

Figure 5.1: Spectrum electromagnetic radiation

The wavelength required for effective and practical disinfection, also known as germicidal wavelength
is between 200 and 300 nm. UV light is generated by a applying a voltage across a gas mixture
(usually mercury vapour), which results in a discharge of photons. The specific wavelengths of the
emitted photons depend on both the composition of the gas and the power of the used lamp.

5.2.2 Mercury vapour lamps

The output of light is depended on the concentration of mercury atoms and thus on the mercury
vapour pressure. At a low vapour pressure (near vacuum, 0.13 — 1.33 Pa) the produced light is
monochromatic, it is emitted at a single wavelength (254 nm).

When a higher vapour pressure (1.33 * 10* — 1.33 * 10° Pa) and high operating temperatures (600-
900 ©°C) are applied, collisions between mercury atoms occur more frequent. The produced light is
polychromatic (spectrum between 200-800 nm) and has an overall higher intensity. Mercury vapour
pressure between 1.33 and 1.33 *10 pa does not produce UV radiation efficiently (EPA, 2003).

Both low and medium pressure UV lamps are applied effectively for the disinfection of water. For
oxidative purposes mainly, but not exclusively, medium pressure lamps are applied (IJpelaar et al.,
2007).

31



100

s L
3 30 — wP 3
s % -
@ 8
20 =
3 £
E 15 E
o 50 =
E 10 £
[&
2 g
73] 5 0

0 JL A 0

200 250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 5.2: Relative spectral distributions of medium and low pressure UV lamps (adapted from Stefan, 2004)

5.2.3 Influence on propagation of light

Propagation of UV light depends on absorption, reflection, refraction and scattering, phenomena
occurring as a result of interactions between the emitted light, the reactor components and the water
being treated (EPA, 2003).

The transformation of light to other forms of energy when passing through a medium, a phenomena
known as absorption, varies with the specific wavelength. The water in the reactor, but also the
reactor components will absorb UV light in varying degrees, depending on the materials. When UV
light is being adsorbed, it is no longer available for disinfection. Scattering, refraction and reflection
merely change the direction of the UV light, thus the light is still available for disinfection.

Refraction or the change in direction of propagation when light passes from one medium to another,
changes the angle of the UV light. For instance, when light passes trough the lamp sleeve and
through the water, refraction will occur.

Refraction

Air Quartz Water

Refracted Light

AN

,,,,,,,,,,, |

Incident Light 0, >0, >6,

Figure 5.3: Refraction of light (adapted from EPA, 2003)

When light is deflected by a surface, its direction of light propagation is changed, a phenomena
known as reflection. Reflection can be either specular or diffuse. Reflection of smooth polished
surfaced can be qualified as specular and follows the Law of Reflection (6; = 6,). When light is
reflected from a rough surface, diffuse reflection occurs. The light scatters in all directions and shows
little dependence with the angle of incidence. Reflection in UV reactors takes place at interfaces that
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do not transmit the UV light, for instance the reactor walls, but also at transmitting interfaces like the
inside of a lamp sleeve.

Specular reflection Diffuse reflection
Incident Light i Reflected Light Incident Light Reflected Light
8, i 8,
TN

Figure 5.4: Reflection of light (adapted from EPA, 2003)

Scattering occurs due to interaction with a particle, which can change the direction of propagation in
all directions. Several types of scattering can be distinguished, such as back-scattering when the light
is scattered towards the incident light source but also forward scattering, which occurs mostly when
the particle size is larger then the wavelength. Rayleigh scattering occurs when the particle size is
smaller than the wavelength.

Scattering
Target
Backscattered

Incident
Light

Forward

Scattered Light

°90 Scattered Light

Figure 5.5: Scattering of light (adapted from EPA, 2003)

5.2.4 Application of UV

When the wavelength of emitted UV light coincides with the wavelength spectrum at which a
substance adsorbs, the substance can be degraded photolytic (IJpelaar et al., 2007).

Disinfection by UV is significantly different from chemical disinfection by for instance chlorine or
ozone. Chemical disinfectants destroy or damage cellular structures, can interfere with the metabolism
of microorganisms and hinder its biosynthesis and growth. UV light inactivates microorganisms
because it damages nucleic acids (DNA and RNA), which inhibits microbiological replication. Damage
to nucleic acid will not prevent basic cell functions such as metabolism. However, the microorganism
cannot reproduce and therefore cannot infect a host. In order to kill a microorganism, the required
dose of UV is several orders of magnitude larger than the dose needed to prevent reproduction (EPA,
2003).

5.2.5 UV dose and microbiological response

The UV dose can be characterized as the energy per unit that is incident on a surface. It is the
product of the average intensity (in all directions) and the exposure time. Several units are commonly
used for UV dose: J/m?, ml/cm? and mWs/cm?.
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The response of microorganisms to exposure of UV light can be calculated by determining the
concentrations of microorganisms before and after the exposure to a measured dose. Mostly the

UV dose-response relationship is expressed as the proportion of microorganisms inactivated (log
inactivation):

o No
loginactivation = logﬁ
Eq. 1

Where
N, = Concentration of infectious microorganisms before exposure to UV light
N = Concentration of infectious microorganisms after exposure to UV light

5.3 Theory of photolysis

Photolysis is a process in which chemical bonds of a substance are broken down by light, which
results in the production of carbon dioxide and water (Tang, 2004). This photochemical reaction can
be understood when the energy of those bonds is compared with the wavelength of light that
corresponds with that amount of energy.

5.3.1 Energy of light

A quantum (smallest physically realizable unit) of light, called a photon possesses an amount of
energy equal to E. As becomes apparent from the formula below, the energy of a photon is
dependent on its wavelength; shorter wavelengths correspond to a higher amount of energy per
photon.

E=hv=h-<

= v = . l

Eq. 2

Where
h = 6.64%10°% = Plank’s constant Js
v = = frequency 57
c = 3.0%10° = speed of light in vacuum m/s
A = = wavelength nm

5.3.2 Absorption of light

An essential step in initiating any photochemical reaction is the absorption of light by a molecule
(Champagne et al., 2008). 7he Beer-Lambert Law, an empirical relationship between the absorption of
light and the properties of the medium through which the light penetrates, describes absorption of
light:

A= loglo—"1= [ay +¢&-C]-1
I
Eqg. 3
Where
Iy = intensity of incident light at wavelength A
I = Iintensity of light after passing through water solution
& = molar absorptivityy extinction coefficient of absorbing species of interest in
water
a, = absorption coefficient/ attenuation coefficient of the medium
c = concentration of absorbing species of interest in water
L = distance travelled by light trough water (path length)
A = absorbance

The absorbance A for a particular substance with concentration C and path length L depends on the
wavelength. The absorption spectrum or the plot of absorbance versus wavelength can be determined
with a spectrophotometer. Generally, a substance will absorb light over a wide wavelength range but
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may show one ore more absorption peaks. The wavelengths that correspond to the absorption peaks
are very important; they can be used to determine the suitable wavelength for the photochemical
degradation of the substance of interest (Champagne et al., 2008).

UVT, =104  or A; = —logUVT,
Eqg. 4
The reaction quantum yield ®, is a measure for the overall efficiency of a photolytic process and is

defined as the number of transformed moles divided by the total number of moles of photons
absorbed by the system P at wavelength A (Stefan, 2004):

total number of moles of P transformed

(D) =

total number of moles of photons of A absorbed by P in the system
Eq. 5

The quantum vyield can also be defined in kinetic terms (e.g. rates of decay and light absorption by P
in the system):

d[P] 1.
o.(1) = - (moll 1s7h)

I,(A) (molL™1s71)

Eq.6

For polychromatic light, Braun et al. (1991) have defined a reaction quantum efficiency as the ratio of
the number of molecules of a product formed to the number of photons absorbed (N,), in the spectral
region used, during the reaction period.

1 N da
[2 Na() dA

Eq. 7

In natural waters the reaction quantum yield for degradation of organic micropollutants are generally
less than 0.01 due to the low concentrations of micropollutants and the presence of other species that
can inhibit the chain reactions (scavengers). Quantum yields for photolysis of atrazine (254 nm) for
instance is 0.05 (Balci et al., 2009) while reaction quantum yield for nitrite from photolysis of nitrate
(200-300 nm) is 0.1 (Goldstein et al., 2007).

When a photon with light energy /v is absorbed by a molecule, the molecule becomes unstable and
several reactions can occur. A molecule in its ground state Ay absorbs a photon of light energy hv,
which converts the molecule into its excited state A”. Five paths are possible from A" (Champagne et
al., 2008):

- The excess energy can be transferred to another molecule by a process called /intersystem
crossing, forming excited molecule A* (Eq. 8 Ay merely serves as a sensitizer, important for
indirect photolysis, which will be explained in more detail later.

- Internal conversion (heat) may cause a release of the absorbed energy. The excited molecule
is reverted back to its ground state (Eq. 9)

- A* can re-release its photon, which also reverts the molecule back to its ground state and is
called fluorescence (Eq. 10).

- Quenching, consists of a second molecule Qq (in its ground state) absorbing energy from the
first molecule, which transforms Q, into its heated state Q” (Eq. 11).

- The excited molecule can undergo several chemical transformations (Eq. 12)
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intersystem crossing

hv
Ay~ A* A Eq. 8

hv internal conversion

Ay — A _— A, Eq. 9
hv fluorescence

Ay — A”  — Ay + hv Eq. 10
hv quenching N

AO d A* + QO —_— Q + AO Eq. .ZJ
hv chemical transformations

Ay — A* ? Eq. 12

The excited molecule A™* formed during intersystem crossing undergoes further reactions:

internal conversion

A - A, Eq. 13
phosphorescence

A —_— Ay +hv Eq. 14
quenching n

A,* + QO —_— A’O + Q Eq. 15

chemical transformation

AI* ? Eq. 15

The chemical reactions initiated by the energy within the molecule are of utmost importance since
they lead to the transformation and degradation of the substance of interest. The reactions include
photooxidation, photoreduction, photoimomerization, photosubstitution, photoaddition,
photofragmentation and photohydrolysis (Champagne et al., 2008).

The general expression of the rate of direct photolysis of a molecule A under monochromatic radiation
A is described with the following reaction (Stefan, 2004)

d[A]

(). = #® L@

Eqg. 17

¢.(1) and 1,(1) are the reaction quantum yield and the rate of light absorption by A (mol Ls™)
respectively. Because I,(1) is a function of the fraction of light absorbed by A, equation 17 becomes:

d[A] Ny €A M)[4]

) = 0, AWl 1 _ 10-[e@+ea@iAl]l
( dt )A "V ooa) + g(D[A] (1-10 o )

Eq.18

Where
Ny(A) = incident photon flow (mol s™*)
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5.4 Oxidation by hydroxyl radicals

5.4.1 Characterization of free radicals

A free radical is a molecule that has an unpaired electron which it needs to repair. By reacting with
another molecule, the radical will obtain the missing electron. If the radical takes an electron from
another molecule, the latter one becomes a radical as well, initiating a self-propagating chain reaction.
It is also possible that the radical reacts with a second radical, which terminates the chain reaction
and ‘neutralizes’ both radicals (Parsons, 2000).

A-+B: » A+ B-

Eqg. 19
B-+C - B:+C-

Eq. 20
A-+ B-—- A:B

Eq. 21

A hydroxyl is a molecule consisting of one oxygen atom and one hydrogen atom, which are connected
by a covalent bond. The neutral form is known as a hydroxyl radical (OH*) and the hydroxyl anion
(OH) is called a hydroxide. Hydroxyl radicals have a very high oxidative potential of 2.8V (Alfano et al,
2000) and therefore short lived. Because hydroxyl radicals will react with almost all substances in the
water (they react non-selectively) a large number of radicals are necessary to degrade an undesirable
substance sufficiently (IJpelaar et al., 2007).

Reactions of hydroxyl radicals and organic compounds will form carbon-centered radicals (R* and R*-
OH). When O, is present, the carbon-centered radicals can by transformed to organic peroxyl radicals
(ROOQO"). All these radicals react further, leading eventually to the decomposition and mineralization of
the organic compounds (Gao, 2008).

5.4.2 Formation of hydroxyl radicals

Several processes are capable of producing hydroxyl radicals, some of which are explained in this
paragraph. A well-known example is the Fenton’s reaction in which ferrous iron (II) is oxidized by
hydrogen peroxide, forming ferric iron (III), a hydroxyl radical and a hydroxyl anion (Wadley and
Waite, 2004):

Fe?* + H,0, » Fe3* +-0H + OH™ Eq. 22

Hydroxyl radicals can also be produced by UV-light dissociation of hydrogen peroxide, independently
of the pH. When a H,0, molecule absorbs UV-radiation at a wavelength < 300 nm (Alfano, 2000), it
splits homiletically, forming two *OH radicals:

H,0, 5 2 -0H Eq. 23

Dissociation of nitrite (NO,") and nitrate (NO3") forms hydroxyl radicals as well (de Ridder, 2006):

NO; 5 .0-+ NO- Eq. 24
hv
NO; 5.0 + No, - Eq. 25
hv
.0~ + H* 5. 0H Eq. 26
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Formation of hydroxyl radicals from nitrite only takes place at wavelengths > 298 nm (® =0.015 -
0.08) and from nitrate at wavelengths <250 nm (® = 0.09-0.14) (De Ridder, 2006). The quantum
yield @ of radical formation from peroxide is equal to 1. However, when comparing the UV absorbance
of peroxide and nitrate (see figure below), it becomes apparent that the total UV absorbance of
nitrate at wavelengths <250 nm is considerably higher than the total UV absorbance of peroxide.
Perhaps nitrate can provide a significant contribution to the formation of hydroxyl radicals, even
though the quantum yield is 10 times lower. It can be concluded that hydroxyl formation from H,0, is
probably more effective at longer wavelengths due to less competition for UV light from nitrate.
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12 ——NO3 12 mg/l

0.8

=

Y
'l
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Absorbance (cm™)
Absorbance (cm™)
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Figure 5.6: UV absorbance H-0, (HWL, 2009) and NOs (adapted from de Ridder, 2006)

Because UV absorbance by H,0, is low, the concentration of H,0, has to be rather high in order to
generate a sufficiently high level of hydroxyl radicals in a solution containing strong photon absorbers
(Tuhkanen, 2004). As a result, the concentration of peroxide in the effluent of water subjected to UV
radiation will be high because only a fraction (approximately 10%) of the H,0, is actually photolysed
into hydroxyl radicals. Dunea intends to implement AOP before dune passage and because
disinfectants such as hydrogen peroxide have adverse effects on biological activity, excess peroxide
will have to be removed. Research has shown that activated carbon effectively degrades H,0, into
water and oxygen (Kruithof et al., 2002).

Under the influence of UV radiation, hydrogen peroxide is formed from ozone, followed by the same
mechanism forming hydroxyl radicals in UV/H,0, (de Ridder, 2006):

hv
0; - 0, + 0(*D) Eq. 27
0,+ 0(*D) + H,0 - H,0, Eq. 28
hv
f{z C)z s 2 * ()}{ 15271 ;?5?

A disadvantage of advanced oxidation through UV/O; is the formation of bromate (BrOs;’) from
bromide (Br’). Since bromate is suspected to be carcinogenic, this specific method of advanced
oxidation is not widely used in drinking water production.

Titanium dioxide releases an electron under the influence of UV radiation. The electron is taken up by

TiO, particles. At the surface of the TiO, particles that have released an electron, water is absorbed
and converted to hydroxyl radicals (de Ridder, 2006):

Ti0, 5 Ti0,(h*) + Ti0,(e™) Eq. 30

TiO,(h*)+ H,0 - TiO, + H* +-0H Eq. 31
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5.5 Advanced oxidation by UV/H,0,

5.5.1 Combined reaction

When UV radiation is combined with a dose of H,0,, the overall oxidative potential is significantly
enhanced, even under ambient pressure and temperature. AOP through UV/H,0, can degrade organic
contaminants directly by photolysis or indirectly via oxidation with formed hydroxyl radicals. The
following combined reaction occurs:

h
Substance + - OH — degradation products + CO, + H,0 Eq. 32

The degradation can be described in kinetic terms with the following reaction (Tuhkanen, 2004)

d[C

U e (1 exp(-0) + ko [ OH)[C)
Eq.33

Where
Iy = Incident flux of radiation
b, = quantum yield of C (fraction of absorbed radation resulting in photolysis)
F. = ratio of light absorbed by C to the total absorbance of the solution times a factor 2.3
Ay = total absorbance of the solution

kowc = second-order reaction rate constant of hydroxyl radical with C

If the wavelength is >254 nm, mostly hydroxyl radicals are responsible for initiating the oxidation
reactions. However, degradation of certain compounds can also take place directly as a result of UV
radiation, which improves the specific compound’s potential to be oxidized by hydroxyl radicals (Tang,
2004). The formed hydroxyl radicals oxidize organic compounds primarily by Aydroxylation
(introduction of a hydroxyl group (-OH) into a compound or radical) or hydrogen abstraction
(abstraction of a hydrogen atom from a compound) (Tang, 2004).

5.5.3 Chemical and photochemical reactions

The widely accepted photochemical and chemical reactions and their corresponding rate constants in
AOP via UV/H,0, are summarized below. The process is initiated by the formation of hydroxyl radicals
from hydrogen peroxide when the applied wavelength is <300 nm (reaction 1). At longer wavelengths
the molar absorption coefficient €,- approaches zero and therefore inhibits the formation of hydroxyl
radicals (see also figure 5.6 below). The UV absorbance by hydrogen peroxide is only 0.015 at 254
nm. Besides the initiation and degradation, propagation and termination reactions are relevant.
Propagation reactions do not influence the total number of hydroxyl radicals, however termination and
scavenging result in a decrease of the total number of available hydroxyl radicals.

It must be noted that once a free radical has been initiated, a series of simple degradation reactions
occur. The reactions itself may be simple but a large number of reactions are likely to occur, creating

a complex degradation mechanism which makes it very difficult to predict all the products of an
oxidation reaction (Parsons et al., 2004).

Initiation
ki hv
H202 e 2 M OH Eq. 34

Hydroxyl radical propagation
H202+'0H ,iz) H02' +H20 Eq. 35

k3
H202 + H02 * i * OH + H20 + 02 Eq. 36
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Hydroxyl radical termination

2 -OH % Ho, Eq. 37

2 HO, - 5 H0+o0, Eq. 38

OH+ HO,- % Hy+ 0, Eq. 39
Degradation

OMP + - OH f degradtion product(s) + C0, + H,0 Eq. 40

oMP B 1 degradation product(s) + C0, + H,0 Eq. 41

Table 5.2: Rate constants radical reactions

Rate constant M's Source
ky 0.5 Baxendale and Wilson (1957)
ky 2.7 x 107 Buxton et al., 1988
ks 3.0 Koppenol et al., 1978
Kq 5.5 x 10° Buxton et al., 1988
ks 6.6 x 10° Schested et al., 1968
Ke 8.3x 10° Bielski et al., 1985
ks System and compound dependent
kg System and compound dependent

5.5.4 Scavenging and corresponding rate constants

Hydroxyl radicals react non-selective, and are therefore subject to scavenging which inhibits the
degradation efficiency of the targeted substances. Substances present in surface waters such as
carbonate, bicarbonate, nitrite, nitrate, sulphate, phosphate, chloride, NOM, and DOC will compete
with the target OMPs for hydroxyl radicals (Boncz, 2002, de Ridder, 2006 and Ray et al., 2007). The
collective term water matrix is used to indicate these parameters and others such as the pH,
temperature and turbidity. As a result of the water matrix, fewer radicals are available for the
degradation of the target OMPs and higher doses of H,O, are required when the concentration of
scavengers is higher. However, hydrogen peroxide itself is also a hydroxyl scavenger.

When comparing the reaction rate constants of ‘OH scavengers, it can be concluded that the
concentrations of nitrite/nitrate and organic material are preferably very low. Nitrate has a relatively
slow scavenging rate constant (5.0 * 10° M s), However, when nitrate is subjected to UV radiation it
is converted to nitrite, which has a fast rate constant (1.0 * 10*° M s!) (Buxton et al., 1988).

Organic material (DOC) will limit the formation of hydroxyl radicals by absorption of UV light (entire
spectrum) and also acts as a scavenger by reacting directly with OH radicals. The rate constant of
DOC scavenging is high (10,7 to 10'° M s depending on the composition ) and can therefore have a
large contribution to the total scavenging effect.
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Figure 5.7: Calcium-carbonate equilibrium
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Scavenging by either carbonate or bicarbonate is directly related to the pH of the water, as can be
concluded from the calcium-carbonate equilibrium. The pH of the pre-treated Meuse water is
approximately 8, so the concentrations of bicarbonate and carbonate will be £100% and 0%
respectively.

According to Hoigné (1998) scavenging rate constants for phosphate, sulphate and chloride are
generally very slow can be neglected. The following radical scavenging reactions and rate constants
are relevant (Buxton et al., 1988):

k

HCO; +-0H = HCO;- + OH™ Eq. 42
k

CO2 +-0H — CO;- +OH™ Eq. 43

_ k11 _

NO; = NO; + 0 Eq. 44
k

NO; + -OH — NO,- +OH™ Eq. 45
k

H,0,+ -OH — H,0+ H*+ 05 - Eq. 46
k

RH+ -0H = R-+H,0 Eq. 47

Table 5.3: Rate constants scavenging reactions

Rate constant Mist
Ko 8,5 * 10°
Kio 3,9 * 108
Kn ?
Kiz 1,0 * 10%
Kis 2,7 * 107
Kiq 107 - 101 Mtist

The scavenging effect of an individual species can be described with a simple second order reaction
equation like equation 44:

4 _ k [A][B
<7 = —k[A1B]

Eq. 48
Where [A] is the is the concentration of hydroxyl radicals, [B] the concentration of the scavenging

species and k the corresponding rate constants. The total amount of scavenging from the water
matrix of the water used during the experiments can then be estimated with the following formula:

d[- OH] _ B
T [- OH] * (kg - [DOC] + kip - [NOZ ]+ kq3-[Hy0;] + kyy - [HCOS]
Eq. 49
Where:
[NO7] = initial [NO;]+ ¢(NO3);,

5.5.5 Nitrite formation

Besides acting as a hydroxyl radical scavenger, nitrite has adverse effects on public health, like for
instance methemoglobinemia (blue-baby syndrome) in infants younger then 6 months caused by
decreased O, uptake of blood. Moreover, nitrite could be transformed into nitrosamines. The EC
standard for nitrite concentration in drinking water is 0.1 mg/L. Nitrite is also capable of inducing
methemoglobinemia in a wide range of species (among others cattle, sheep, dogs, chickens) and can
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influence micro-organisms and their processes (Philips et al., 2002). Because artificial research and
recovery forms the key element of drinking water production by Dunea Duin en Water, potential
nitrite toxicity can be of interest. Literature review (Philips et al, 2002) shows that nitrite can inhibit
ammonia oxidation activity, nitrite oxidation, denitrification, anoxic and aerobic phosphate removal,
methanogenesis and cell growth. Nitrite levels associated with these negative influences are

>42 mg/L N for inhibition of ammonia oxidation, >70 mg/L N for inhibition of cell growth for various
Pseudomonas species, >100 mg/L N for nitrification activity.

Formation of nitrite during UV photolysis can be fully attributed to the irradiation and absorption of UV
light by nitrate (IJpelaar et al, 2007).

Table 5.4: Nitrite yield at various wavelengths

A (nm) D(NO,) Nitrite quantum yield
205 0.207 0.25
210 0.198
214 0.182 0.20 ‘-~--.____.
220 0.172 ‘""-\,__
225 0.152 R 0.13 A SN
230 0.149 010 S
235 0.122 “*‘--_‘
240 0.097 0.05 -"‘o‘_._
247 0.084 \‘1-____.
253.7 0.065 0.00
260 0.047 205 210 214 220 225 230 235 240 247 254 260 270 300
270 0.0197 Wavelength (nm)
300 0.0094

Figure 5.8: Nitrite quantum yields

Goldstein et al. (2007) have investigated the quantum yield ® of nitrite from nitrate photolysis (using
xenon vapour lamps) at wavelengths between 200-300 nm. The quantum vyield is wavelength
dependent and equal to 0.065 at 254 nm. Applying Braun’s method of determining the quantum
efficiency for polychromatic light (see equation 7), the quantum efficiency for nitrite formation from
nitrate photolysis is estimated to be approximately 0.1. IJpelaar et al (2006) have found that nitrate
absorbs UV radiation (using mercury vapour lamps) between 200 and 240 nm. The quantum yield for
nitrite formed during nitrate photolysis was about 0.1. Nitrite yield at UV 254 nm was found to be less
than 0.001.

Formation of nitrite in water (8,6 mg/L NOs3', UVT,54 = 90%, UV dose unknown) treated with LP-UV
was below 0.01 mg/L NO,. Collimated beam experiments using water containing 14 mg/L NO5™ (LP-
UV dose 120 m]/cm?) showed a nitrite formation of 0.007 mg/L. Under MP-UV radiation (70 mJ/cm?),
nitrite concentrations up to 0.15 mg/L NO,” were found (see table 5.5 below).

Water company PWN found a significant increase in nitrite concentration (MP-UV dose of 600 mJ/cm?,
6 ppm H,0,) from 15 pg/L in the influent (pre-treated water from Lake IJssel, 6-12 mg/L NOy), to
100-300 pg/L in the AOP effluent (Martijn et al., 2007).

Table 5.5: Nitrite formation MP-UV, collimated beam (Lpelaar, et al. 2007)

Nitrate DOC pH UV dose Nitrite
(mg/L NO3) (mg/LC) (mJ/cm?) (mg/L NO;)
3.5 3 7.97 20 0.02
3.5 3 7.87 70 0.07
15 3 7.87 70 0.11
12.3 4.1 9.05 70 0.1
12.3 4.1 7.87 70 0.15
3.5 3 7.87 70 0.07
2.9 4.6 7.89 70 0.08

5.5.6 NOM, DOC and formation of AOC

Natural organic matter (NOM), a collective term for molecules containing a carbon atom, is formed
from decaying organic material. NOM is usually measured as dissolved organic carbon (DOC).
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Assimilable organic carbon (AOC), which is a food source for bacterial growth, is formed as a result
from direct photolysis (=100 mJ/cm?) of DOC or trough a reaction of DOC with hydroxyl radicals
(IDpelaar et al, 2007). Natural waters (containing NOM) show absorbance in the low wavelength
region (200-230 nm). Consequently, AOC formation when applying LP lamps is significantly lower then
when MP lamps are applied.

AOC in water may increase the heterotrophic plate counts (HPC) and can result in bio-films on
surfaces like pipe walls. AOC levels <10 pg/L C indicate a limited growth potential (van der Kooij,
1992). In the Netherlands chlorination in the distribution net is not allowed which stresses the need
for biologically stable water. Furthermore, increased biological growth may result in bioclogging:
accumulation of microbial biomass in a porous medium which can lead to a reduction of pore space
and is associated with decreased hydraulic conductivity of the medium (Tullner, 2009). AOC levels as
low as 10 pg/L C were found to cause clogging of filter beds under experimental conditions modelling
those for infiltration of pre-treated surface water in recharge wells (Hijnen et al., 1992). Observed
head loss in filter beds resulting from filtration of water containing of 3.3 - 3.9 TOC (expressed in
mg/L C) and 60 — 63 of AOC (ug/L C) were 25 kPa. It can be concluded that increased AOC levels will
influence the biological activity in the dunes. Considering the fact that some organic micropollutants
are biodegradable and can thus be removed during soil passage (Verstraeten et al, 2002; Seegers et
al, 2007), one may also expect that increased biological activity can increase removal of organic
micropollutants. However, predicting the nature of the effect of increased AOC levels to
biodegradation of organic micropollutants during soil passage is beyond the scope of this research.
This objective of this research is to compare the performance of low pressure and medium pressure
ultraviolet lamps applied for advanced oxidation, which among other parameters is defined by the
observed increase in assimilable organic carbon.

Observed increase of AOC levels in LP-effluent (influent consisted of pre-treated river water, DOC = 2-
4 mg/L, UVT = 83-90%, AOC concentration unknown) were 6.6 ug/L, with an applied UV dose of 25
mJ/cm? In a laboratory-scale experiment with LP-UV (river water pre-treated with coagulation,
sedimentation and rapid sand filtration) were insignificant up to a UV dose of 90 mJ/cm? (IJpelaar et
al., 2007. MP-UV (90 mJ/cm?) increased AOC levels from 7.5 pg/L in pre-treated river water (DOC 2
mg/L) to 15 pg/L in the effluent. Pilot scale research (MP-UV, 58 ml/cm? 180 m3/hr) using pre-
treated surface water (DOC 2 mg/L, UV-T = 90%) resulted in AOC levels of 10 pg/L and 15 pg/L
when the UV dose was increased to 95 mJ/cm?. IJpelaar et al (2007) conclude that AOC formation in
systems with LP lamps is lower then in systems with MP lamps. The authors also conclude that AOC
formation is negligible with UV doses <90 mJ/cm?, irrespective of the applied lamp type.

Maas et al. (2009) also investigated the formation of AOC during LP-UV disinfection, assuming the
production AOC to be negligible. Their study has shown however that LP-UV (40 mJ/cm?) elevates
AOC concentrations by 50%. AOC concentrations increased from 11 pg/L to 16 pg/L after LP-UV
radiation. Maas et al were the first to show a significant increase of AOC concentrations as a result of
low dose LP-UV.

PWN Water Supply Company has observed AOC levels increasing from 5-33 pg/L to 100-150 pg/L
after AOP with MP lamps. Biodegradation by the GAC filters reduced the AOC to 16-18 pg/L (Martijn et
al., 2007). During research on the formation of AOC, performed by Greater Cincinnati Water Works
(Ohio, USA), measured AOC levels were as high as 500 ug/L (IJpelaar et al., 2007). The influent used
consisted of river-water pre-treated with rapid sand filtration and GAC, received a UV dose of 40
mJ/cm? (polychromatic irradiation). The raw water contained approximately 150 ug/L of AOC.

In order to keep the concentration of AOC as low as possible, post-treatment with GAC may be

necessary. Dunea’s primary motivation for implementing AOP before the dune passage was the
objective to maintain low AOC concentrations in the distribution net.
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5.5.7 Main performance indicators: degradation and EEO

The amount of conversion or degradation of a target substance can be expressed as a percentage, a
relative reduction or as a log. In this report, the degradation is reported as a percentage reduction in
the initial concentration:

ac - C,

i 1009
dt ¢, F100%

Eq. 50

Performance comparison of achieved degradation based on variations in UV doses is difficult. The UV
dose is a reactor specific characteristic and varies due to hydraulic influences and variations in the
water quality. Therefore a parameter known as the electrical energy per order EEO (kWh/m?) is used,
defined as the electrical energy in kWh required to achieve 1 log degradation of a substance per unit
of treated water (Bolton et al., 2003):

P
EEO = —————
clog (=L
Q -log (Ce)
Eg. 651

Where:
P = Power consumption reactor (kWh)
0 = Flow through the reactor (n7’/h)
G = Influent concentration specific compound
G = Effluent concentration specific compound

5.6 Degradation mechanisms of model compounds

In paragraph 2.1 a list of organic micropollutants that pose a threat to drinking water production by
Dunea was given. More then 40 substances were included on the list. Analysing the results from the
weekly experiments in terms of degradation of all those substances would be a tremendous amount of
work. Four model compounds (atrazine, bromacil, ibuprofen and NDMA) were selected for the weekly
experiments because the proportional contribution of photolysis and oxidation to the total degradation
is known or can be estimated.

Atrazine use has been banned since 2000 but the average concentration in the water abstracted from
the Afgedamde Maas is 0.02 ug/L (Bertelkamp, 2009). Atrazine was selected because it is one of the
most widely researched herbicides, yielding an abundance of reference materials. Also, atrazine can
be degraded by photolysis under monochromatic and polychromatic radiations (Stefan, 2004) and via
oxidation which makes it a good indicator for the overall performance of the AOP. Atrazine is also
used as the main performance indicator in other AOP researches.

Concentrations of bromacil in the intake water are well below the detection limit of <0.05 pg/
(Bertelkamp, 2009). Polychromatic radiation can degrade bromacil, however it is not effective and
oxidation is the primary mechanism. Bromacil cannot be photolyzed by monochromatic radiation
(Acher et al., 1994). Ibuprofen is found in the intake water at an average concentration of 0.03 pg/L
(Bertelkamp, 2009) and cannot be photolyzed using monochromatic irradiation. Photolysis of
ibuprofen under polychromatic radiation is less effective then photolysis of bromacil. NDMA
concentrations are below 1 ng/l (Bertelkamp, 2009) however NDMA is severely carcinogenic (Mitch et
al., 2003) even at low concentrations. NDMA was selected because it can only degraded by photolysis;
oxidation effects are negligible (Stefan et al., 2002 and Jobb et al., 1994). This paragraph describes
the properties and degradation mechanisms of four compounds selected for experimental research.

Alkyl groups that characterize the model compounds are poorly removed using LP photolysis,
dealkylation is a result of oxidation by hydroxyl radicals. LP-UV photolysis results in cleavage of C-Cl
bond (dechlorination of atrazine), cleavage of the N-NO bond (NDMA). When MP-UV is applied,
photolysis results in dechlorination, cleavage of N-NO bonds (NDMA), cleavage of the C-Br bond
(bromacil), cleavage of the C-C bond (ibuprofen) and dealkylation. Dosing H,0, enhances dealkylation
dramatically. The mechanisms are further elaborated in the next subparagraphs.
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5.6.1 Atrazine

Atrazine, 2-chloro-4-(ethylamine)-6-(isopropylamine)-s-triazine is a widely used herbicide which has
become an environmental concern and consequently its use in the European Union was prohibited in
2005. Atrazine belongs to the chemical group of triazines, characterized by a heterocyclic ring
structure, containing three nitrogen and three carbon atoms. The atrazine molecule (CgH4CINs)
consists of a Cl atom, the s-triazine ring and its various alkyl groups, depicted in the figure below.
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Figure 5.9: 3D model and chemical structure of an atrazine molecule
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Figure 5.10: Absorbance spectrum atrazine, 10 ug/L in Mili-Q water (HWL, 2009)

Even though atrazine is no longer used, there are three reasons why atrazine was selected as a model
compound. Firstly, the consequences of atrazine use have been researched around the world, creating
an abundance reference material. Secondly, atrazine shows a strong absorption of UV radiation in the
UVC range and can be photolyzed under monochromatic and polychromatic radiations (Stefan, 2004).
Furthermore, Atrazine can also be oxidized by hydroxyl radicals. The latter two reasons make that
atrazine can be used as an overall indicator for the performance of the AOP.

In a previous paragraph the difficulty to predict the exact degradation pathways and products was
mentioned, due to the numerous possibilities. Literature review performed by Bertelkamp (2009)
further substantiated this fact: different researches have found different degradation pathways for
direct photolysis of atrazine. The authors seem to agree on the fact that Aydroxy-atrazine or HATZ is
the first degradation product formed after direct photolysis.

From the absorbance spectrum of atrazine can be concluded that direct photolysis of atrazine is more
effective for MP lamps: the absorbance increases significantly at shorter wavelengths and at 254 nm a
local minimum is present. Moreover, the absorbance is highest at 200 nm, 220 nm and a small peak
can be distinguished at 265 nm. Comparison to literature yields the same conclusions.
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Table 5.6: Atrazine degradation products

Abbreviation Name

ATZ atrazine
HATZ 2-hydroxy-atrazine
DIAT 2-chloro-4-ethylamino-6-amino-s-triazine or
de-isopropyl-atrazine
DEAT 2-chloro-4-isopropyl-6-amino-s-triazine or
de-ethyl-atrazine
DEDIAT 2-chloro-4,6-diamino-s-triazine
DEDIHAT 2-hydroxy-4,6-diamino-s-triazine
ADE 2,4-dihydroxy-6-amino-s-triazine
CYA 2,4,6-trihydroxy-s-triazine or cyanuric acid
OHDEA 2-hydroxy-4-ethylamino-6-amino-s-triazine
OHDIA Hydroxydesisopropylatrazine or
AOHE 2-chloro-4-acetamino-6-isopropylamino-s-triazine
AOHI1 2-chloro-4-ethylmino-6-(1-methyl-1-ethanol)amino-s-triazine
AOHI2 2-chloro-4-ethylmino-6-(2-propanol)amino-s-triazine
OHOHIDEA 2-hydroxy-4-ethylamino-6-(1-methyl-1-ethanol)amino-s-triazine
OHOEDIA 2-hydroxy-4-ethylmino-6-(2-propanol)amino-s-triazine

5.7.1.1 Main degradation mechanisms atrazine using LP lamps

Direct photolysis of atrazine at monochromatic irradiation (A=254 nm) yields decomposition of
atrazine into hydroxyatrazine (HATZ) via fast de-chlorination trough homolytic cleavage of the C-Cl
bond followed by an electron transfer from the carbon to the chlorine radical processed by the
carbocation reaction with water (Bianchi et al, 2006) or the heterolytic cleavage of the excited state
atrazine molecule (Héquet et al., 2001). Hydroxyatrazine appeared to be quite stable towards UV light
at 254 nm. The next step can consist of de-alkylation, however the reaction very is slow; the amount
of formed de-alkylated products is limited, so the main degradation mechanism of atrazine by LP
lamps is de-chlorination. Efficient de-alkylation can only be achieved by reaction with -OH radicals,
which are less effective for de-chlorinating. The degradation pathway and (intermediate) reaction
products are depicted in figure 5.11.

When atrazine reacts with hydroxyl radicals, DIAT (2-chloro-4-ethylamino-6-amino-s-triazine or de-
isopropyl-atrazine ) is formed by loss of the isopropyl group, followed by the formation of DEDIAT (2-
chloro-4,6-diamino-s-triazine or de-ethyl-de-isopropyl-atrazine) (loss of the ethyl group). It is also
possible that the ethyl group is lost first and the isopropyl group secondly. Both pathways yield the
same intermediate product DEDIAT. De-alkylation is followed by partial de-chlorination, forming 2,4-
dihydroxy-6-amino-s-triazine (ADE) and eventually 2,4,6-trihydroxy-s-triazine or cyanuric acid (S. Jain
et al., 2009, Bianchi et al., 2006). It must be noted that the lost ethyl groups contribute to the total
amount of AOC.

5.6.1.2 Main degradation mechanisms using MP lamps

Direct photolysis of atrazine at polychromatic irradiation (A=200 — 600 nm) primarily yields
hydroxyatrazine (HAT). It is also possible that de-chlorination is followed by de-alkylation, yielding
OHDEA and OHDIA, but the observed concentrations were lower (Héquet et al., 2006). OHDEA and
OHDIA eventually loose their ethyl and isopropyl groups respectively, forming A,4-dihydroxy-6-amino-
s-triazine (ADE) when all alkyl groups are lost. The final formed product is 2,4,6-trihydroxy-s-triazine
(cyanuric acid). It is also possible that de-alkylation precedes the de-chlorination, forming OHDEA and
OHDIA via a series of likely intermediate products, depicted in pathway 2, options a, b and ¢ (figure
5.12).

Degradation pathways of atrazine via hydroxyl radicals for MP lamps are more or less similar to the
path described for the LP lamps. Héquet et al found several additional intermediate products before
the formation of 2,4-dihydroxy-6-amino-s-triazine (ADE), depicted in figure 5.13. The final formed
product is cyanuric acid.
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5.6.2 Bromacil

|
H,C NW 0
a
Br \C|H—CH2— CH,
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Figure 5.14: Bromacil chemical structure

Bromacil (5-bromo-3-sec-butyl-6-methyluracil) is a uracil herbicide, generally applied for weed control.
The bromacil molecule (CyH13BrN,0,) consists of a Br-atom, two double oxygen bonds and two alkyl
groups. Bromacil absorption shows a local minimum around 254 nm, indicating a low capacity of
photolysis at 254. The absorbance spectrum of bromacil shows a broad peak around 275 nm.
Moreover, the absorbance increases at wavelengths shorter then 240 nm.
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200 210 220 230 240 250 260 270 280 230 300
Wavelength (nm)

Figure 5.15: Absorbance spectrum Bromacdil, 10 ug/L in Mili-Q water (HWL, 2009)

5.6.2.1 Main degradation mechanisms bromacil for LP lamps

Acher et al. (1994) conclude that photolysis of bromacil at 254 nm is not effective; after long exposure
times, two degradation products were found, debromobromacil and dibromobromacil radical dimer.
The dibromobromacil radical dimer was formed from a hemolytic cleavage of the C-Br bond, forming
Ce and Bre as well. However, the recovered yields were very low (5%). Photolysis by LP lamps can
thus considered negligible. Dosing of hydrogen peroxide had a positive effect in terms of reaction
times, yielding the same degradation products.

5.6.2.1 Main degradation mechanisms bromacil for MP lamps

Unfortunately very little information on the degradation pathways of bromacil was found. Moilanen et
al. (1974) analysed degradation pathways under solar radiation (400-700 nm) which is also emitted by
MP-UV lamps. Loss of the alkyl groups only occurred after extended radiation times.

When comparing the bromacil molecule structure to the molecule structure of atrazine and its
degradation pathways, one can conclude that reaction of bromacil with hydroxyl radicals will result in
removal of the alkyl groups. UV radiation will probably weak or break up the double N-NO bonds, a
mechanism responsible for degrading NDMA (described in paragraph 5.7.4). Subsequently, radicals
are formed that are responsible for further degradation mechanism.
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5.6.3 Ibuprofen

Ibuprofen (Ci3Hi130;) is Non-Steroidal Anti-Inflammatory Drug, sold without prescription. The
ibuprofen molecule consists of a double oxygen bond, several alkyl groups and an OH-group.

The absorbance spectrum shows that ibuprofen absorbs UV light primarily at wavelengths shorter
then 240 nm. A peak can be distinguished around 225 nm. Moreover the absorbance is high at 200
nm. Looking more closely at the absorbance spectrum at wavelengths >240 nm vyields the
identification of a very small peak around 265 nm. The emission spectrum of the applied MP lams
show a peak at 265 nm, indicating that photolysis of ibuprofen can occur at 265 nm.

ut CH,
Sy ﬁ e OH
*:’:;w ch
B, HC ©

Figure 5.16: 3D model and chemical structure of an ibuprofen molecule
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Figure 5.17: Absorbance spectrum Ibuprofen, 10 ug/L in Mili-Q water (HWL, 2009)

5.6.3.1 Main degradation mechanisms ibuprofen for LP lamps

Photolysis of ibuprofen at 254 nm is inefficient: application of extremely high UV doses (1271 mJ/cm?)
only degraded 27% of the initial concentration of ibuprofen. At a UV dose of 40 mJ/cm?, typically
applied for disinfection purposes, no conversion of ibuprofen was detected (Yuan et al., 2009).

Dosing just a small volume of H,0, (0,29 and 1 mM ), applying a UV dose of 40 mJ/cm? resulted in 25
and 40% conversion of ibuprofen respectively. The pathways were not reported. Ibuprofen
concentrations were below the detection limit with a UV dose of 509 mJ/cm? and a peroxide dose of
0,29 mM (Yuan et al., 2009).

5.6.3.2 Main degradation mechanisms ibuprofen for MP lamps

From the UV absorbance spectra of ibuprofen can be concluded that direct photolysis by MP lamps is
expected to be low, but should be higher than direct photolysis by LP lamps. Ibuprofen shows a poor
UV absorbance at wavelengths >240 nm. First order photolysis rate constants found for ibuprofen are
low: <0.1 (min!) *10? (Packer et al., 2003).

During experiments performed with UVA-visible light (315-800 nm) and UVB light (280-400) using
humic water, degradation of ibuprofen was observed. The degradation of ibuprofen should be
attributed to the formation of radicals from other compounds that are present such as CDOM or other
pharmaceuticals. Natural chromophores in dissolved organic material (CDOM) act as a photosensitizer
toward indirect phototransformations of pharmaceuticals in natural waters (Peuravuori et al., 2009).
The main degradation mechanism for ibuprofen is the cleavage of the C-C bond to the carboxy group,
producing a benzyl radical through decarboxylation. Packer et al. (2003) conclude that degradation of
ibuprofen should be attributed to oxidation, but also suggests that photo generated radicals other
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then hydroxyl radicals are involved. This latter conclusion seems reasonable taking the degradation
pathways found for NDMA destruction (see next paragraph) into account.

5.6.4 NDMA

NDMA (N-Nitrosodimethylamine) is a carcinogenic industrial by-product, belonging to the chemical
group of nitrosamines. The NDMA (C;HgN,O) molecule consists of a double oxygen bond and two
methyl groups, depicted in figure 5.18 below.

Figure 5.18: 3D model and chemical structure of NDMA
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Figure 5.19: Absorbance spectrum NDMA, 10 ug/L in Mili-Q water (HWL 2009)

The photodegradation rate (poly- and monochromatic irradiation) of NDMA is not enhanced in the
presence of H,O, (Stefan et al., 2002 and Jobb et al., 1994). In order words, NDMA cannot be
oxidized with hydroxyl radicals, only direct photolysis is effective.

5.6.4.1 Main degradation pathways NDMA

Photochemistry of N-nitrosamines has been studied intensively during the 1960s and 1970s and
subsequently much is known about the degradation pathways of NDMA (at 254 nm). Irradiation
causes excitation of the NDMA molecule (n = n*), followed by three possible reaction pathways (see
figure 5.23)

The first pathway is the homolytic cleavage of the N-NO bond, producing nitric oxide (eNO) and the
aminium radical (eNH"), reacting further to form N-methylidenemethylamine and nitroxyl (HNO)
resulting from the detachment of the hydrogen atom from the aminium radical. The intermediate
product N-methylidenem-ethylamine is hydrolysed into methylamine (MA) and formaldehyde.

The second pathway is the heterolytic cleavage of the N-NO bond, producing dimethylamine (DMA)
and nitrite. Lee et al. (2005) also found a significant production of nitrate and formate as photolysis
products of NDMA. Final yields of nitrate and formate after complete photolytic degradation of NDMA
at a pH of 7.0 were 30 and 10% respectively.

Lee et al suggest a third pathway (O, saturation, pH=7.0): reaction of the excited NDMA molecule
with dissolved oxygen or oxidation of NDMA into N-Methylidenemethylamine, NO radical and
superoxide radical. The latter two can eventually form nitrate. A multitude of reactions can occur,
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depending on the pH conditions. In figure 5.23 the three pathways of NDMA photolysis and the
subsequent reactions are summarized.

When NMDA is irradiated with UV light (using an MP lamp), the N-NO bond is broken consequently
generating radicals that are responsible for the further degradation (Stefan and Bolton, 2002).
Degradation products found during photolysis (polychromatic UV spectrum) are DMA, nitrite, MA and
formic acid (FA), which contributes to the total amount of formed AOC. It can be concluded that
photolysis mechanisms involved in NDMA conversion are similar for both MP and LP lamps.

Table 5.7: NDMA degradation products

Abbreviation Name Formula
DMA Dimethylamine (CH3),NH
MA Methylamine CH3NH,
HNO nitroxyl
N-MD N-methylidenemethylamine or CH,=N*HCH;
Methylaminomethyl radical
AMR Aminium radical oNH*
NOR NO radical *NO
SR Superoxide radical or O,e
Hydroperoxyl
PN Peroxynitrate ONOO
NMF N-methylformamide CHsNHCHO
FA Formic acid CH,0,
FH Formaldehyde or methanal CH,0
FM Formate or methaonate HCOO
H,C 0
\N—N//
/
H,C
pHV<98_>5‘_/"/1 %\0; ’ \\\\primizedatpHA
H‘ or H,0 (NO,)
H,C -
\ , ¥ N
o “NH* 0 o H3C\
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Figure 5.20: Degradation pathways for NDMA (photolysis), both lamp types
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Table 5.8: Yields and rate constants model compounds

D254 ®200-300 :f\;l)ﬂsq) ;( "
. 2.54+0.22 *10°
Atrazine  0.048 ? (Baldi et al., 2009)
B " _ , 0.23 min™" [OH]
romaci ! Hapeman et al (1997)
6.67 * 10°
- ?
Ibuprofen : (Yuan et al., 2009)
NDMA 0.314+0.016 9545 (Wink et al., 1991)

Lee et al (2005)
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6. Experimental research

6.1 Introduction

The experimental research is performed at Dunea’s pre-treatment location in Bergambacht. With the
UV/H,0, pilot plant AOP experiments have been performed. Furthermore, the degradation of excess
peroxide during transport and outflow in the dune area has been simulated.

This chapter describes the used materials and applied methods, the equipment and the set-up of the
pilot plant/ simulation peroxide degradation, the measuring program and performed analysis. In
chapter 7 the results are presented and discussed followed by the conclusions that can be drawn
based on the performed experiments.

6.2 Materials and methods

6.2.1 Materials

Two reactors are used during the experiments: a reactor obtained from Berson UV techniek (Nuenen,
the Netherlands) equipped with 4 medium pressure mercury vapour ultraviolet lamps (total installed
power P =4.4 kW) and a reactor supplied by Wedeco (Herford, Germany) equipped with two low
pressure mercury vapour ultraviolet lamps (total installed power P = 1.32 kW). The reactors are
equipped with a sensor that measures the UV intensity at 254 nm which is reported in W/m? (LP
reactor) and as a percentage of the minimum intensity expected at the end of life of the lamps (MP
reactor). The maximum UV dose in the MP-reactor is approximately 850 mJ/cm? and the maximum UV
dose in the LP-reactor is approximately 1140 mJ/cm? The UV doses are estimates based on the
information given by the suppliers and at the time of writing have not been confirmed by
Computational Fluid Dynamics (CFD) modelling yet. Both reactors receive a feed flow of 5 m*/hr,
spiked with selected model compounds and hydrogen peroxide.

Positioning lamps in LP reactor Posifioning lamps in MP reactor

= (

Figure 6.1: UV chambers reactors

The influent used for the experiments consists of river water pre-treated by coagulation,
microstraining and dual media rapid sand filtration and is abstracted directly form the full-scale
treatment plant. Because composition of the river water shows seasonal variations, experiments were
performed weekly during a seven month period in order to assess the overall sensitivity of the AOP to
seasonal variations.

10 L Mili-Q water solutions containing 100 mg of atrazine, bromacil and NDMA and 10 L Mili-Q water
solutions containing 200 mg of ibuprofen were obtained from HWL. Both solutions were dosed into a
reservoir and diluted further with regular tap water, yielding concentrations of 1 ppm atrazine,
bromacil and NDMA and 2 ppm ibuprofen. The influent water was spiked continuously with the
solution to obtain a concentration of 10 pg/L of atrazine, bromacil and NDMA and 20 pg/L of
ibuprofen in both reactors. A hydrogen peroxide solution (10%) was purchased from Quaron
(Zwijndrecht, the Netherlands). The hydrogen peroxide was dosed inline, obtaining a concentration of
0, 5 or 10 ppm H,0; in both reactors. Static mixers are installed to ensure a homogenous mixture in
the reactors.

6.2.2 Methods

The experimental research took place between March and October 2009. A typical standard
experiment has a duration of 1.5 hours and was performed at least once a week. Each reactor is de-
aerated before starting the experiment. The Erlenmeyer flasks used to collect the samples are rinsed 3
times with the specific sample water before taking a sample. During each experiment, the conditions
and settings are monitored and recorded. When a UV setting is changed, it takes 15 minutes for the

53



reactor to become steady and when the H,0, dose is adjusted, it takes approximately 4-5 minutes to
reach a steady-state condition, so samples are taken after 6 minutes. In order to prevent unnecessary
spills of the model compounds, the spike pump is switch off when UV settings are changed. The start-
up time of the spike pump is approximately 4-5 minutes.

Since many samples are taken and many changes in settings are required, combined with continues
monitoring of the conditions, the experiments are always performed by two persons.

Table 6.1: Standard experimental settings

Setting UV dose (mJ/cm?) Dose H,0, Model compounds
number UV Ballast (%) LP MP (ppm) (all settings)
1 10
2 100 1140 850 5
3 0 10 pg/L Atrazine
4 10 10 pg/L Bromacil
5 80 1000 590 5
6 0 20 ug/L Ibuprofen
> 0 10 pg/L NDMA
8 60 630 380 5
9 0

Note: at the time of writing, the UV dose distributions in the reactors have not been confirmed by CFD modelling yet. The doses
given here are an estimate based on the information given by the suppliers.

Sample
. MPreactor
Model compounds
i ! |
Sample Sample 3

H.0.

Figure 6.2: Overview experimental set-up

Because only a fraction of the dosed peroxide is used to form hydroxyl radicals, the concentration of
hydrogen peroxide in the effluent is significant. When implemented in the full-scale treatment, the
water is transported to the dune areas (10u < T 20u) when it is infiltrated. The dunes have a nature
reserve status so infiltrating water containing high concentrations of H,O, is not allowed. It is
expected that reaction of peroxide with the biofilm on the walls of the transport pipe will become
negligible after a certain period. Therefore it is relevant to analyse if and to what extend the water
itself is capable of converting the residual peroxide. Effluent of the AOP is transferred to 2 L
polyethylene bottles, prohibiting the penetration of light. The bottles are stored in a crate suspended
in the supernatant water level above the dual media filters in the full-scale treatment plant to
guarantee a constant and representative water temperature. Samples are taken and residual peroxide
concentrations are determined via spectrophotometry at 420 nm, using TiOSQ, as the reagent.

After discharge into infiltration ponds, the water passes slowly trough the soil. In the upper layers of
the water column sunlight can still penetrate and possibly degrade peroxide, which is simulated by
filing a house hold swimming pool (D=3 m) with 2 m® AOP effluent. In order to simulate the mixing
effect of outflow from the transport pipes and wind, a small pump (Q = 200 I/h, H=0.5 m)
Degradation of residual peroxide is monitored over a three day period.

Samples from the pilot-plant experiments are taken at the indicated sample points (see figure 6.2)
and transferred to 40 ml glass flasks and stored in a cooler. Samples are also taken for the analysis of
the water matrix (nitrite, ammonium, DOC, pH, bicarbonate, UVT) and AOC. All samples are collected
within 2 days and transported to HWL for analysis.
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Figure 6.3: Used sample containers for model compounds (left) and water matrix (right)

Table 6.2: Measured parameters

Category Parameter Unit
Atrazine Mg/L
Bromacil Hg/L
Model compounds Thuprofen ug/L
NDMA pg/L
DOC mg/L C
AOC pg/L C
NOZ_ mg/L NOZ
NO5 mg/L NO5
. NH4+ mg/L NH4+
Water matrix HCO,> mg/L HCO*
CO3_ mg/L CO3_
pH -
UV-T % at 254 nm
Temperature °C

The UV transmission of the water was measured at 1 nm intervals using a spectrophotometer and
values measured at 254 nm were reported.

Bicarbonate concentrations are determined via titration of hypochloric acid (0.1 n increments) using
the indicator methyl orange.

Nitrate concentrations were determined with continuous flow analysis (Skalar San**). Nitrate is
reduced to nitrite using metallic cadmium. A phosphoric acid reagent solution is added and the nitrite
that was initially present and the nitrite resulting from the reduction of nitrate will diazotise
sulphanilamide in the acid solution to diazonium salt which is then coupled with N-s-
naphtyl)ethylenediamine, forming a red coloured complex. The extinction measured at 540 nm is a
measure for the amount nitrate and nitrite that was already present. Subtracting the concentration of
nitrite yields the nitrate level (NEN-EN-ISO 13395, 1997).

Concentrations of ammonium and nitrite have been determined with an automated discrete
photometric analyser (Aquakem). The spectrometric extinction measured at 660 nm of a blue
compound formed by a reaction of ammonium with salicylate and hypochlorite ions in the presence of
sodium nitroprusside, is a measure for the level of ammonium (NEN 6604, 2007). Nitrite
concentrations are determined using the same method described above (Vos, 2009).

Dissolved organic carbon (DOC) concentrations are determined with Non-Perguable Organic Carbon
Analysis (Shimadzu TOC-Vcpy). A sample is acidified to a pH of 2-3 with hypochloric acid and the
inorganic carbon is eliminated with a spurge gas (O,). The remaining TC is measured to determine
total organic carbon, and the result is generally referred to as TOC.

The sample is introduced in the TC combustion tube, filled with an oxidation catalyst and heated to
680 °C, burning the sample and converting the TC components to carbon dioxide. A carrier gas (flow
rate of 150 ml/min) carries the combustion products to an electronic dehumidifier, cooling and
dehydrating the gas. The sample combustion products are passed through a halogen scrubber,
removing chlorine and other halogens. Finally, the carrier gas delivers the sample combustion
products to the cell of a non-dispersive infrared (NDIR) gas analyser, where the carbon dioxide is
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detected. The NDIR outputs an analog detection signal that forms a peak, which is proportional to the
TC concentration of the sample. With a calibration curve expressing the relationship between the peak
area and the TC concentration, the total concentration of DOC can be determined.

Analysis of the model compounds was performed using an Ultra Performance Liquid Chromatograph
(UPLC, waters Acquity) equipped with a quaternary pump, combined with a Quattro Xevo triple
quadrupole Mass Selective Detector (Waters Micromass). A sample of 15 pL was injected on a UPLC
BEH C18 column (5 cm, particle size 1.7 pm, internal diameter 2.1 mm, Waters Acquity) with a flow
rate of 0.45 ml/min. The eluens consisted of a mixture of two solvents: A (0.1% formic acid in water)
and B (Methanol). Limits of detection were determined by analysis of nine drinking water samples
spiked with 0.05 pg/L atrazine and bromacil and 5 pg/L ibuprofen. Recoveries were 0.063+0.003
Mg/L atrazin, 0.058+0.004 pg/L bromacil, 4.0+0,6 pg/L ibuprofen. The limit of detection of NDMA was
determined using a unspiked process water sample containing about 1.5 pg/L NDMA. Limits of
detection, determined as 3*standard deviation from these results, were calculated to be 0.008 ug/L
for atrazine, 0.013 pg/L for bromacil, 0.61 pg/L for NDMA and 1.8 pg/L for ibuprofen (Hooijveld,
2009).

56



7. Results experimental research

This chapter describes the results of the experimental research, which has generated larges volumes
of data which can be found in annexes B, C, D, G and H.

7.1 Quality influent water

Pre-treated river water is used as influent, the quality of which shows seasonal variations. The
temperature for instance can vary from approximately 0 °C during winter times to almost 25 °C during
the summer. The temperature has been measured and recorded for every performed experiment.
Seasonal variations can also be noticed for the UVT, concentrations of DOC, bicarbonate, nitrite and
nitrate. DOC concentrations are highest during the spring (4 mg/L) and gradually decrease to 3 mg/L
in September. From September onwards DOC concentrations rise again. Nitrate concentrations are
highest during winter and spring (near 17 mg/L NO5") and lowest in summer periods (8.6 mg/L NOs).
Concentrations of nitrite are generally well below the detection limit of 0.007 mg/L NO;".

7.2 Observed system performance

Samples of the influent and effluent concentrations are taken for every setting. During a typical
experiment, the UV ballast of the reactors is varied from 100 to 80 to 60% which corresponds to an
UV dose of 850, 590 and 380 mJ/cm? respectively for the LP reactor and 400, 277 and 180 mJ/cm?
respectively for the MP reactor. An experiment performed on July 9" 2009 is used as an example.

The measured concentrations of model compounds are plotted in figures 7.1 and 7.2 below. The
degradation of each model compound at the various settings (1 to 9) has been determined from the
measured concentrations and plotted (figure 7.3). It can be concluded from those plots that the
degradation of NDMA is relatively insensitive to the peroxide setting. The opposite holds for ibuprofen
and bromacil: the lines show a steep downwards trend corresponding with decreasing peroxide
concentrations. Degradation of atrazine is influenced by both the UV setting and the peroxide setting.
The observed degradation behaviour of the model compounds shows the same characteristics for both
reactors.

The EEO of each model compound for the various settings is calculated based on the measured
concentrations and are plotted in figure 7.4 below. The EEO of the LP reactor is generally lower then
the EEO of the MP reactor. For both reactors the EEO for bromacil and ibuprofen at the settings with 0
mg/L peroxide is considerably higher then at 5 or 10 mg/L peroxide. This means that ibuprofen and
bromacil are difficult to degradate just by photolysis at 254 nm. Furthermore, the EEO of the LP
reactor for ibuprofen and bromacil at the settings 0 mg/L is considerably higher then the EEO the
corresponding EEO of the MP reactor.

Influent (09-07-2009) DUPLO

Ibuprofen
NDMA

Concentrationl [ug/L]

100/10  100/5 100/0 80/10 80/5 80/0 60/10 60/5 60/0
Setting [%UV / ppm H202]

Figure 7.1: Measured influent concentrations (09-07-20089)
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LP Effluent (09-07-2009) DUPLO

MP Effluent (09-07-2009) DUPLO
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Figure 7.2: Measured effluent concentrations (09-07-2009)
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Figure 7.3: Calculated degradation (09-07-2009)
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Figure 7.4: Calculated EEO (09-07-2009)

Both reactors are equipped with a sensor that measures the UV intensity at 254 nm, expressed in
W/m? (LP) as a percentage (MP) of the dose expected at the end of life of the lamps. Higher values
for UV intensity correspond with higher degradation levels. In order words, if the water quality is
better (e.g. lower concentration of UV absorbing species) the UV intensity is increased which results in

Setting [%UV / ppm H202]

higher degradation of the model compounds (see figure below).
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Figure 7.5: UV intensity vs. degradation of atrazine
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7.3 Degradation of model compounds

7.3.1 Calculated degradation

The key performance indicator is the degradation of the model compounds, defined as the reduction
in concentration (Eq. 64):

ac C;— C, 100%
e Gz e,
dt C; 0

Eq. 64

The degradation of the four model compounds by both reactors, calculated every combination of UV
and H,0, for all of the performed experiments have been plotted in graphs that can be found in annex
D.

7.3.2 Outliers

Close inspection of UPLC measurements at specific settings via SPSS interval diagrams and trend
graphs constructed with Excel, yielded multiple outliers. For each outlier it was determined whether
the value should be attributed to influences of the process performance or to poor measuring results.
When it was absolutely clear that the occurrence of the outlier can be fully attributed to poor
measuring results, the measured value has been disregarded (see annex E for elaboration).
Fortunately enough data remained for statistical analysis (see annex F) and qualitative performance
comparison.

7.3.3 Mean degradation levels

Mean degradation levels have been determined for the individual compounds at the specific
combinations of UV and peroxide doses (see table 7.1 and figure 7.6). Using a least squares methods,
fit lines are drawn between the mean degradation levels (all fit lines have an R*>>0.95) observed at
varied UV doses (see figure 7.6). When comparing the degradation by the LP reactor to the
degradation by the MP reactor, the first thing to note is the fact that the performances in terms of
degradation are very comparable; the LP reactor’s performance is not much inferior to the
performance of the MP, except for the settings with 0 mg/L peroxide, which is due to the absence of
peroxide and thus no oxidation via hydroxyl radicals occurs. Since the MP lamps emit polychromatic
light (coinciding with the absorbance spectra of the model compounds) and LP lamps monochromatic
light (254 nm), the photolytic capacity of MP lamps is much higher than that of the LP lamp.

Table 7.1: Mean degradation and 95% confidence intervals

UY dose LP 10 ppm H.0, 5 ppm H.0, 0 ppm H.0, U¥ dose MP 10 ppm H;0; 5 ppm H,0, 0 ppm H,0,
mlfan’  mean S5% corf, int, mean 95% conf, int, mean 95% corf, int. mJfcm’ mean 5% conf, int. mean  mlfcm®  mean 99% confint
630 478 T4 547 | 393 73 414 | 247 = 264 330 521 498 528 | 468 451 486|399 382 416
ATZ 1000 671 652 620 |5.7 544 500|377 £55 308 ATZ 390 656 644 667 608 90 626|521 S04 539
1140 724 703 745 |61.8 S84 642 | 423 406 440 830 756 742 771|708 895 720|630 609 631
630 499 459 539 (325 227 364 | 47 23 7.2 330 48.5 454 506 | 364 333 394|197 157 238
BRO 1000 603 6.2 724 | 474 438 511 | 6O 40 [=F=} ERC 590 604 585 623 (480 448 512|245 266 274
1140 727 8.3 761|542 494 584 | 65 46 25 830 701 674 726 | 568 0 597|328 ¥4 379
610 601 534 667 (452 299 667 | 48 L% 76 330 58.1 516 646 | 493 446 540|285 233 337
J1=0] 1000 756 659 854 |61.5 4 676 | 8.7 a6 13.7 1Bl 590 677 592 7TA3 [629 S8E 671|329 256 402
1140 782 735 B29 |52 8.1 717 |112 F5 148 830 746 093 800 | 671 612 731|405 344 465
530 743 75 781|764 71O 810 | 744 W9 750 380 652 626 678 |6B2 B41 724|658 621 695
DA 1000 870 5 0933 (89,2 843 944 (905 8.1 920 HOMA, 590 Fi6 757 TO6 | FR4 45 806 F66 Y29 o2
1140 908 ©9.3 924 |91.F 9.1 934 |918 906 929 a30 876 08556 895 |866 B813 890|845 821 877
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Figure 7.6: Mean degradation model compounds
Note: At the time of writing this report, the dose distribution in the reactors has not

been modelled by CFD yet. The doses given here are an estimate based on
information given by the suppliers.
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7.3.4 Conclusions regarding achieved degradation levels
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Figure 7.7: Atrazine degradation using LP lamps (1140 mJ/cm?) and MP lamps (850 mJ/cr?), 10 ppm H-0;

Achieved degradation of atrazine is considered to be the main performance indicator and should at
least be >80%. Unfortunately that level is not reached yet: the average degradation of atrazine by the
LP reactor (setting 1: 1140 mJ/cm?, 10 ppm H.0,) is 72% and 75% degradation is reached with the
MP reactor (setting 1: 850 mJ/cm?, 10 ppm H,0,). However, the average degradation level of atrazine
may not ret:r?ch 80%, this level has been achieved by the LP reactor on July 23 and by the MP reactor
on July 15™.

Atrazine degradation levels using LP lamps are lower than when MP lamps are used (max UV, 10 ppm
H,0,), however for degradation of bromacil, ibuprofen and NDMA the opposite is true: degradation
levels reached using LP lamps are actually a bit higher than the degradation levels reached using MP
lamps (see figure below).

Degradation Bromacil Degradation Ibuprofen Degradation NDMA

LP mMP LP & MP

Degradation (%)

L |
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Figure 7.8: Degradation Bromacil, ibuprofen and NDMA using LP lamps (1140 mJ/cn?) and MP lamps (850
mifcn?), 10 ppm H>0;

From the table below can be concluded that both reactors performed best during the second half of
July 2009, reaching atrazine degradation levels near 80%. The degradation levels of the other
compounds on these dates can be found in table 7.2.

Degradation of bromacil by the LP reactor was also superior on these dates, degradation levels of
ibuprofen (max 92%) and NDMA (max 97%) were good but not superior. The same holds for the MP
reactor: degradation levels of bromacil were superior on the dates with the highest atrazine
degradation but observed degradation of ibuprofen (max 88%) and NDMA (max 100%) was not
maximal.

Table 7.2: Top 3 best performance (Atrazine degradation, max UV dose, 10 ppm H-0;)

Degradation LP (%) Degradation MP (%)
Date ATZ BRO IBU NDMA Date ATZ BRO IBU NDMA
23-07 80 80 84 87 15-07 80 76 74 89
15-07 77,4 79 82 90 23-07 79 74 81 87
30-07 77,1 78 77 92 30-07 78 73 78 91

March 5% and June 11" are the dates corresponding with the poorest degradation of atrazine by the
LP and MP reactors. On these dates degradation levels of the other compounds achieved by the LP
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reactor were also relatively poor, except for NDMA: almost complete degradation occurred on June
11™. The performance of the MP reactor in terms of degradation of ibuprofen and NDMA on June 11%
was not poor; in fact it was actually very good. On March 5™ the degradation ibuprofen was poor,
NDMA was complete degraded and bromacil degradation was near the average.

Table 7.3: Top 3 poorest performance (Atrazine degradation, max UV dose, 10 ppm H>05)

Degradation LP (%) Degradation MP (%)
Date ATZ BRO IBU NDMA Date ATZ BRO 1BU NDMA
11-06 62 53 70 97 23-06 69,7 71 85 90
5-03 64 64 54 84 11-06 70 51 81 96
28-04 67 70 - 92 5-03 71 63 53 100

On July 23" the UVT of the water was water 83% while the average UVT is 78%, which can account
for the good performance of the LP reactor in terms of atrazine degradation. The quality of the
influent water has not been determined on July 23, but is expected to be comparable to the quality
determined on July 15", explaining the good performance of the MP reactor on both dates. The UVT
on July 23" was however not as high as on July 15", Perhaps measuring inaccuracies are responsible
for the discrepancy.

The differences in best and poorest performances are due to the differences in the quality of the
influent t\r/1vater. Concentrations of nitrate, DOC and bicarbonate are much lower on July 15" than on
March 5

Table 7.4: Differences in water quality

Water quality Water quality
best performance poorest performance

15-07  23-07 5-03 11-06
uvT % 771 83° 74 775
NO; mg/lL  865° 15.94° 11.10
NO, mg/L  <0.007 <0.007 <0.007
DOC mg/C  3.36 4.00° 3.65
pH 7.78° 7.98° 8.01
HCO; mg/L 1372 151 151
Temp. °C 21.4° 5.3°2 18.3

? equal to lowest observed value
b equal to highest observed value

An experiment performed with pre-treated river water that received an extra treatment step by
Granular Activated Carbon (GAC) filtration decreased concentrations of DOC and nitrate to 0.23 mg/L
C and 5 mg/L NOs; respectively and increased the UVT to 98%, which resulted in a atrazine
degradations of >88% (LP) and 94% (MP). This particular experiment (September 10", 2009) is part
of current research regarding increased UVT and its influence on the AOP, using GAC, Ion Exchange
and Ultra- and Nano-filtration. When comparing the average degradation levels to the observed
degradation on September 10", it becomes apparent that the degradation of all model compounds is
significantly enhanced if the influent water quality is improved.

A more detailed conclusion and comparison to degradation levels found in full-scale applications and
other pilot-scale research can be found in paragraph 7.8

LP Degradation (10-09-09) MP Degradation (10-09-09)
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Figure 7.9: Degradation levels achieved with UVT of 98%
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7.4 Degradation mechanisms

7.4.1 Correlations UV ballast, peroxide dose and degradation
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Figure 7.10: Absorption spectra model compounds, peroxide (HWL, 2009) and emission spectra lamps
Absorbance model compounds and H,O, measured in Mili-Q water (conc. Atrazine/Bromacil/NDMA = 10 ug/L,
conc. Ibuprofen = 20 ug/L and conc. H>0, = 10 mg/L)

Note. emission spectra lamps do not reflect the true scale

In this paragraph a statistical analysis of the experimental results is performed in order to identity the
underlying degradation mechanisms. For every model compound and lamp type the correlations
between the degradation and dosages of UV and peroxide are determined and compared to results
found in literature. Correlation statistics can be used to get a general understanding of the response
of the model compounds to either the UV intensity (measured at 254 nm in both reactors) or the dose
of hydrogen peroxide. Correlation is an indicator for the strength and the direction of a linear
dependency between two variables and varies from —1.0 to 1.0 (see annex F for an elaboration).

Overall, the correlations between UV intensity (holding the effect of peroxide dose constant) and the
degradation of the model compounds by the LP reactor are higher than those of the MP reactor. For
the correlations between the H,0, dose (holding the effect of UV intensity constant) and the
degradation of model compounds, the relations show a similar characteristic: correlations between the
degradation of model compounds by the LP reactor and the peroxide dose are larger then those of the
MP reactor. Oxidation is the dominant degradation mechanism for the LP reactor. Another observation
is the fact that no significant correlations exist between the peroxide dose and the degradation of
NDMA (both reactor types): NDMA cannot be degraded via oxidation, only photolysis is effective. This
is in line with results found in literature.
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Table 7.5: Correlations intensity — degradation

Control UV intensity Degradation Degradation Degradation Degradation
ontrol
bl (W/n? or Atrazine (%) Bromacil (%) Ibuprofen (%) NDMA (%)
variables
%) LP MP LP MP LP MP LP MP
Correlation 905 812 .633 .646 .529 .284 .833 .821
H,0, dose Sig
(mg/L) (2-tailed) .000 .000 .000 .000 .000 .004 .000 .000
df 99 99 99 99 99 99 99 99

Table 7.6: Correlation H,0O, dose — degradation

Degradation Degradation Degradation Degradation
Control H>0, dose ) )
) Atrazine (%) Bromacil (%) Ibuprofen (%) NDMA (%)
variables (mg/L)
LP MP LP MP LP MP LP MP
UV intensity | coeiation 937 .832  .945  .919  .900  .814 -.153  .010
LP (W/m2) Sig
“tai .000 .000 .000 .000 .000 .000 .128 .924
UV intensity | (27t2i1ed)
MP (%) df 98 98 98 98 98 98 98 98

7.4.2 Quantification degradation mechanisms
The degradation can be described in kinetic terms with Eq. 33:

d[C]

~ar = lodefe (1 —exp(=Ap) + kouc [+ OH][C]

Because the exact utilization of peroxide during a specific experiment is unknown (utilization has been
determined on just a few occasions), the exact concentration of hydroxyl radicals is unknown as well.
Also the reaction quantum yields at the incident flux rate I (polychromatic irradiation) of the model
compounds have not been determined during the experiments. Deriving the individual contribution of
the mechanisms from the kinetic equation is therefore not possible. In order to define the proportion
of each mechanism to the total degradation of a model compound, multiple regression analysis is
performed for the degradation of individual compounds. These models are only valid for predicting
and quantifying the degradation of atrazine, bromacil and ibuprofen by the LP reactor for the
conditions under which the experiments were conducted (e.g. water matrix, reactor type, and flow
patterns).

A total of eight regression models of the following form are estimated:

Yi =c+ B1X1+ BZXZ

Where
Y; = predicted degradation of a specific model compound by the reactor
c = constant
B, = coefficient for effect of UV intensity
Xq = value of UV intensity
B, = coefficient for effect of peroxide dose
X5 = peroxide dose (0, 5 or 10 ppm)

The total amount of explained variance is calculated, represented by R?, which is a measure for the
model fit. For the individual coefficients the amount of unique explained variance is determined.

The unique explained variance of UV intensity and peroxide dose in atrazine degradation using LP
lamps are 0.37 and 0.53 respectively. Together these variables explain 0.90 of the variance in the
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predicted degradation of atrazine. The relative contribution of each variable to the total amount of
uniquely explained variance is considered to be to be equal to the proportional contribution to the
degradation of a model compound. Consequently, the contribution of the UV intensity to the
degradation of atrazine is then equal to:

VAR (d(‘gz), UVI)
Deg (ATZ|UVI) =
d(ATZ) d(ATZ) )
VAR( Tr UV1>+ VAR( 5 1202
B 037 041
0374053

The fit of the model for predicting atrazine degradation by the LP reactor is 0.92, which means that
this model can predict atrazine degradation fairly accurate. Fit of the models for predicting
degradation of bromacil, ibuprofen and NDMA by the LP reactor are 0.90, 0.81 and 0.68 respectively.
The poor fit of the NDMA model does however not pose a problem: the models were constructed in
order to quantify the effects of both variables (UV and peroxide dose) to the degradation. From the
literature and the results of the experiments can be concluded that NDMA is not degraded by
advanced oxidation, only photolysis is effective. Consequently it does not make sense to identify the
effect of hydrogen peroxide. It must be noted however that due to the poor model fit, this particular
model cannot be used for estimating the degradation of NDMA.

In tables 7.7 and 7.8 the quantification of the degradation mechanisms are depicted. In annex F an
elaboration of the used regression methods and the constructed models can be found. Comparing the
determined degradation mechanisms (LP) to the observed average degradation resulting from
photolysis (table 7.9) shows that they correspond well.

Table 7.7: Determined degradation mechanisms LP reactor

Atrazine Bromacil Ibuprofen NDMA

H,0, dose 59% 92% 91% 0%
UV dose 41% 8% 9% 100%

Table 7.8: Determined degradation mechanisms MP reactor

Atrazine Bromacil Ibuprofen NDMA
H,0, dose 23% 85% 95% 0%
UV dose 77% 15% 5% 100%

Table 7.9: Observed degradation resulting from photolysis

Atrazine Bromacil Ibuprofen NDMA

LP 24-42% 4.7-6.5%  4.8-11.2%  74-91%
MP 40-63% 20-33% 29-41% 67-85%

The fit of the models for atrazine, bromacil, ibuprofen and NDMA degradation using MP lamps are
low: 0.75, 0.78, 0.54 and 0.68 respectively. Moreover, the determined contribution of UV (see table
7.7) to the degradation of bromacil and ibuprofen were 15 and 5% respectively, while the average
minimum degradation observed resulting from photolysis were 20-33% and 29-41% respectively,
depending on the energy input of the reactor. The poor fit of the model could be the result of the
spread in measured values. However, the amount of spreading in measured degradation values is
similar if not smaller than the amount of spreading in measured degradation using LP lamps (see table
7.1). It is suspected that the UV intensity of the MP reactor, which is measured only at 254 nm,
cannot be used for constructing a valid model that can quantify the effects to the degradation,
because degradation occurs over the entire spectrum. The UV intensity signals incorporate the effect
of the watermatrix; the value is lower if the quality of the water matrix is poorer (e.g. higher
concentrations of species that absorb at 254 nm). From the emission spectrum of the MP lamps four
peaks can be distinguished: at 240, 255, 265 and at 280 nm. If the UV intensity was monitored at the
emission peaks, than perhaps those values can be used as the variables representing total UV
intensity over the entire range.
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7.5 EEO required for degradation of selected model compounds

7.5.1 Calculated means EEO

The energy consumption required to achieve 1 log degradation in the concentration of a specific
compound per unit of treated water, the EEO, is determined using the following equation:

P

EEQO = ————
Q -log(g—i)

Eq. 51

The values for the EEO (determined for the maximum power input of the reactors, e.g. Pip = 1.32 kW
and Pwp = 4.44 kW and Q = 5 m*/hr) can be found in figure 7.11 below. Dosing hydrogen peroxide
reduces the required energy input considerably for both lamp types. The EEO for degradation of
model compounds using LP lamps is equal to around 1/3 of the EEO using MP lamps, except in the
absence of hydrogen peroxide.

EEO (10 ppm H,0;) EEO (5 ppm H,0;) EEO (0 ppm H;0,)
8.0

6.0

4.0

LP
| uMP
[ I
a1ln s AA01 s A1 =

Atrazine Bromacl Ibuprofen NDMA Atrazine Bromacil Ibuprofen NDMA Atrazine Bromacil Ibuprofen NDMA

kWh/m3

Figure 7.11: EFO for degradation of model compounds (1140 mJ/cn? LP, 850 mJ/cn? MP)

7.5.2 Conclusions regarding EEO

The EEO of the LP reactor is considerably lower than the EEO of the MP reactor. This applies for all
the model compounds, except for ibuprofen and bromacil in the absence of hydrogen peroxide which
is perfectly in line with the expectation: ibuprofen and bromacil cannot be degraded photolytically with
monochromatic UV irradiation at 254 nm. The energy requirement of the MP reactor is 2 to 5 times
higher then the energy requirement of the LP reactor, depending on the dosed amount of peroxide.
Determined EEO values for atrazine degradation are 0.48 kWh/m? (LP) and 1.45 kWh/m?* (MP).

7.6 Interim conclusions

Applying advanced oxidation in the presence of 10 ppm H,0, to pre-treated Meuse water results in
72% degradation of atrazine using LP lamps (1140 mJ/m?) and 75% atrazine degradation MP lamps
(850 mJ/cm?). The corresponding values for the EEO are 0.48 and 1.45 kWh/m? respectively.

These results in terms of achieved degradation levels and corresponding energy requirements are
compared to results found in other pilot-scale research and the full-scale implementation of AOP by
PWN.

Results found in other AOP applications

Greater Cincinnati Water Works (GCWW) has performed a year long UV/H,0,-study with LP and MP
lamps and is planning to implement UV/H,0, for disinfection and conversion of organic micropollutants
at the end of the treatment scheme. The UV doses of the reactor were set to target 80% atrazine
degradation at a peroxide dose of 10 ppm. At this target level average observed ibuprofen
degradations were 82% (LP) and 87% (MP). The UV transmission of the water was 84-95% (Metz et
al., 2009). The energy requirements are unknown.
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Experiments performed with Berlin tap water using LP lamps (135 W, UV dose unknown) resulted in
90% degradation of atrazine (9 ug/L) at peroxide doses of 8-17 mg/L (Miiller et al, 2001). The applied
flow-rates (60 an 80 L/h) resulted in long residence times ranging from 1.25 to 2.7 minutes and thus
higher UV doses. Those long residence times, the fact that drinking water was used as influent (high
UVT) and the high peroxide doses are responsible for this high level of conversion. The energy
consumption at a flow of 90 L/h (17 ppm H,0,) was high, resulting in an EEO of 1.67 kWh/m?>.

PWN Water Supply Company achieved 70% atrazine degradation in their pilot-scale research. MP-UV
radiation (1000 mJ/cm?) in the presence of 8 mg/L H,O, yielded an EEO of 1 kWh/m?®. Atrazine
degradation was increased to 80% by addition of 13 mg/L peroxide. Bromacil degradation amounted
to 42% and was increased to 80% with a peroxide dose of 15 mg/L. At PWN’s full scale plant, 80%
degradation of atrazine is achieved (MP-UV 540 m]/cm?, 6 ppm H,0,) with a required energy input of
0.56 kWh/m? (Martijn et al, 2007). The water source of PWN consists of pre-treated water from Lake
IJssel, which has an average UVT of 82% (Kramer, 2002).

Conclusions

Comparing the results found in this particular pilot research to the results founds in other pilot
research project, yields the conclusion that the performance of both the LP and MP reactor in terms of
degradation and EEO is already good. The achieved atrazine degradation is near the target level of
80%. From the results can be concluded that even a small improvement of the UV transmission (lower
concentrations of absorbing species) yields the desired atrazine degradation. This will also result in
lower EEO values.

The objective of this research is to compare the performance of low pressure UV lamps to the
performance of medium pressure UV lamps. It can be concluded that the application of LP lamps for
advanced oxidation is an attractive option since the degradation levels of the model compounds are
similar to those of the MP reactor while at the energy consumption of the LP reactor is considerably
lower. The quality of the influent water yielding the best degradation of atrazine was better than the
quality of the water resulting in the poorest performances. In the next paragraphs the performances
in terms of by-product formation and sensitivity towards water quality parameters will be elaborated,
which will together with the achieved degradation and energy prestations yield a final judgment about
the performances of both lamp types.

7.7 Composition and influence water matrix

7.7.1 Average quality influent water (composition water matrix)

The influent used for the experiments consists of river water pre-treated by coagulation,
microstraining and dual media rapid sand filtration. From samples taken during the experimental
period, the average composition has been determined (see table 7.10 below). In annex B graphs of
the measuring data can be found. The quality of the water matrix is described by a multitude of
parameters such as the UV transmission, nitrogen compounds, pH, temperature and dissolved organic
matter, collectively called the water matrix.

The water matrix negatively influences direct photolysis of a target compound via absorption of
ultraviolet light. As a result the UV transmission is reduced. Moreover, absorption of ultraviolet light
results in reduced photolysis of hydrogen peroxide and thus a reduced formation of hydroxyl radicals.
If the concentration of scavenging species in the water matrix (DOC, bicarbonate, nitrite/nitrate) is
higher, scavenging for hydroxyl radicals is increased, resulting in a lower availability of hydroxyl
radicals for advanced oxidation of the target compounds.

Table 7.10: Quality influent water (pre-treated water from river Meuse)

Parameter Unit Minimum Maximum Mean
Temperature °C 53 23.7 18.7
UV transmission at 254 nm % 43.42 82.71 78

pH 7.70 8.07 7.9
Bicarbonate mg/L HCO3™ 133 174 147
Ammonium mg/L NH," 0.00 0.04 0.01
Nitrite mg/L NO2 0.0006 0.1603 0.0197
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Nitrate mg/L NO3 8.6 15.9 11.4

DOC mg/L C 2.97 4.01 3.48
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Figure 7.12: UV absorbance nitrate, DOC and bicarbonate (adapted from the Ridder, 2006), peroxide and pre-
treated Meuse water (HWL, 2009)

The figure above portrays the UV absorbance of the used influent (absorbance scan from sample
taken March 18" 2009). The influent absorbs primarily at wavelengths shorter then 240 nm; at 254
nm the absorbance is 0.105 which corresponds with a UVT of 78%. For wavelengths shorter then 235
nm, nitrate is a larger absorber then DOC. UV absorbance of bicarbonate and peroxide are relatively
low over the entire spectrum. At 254 nm, the absorbance of DOC and nitrate are 0.15 and 0.1
respectively and the absorbances of bicarbonate (0.015) and peroxide (0.011) are low.

The UV absorbance of the pre-treated Meuse water shows characteristics of the absorbance spectrum
of nitrate, indicating that competition for UV light between the model compounds and nitrate will be
high.

7.7.2 Quantification of scavenging

The total amount of scavenging from the water used during the experiments can be estimated with
the following formula:

d[- OH] _ -
T [ OH] * (kg - [DOC] + kip - [NO]+ kq3-[Hy0,] + kyy - [HCO3])  Eq.52
Where:

[NO;] = initial [NO;] + ¢(NO;);

Assuming nitrite yield from nitrate photolysis at 254 nm (average of 11.4 mg/L NO5s’) to be 0.001 the
nitrite concentration is 0,001*[0,184] = [0.0002]. Nitrite yield from nitrate photolysis between 200 to
300 nm is 0.1, which yields a total nitrite concentration in the MP reactor of [0.018] mmol/L.

Table 7.11: Scavenging effects

Species mg/L mM k (M's™) S (s™*) [-OH]
DOC 3.48 0.290 110" 2.90 *10°
HCOy 147 2.409 8.5*10° 2.05*10’
H20 10 0.294 2.7*10 7.94 *10°
H,0- 5 0.147 3.97 *10°
Initial NO,” 0.00 0.000 1* 10"

LP NOy 0.00 0.000 1*10"° 1.84 *10°
MP NO, 0.845 0.018 1* 10" 1.84 *10°
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The total scavenging rate in the LP reactor at a H,0, dose of 5 ppm is calculated as followed:

S (5 ppm H,0,)p
= [-0H] = ((1-107)-[0.290] + (1-10%%)-[0.0002] + (2,7 -107)-[0.147]
+ (8.5-10°) - [2.409))

=292-107 s [- OH]

The same method has been applied for determining the total scavenging rate for the LP reactor at 10
ppm H,0, and for the MP reactor at 5 and 10 ppm H,0,. Because the formation of nitrite at 254 nm is
negligible, the total scavenging effect using LP lamps is lower than when MP lamps are used.
However, since peroxide absorbance as 254 nm is low, less hydroxyl radicals are formed and
scavenging can still have a significant influence.

Table 7.12: Total scavenging effects

5 ppm H20; 10 ppm H;0
s~1[- OH] s~1[- OH]
LP 2.92-10" 3.32-10°
MP 2.11-10° 2.15-10°

7.7.3 UV transmission

The UV transmission measured at 254 nm decreases with increasing concentrations of absorbing
species in the influent water, inhibiting direct photolysis of the model compounds and hydrogen
peroxide. Consequently the performance of the reactors increases with increasing UV transmission, as
was shown in paragraph 7.3.4: the best performance in terms of atrazine degradation for both reactor
types was achieved when the UVT was maximal (see also figure below).

During the experiment performed on September 3 2009, the UVT of the water was 50%.
Concentrations of nitrate (9.7 mg/L) and DOC (3.0 mg/L C) were low while concentrations of nitrite
(0.084 mg/L NO,) and ammonium (0.043 NH,*) where relatively high compared to the average
values. Based on the value for the UVT it is expected to observe minimal degradation of model
compounds, however both reactors performed very well; degradation of all model compounds was
well above the average degradation levels.
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Figure 7.13: UV transmission vs. degradation Atrazine, 10 ppm H>05, 1140 mJ/cm? (LP), 850 mJ/cn? (MP)

Unfortunately correlations between the UVT of the influent and the degradation of model compounds
by the LP reactor are small and non significant, except for ibuprofen. No reasonable explanation other
than measuring inaccuracies can be formulated. Significant correlations are found between the UVT
and the degradation of bromacil and ibuprofen by the MP reactor. Because atrazine degradation was
optimal when the UVT was maximal, it is surprising that the correlation between UVT and atrazine
degradation was not significant.
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Table 7.13: Correlations UVT - degradation

Control T Degradation Degradation Degradation Degradation
ontrol
Atrazine (%) Bromacil (%) Ibuprofen (%) NDMA (%)
variables influent
LP MP LP MP LP MP LP MP
Correlation .217 .192 .210 .303 .352 427 .132 -.187
H,0, dose .
Sig. .130 .182 144 .032 .012 .002 .361 .194
df 48 48 48 48 48 48 48 48

7.7.4 Water temperature

The intensity of LP lamps is temperature dependent (Stefan, 2004); efficiency can decrease up to
30% near temperatures of 0° C (Kramer, 2002) Because the surface temperature of a low pressure
lamp is relatively low, the influence of water temperature is significant. The optimal water
temperature is around 20°C and variations above or below result in lower UV output by low pressure
lamps. At temperatures below 5° C, UV output becomes unpredictable and low pressure lamps can fail
to start. Medium pressure lamps have higher surface temperatures and are not influenced by the
water temperature (Berson UV, 2009).

The lowest and highest observed water temperatures were 5.3 °C (March 5", 2009) and 23.7 °C
(August 8™, 2009) respectively. Unfortunately just one experiment has been performed with water
temperatures below 10 °C. During the best performance the water temperature was 21.4 °C.
However, during the experiment performed on June 11™ the water temperature was high (18.3 °C)
while the performance of both reactors was poor. Since the performance of MP lamps is not
influenced by the temperature of the water, the observed relation should probably be attributed to
other influences than the water temperature.

The influence of the water temperature on the degradation of the model compounds by the LP reactor
has been explored by requesting SPSS to perform a partial correlation analysis between the water
temperature and the observed degradation, holding the effects of UV intensity and hydrogen peroxide
constant. Including other control parameters (e.g. DOC, nitrate, bicarbonate) was not possible, SPSS
could not determine correlation statistics because the degrees of freedom (number of observations
minus number of estimated parameters, relevance is elaborated in annex F) approached zero.
Selecting only the cases where the temperature was above 20°C yielded small, positive but non-
significant correlations. In other words, water temperatures above 20°C do not exert a negative
influence on the degradation. Selecting only the cases where the temperature was lower than 20 °C
yielded positive significant correlations between the water temperature and degradation of ibuprofen
(0.46) and NDMA (0.32). Apparently higher water temperatures up to 20°C have a positive effect to
the degradation of ibuprofen and NDMA. When all cases were selected only ibuprofen degradation
seems to be influenced positively by higher water temperatures.

Table 7.14: Correlations between water temperature and degradation LP, controlled for effect of UV intensity and
H-0, dose

Atrazine Bromacil Ibuprofen NDMA
All cases Cor -.01 .108 .330 .082
selected Sig. 46 .136 .000 .203
Temp < 20°C Cor -.24 -.03 .46 .32
Sig. .091 438 .004 .036
Temp > 20°C Cor A41 143 116 -.095
Sig. 116 113 .163 211

Although it seems that increasing temperatures are associated with higher degradation levels using LP
lamps, no conclusions regarding the influence of water temperature can be drawn yet. Moreover, the
same trend can be distinguished for the MP reactor. Because MP lamps are not sensitive to variations
in water temperatures, the relation is probably false. More data is required in order to relate the
observed trend to the influence of the water temperature.
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7.7.5 DOC
The average concentration of DOC in the pre-treated Meuse water is 3.48 mg/L

7.7.5.1 Observed DOC removal

Observed average decreases in DOC concentrations using LP lamps were 196-99-82 ug/L C at 10, 5
and 0 ppm H,0, addition respectively. When MP lamps are used these values are 237-120-105 pg/L C.
The observed DOC conversion is largest at 10 ppm H,0O, addition, regardless of the lamp type,
confirming the fact that dissolved organic material acts as a hydroxyl radical scavenger. A significant
amount of DOC conversion occurs when no peroxide is added. This can be a result of direct photolysis
of the organic material or through reaction with radicals that are formed from compounds that are
already present in the water. DOC conversion is considerably higher using MP lamps compared to
using LP lamps.

Table 7.15: Average conversion of DOC

H,0, dose DOC (mg/L C) DOC (pg/L C)
(ppm) Influent Effluent LP Effluent MP ADOC, ADOCp
10 3.48 3.226 3.186 196 237
5 3.48 3.250 3.229 99 120
0 3.48 3.308 3.274 82 105

7.7.5.2 Effect of DOC on degradation

MP reactor

From the literature was concluded that higher concentrations of DOC in the influent water have a
negative influence on the degradation of model compounds by the MP reactor. A slightly negative
trend in degradations with increasing DOC concentrations can be distinguished in figure 7.15.

The influence higher concentrations of DOC have on the degradation has been assessed by analysing
the partial correlations. Unfortunately, most correlations between the degradation of the model
compounds by the MP reactor (controlled for the effect of UV intensity and peroxide dose) are
negative but not significant. The non significance (for atrazine, bromacil and ibuprofen) is perhaps
explained by the fact that the number of observations is small (<50); including the necessary control
variables resulted in low df values. It is also possible that the correlations are not significant because
the value for UV intensity already incorporates the effect of increased DOC concentrations.
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Figure 7.14: Absorbance DOC vs. absorbance model compounds

Absorption spectra model compounds (HWL, 2009), emission spectra lamps (Berson, Wedeco), DOC (adapted
from de Ridder, 2006). Note: emission spectra lamps do not reflect the true scale
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NDMA absorbs UV light over the whole spectrum. DOC absorbance is relatively constant between 200
to 300 nm. What is particularly of relevance is the fact that UV absorbance by NDMA between 235-
260nm is much higher then the absorbance by the other model compounds and DOC; the MP output
spectrum shows high peaks in this part of the spectrum. Consequently NDMA degradation is relatively
independent of DOC concentrations, which is confirmed by the fact that the correlation was small and
not significant. Also, NDMA is actually fully degraded when the DOC concentration was maximal.
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Figure 7.15: DOC concentration vs. degradation

UV absorbance by atrazine is almost equal to the UV absorbance of DOC at wavelengths >250 nm
which means that the competition for UV light in this part of the spectrum is high. In paragraph 7.3 it
was observed that during the poorest degradation of atrazine, the concentration of DOC was the
highest (4 mg/L C). Also the correlation between DOC concentration in the influent and atrazine
degradation by the MP reactor is significant; it can be concluded that DOC does in fact have a
negative impact on the performance of the MP reactor because the UV transmission is reduced.

The bromacil absorbance spectrum shows a broad, low peak between 265-295 nm, overlapping with
three emission peaks of the MP lamps. Bromacil is capable of absorbing more UV light in this part of
the spectrum then DOC and the other model compounds do. However, bromacil (and ibuprofen) are
more easily degraded by advanced oxidation than photolysis. This could perhaps also explain why
correlations between degradation of bromacil/ibuprofen and DOC concentrations are small and non
significant: apparently the DOC concentrations do not inhibit the formation of hydroxyl radicals, even
though UV absorbance by peroxide is lower than UV absorbance by DOC (see figure 7.12).

LP reactor

At 254 nm the UV absorbance of DOC (0.15), atrazine (0.17) and bromacil (0.16) are approximately
equal. Taking into account that during the poorest performance in terms of atrazine degradation, the
DOC concentration of the influent water was 4 mg/L C, it is expected to find negative correlations
between DOC concentrations and the degradation of atrazine. However, most of correlations found
were positive and also not significant which yields the conclusion that DOC concentrations do not
exert a large influence the performance of advanced oxidation of the LP reactor. Approximately 100
Hg/L = 0.008 mmol/l of DOC is converted extra when the peroxide dose is 10 ppm. Scavenging effects
are lower than the scavenging effects of DOC in the MP reactor. The UV absorbance of NDMA at 254
nm (0.26) is higher then the UV absorbance of DOC. The found correlation is not significant, which is
in line with the expectation.
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Considering all of the above, formulating a statement on the influence of DOC on the performance of
the reactors is difficult. The individual influence of DOC to the degradation cannot be quantified.
Addressing it purely from a statistical point of view yields the conclusion that DOC does not have any
influence because the correlations are not significant. Because the number of observations is relatively
small (N<50), the effect of DOC on the degradation would have to very large in order to find
significant correlations. Another problem is the fact UV intensity incorporates the combined effect of
the water matrix, including DOC. Using the UV intensity as a control variable is therefore a bit
problematic. Defining the individual water matrix parameters as control variables was also not possible
because SPSS was then not able to determine the correlation statistics.

Table 7.16. Correlations DOC influent — degradation

Control PoC Degradation Degradation Degradation Degradation
ontro

Atrazine (%) Bromacdil (%) Ibuprofen (%) NDMA (%)

variables Influent

LP MP LP MP LP MP LP MP
H,O, dose Correlation .280 -.415 .091 -.206 -.045 -.180 .057 .073
UV-ILP .
UV-I MP Sig. .066 .003 .524 .156 .756 215 .691 .616

df 49 47 49 47 49 47 49 47

Note: including more control variables reduced the number of df to such a low level that SPSS was not able to
determine correlation statistics.

7.7.6 Alkalinity and bicarbonate

In paragraph 5.5.4 was concluded that the used influent water does not contain carbonate: the pH of
the water is around 8 (calcium-carbonate equilibrium). This is relevant because the scavenging rate of
carbonate (3.9 * 108 M!s™) is higher then the scavenging rate of bicarbonate (8.5 * 10° M!s™). The
value of the pH itself was relatively constant during the experimental period and no effects to the
degradation could be distinguished.
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Figure 7.16: Bicarbonate vs. degradation

The average bicarbonate concentration during the experiments was 147 mg/L HCO5". From the figure
below can be concluded that the competition for UV light between bicarbonate and the model
compounds is small: the UV absorbance of bicarbonate is considerably lower than the UV absorbance
of the model compounds over the entire spectrum. Because scavenging of bicarbonate and
competition for UV light is negligible, bicarbonate has a negligible influence on the degradation of
model compounds by both reactors. Consequently, no significant correlations were found (data not
shown). Also the scatter plots above do not portray a strong trend between concentrations of
bicarbonate and degradation of model compounds.
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Considering the above it is concluded that direct photolysis and advanced oxidation of the model
compounds are independent of bicarbonate concentrations, regardless of the applied lamp types.
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Figure 7.17: Absorbance bicarbonate vs. absorbance model compounds
Absorption spectra model compounds (HWL, 2009), emission spectra lamps (Berson, Wedeco), bicarbonate
(adapted from de Ridder, 2006). Note. emission spectra lamps do not reflect the true scale

7.7.7 Nitrate

The average nitrate concentration of the pre-treated river water during the experiments was 11.4
mg/L. Degradation levels of atrazine and bromacil (both reactor types) were highest when the nitrate
concentration was minimal (8.65 mg/L) and the opposite is true when the nitrate concentration was
maximal (15.94 mg/L). The same characteristics are true for degradation of ibuprofen.
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Figure 7.18: Influence nitrate on degradation

Nitrate absorbs more UV light then bicarbonate and DOC do, especially between 200-250 nm (see
figure 7.12). Consequently the influence of higher nitrate concentrations to the degradation of model
compounds is stronger than for the influence of DOC and bicarbonate, resulting in totally significant
correlations (MP reactor), explained below.
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Figure 7.19: Absorbance of nitrate vs. absorbance of model compounds
Absorption spectra model compounds (HWL, 2009), emission spectra lamps (Berson, Wedeco), bicarbonate
(adapted from de Ridder, 2006). Note: emission spectra lamps do not reflect the true scale

MP reactor

Photolysis (polychromatic irradiation) of ibuprofen is inhibited when nitrate concentrations are
increased. At wavelengths >240 nm, UV absorbance of ibuprofen and nitrate are more or less equal.
Between 200-205 nm and 215-240 nm are the only regions where UV absorbance of ibuprofen is
larger then UV absorbance of nitrate. Since the emission spectrum of the MP lamps shows high peaks
between 240 and 300 nm, it is no surprise to find a strong, negative correlation between nitrate
concentrations and degradation of ibuprofen. Moreover, higher concentrations of nitrate result in
higher concentrations of nitrite, increasing the amount of hydroxyl radical scavenging. Less hydroxyl
radicals are then available for oxidation of ibuprofen. Degradation of bromacil is also negatively
influenced by higher concentrations of nitrate. The bromacil absorbance spectrum shows a broad, low
peak between 265-295 nm, overlapping with three emission peaks of the MP lamps. Bromacil absorbs
more UV light in this part of the spectrum then nitrate does, but since bromacil is primarily degraded
by oxidation the negative correlation between nitrate concentration and bromacil degradation, should
be attributed to increased scavenging effects. NDMA absorbs UV light over the whole spectrum and
between 215-265nm the absorbance is higher than the absorbance of nitrate. Because the MP output
spectrum shows three peaks in this part of the spectrum, no significant correlation exist between
degradation of NDMA and concentration of nitrate. The influence of nitrate on the photolysis of NDMA
(polychromatic radiation) is small.

Although the UV absorbance of atrazine is higher than the UV absorbance of nitrate in most parts of
the spectrum, from 250 nm onwards the absorbances are comparable. Since the highest emission
peaks of the MP lamps overlap with this part of the spectrum, nitrate will compete with atrazine for
UV light. Because it is suspected that photolysis contributes more to the total degradation of atrazine
then oxidation does, it is no surprise to found strong significant negative correlation

(-.9) between nitrate concentrations and atrazine degradation.

LP reactor

At 254 nm, the UV absorbance of nitrate (0.1) is slightly lower than the UV absorbance of atrazine
(0.17) and bromacil (0.16) and 2.5 times lower than the absorbance by NDMA (0.26). From the
scatter plot in figure 7.18, the absorbance spectra and the experimental results regarding the best
versus poorest performance can be concluded that the influence of nitrate to photolysis of NDMA is
small. In fact, the correlation between concentration of nitrate in the influent and degradation of
NDMA by the LP reactor is small and more importantly, not significant. Atrazine degradation is also
influenced negatively by higher concentrations of nitrate, although the correlation is just above the
significance level. The same is true for degradation of ibuprofen. Because the correlations between
degradation of atrazine, ibuprofen and concentration of nitrate are small and not significant, it is
suspected that advanced oxidation by the LP reactor is less sensitive to higher concentrations of
nitrate than advanced oxidation by the MP reactor. Advanced oxidation is the dominant mechanism for
atrazine degradation by the LP reactor (59%), explaining why the correlation found was not
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significant. Radical formation is thus not influenced too much by higher nitrate concentrations. At 254
nm the yield of NDMA photolysis (0.3) is considerably lower than the yield of hydroxyl radicals from
photolysis of H,0, (1). Apparently enough radicals can be formed for oxidation of atrazine, bromacil
and ibuprofen while NDMA can still be photolyzed. Moreover, photolysis of nitrate at 254 nm does not
result in increased concentrations of nitrite (yield is less then 0.001). Scavenging of hydroxyl radicals
by nitrite is negligible which is again confirmed by the fact that no significant correlations were found
between nitrate concentrations and degradation of atrazine, bromacil and ibuprofen.

Table 7.17: Correlations nitrate influent - degradation

Control NO- Degradation Degradation Degradation Degradation
ontro
7 Atrazine (%) Bromacil (%) Ibuprofen (%) NDMA (%)
variables Influent

LP MP LP MP LP MP LP MP
U\Z/OIZ SF?SE Correlation .333 | -.899 .065| -756| -318| -757| .092| -.273
U-I MP Sig. .058 .000 718 .000 071 .000 611 112
df 31 33 31 33 31 33 31 33

Considering all of the above, it is concluded that increased nitrate concentrations have a relatively
small, perhaps negligible effect on the formation of hydroxyl radicals at 254 nm. Moreover, increased
nitrate concentrations do not increase scavenging from nitrite because nitrite formation is negligible.
Direct photolysis of NDMA is marginally influenced by higher nitrate concentrations but this does
influence atrazine degradation. It is suspected that the performance of the LP reactor is less sensitive
to nitrate concentrations then the performance of the MP reactor.

The influence of nitrate concentration on direct photolysis (polychromatic irradiation) depends on the
characteristics of the targeted compound. If a compound absorbs UV light at wavelengths >250 nm,
photolysis is influenced less by nitrate: UV absorbance of nitrate at >250 nm is very small and the MP
lamps emit more energy at that part of the spectrum than at shorter wavelengths (200-240 nm).
Furthermore, photolysis of nitrate forms nitrite, increasing the amount of radical scavenging. It can be
concluded that photolysis and advanced oxidation using polychromatic irradiation are both influenced
negatively by increased concentrations of nitrate in the influent.

7.9.8 Seasonal influence

Relating the individual effect of a water matrix parameter to the observed contribution is not simple
because the parameters are related to each other. For example; during the experiments higher
concentrations of DOC were associated occasionally with higher concentrations of nitrate and both
have a negative effect on the performance of the AOP due to a decreased UV transmission of the
water.

Multiple regression analysis can correct for the effect of correlated parameters. However, if the
correlations between the parameters are too high (>.3), the problem of multicollinearity yields
unreliable results (Hair et al, 2006). One could state that multiple regression analysis cannot be
applied if the independent variables (predictors) represent the same concept and thus are strongly
related to each other. From the table below can be concluded that many water matrix parameters
have large correlations with multiple other water matrix parameters , sometimes r can be as large as
.8 (nitrate and bicarbonate). Moreover, seasonal variations of nitrate and bicarbonate follow the same
characteristic. Concentrations of DOC and nitrate are both high in March and November, while
between April and October lower concentrations of nitrate are associated with higher concentrations
of DOC.
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Figure 7.20: Seasonal variations nitrate, bicarbonate and DOC
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Figure 7.21: Seasonal variations nitrate, DOC and UVT
Table 7.18: Correlations water matrix parameters
Temp. UvT HCO;3 NO; DOC pH
Temp. °C -.691 -.960 -.677 -412
UVvT % 450
HCO3 mg/L -.691 .789 450 .686
NO3 mg/L -.960 .789 793 .615
DOC mg/L -.677 450 .580 793
pH - -412 .686 .615
Note: only significant correlations are included in the table
Table 7.19: Water matrix, monthly averages
Temp. uvT? poc’ HCO;" NO;© NO,
°C % (254 nm) mg/L C mg/L mgj/L mg/L
January 6.0 4.75 180 14.2 0.025
February 4.9 4.37 189 16.4 0.007
March 7.5 76.0 4.61 188 16.6 0.005
April 11.8 78.3 4.37 185 14.4 0.002
May 16.5 77.4 4.62 169 12.9 0.001
June 19.4 80.5 4.72 158 10.3 0.001
July 20.5 80.9 4.61 148 10.1 0.002
August 20.7 79.0 4.62 147 8.9 0.002
September 17.9 78.7 4.36 150 9.9 0.002
October 13.7 78.3 4.17 163 11.3 0.003
November 9.4 4.85 178 13.1 0.007
December 5.3 4.32 177 13.9 0.015

a) no trend information available, monthly averages determined from experimental data
b) not monitored at Bergambacht, monthly averages determined from monitoring results intake point Brakel
c¢) not monitored at Bergambacht, monthly averages determined from monitoring results influent dune area Mejjende/
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In order to estimate the influence of seasonal variations, monthly averages of relevant parameters
have been determined from monitoring data (HWL, 2007-2009). These monthly averages are
compared to the average monthly degradation of the model compounds by both reactors.

Although the observed concentration of DOC was maximal in March when performances were poorest,
plotting the average monthly concentrations of DOC and nitrate against the average monthly
degradation of atrazine (see figures below) shows that nitrate must have a larger influence: during
the summer period DOC concentrations are high while the performance of both reactors is optimal.
Concentrations of DOC decrease in September and October while the performance of the reactors is
not improved.

The average monthly degradation of atrazine increases with decreasing nitrate concentrations (see
figure 7.22): the best performances are achieved during the summer period when nitrate
concentrations are lowest. Moreover, the UVT of the water during the summer period is >80%.
Comparing the average monthly concentrations of DOC and nitrate to the monthly average value of
the UVT in relation to the achieved degradation of atrazine, yields the conclusion that nitrate has a
larger influence on the UVT than DOC does. Nitrate is the water matrix parameter with the largest
influence on the performance of the reactors because nitrate absorbs more UV light then bicarbonate
and DOC do, especially between 200-250 nm. Moreover, the characteristic of the UV absorbance by
the influent is similar to the characteristic of the UV absorbance by nitrate. Consequently the influence
of higher nitrate concentrations on the degradation of model compounds is stronger than the
influence of DOC and bicarbonate.

From the seasonal variations in nitrate the following can be concluded:

Between December and March the performance of both reactors will be poor because nitrate
concentrations are maximal (14-17 mg/L NO3’), resulting in lower UV transmission of the water.
Nitrate concentrations decrease from 14 mg/L NO5™ in April to a minimum of 8.9 mg/L NOs™ in August.
During the summer period the performance will be optimal. In September the concentrations of
nitrate start to increase, resulting in lower UVT transmissions and thus poorer performances of both
reactors.
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Figure 7.22: Influence of seasonal variations in nitrate concentrations
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Figure 7.23: Influence of seasonal variations in DOC concentrations
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Atrazine degradation (max UV, 10 ppm H;0;)
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Figure 7.24: Influence of seasonal variations in UV transmission

7.7.9 Conclusions regarding influence water matrix

The best performance in terms of degradation of model compounds is achieved in the second half of
July 2009 when the water quality of the pre-treated Meuse water was optimal: high UVT (>80%), low
concentrations of nitrate (8.65 mg/L NO5"), DOC (3.36 mg/L C) and bicarbonate (137 mg/L HCO3") and
high temperature of the influent water (21.4 °C). The poorest performances are achieved on March
51 and June 11" when the quality of the pre-treated Meuse water was poor: UVT of 74 and 77.5%,
high concentrations of nitrate (15.94 and 11.1 mg/L NOs), DOC (4.0 and 3.65 mg/L C) and
bicarbonate (151 mg/L HCO3'). The water temperatures were 5.3 and 18.3 °C respectively.

Higher concentrations of DOC have a small influence on the performance of the LP reactor. The
dominant degradation mechanism in the LP reactor is oxidation by hydroxyl radicals, which does not
seem to be influenced by higher DOC concentrations. Photolysis of atrazine is influenced by higher
concentrations of DOC because the UV absorbance of DOC (0.15) and atrazine (0.17) are almost
equal. However, atrazine degradation by the LP reactor results primarily from advanced oxidation
(59%), explaining why the weak, negative correlation (-.28) between DOC concentrations and
atrazine degradation is non significant (sig. = .066). Because the UV absorbance of NDMA at 254 nm
(0.26) is higher then the UV absorbance of DOC, photolysis of NDMA is marginally influenced,
confirmed by the fact that no correlation exists between DOC concentrations and degradation of
NDMA by the LP reactor. Increased concentrations of DOC have a negative influence on the
performance of the MP reactor; atrazine degradation is significantly reduced with increased DOC
concentrations. The UV absorbances of atrazine and DOC are similar at wavelengths >250 nm.
Because the MP output spectrum shows three large emission peaks in this part of the spectrum, the
competition for UV light between atrazine and DOC is large. The bromacil absorbance spectrum shows
a broad, low peak between 265-295 nm and absorbing more UV light in this part of the spectrum then
DOC and the other model compounds do. UV absorbance of ibuprofen is at wavelengths >240 nm is
considerably lower than the UV absorbance of DOC. Weak, negative correlations were found between
DOC concentration and the degradation of ibuprofen (-.18) and bromacil (-.21). The correlations were
not significant, indicating that the degradation of both compounds (photolysis and advanced
oxidation) is marginally influenced by larger concentrations of DOC. Photolysis of NDMA is not
influenced by DOC concentrations because the UV absorbance of NDMA is much larger then the
absorbance by DOC at wavelengths <260 nm. Moreover, NDMA was fully degraded at the maximal
DOC concentration.

Although the concentration of bicarbonate was highest during the poorest performances, bicarbonate
does not influence the degradation of model compounds: the UV absorbance of bicarbonate is
considerably lower than the UV absorbance of the model compounds and other parameters over the
entire spectrum. Scavenging of bicarbonate and competition for UV light is negligible; therefore
bicarbonate has a negligible effect on the degradation of model compounds by both reactors. The
value of the pH was relatively constant during the experimental period and no effects to the
degradation could be distinguished.

Nitrate absorbs more UV light then bicarbonate and DOC do, especially between 200-250 nm.
Consequently the influence of higher nitrate concentrations (e.g. lower UVT) to the degradation of
model compounds is stronger then the influence of DOC and bicarbonate. Photolysis of atrazine,
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bromacil and ibuprofen is inhibited by nitrate. Moreover, higher concentrations of nitrate result in
higher concentrations of nitrite, increasing the amount of hydroxyl radical scavenging. Less hydroxyl
radicals are then available for oxidation reactions. Although the UV absorbance of atrazine is higher
then the UV absorbance of nitrate in most parts of the spectrum, from 250 nm onwards the
absorbances are very comparable. Since the highest emission peaks of the MP lamps overlap with this
part of the spectrum, nitrate will compete with atrazine for UV light. Because it is suspected that
photolysis contributes more to the total degradation of atrazine then oxidation does, it is no surprise
to found a very strong significant negative correlation (-0.9) between nitrate concentrations and
atrazine degradation. NDMA absorbs UV light over the whole spectrum and between 215-265nm the
absorbance is a lot higher than the absorbance of nitrate. Because the MP output spectrum shows
three peaks in this part of the spectrum, nitrate has a marginal influence photolysis of NDMA.

At 254 nm, the UV absorbance of nitrate (0.1) is slightly lower then the UV absorbance of atrazine
(0.17) and bromacil (0.16) and a factor 2.6 lower than the absorbance by NDMA: influence of nitrate
to photolysis of NDMA is marginal and no correlations were found. Atrazine degradation is influenced
negatively by higher concentrations of nitrate, although the correlation is just above the significance
level. The most important differences between the influence of nitrate to the performance of the MP
and the LP reactor is the fact that increased nitrate concentrations do not increase scavenging from
nitrite because nitrite formation is negligible at 254 nm. However, from the relation between seasonal
variations in performances and nitrate concentrations can be concluded that the performance of the
LP reactor is equally sensitive to nitrate concentrations as the performance of the MP reactor, because
nitrate has a strong influence on the UVT of the pre-treated Meuse water.

Seasonal variations of nitrate concentrations can be used to estimate the seasonal variations in
performance of both reactors. Between December and March the performance will be poor because
nitrate concentrations are maximal (14-17 mg/L NO5’). Nitrate concentrations decrease from 14 mg/L
NO;s™ in April to a minimum of 8.9 mg/L NOs™ in August. During the summer period the performance
will be optimal. In September the concentrations of nitrate start to increase, resulting in poorer
performance of both reactors.
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7.8 Formation of by-products

7.8.1 AOC

AOC analysis is done with a bioassay which quantifies the concentration of bacterial cells that have
grown on the available carbon in a water sample. Mostly Pseudomonas fluorescens P-17and Spirillum
sp. strain NOX are used as test organisms. The bacteria are inoculated to a 600 ml water sample and
incubated at 15°C for 10-14 days. During incubation microbacterial growth is measured with plating
on nutrient agar. The average net growth is related to the growth of the test organisms on pure
solutions of acetate (P-17) or oxalate (NOX) with pre-derived yield values. The final result is reported
as acetate C-equivalents (Hammes, 2008).

Measurements of AOC have an inaccuracy of 24% (Luc Zandvliet, HWL) and are therefore performed
in duplex. Moreover, the presence of disinfectants such as H,O, has a negative influence on the
reliability of the measurements since it will inhibit bacterial growth. Residual H,0, is quenched by the
addition of sodium thiosulphate.

Storage of AOC samples may increase the AOC levels up to 65% (Escobar et al., 2000) within a week.
This was determined to be the result of fermentation of biodegradable organic matter (BOM) to AOC
by a yeast, Cryptococcus neoformans. The P-17 bacteria in particular benefit from the fermentation
products since it has a greater diversity in terms of ability to utilize a larger variety then carbon
sources compared to NOX bacteria (Escobar et al, 2000), as a consequence AOC levels determined
with P-17 were a lot higher then AOC levels determined with NOX strains. The results from the
experiments show indeed that levels of AOC;.;7 are larger then levels of AOCyox, however this is only
true for effluent concentrations from experiments with a peroxide dose of 10 ppm. When no peroxide
is dosed, AOCyox levels are higher then AOCs.;7 levels (results can be found in annex H).

7.8.1.1 Influent AOC levels

AQOC levels in the pre-treated river water (without H,0O, addition) are between 9.5 to 16.3 pg/L, with
an average of 12.9 ug/L. Influent concentrations with 10 ppm H,0, addition show large dispersion (0
— 24 ug/L) but half of the measured concentrations were around 0 pg/L, which is considered to be
wrong. Influent concentrations with 5 ppm H,0, addition were measured only twice and in both cases
the results are reasonable (10.2 and 13 pg/L). It is concluded that AOC determination in samples
taken from the influent water are unreliable in the presence of high peroxide concentrations. Based on
the measured concentrations (0 and 5 ppm H,0,), it is concluded that the average AOC concentration
in pre-treated river water is equal to 13 pg/L.

7.8.1.2 AOC formation in the presence of 10 ppm H,0,

Measured AOC levels in the effluent (10 ppm H,0,) of both the LP and MP reactor show a large
dispersion which makes it difficult to make a conclusive statement about the amount of AOC
formation. It was decided to exclude measured AOC values < 5 pg/L, since obviously something must
have negatively influenced the biomass yield during inoculation of the samples. Average
concentrations of AOC in the LP and MP effluent are 64 ug/L C and 71 pg/L C respectively. It is
concluded that formation of AOC resulting form advanced oxidation (10 ppm H,0,) is similar for both

lamp types.
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Figure 7.25: AOC formation using LP lamps (1140 mJ/cn?’) and MP lamps (850 mJ/cn?’), 10 ppm H;0,

81



7.8.1.3 AOC formation in the presence of 5 ppm H-0-

Effluent AOC levels applying advanced oxidation (5 ppm H,0,) were only determined twice resulted
and in both cases resulted in higher AOC concentrations using LP lamps than using MP lamps: 81 and
47 ug/L and 65 and 40 ug/L respectively. This does not correspond well with results found in other
research: LP-UV should result in lower AOC formation then MP-UV. However, since AOC
concentrations were determined only twice, this could simply be a coincidence, more measurements
are required for confirmation.
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Figure 7.26: AOC formation using LP lamps (1140 mJ/cm?) and MP lamps (850 mJ/cn?), 5 ppm H>05

7.8.1.4 AOC formation photolysis

AOC levels measured in the effluent (0 ppm H,0,) show a more constant pattern and are near 25
Mg/L in the LP-effluent and 47 pg/L in the MP-effluent. It is concluded that AOC formation resulting
from photolysis using LP lamps is twice as low as AOC formation using MP lamps.
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Figure 7.27: AOC formation using LP lamps (1100 mJ/cm?) and MP lamps (850 mJ/cn?), no H>0; addition

7.8.1.5 Suspected origin AOC formation

The suspected origin of the formed AOC is analysed for photolysis using LP lamps, which converts on
average 82 ug/L of DOC into degradation products such as AOC. Photolysis of atrazine using LP lamps
primarily yields hydroxyatrazine, which is not qualified as a readily available carbon substrate for
microbiological growth. Without the addition of peroxide, degradation levels of ibuprofen and bromacil
under LP-UV were 11% and 6% respectively, which corresponds with a conversion of 2.2 pg/L of
ibuprofen and 0.6 ug/L of bromacil. The types of degradation products are unknown.

Photolysis of NDMA can yield formic acid and formaldehyde, which contributes to the total amount of
formed AOC. Observed average degradation for NDMA was 90.76%, which corresponds to a
conversion of 9.08 ug/L NDMA into degradation products. Assuming that the yield of AOC from the
converted compounds is 1 (i.e. all degradation products of ibuprofen, bromacil and NDMA are readily
available carbon substrates), the AOC formation from degradation of the model compounds is
estimated as follows:

AOC formationp =0.11* Cigy + 0,06 % Cgrp + 0.91 * Cypuma
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=22+0.6+9.08
=11.88 ug/!

Photolysis of atrazine, bromacil, ibuprofen and NDMA using MP lamps resulted in average degradation
levels of 63, 33, 41 and 85% respectively. MP-UV photolysis of atrazine results in loss of the alkyl
groups which increases AOC levels. Since the precise character of bromacil and ibuprofen degradation
products are unknown, it is assumed that those increase the AOC levels as well. MP-UV photolysis of
NDMA vyields the same products as LP-UV photolysis. Again, it is assumed that the yield of AOC from
converted compounds is 1, resulting in the following total estimate for AOC formation:

AOC formationyp = 0.63 * Cyrz + 0.41 % Cpy + 033 * Cpro + 0.85 * Capua

=63+82+33+85
=26 ug/L

Since the observed average AOC concentration resulting photolysis was near 25 pg/L (LP lamps) and
47 pg/L (MP lamps), it is concluded that the major contributor to the AOC levels in the effluent is the
conversion of dissolved organic material rather then the lost alkyl groups of the model compounds.

7.8.1.6 Conclusions regarding AOC formation

The concentration of AOC in the influent water is approximately 13 pg/l C. AOC formation is
significantly enhanced in the presence of H,0, using LP lamps (1140 m]/cm?) and MP lamps (850
mJ/cm?). Effluent AOC levels applying advanced oxidation (5 ppm H,0,) were determined twice and
the observed AOC concentrations were higher using LP lamps than using MP lamps: 81 and 47 ug/L
and 65 and 40 pg/L respectively. This does not correspond well with results found in other research:
LP-UV should result in lower AOC formation then MP-UV (IJpelaar et al., 2006, 2007). However, the
concentrations were determined only twice, this could simply be a coincidence; more measurements
are required for confirmation. Increasing the peroxide dose to 10 ppm vyields average AOC
concentrations of 64 pg/L C (LP lamps)) and 71 pg/l C (MP lamps). Applying only direct photolysis
yields AOC concentrations of 25 pg/L (LP lamps) and 47 pg/L (MP lamps).
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Figure 7.28: AOC formation using LP lamps (1140 mJ/cr?) and MP lamps (850 mJ/cn?)

From literature was concluded that UV fluencies <100 mJl/cm? did not result in significant AOC
formation (IJpelaar et al, 2007) regardless of the applied lamp type. Recent research (van der Maas et
al, 2009) showed that LP-UV resulted in a factor 1.5 increase in AOC concentrations (from 11 to 16
ug/L) at a fluency of 40 mJ/cm?. Since the applied LP-UV dose in this research is a factor 20 higher, it
is not surprising to find considerably higher AOC concentrations in the effluent. AOC formation is
higher using MP lamps than using LP lamps except when 5 ppm H,0, is dosed. However, only 2
measurements were performed for this latter experimental setting, so more measurements are
required to confirm it.

PWN Water Supply Company has implemented UV/H,O, in a full scale drinking water plant for
disinfection and degradation of organic micropollutants. The applied MP-UV dose of 600 m]/cm? and
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H,0, dose of 6 ppm resulted in AOC levels of 100-150 pg/L C (influent levels 5-33 pg/L), which is
considerably higher than levels found in this research: 46-89 ug/L (10 ppm H,0,, 850 mJ/cm?) and
40-65 pg/L (5 ppm H,0,, 850 ml/cm?). DOC levels found in pre-treated Lake IJssel water are 2.5
mg/L (Martijn et al, 2007) while pre-treated Meuse water contains 3.5 mg/L of DOC.

From the results can be concluded that AOC formation is enhanced in the presence of peroxide, since
more DOC can be oxidized. In general, the observed AOC formation by both reactors is relatively low
and similar levels for both reactors are observed in the presence of hydrogen peroxide.

7.8.2 Nitrite and nitrate

7.8.2.1 Nitrite formation

During the experimental period nitrate concentrations varied from 8.5 mg/L to 16 mg/L NOs".
Concentrations of nitrite measured in the influent are below the detection limit (<7 pg/L) and are
increased dramatically using MP lamps. The concentration of nitrite observed in the effluent of the MP
reactor varies from 0.44-0.68 mg/L NO;’, depending on the peroxide dose.

Results from collimated beam experiments performed by Sharpless et al (2003) show that H,0,
addition during polychromatic UV irradiation significantly increases the levels of formed nitrite
compared to solutions without hydrogen peroxide. Nitrite production rate is increased when the
hydrogen peroxide concentration is increased from 5 to 10 mg/L (Sharpless et al., 2003). However,
nitrite concentrations observed in the MP effluent during the research were highest in the absence of
hydrogen peroxe (0.61 mg/L). Dosing 5 and 10 ppm H,0, yields nitrite concentrations of 0.56 and
0.48 mg/L NO; respectively.
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Figure 7.29: Nitrite formation resulting from AOP using LP lamps (1140 mJ/cn?) and MP lamps (850 mJ/cn?),
N=7. Values portray means of observed concentrations, error bars represent minimum and maximum

PWN Water Supply Company has observed nitrite concentrations increase to 100-300 ug/ (average
160 pg/L) with a MP-UV dose of 600 mJ/cm? and 6 ppm H,0.. The nitrate concentrations in pre-
treated IJssel Lake water show a slightly lower range (6-12 mg/L), than the observed nitrate
concentrations during this research (8.5-12 mg/L). This latter fact combined with the higher applied
UV dose can explain way higher nitrite levels found in this research are higher.

Observed nitrite formation applying LP-UV is generally well below 0.015 mg/L, regardless of the
hydrogen peroxide doses and can be considered negligible, which is inline with results found in other
experiments. On September 3 2009 however, nitrite concentrations in the LP effluent were 0.07 mg/L
(10 ppm), 0.08 mg/L (5 ppm) and 0.1 mg/L (0 ppm). The quality of the pre-treated Meuse water on
this particular date was poor, having an UVT of only 50% and nitrite concentration of around 0.08
mg/L. On this date nitrite concentrations are slightly reduced by LP-UV in the presence of hydrogen
peroxide. It is concluded that a small part of the nitrite is oxidized by the hydroxyl radicals.
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Figure 7.30: Measured concentrations of nitrite

7.8.2.2 Nitrate conversion and formation

Since nitrite formation is a result of nitrate photolysis, it is expected that effluent concentrations of
nitrate are lower than the influent concentrations. From the measuring data the opposite can be
concluded; nitrate concentrations in LP effluent are increased slightly on several occasions by 0.07-
0.96 (average 0.3 mg/L NO3"). From the literature was concluded that photolysis of NDMA can yield
increased nitrite and nitrate concentrations (yield factors unknown), which can account for the
observed increment in nitrate. Applying the same reasoning as for AOC formation, one can conclude
that nitrate formation by the LP reactor (average of 300 pg/L) should have an other origin than NDMA
conversion, since the maximum NDMA conversion possible is 10 pg/L.

Nitrate (10 ppm H;0;) Nitrate (5 ppm H202) Nitrate (0 ppm H.0,)
12

& 8
Z 5
S
£ 4 INF
2 UVL-EF
0 I u UVM-EF
o R R &R & ¢ Ca R AR Y &
s R, s > 2 ! R R
S R N % e % e 8% % K R 5 %, %, ‘)‘9 % B n % %%
% %o, % oy Ry, G o % R, %, By B, ¢ %o %, 0, 0 Za 2, 0 &
o B T OV g %" % \qu % % %, % o D Vg, D D T ©
Date Date Date

Figure 7.31: Nitrate concentrations

7.8.2.3 Estimation of radical scavenging
Nitrite yield from nitrate photolysis can be estimated as follows:

[NO3|inr * @ = [NOZ_]expected

Formation of hydroxyl radicals is negligible in the absence of hydrogen peroxide. Therefore the actual
quantum vyield for nitrite can be estimated from the observed effluent [NO,] concentration in the
absence of hydrogen peroxide:

[NO7]ce

? =0yl

Where
[NO; J.. = observed concentration of nitrite in effluent, mmol/L
[NOs5 J; = observed concentration of nitrate in influent, mmol/L

The quantum vyield determined from the results is 0.082 using MP lamps while the yield factor using
LP lamps is only 0.002 (see table below).
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Table 7.20: Nitrite yield factor

Exp.no. [NOs;Iive [NO>lermp ®P200-300nm [NO2lerir ®a2541m

15-jul-09 0.138 0.013 0.0933 0.000314 0.002269
4-aug-09 - 0.013 - 0.000286 -
13-aug-09 - 0.012 - 0.000328 -
8-sep-09 0.157 0.013 0.0848 0.000371 0.002358
29-sep-09 0.160 0.013 0.0811 0.000328 0.002053
8-okt-09 0.163 0.013 0.0786 0.000321 0.001967
15-okt-09 0.182 0.014 0.0742 0.000314 0.001721
mean 0.160 0.013 0.0824 0.000323 0.002073

From the literature was concluded that nitrite yield from nitrate photolysis is 0.1 (IJpelaar, 2006,
Goldstein et al., 2007), which is close to the value 0.082 determined from the experimental results.
Values for nitrite yield at 254 nm are <0.001 (IJpelaar, 2006) or 0.065 using not mercury but xenon
lamps (Goldstein et al., 2007). The value determined from the experimental results is 0.0021.

Expected [NO,] concentrations using MP lamps are estimated with the date specific yields (see figure
below) as follows:

[NOZ_]expected(lo ppm) — [NO:%_]INF (10 ppm) * ¢date

The average [NO,] formation using MP lamps is estimated to be 0.012 mmol/L. The reduction in
nitrite concentrations resulting from radical scavenging can then be estimated as follows:

[Noz_]scav(lo ppm) = [Noz_]expected (10 ppm) — [NOZ_]UVM—EF (10 ppm)
When the peroxide dose is 10 ppm, approximately 0.0027 mmol/I of nitrite is oxidized and when the

peroxide dose is 5 ppm 0.0010 mmol/I of nitrite is oxidized. It is concluded that higher doses peroxide
result in lower concentrations of nitrite because more radicals are available for oxidizing nitrite.

Table 7.21: Radical scavenging nitrite

5 ppm H20; 10 ppm H;0:
date [NOsJint  [NO2Juvmer  [NO2]scav [NO2Juvmer  [NO2]scav
15-jul-09 0.14 - - 0.010 0.0034
4-aug-09 - 0.012 - 0.010 -
13-aug-09 - 0.011 - 0.009 -
8-sep-09 0.16 - - 0.011 0.0027
29-sep-09 0.16 0.012 0.0008 0.010 0.0026
8-okt-09 0.16 0.012 0.0014 0.011 0.0023
15-0kt-09 0.18 0.013 0.0009 0.011 0.0026
AVE 0.16 0.012 0.0010 0.010 0.0027
Nitrite (5 ppm H;0,) Nitrite (10 ppm H,0;)
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Figure 7.32: Expected nitrite concentrations (mmol/L) using MP lamps (850 mJ/cn?)
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7.8.3 Residual hydrogen peroxide

Effluent of both reactors was transferred to 2 L polyethylene bottles, prohibiting the penetration of
light. The bottles are stored in the supernatant water level above the dual media filters in the full-
scale treatment plant to guarantee a constant and representative water temperature. As can be seen
from the graphs below, the residual peroxide concentrations in the effluent of the reactors are high:
approximately 9.5 mg/L of the initial dose of 10 mg/L H,0, and 4.2-4.8 mg/L of the initial dose of 5
mg/L is not utilized during AOP. The graphs below show that the residual peroxide does react with the
water. However, repeating the experiment with bottles that are normally used for taking AOC samples
(e.g. bottles that are free of organic material), yields a different conclusion: degradation of residual
peroxide by the water matrix is negligible. This implies that somehow the samples collected and
stored in PE-bottles have become contaminated. Perhaps the PE-bottles were not completely water-
tight, resulting in intrusion of river water, causing the degradation of residual peroxide. It is also
possible that a biofilm was present on the surface of the PE-bottles, because they have not been
cleaned other then rinsing and shaking (4 times) with the sample water.

After discharge into infiltration ponds the water slowly passes through the soil. In the upper layers of
the water column sunlight can still penetrate and possibly degrade peroxide, which is simulated by
filling a house hold swimming pool with 2 m® AOP effluent. From the absorbance characteristic of
peroxide can be concluded that peroxide can absorb solar light (>250 nm) resulting in photolysis of
peroxide. However after a residence time of 80 hours, only 1.5 mg/L of residual H,O, has been
photolyzed.

It is concluded that degradation of residual peroxide by the water itself during transport and
photolysis of residual peroxide in the infiltration ponds is negligible. Post treatment of the effluent by
GAC filtration will be required for the removal of residual peroxide. PWN Water Supply Company has
implemented GAC filtration for the quenching of residual peroxide, biodegradation of AOC and re-
oxidation of nitrite into nitrate (Martijn et al., 2007).
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Figure 7.33: Degradation of residual hydrogen peroxide
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8. Conclusions and recommendations

8.1 Conclusions

Dunea Duin en Water is performing research to extend the current multiple barrier treatment with
advanced oxidation processes (AOP) via UV and hydrogen peroxide. AOP is an effective method for
converting organic micropollutants found in Dunea’s source - the river Meuse — into smaller, more
biodegradable substances. Mostly medium pressure mercury vapour ultraviolet lamps are used that
emit a broad spectrum of light, coinciding with the absorbance spectrum of many substances, which
results in a high photolytic capacity. Low pressure mercury vapour lamps emit ultraviolet light at just
one single wavelength (254 nm). Consequently, the direct photolysis of target substances is less
effective and the yield of hydroxyl radicals is lower compared to MP lamps. However, LP lamps have
advantages over MP lamps such as significantly lower energy consumption and fewer by products
(e.g. AOC, nitrite) are formed. The objective of this research is formulated as follows:

Performance comparison of low pressure versus medium pressure mercury vapour lamps in advanced
oxidation via UV/H-0,, by means of experimental research with a pilot scale set up.

In order to simulate the AOP, a pilot scale experimental set-up was built with a design flow of 5 m3/h
per reactor. Two reactors are used during the experiments: one reactor equipped with 4 medium
pressure mercury vapour ultraviolet lamps (P = 4.4 kW) and another reactor equipped with two
low pressure mercury vapour ultraviolet lamps (P = 1.32 kW). Atrazine, bromacil, ibuprofen and
NDMA are dosed to the influent which is abstracted directly from the full-scale plant after pre-
treatment by coagulation, microstraining and dual media rapid sand filtration. Hydrogen peroxide
concentrations are varied (0, 5 and 10 ppm) and static mixers are installed to ensure homogenic
water mixture and samples. The maximum UV dose in the MP-reactor is approximately 850 mJ/cm?
and the maximum UV dose in the LP-reactor is approximately 1140 ml/cm?. The UV doses are
estimates based on the information given by the suppliers which at the moment of writing have not
yet been confirmed by CFD modelling. Experiments have been performed between March and October
2009, using different combinations of UV and peroxide doses.

Although reduction in concentration of the model compounds - atrazine in particular - is the key
performance indicator, the degradation capacity should be judged in relation to the energy
consumption, the formation of undesirable by- and degradation products and the overall sensitivity
towards seasonal fluctuations.

Achieved degradation of atrazine should at least be 80%. Unfortunately that level is not reached yet:
the average degradation levels of atrazine achieved at maximum UV and peroxide doses using LP and
MP lamps are 72% and 75% respectively. However, the average degradation levels of atrazine may
not reach 80%; this level has been achieved once by both reactors. During this particular experiment,
the water quality of the pre-treated Meuse water was optimal: high UVT (>80%), low concentrations
of nitrate (8.65 mg/L NO5"), DOC (3.36 mg/L C) and bicarbonate (137 mg/L HCO3). The poorest
performances occurred when the quality of the pre-treated Meuse water was poor: high
concentrations of nitrate (16 mg/L NO3’), DOC (4 mg/L C) and bicarbonate (151 mg/L HCO5).
Observed degradation levels for bromacil, ibuprofen and NDMA using LP lamps (10 ppm H,0,) is
slightly higher than using MP lamps.

Performance comparison of achieved degradation based on variations in UV doses is difficult. The UV
dose is a reactor specific characteristic and varies due to hydraulic influences, refraction, reflection
and variations in water quality. Therefore a parameter known as the electrical energy per order EEO
(kWh/m®) is used, defined as the electrical energy in kWh required for achieving 1 log degradation of
a substance per unit of treated water. The EEO using LP lamps is considerably lower than the EEO
using MP lamps. This applies for all model compounds, except for ibuprofen and bromacil in the
absence of hydrogen because these substances cannot be degraded photolytically with
monochromatic UV irradiation at 254 nm. Determined EEO values for atrazine degradation in the
presence of 10 ppm H,0, are 0.48 kWh/m? (LP lamps) and 1.45 kWh/m? (MP lamps).
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From the results can be concluded that AOC formation is enhanced in the presence of peroxide, since
more DOC can be oxidized. In general, the observed AOC formation is relatively low and similar levels
for both lamp types (60-70 pg/L) are observed in the presence of 10 ppm H,0,. In the absence of
hydrogen peroxide, AOC formation using MP lamps (47 ug/L) is twice as high as AOC formation using
LP lamps (25 ug/L).

Observed nitrite concentrations using LP lamps is well below 0.015 mg/L, regardless of the hydrogen
peroxide doses and can thus be considered negligible. Nitrite concentrations observed in the MP
effluent during the research were highest in the absence of hydrogen peroxe (0.61 mg/L). Dosing 5
and 10 ppm H,0, yields nitrite concentrations of 0.56 and 0.48 mg/L NO,™ respectively.

Nitrate is the water matrix parameter with the largest influence on the performances of the reactors
because nitrate absorbs considerably more UV light then other water matrix parameters, especially
between 200-250 nm. Moreover, the characteristic of the UV absorbance by the influent is similar to
the characteristic of the UV absorbance by nitrate. The influence of higher nitrate concentrations on
the degradation of model compounds is stronger than the influence of other parameters such as
bicarbonate and DOC. Seasonal variations of nitrate concentrations can be used to estimate the
seasonal variations in performance of both reactors. Between December and March the performance
will be poor because nitrate concentrations are maximal (14-17 mg/L NOs"), resulting in lower UV
transmission. Nitrate concentrations decrease from 14 mg/L NOs™ in April to a minimum of 8.9 mg/L
NOs™ in August. During the summer period the performance will be better because the UVT is higher.
In September the concentrations of nitrate start to increase, resulting in poorer performance of both
reactors.

In order to define the proportion of photolysis and advanced oxidation to the total degradation of a
model compound by the LP reactor, multiple regression analysis is performed for the degradation of
individual compounds. These models are only valid for predicting and quantifying the degradation of
atrazine, bromacil and ibuprofen by the LP reactor for the conditions under which the experiments
were conducted. It is concluded that degradation of atrazine, bromacil and ibuprofen result primarily
from advanced oxidation: 59, 92 and 91% respectively. Degradation of NDMA can be fully attributed
to photolysis using monochromatic irradiation (254 nm). Constructing models for quantifying the
degradation mechanisms in the MP reactor was not successful.

Table 8.1: Summary performance comparison of LP vs. MP lamps

Degradation model Energy . .
compounds (%) performance Formation of by-products
AOC mg/L mg/L
ATZ BRO IBU NDMA EEO N
AT (ug/L ©) NO, H,0,
LP lamps
(1140 mJ/cm?) 72 74 78 90 0.48 64 (23-106) 0.01-0.015 9.5
MP lamps
(850 ml/cm?) 75 71 76 88 1.45 71 (51-90)  0.436-0.504 9.5

Considering all of the above it is concluded that the performance of low pressure mercury vapour
lamps in terms of degradation of model compounds, energy performance and nitrite formation is
superior to the performance of medium pressure mercury vapour lamps, when applied for advanced
oxidation. Photolysis induced by monochromatic irradiation at 254 nm using high UV doses (>1000
mJ/cm?) is only effective for degradation of NDMA. It is suspected that these high UV doses are
responsible for the fact that the amount of AOC formed in the presence of 10 ppm H,0, is similar to
the amount of AOC formed when medium pressure lamps are applied. Both lamp types are equally
sensitive to seasonal variations of nitrate concentrations in the pre-treated Meuse water. The levels of
residual peroxide in the effluents are equal as well.

8.2 Further research

The results of the research show that advanced oxidation using low pressure mercury vapour lamps
applying a peroxide dose of 10 pm and high UV doses (>1000 mJ/cm?) is effective for degradation of
atrazine, bromacil, ibuprofen and NDMA.
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The target level of 80% atrazine degradation will be reached when the UVT of the influent water is
increased from 75% to 83%. At the moment of writing, research towards improving the quality of the
pre-treated Meuse water is already being performed.

In literature it is reported that low water temperatures have large, adverse effects on the performance
of the low pressure lamps. At temperatures below 5° C, UV output becomes unpredictable and low
pressure lamps can fail to start. The influence of the water temperature could not be determined from
the results.

Because only a fraction of the dosed hydrogen peroxide is utilized during the AOP, residual
concentrations of peroxide in the effluent are high. A few experiments have been performed in order
to assess the amount of peroxide degradation during transport and outflow in the infiltration ponds.
The results indicate that peroxide degradation is small and post-treatment of the effluent by GAC will
be necessary.

Although the results show that advanced oxidation using low pressure lamps is a promising concept
for degradation of four specific organic micropollutants, further research is required for confirmation.
The selected model compounds are degraded adequately but during this research no experiments
have been performed using a spike cocktail containing the OMPs that are threatening the drinking
water production. This research also did not address the possible formation of toxic by-products
during AOP. Ongoing industry consultation (BTO red.) between Dunea, KWR Watercycle Research
Institute, HWL and other drinking water companies regarding the formation of genotoxic by-products
should yield more information.
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ANNEX A: Applied UV dosages

The UV dosage in a UV reactor can be determined by multiplication of the UV intensity (mW/cm?) and
the residence time T (s) in the reactor:

UV dose,p = Intensity (mW /cm?) * Time (s) (mJ/cm?)

The UV intensity is strongly dependent on the UV absorbance of the solution and hydraulic processes,
reflection, refraction in the reactor. Both the LP and MP reactor are equipped with a sensor that
measures the intensity at 254nm. For the LP the intensity is expressed in W/m? and the UV intensity
of the MP is expressed as a percentage. The residence time T in the LP reactor can be estimated with
the inner dimensions of the reactor (L = 1.325m, D = 0.215m) and the applied flow (5 m*/hr):

S L_ L 1,325 (m) i
= —= = 3 = 6s
v QA 40014 (mT)/
10,2152 (m2)

4

At every performed experiment, the observed UV intensity was recorded and the average values can
be found in figure A.1 below. From those average UV intensity values, the average UV dosages
(mJ/cm?) were determined. According to the supplier (ITT Wedeco), the average UV dose of the LP
reactor at a UV ballast is approximately 1000 mJ/cm?, which corresponds with the determined values.
It must be noted that the difference in UV dose between 80 and 60% ballast (370 mJ/cm?) is much
larger then between 100 and 80% ballast (140 mJ/cm?).

Average UV intensity LP
350 -
300 -
250 -
200 -
150 -
100 -
50 -

UV-I (W/m2)

100 80 60
UV ballast (20)

Average UV dose LP
1200 -
1000 -
800 -
600 -
400 -

UV dose (mJ/cm2)

200 -

100 80 60
UV ballast (20)

Figure A.1: UV intensity and dose (LP reactor)
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The MP reactor reports the UV signal as a percentage. According to the supplier (Berson), the UV
dose is 35-40 mJ/cm? (depending on the UVT of the water) for a design flow of 50 m>/hr. The applied
flow during the experiments is a factor 10 lower, hence the residence time, and thus the UV dose
should approximately be 10 times higher (850 mJ/cm?). The lamps are designed to emit 125% of the
design dose at the end of life time. Furthermore, the design dose of 35-40 mJ/cm? is emitted at the
minimum reactor ballast power to allow for higher doses when demanded. The relationship between
UV ballast and UV dose is a linear one according to the supplier. The determined average of the
measured UV intensities (%) confirm this assumption.

At 100% ballast power, the average UV intensity is 212% and at 60% UV ballast power the average
UV intensity was calculated to be 95%. An UV dose of 850 mJ/cm? should more or less correspond to
a measured UV intensity of 100%. Assuming the linearity between UV ballast, dose and intensity, the
UV dosages were estimated as followed:

UVIL, %
UV doseyp = Wx% * 400 (mJ/cm?)
Average UV intensity MP
250 -
200 -
'ge“ 150 -
=
> 100 -
50
0
100 80 60
UV ballast (20)
Average UV dose MP
1000
N 800 -
£
2
600 -
E
& 400 -
Q
1
2 200 -
D T

100 80 60
UV ballast (20)

Figure A.2: UV intensity and dose (MP reactor)
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Figure B.3: Measured DOC concentrations influent
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Acidity influent

pH

Figure C.4. Measured pH influent
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Figure B.5: Measured concentration bicarbonate influent
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Figure C.6.: Measured concentrations nitrate influent
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Figure B.7: Measured concentrations nitrite influent (detection limit = 0.007 mg/L)
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ANNEX C: Measuring data UPLC

Table C.1: data UPLC
UV intensity Influent (ug/L Effluent LP (pg/L) Effluent MP (ug/L)

date type | temp | UV | H202 | LP (W/cm?) | MP (%) | ATZ | BRO | 1BU | NDMA | ATZ | BRO | IBU | NDMA | ATZ | BRO | IBU | NDMA
05-03-2009 | 100/10 100 | 10 242 297 10.76 | 11.26 | 15.31 | 10.95 | 3.89 | 4.07 | 7.02 | 1.78 | 3.14| 4.14 | 7.19 | 0.00
05-03-2009 | 100/5 100 5 5.16 | 6.66 | 10.46 | 0.00 | 3.65| 573 | 7.69 | 0.00
05-03-2009 | 100/0 100 0 10.68 | 11.42 | 14.73 | 10.93 ] 6.89 | 10.88 | 13.17 | 1.27 ] 442 | 8.44 | 10.82 | 0.50
05-03-2009 | 80/10 80 10 205 243 12,18 [ 11.49 | 9.91 | 9.51 ] 4.52 | 5.07 | 8.08 | 2.90 | 407 | 520 | 8.02 | 2.70
05-03-2009 | 80/5 80 5 5.67 | 6.97 | 10.66 | 0.00 § 4.60 | 6.64 | 9.17 | 0.00
05-03-2009 | 80/0 527 | 80 0 10.48 | 11.63 | 15.44 | 11.39 | 6.84 | 10.22 | 1435 | 142 | 553 | 8.92 | 11.51 | 2.20
05-03-2009 | 60/10 | 5,27 | 60 10 10.68 | 11.44 | 14.47 | 10.69 ] 6.25| 6.75 | 9.38 | 4.84 | 564 | 6.46 | 8.60 | 4.93
05-03-2009 | 60/0 60 0 131 135 10.62 | 11.71 | 14.10 | 11.04 | 7.82 | 10.27 | 13.34 | 4.14 ] 6.77 | 9.77 | 11.76 | 1.30
07-04-2009 | 100/10 100 10 9.91 [12.51]1442 | 11.08 ] 3.16 | 4.12 | 5.06 1.04 1248 | 3.80 | 7.73 1.24
07-04-2009 | 100/5 100 5 9.39 [12.26 | 13.69 | 11.04 | 441 | 6.64 | 7.44 1.21 | 3.00 | 5.85 | 8.00 1.81
07-04-2009 | 100/0 100 0 9.62 | 12.58 | 13.45 | 11.06 | 5.62 | 11.73 [ 12.15| 1.24 | 3.77 | 8.70 | 10.83 | 2.04
07-04-2009 | 60/10 60 10 9.71 | 12.37 | 13.66 | 10.78 | 5.73 | 7.23 | 7.57 | 3.62 J 464 | 6.11 | 9.30 | 3.91
07-04-2009 | 60/5 60 5 12.68 [ 13.45| 10.73 | 6.44 | 942 | 9.59 | 4.03 ] 5.05| 742 | 9.79 | 3.84
07-04-2009 | 60/0 60 0 9.36 | 12.71 | 15.07 | 10.74 | 7.61 | 12.63 | 12.56 | 4.01 |} 5.42 | 9.22 | 12.22 | 4.30
20-04-2009 | 100/10 | 14,60 | 100 | 10 327 251 9.74 |10.63 | 12.44 | 10.78 | 3.18 | 3.49 | 434 | 1.08 J2.61 | 337 | 4.10 | 1.52
20-04-2009 | 100/5 | 14,60 | 100 5 327 251 9.89 | 10.85 | 10.13 | 10.86 | 4.28 | 5.78 | 579 | 1.35 §3.17| 499 | 527 | 1.79
20-04-2009 | 80/10 | 14,60 | 80 10 9.93 | 1046 | 11.62 | 10.70 ] 3.91 | 4.11 | 522 | 1.73 §3.53 | 438 | 593 | 2.40
20-04-2009 | 80/5 | 14,60 | 80 5 9.77 1 10.87 | 11.96 | 10.74 ] 499 | 6.27 | 7.30 | 1.69 | 440 | 594 | 7.06 | 2.57
20-04-2009 | 60/10 | 14,60 | 60 10 164 111 9.52 | 10.46 | 10.86 | 10.39 | 6.15| 7.36 | 8.25 | 3.75 | 4.89 | 556 | 7.21 | 3.92
20-04-2009 | 60/0 | 14,60 | 60 0 164 111 9.63 |11.00 | 11.49 | 10.81 | 5.67 | 6.07 | 596 | 3.64 § 548 | 6.99 | 7.09 | 4.01
28-04-2009 | 100/10 | 14,70 | 100 | 10 335 261 9.32 | 8.22 | 16.21 | 10.82 | 3.12 | 2.47 | 0.00 | 0.86 J2.51 | 2.60 | 6.21 | 1.31
28-04-2009 | 100/5 100 5 335 261 6.45 | 6.87 | 11.73 | 6.57 ] 410 | 4.20 | 7.66 | 0.00 J3.05| 3.48 | 6.35 | 0.00
28-04-2009 | 100/0 100 0 335 261 9.55 | 9.55 | 14.28 | 11.01 | 5.59 | 8.11 [ 13.76 | 1.12 | 3.85| 6.10 | 10.08 | 0.00
28-04-2009 | 60/10 60 10 174 117 9.67 | 9.63 | 17.76 | 9.99 ] 528 | 4.80 | 849 | 3.24 §499| 484 | 9.68 | 3.69
28-04-2009 | 60/5 60 5 174 117 941 | 9.63 | 16.73 | 8.13 ]| 6.14| 6.06 | 10.31 | 0.20 | 5.57 | 6.38 | 9.49 | 2.03
28-04-2009 | 60/0 | 15,00 | 60 0 174 117 9.45 | 9.29 | 1493 | 11.60 | 7.23 | 7.80 | 15.27 | 3.63 | 5.78 | 7.70 | 13.28 | 2.77
06-05-2009 | 100/10 100 | 10 10.28 | 10.60 | 13.76 | 10.54 | 3.01 | 2.68 | 2.99 | 0.85 J2.42| 2.69 | 2.65 | 1.40
06-05-2009 | 100/5 100 5 10.34 | 10.59 | 15.02 | 10.52 ] 4.29 | 5.28 | 5.06 | 1.03 | 3.12 | 4.17 | 577 | 147
06-05-2009 | 100/0 100 0 9.61 |10.85 | 15.21 | 10.27 | 5.91 | 10.19 [ 11.40 | 0.96 §3.71 | 6.37 | 8.25 | 1.58
06-05-2009 | 60/10 60 10 10.12 | 9.82 | 14.39 | 10.80 | 5.17 | 4.76 | 470 | 3.40 | 488 | 543 | 6.24 | 3.57
06-05-2009 | 60/5 60 5 10.17 | 10.96 | 15.97 | 10.39 ] 6.36 | 6.65 | 7.33 | 3.06 | 535| 6.32 | 7.34 | 3.70
06-05-2009 | 60/0 60 0 9.84 | 10.19 | 14.22 | 10.80 | 7.07 | 9.66 | 12.93 | 3.37 | 6.04 | 7.72 | 11.09 | 4.10
19-5-2009 | 100/10 100 10 350 246 10.27 | 9.35 | 1649 | 12.02 1 2.73 | 2.03 | 2.79 0.74 1247 | 295 | 2.84 1.07
19-5-2009 | 100/5 | 16,50 | 100 5 10.02 | 8.76 | 17.21 | 1191 ] 3.91| 420 | 575 | 0.00 | 3.06 | 4.58 | 4.96 | 0.00
19-5-2009 | 100/0 100 0 10.03 | 9.05 | 16.36 | 12.87 | 5.88 | 9.06 | 13.59 | 1.11 | 3.81| 7.31 | 9.27 | 0.00
19-5-2009 | 80/10 80 10 9.58 | 8.85 | 15.11 | 11.60 | 3.37 | 2.84 | 2.88 | 0.79 §3.39| 3.71 | 3.16 | 1.86
19-5-2009 80/5 80 5 10.16 | 9.06 | 1593 | 11.90 | 4.52 | 5.07 | 6.86 | 1.01 | 4.15| 5.11 | 6.52 | 0.00
19-5-2009 80/0 80 0 309 9.67 | 8.82 | 13.69 | 12.55]6.43 | 9.32 [ 15.01 | 1.25 | 481 | 7.64 | 10.39 | 1.99
19-5-2009 | 60/10 60 10 180 9.77 | 8.56 | 16.30 | 12.14 ] 5.25 | 4.91 5.99 2.12 §480 | 5.07 | 571 2.65
19-5-2009 60/5 60 5 9.93 | 840 | 16.34 | 12.59 ] 6.05 | 6.59 | 841 | 2.05 J5.34| 6.21 | 7.00 | 1.03
19-5-2009 60/0 60 0 9.88 | 8.91 | 15.69 | 10.86 | 7.49 | 9.91 | 16.08 | 2.23 | 6.14 | 8.44 | 11.64 | 2.14
2-6-2009 | 100/10 100 | 10 9.81 | 9.91 | 18.61 | 10.64 | 2.56 | 2.44 | 194 | 0.72 §2.19| 299 | 2.32 | 0.86
2-6-2009 100/5 100 5 9.75 | 10.10 | 17.86 | 11.22 1 3.61 | 469 | 411 | 0.60 §2.85| 477 | 5.69 | 0.81
2-6-2009 100/0 | 19,90 | 100 0 343 234 9.78 | 10.05 | 18.77 | 10.60 | 545 | 9.81 | 17.38| 0.53 | 3.61| 7.70 | 9.08 | 1.04
2-6-2009 | 80/10 80 10 9.79 |10.70 | 18.37 | 9.53 ] 2.86| 2.79 | 2.88 | 0.73 J3.26 | 3.97 | 4.86 | 1.51
2-6-2009 80/5 80 5 9.83 | 9.97 | 18.84 | 10.99 | 4.14| 5.07 | 4.70 140 | 3.77 | 5.71 6.74 2.23
2-6-2009 80/0 | 20,00 | 80 0 318 164 9.64 | 9.99 | 18.05( 10.89 297 | 2.78 | 2.10 | 0.68 | 3.36 | 415 | 4.19 | 1.55
2-6-2009 | 60/10 60 10 9.92 | 10.66 | 21.88 | 8.81 ] 4.68 | 475 | 6.63 | 1.41 439 | 524 | 6.11 | 3.00
2-6-2009 60/5 60 5 195 9.98 | 10.56 | 20.13 | 9.34 | 566 | 6.76 | 893 | 1.71 | 505 6.68 | 10.40 | 3.29
2-6-2009 60/0 | 20,00 | 60 0 195 105 9.83 | 10.55 | 18.86 | 9.50 | 7.17 | 10.33 | 19.47 | 1.77 | 5.84 | 8.77 | 11.64 | 3.47
11-6-2009 | 100/10 | 19,50 [ 100 | 10 335 225 9.87 | 9.57 | 1742|1144 ]3.75| 4.51 | 519 | 0.31 §296 | 469 | 5.04 | 042
11-6-2009 | 100/5 100 5 9.99 | 9.59 | 18.12 | 11.32 12,71 | 2.23 | 2.58 | 0.79 J 243 | 291 | 3.04 | 1.23
11-6-2009 | 100/0 100 0 9.90 | 9.51 | 17.06 | 11.78 ] 2.52 | 2.42 | 2.03 | 0.65 §2.22 | 295 | 2.44 | 0.82
11-6-2009 | 80/10 80 10 179 79 9.71 | 947 | 17.78 ( 10.11 | 3.13 | 2.82 | 295 | 0.81 | 3.30 | 3.88 | 4.04 | 1.57
11-6-2009 80/5 80 5 10.00 | 9.55 | 17.64 | 11.46 ] 429 | 5.09 | 6.18 | 1.13 ] 3.95| 544 | 6.00 | 1.06
11-6-2009 80/0 | 18,30 | 80 0 292 154 9.66 | 9.45 | 17.04| 11.66 | 296 | 2.83 | 2.22 | 0.75 ] 3.30 | 4.10 | 4.03 | 1.60
11-6-2009 | 60/10 | 18,40 | 60 10 9.76 | 9.57 | 17.29 | 10.73 | 5.27 | 4.92 | 6.04 | 2.25 479 | 501 | 6.02 | 2.80
11-6-2009 60/5 60 5 991 | 9.58 | 1745] 11.34 1 5.82 | 6.73 | 8.42 1.97 | 5.18| 6.53 | 8.46 2.22
11-6-2009 60/0 60 0 9.89 | 9.79 | 17.68 | 9.81 ] 4.62 | 4.83 | 6.13 | 1.37 J4.36| 484 | 598 | 3.24
23-6-2009 | 100/10 100 | 10 9.14 | 8.35 | 20.28 | 12.50 } 2.54 | 3.20 | 3.76 | 1.52 §2.77 | 242 | 3.08 | 1.29
23-6-2009 | 100/5 100 5 9.32 | 8.68 | 20.52 | 12.00 ] 3.97 | 5.27 | 6.20 | 1.11 J3.04| 433 | 595 | 1.90
23-6-2009 | 100/0 100 0 9.00 | 8.70 | 20.12 | 11.58 | 5.77 | 11.07 [ 18.29 | 1.10 §3.93 | 7.18 | 12.24 | 2.38
23-6-2009 | 80/10 80 10 9.19 | 9.17 | 19.81 | 1243 1 3.38 | 3.40 | 3.88 | 1.21 ] 349 | 3.90 | 5.12 | 2.53
23-6-2009 80/5 80 5 9.22 | 8.80 | 20.28 | 12.02 ] 4.52 | 5.95 | 7.97 | 1.29 | 406 | 531 | 8.04 | 2.78
23-6-2009 80/0 80 0 9.13 | 9.01 | 19.96 | 12.31 | 6.26 | 10.99 | 18.64 | 1.35 | 4.79 | 7.53 | 12.68 | 2.81
23-6-2009 | 60/10 60 10 9.38 | 9.31 | 20.66 | 11.54 | 5.18 | 546 | 7.24 | 243 | 487 | 518 | 7.88 | 3.99
23-6-2009 60/5 60 5 9.30 | 9.53 | 19.57 | 11.38 ] 6.17 | 7.78 | 10.69 | 2.29 | 5.14 | 573 | 10.37 | 4.75
23-6-2009 60/0 60 0 9.29 | 9.65 | 20.02 | 12.16 | 7.62 | 11.64 | 18.90 | 2.36 | 5.01 | 5.45 | 9.12 4.37
25-6-2009 | 100/10 | 20,40 | 100 10 345 215 9.56 [ 10.26 | 15.35 | 13.16 | 2.56 | 2.37 1.84 0.68 ] 223 2.70 | 2.39 1.46
25-6-2009 | 100/0 100 0 9.62 | 10.23 | 16.25| 13.65 | 540 | 9.64 | 14.55| 0.69 | 3.55| 7.09 | 9.12 | 1.71
25-6-2009 | 80/10 80 10 314 150 9.47 |10.05 | 15.20 | 13.82 ] 3.00 | 2.70 | 2.79 | 1.19 J3.23 | 3.77 | 3.94 | 233
25-6-2009 80/0 80 0 9.36 | 10.06 | 15.33 | 13.52 ] 5.99 | 9.64 | 14.15| 0.73 §4.52| 7.59 | 9.58 | 3.26
25-6-2009 | 60/10 60 10 196 96 9.57 |10.10 | 16.10 | 13.22 | 468 | 447 | 502 | 3.10 J 459 | 495 | 568 | 449
25-6-2009 60/0 60 0 9.57 | 10.12 | 16.55 | 13.17 | 7.54 | 10.17 | 15.27 | 2.91 | 5.83 | 8.11 | 10.60 | 4.29
9-7-2009 | 100/10 100 | 10 332 207 10.00 | 10.66 | 16.74 | 12.33 ] 2.71 | 2.42 | 2.18 | 1.61 J2.21| 270 | 2.74 | 1.94
9-7-2009 100/5 100 5 10.00 | 10.60 | 18.20 | 12.53 ] 3.62 | 449 | 444 | 153 | 2.76 | 424 | 421 | 2.07
9-7-2009 100/0 100 0 9.87 | 10.62 | 16.88 | 12.19 | 5.44 | 9.76 | 15.76 | 1.42 | 348 | 7.08 | 8.77 | 2.21
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9-7-2009 | 80/10 80 10 314 147 9.84 | 10.59 | 17.83 | 11.98 1 3.00 | 2.79 | 2.59 | 1.78 J3.08 | 3.56 | 3.65 | 2.93
9-7-2009 80/5 80 5 10.54 | 10.26 | 14.26 | 15.17 }4.06 | 4.94 | 532 | 1.76 ] 3.66| 5.15 | 534 | 2.55
9-7-2009 80/0 80 0 306 9.85 | 10.83 | 16.82 | 12.23 ] 5.83 | 9.91 [ 15.14| 1.86 | 450 | 7.75 | 10.10 | 3.37
9-7-2009 | 60/10 60 10 195 96 9.72 |1 10.59 | 16,42 | 11.84 1475 | 4.57 | 435 | 3.19 443 | 501 | 505 | 4.40
9-7-2009 60/5 60 5 9.85 | 10.59 | 16.16 | 12.18 | 5.61 | 6.45 | 8.21 | 3.15 | 499 | 6.27 | 7.80 | 4.29
9-7-2009 60/0 60 0 9.69 | 10.39 | 17.74 | 12.70 } 7.12 | 10.21 | 16.37 | 3.36 J 5.71 | 8.19 | 11.28 | 4.72
15-7-2009 | 100/10 | 21,40 [ 100 | 10 334 200 10.19 1 10.89 | 15.16 | 11.37 1230 | 2.33 | 2.75 | 1.14 §2.05| 2.66 | 3.92 | 1.28
15-7-2009 | 100/5 100 5 10.46 | 11.21 | 18.85| 11.82 1342 | 443 | 466 | 0.87 ] 2.81| 454 | 441 | 1.39
15-7-2009 | 100/0 100 0 11.04 | 11.41 | 17.35| 11.64 ] 6.25 | 10.39 | 14.55| 0.78 | 3.77 | 7.90 | 9.72 | 1.58
15-7-2009 | 80/10 80 10 130 8.52 | 9.82 | 1553 | 11.74]2.78 | 2.66 | 3.03 | 0.78 | 3.04 | 3.65 | 426 | 2.93
15-7-2009 80/5 80 5 315 9.70 | 10.54 | 13.01 | 11.02 1 3.97 | 5.06 | 6.20 | 0.99 J3.84 | 551 | 528 | 1.92
15-7-2009 80/0 80 0 308 10.79 [ 11.27 | 16.62 | 11.32 1 6.70 | 10.81 | 16.98 | 0.67 | 5.01 | 8.38 | 12.07 | 1.93
15-7-2009 | 60/10 60 10 91 8.19 | 9.46 | 10.07 | 10.99 | 4.00 | 4.34 | 526 | 2.02 J3.68| 447 | 597 | 3.56
15-7-2009 60/5 60 5 8.82 | 10.12 | 12.84 | 10.62 | 5.54 | 6.60 | 9.56 | 2.53 | 5.02 | 6.54 | 8.62 | 3.16
15-7-2009 60/0 60 0 1171 11.81 | 18.55 | 11.15 ] 8.16 | 11.08 | 16.61 | 2.74 ] 6.50 | 9.13 [ 12.16 | 3.52
23-7-2009 | 100/10 | 21,00 | 100 | 10 340 198 10.01 | 10.77 | 1445 | 11.1512.04| 2.17 | 234 | 1.27 §2.12| 2.80 | 2.81 | 148
23-7-2009 | 100/5 100 5 9.97 | 11.25|14.36 | 11.21 | 3.75| 498 | 584 | 0.99 | 3.88| 785 | 8.12 | 1.71
23-7-2009 | 100/0 100 0 11.04 | 11.94 | 1557 | 11.68 ] 5.92 | 10.73 | 12.65| 0.96 | 2.88 | 4.62 | 5.00 | 1.58
23-7-2009 | 80/10 80 10 310 138 11.89 | 11.85 | 14.17 | 11.38 | 6.64 | 10.75 | 15.25| 1.37 ] 5.18 | 8.47 | 9.58 | 2.55
23-7-2009 80/5 80 5 7.79 | 9.77 | 12,52 ( 10.99 | 2.58 | 2.71 | 3.40 | 1.14 J2.75| 3.66 | 3.75 | 2.22
23-7-2009 80/0 80 0 10.20 | 11.15| 14.92 | 10.50 §3.92 | 5.09 | 6.08 | 1.26 ] 4.05| 5.71 | 519 | 2.16
23-7-2009 | 60/10 60 10 191 91 9.22 |10.76 | 15.18 | 10.98 | 431 | 4.57 | 441 | 2.69 | 413 | 502 | 6.00 | 4.08
23-7-2009 60/5 60 5 10.01 | 11.04 | 15.68 | 11.09 ] 6.13 | 7.09 | 7.95 | 3.37 | 529 | 6.80 | 6.93 | 3.67
23-7-2009 60/0 60 0 10.62 | 11.52 | 16.34 | 11.51 ] 7.96 | 11.06 | 13.88 | 2.73 ] 6.51 | 8.92 [ 9.93 | 4.34
30-7-2009 | 100/10 | 21,30 | 100 | 10 345 199 10.07 | 13.30 | 11.37 | 10.17 230 | 2.91 | 2.63 | 0.84 | 2.18 | 3.64 | 2.47 | 0.96
30-7-2009 | 100/5 100 5 10.49 | 14.48 | 13.24 | 10.75 1 3.88 | 6.20 | 4.79 | 0.58 ] 298 | 6.09 | 3.67 | 1.47
30-7-2009 | 100/0 100 0 335 11.65 | 15.19 | 14.79 | 10.96 ] 6.30 | 13.34 | 12.80 | 0.60 | 3.60 | 7.52 | 8.06 | 1.08
30-7-2009 | 80/10 80 10 318 138 9.13 | 12.70 | 12.68 | 10.40 | 2.97 | 3.43 | 245 | 0.90 | 3.14| 515 | 439 | 2.68
30-7-2009 80/5 80 5 311 10.66 | 13.58 | 15.22 | 10.04 | 4.39 | 6.87 | 432 | 0.56 | 3.74| 7.06 | 4.76 | 2.38
30-7-2009 80/0 80 0 11,78 | 15.20 | 16.43 | 11.01 ] 7.01 | 12.80 | 13.67 | 0.16 | 5.46 | 10.96 | 11.14 | 2.61
30-7-2009 | 60/10 60 10 198 91 9.42 | 13.57 | 12.76 | 11.09 | 4.67 | 6.08 | 432 | 1.67 | 448 | 6.37 | 419 | 3.85
30-7-2009 60/5 60 5 943 | 11.11 | 12,68 | 7.71 | 551 | 842 | 824 | 2.30 J455| 6.63 | 546 | 2.07
30-7-2009 60/0 60 0 195 11.91 | 13.08 | 14.26 | 6.05 | 8.97 | 11.38 | 15.72 | 0.59 ]} 6.58 | 9.36 | 9.11 | 1.18
4-8-2009 | 100/10 | 21,70 [ 100 | 10 10.01 [ 11.20 | 16.83 | 11.11 1248 | 240 | 134 | 1.04 ] 2.27 | 3.06 | 0.00 | 1.09
4-8-2009 100/5 100 5 10.08 | 11.05 ] 15.01 | 11.64 13.89 | 494 | 3.98 | 1.01 J2.85| 4.82 | 448 | 1.62
4-8-2009 100/0 100 0 11.64 [ 1247 |1 1529 | 11.29 16.44 | 11.70 | 12.66 | 0.93 | 3.85| 8.45 | 9.00 | 2.33
4-8-2009 | 80/10 80 10 8.81 | 949 |13.39| 11,57 13.18 | 3.16 | 1.37 | 1.52 §3.28 | 424 | 491 | 2.77
4-8-2009 80/5 80 5 10.69 | 12.02 | 15.10 | 11.86 J4.21 | 549 | 4.86 | 1.11 ] 393 | 592 | 5.16 | 3.07
4-8-2009 80/0 80 0 11.24 112,41 | 16.70 | 11.57 1 6.61 | 11.38 | 15.97 | 1.08 | 481 | 8.70 | 8.85 | 2.96
4-8-2009 | 60/10 60 10 9.60 | 11.18 | 13.27 | 11.46 | 5.05 | 4.77 | 595 | 2.83

4-8-2009 60/5 60 5 9.48 | 10.62 | 13.55 [ 11.31 ] 597 | 7.08 | 9.35 | 3.10 | 5.16 | 6.94 | 6.44 | 4.17
4-8-2009 60/0 60 0 11.08 | 12.11 | 20.64 | 10.60 | 8.29 | 11.90 | 21.96 | 2.66 | 6.44 | 9.64 [ 11.56 | 4.82
13-8-2009 | 100/10 | 21,80 [ 100 | 10 325 191 10.70 | 11.70 | 13.20 | 9.90 ] 2.90| 2.90 | 2.50 | 1.00 §2.70 | 3.40 | 2.90 | 1.50
13-8-2009 | 100/5 100 5 10.90 | 11.90 | 13.60 | 10.10 ] 4.30 | 5.40 | 4.90 | 1.10 | 3.40 | 5.10 [ 4.00 | 1.40
13-8-2009 | 100/0 100 0 10.50 | 12.50 | 12.90 | 10.10 § 6.50 | 11.30 | 14.40 | 1.00 J 450 [ 7.90 | 9.40 | 1.80
13-8-2009 | 80/10 80 10 195 133 11.00 | 12.00 | 12.10 | 9.90 ] 3.50 | 3.40 | 2.10 | 1.30 | 4.00 | 4.40 | 3.10 | 2.30
13-8-2009 80/5 80 5 10.90 | 11.80 | 14.70 | 10.00 } 4.70 | 6.00 | 4.70 | 1.30 | 4.50 | 5.50 | 5.40 | 2.40
13-8-2009 80/0 80 0 11.10 | 12.20 | 11.10 | 10.20 | 7.10 | 11.20 | 13.40 | 1.20 | 5.60 | 8.80 | 10.50 | 2.70
13-8-2009 | 60/10 60 10 10.70 | 12.20 | 14.70 | 9.80 ] 5.30| 5.20 | 5.70 | 2.40 ] 5.70 | 5.70 | 4.50 | 3.20
13-8-2009 60/5 60 5 186 91 10.70 | 11.60 | 12.20 | 9.90 1 6.70 | 7.50 | 6.80 | 2.80 | 6.50 | 7.40 | 9.80 | 3.30
13-8-2009 60/0 60 0 11.10 | 12.00 | 12.40 | 10.10 } 8.30 | 11.60 | 13.20 | 2.70 | 7.00 | 9.50 [ 12.70 | 3.70
20-8-2009 | 100/10 | 23,70 | 100 | 10 189 11.03 | 11.52 | 17.61 | 1145 13.00 | 2.93 | 3.06 | 1.00 J2.60| 3.21 | 3.60 | 1.53
20-8-2009 | 100/5 100 5 319 11.29 | 11.68 | 14.11 | 10.91 ] 4.02 | 524 | 6.17 | 1.00 | 3.30 | 491 | 545 | 1.79
20-8-2009 | 100/0 100 0 10.87 | 11.47 | 15.02 | 10.52 ] 6.22 | 10.69 | 14.88 | 0.86 | 4.01 | 7.73 [ 10.09 | 1.94
20-8-2009 | 80/10 80 10 11.20 | 11.41 | 16.30 | 10.84 } 6.62 | 10.71 | 17.33 | 1.33 ] 3.54 | 4.23 | 463 | 2.16
20-8-2009 80/5 80 5 311 132 10.99 | 11.38 | 16.78 | 11.14 ] 3.31 | 3.15 | 0.00 | 0.90 | 4.26 | 591 | 558 | 247
20-8-2009 80/0 80 0 11.15 | 11.38 | 15.64 | 10.82 4.62 | 5.80 | 583 | 1.04 ] 5.21 | 8.65 | 11.62 | 3.05
20-8-2009 | 60/10 60 10 206 87 11.02 | 11.47 ] 19.10 | 10.66 ] 5.00 | 4.92 | 5.27 | 2.24 | 5.03 | 547 | 7.21 | 3.56
20-8-2009 60/5 60 5 11,16 | 11.57 | 17.99 | 10.78 ] 6.14 | 7.10 | 8.17 | 249 | 552 | 6.93 | 8.62 | 3.56
20-8-2009 60/0 60 0 10.70 | 11.36 | 17.66 | 10.95 ] 7.85 | 10.78 | 17.33 | 2.37 ] 6.29 | 9.14 [ 14.10 | 4.24
26-8-2009 | 100/10 100 | 10 332 186 11.39 112,32 | 18.64 | 10.23 1 2.83 | 3.10 | 3.58 | 0.78 J2.52 | 3.47 | 400 | 1.33
26-8-2009 | 100/5 100 5 10.62 | 12.31 | 15.77 | 10.56 J4.11 | 5.80 | 582 | 0.85 ] 3.11 | 5.18 | 5.04 | 1.27
26-8-2009 | 100/0 100 0 10.71 [ 12.31 ] 16.19 | 10.83 ] 6.24 | 11.85| 1496 | 0.62 | 4.12| 8.68 | 8.50 | 1.63
26-8-2009 | 80/10 80 10 11.30 [ 13.50 | 14.88 | 11.60 | 3.11 | 3.35 | 3.05 | 1.13

26-8-2009 80/5 80 5 10.43 | 12.00 | 17.37 | 10.31 ] 4.52 | 6.17 | 6.91 | 0.89 | 4.18 | 6.19 | 559 | 2.28
26-8-2009 80/0 80 0 305 130 10.75 | 12.27 | 16.38 | 10.66 | 6.46 | 11.45| 12,92 | 1.08 | 5.16 | 9.12 | 10.50 | 2.39
26-8-2009 | 60/10 60 10 11.37 | 13.02 | 14.35 | 10.69 | 7.62 | 11.74 | 16.84 | 2.49 ] 6.34 | 9.71 | 11.98 | 4.00
26-8-2009 60/5 60 5 186 91 10.59 | 12.23 | 17.10 | 10.70 | 5.90 | 7.54 | 7.31 | 235 | 5.71| 7.74 | 8.03 | 3.20
26-8-2009 60/0 60 0 10.85 | 12.40 | 15.54 | 10.43 ] 8.58 | 12.13 | 14.40 | 2.55 ] 6.34 | 10.12 | 10.85 | 3.58
3-9-2009 | 100/10 | 20,10 | 100 | 10 10.21 | 11.65 | 15.25] 10.09 §2.63 | 3.11 | 461 | 0.60 J2.23| 333 | 484 | 1.70
3-9-2009 100/5 100 5 347 198 10.02 | 11.93 ] 19.12 | 9.58 ]13.76 | 5.58 | 8.08 | 0.64 | 2.67 | 496 | 6.45 | 1.65
3-9-2009 100/0 100 0 10.22 | 11.75] 15.76 | 8.20 | 5.37 | 10.87 | 15.27 | 0.42 | 3.63 | 8.07 [ 12.10 | 2.14
3-9-2009 | 80/10 80 10 10.39 | 11.86 | 21.67 | 9.01 13.01 | 3.20 | 467 | 1.30 J3.26 | 4.19 | 6.54 | 2.39
3-9-2009 80/5 80 5 10.40 | 11.76 | 20.81 | 9.91 J4.48 | 594 | 858 | 1.51 ] 4.06| 599 | 7.03 | 3.29
3-9-2009 80/0 80 0 10.88 | 12.10 | 20.00 | 9.10 ] 6.33 | 11.03 | 18.57 | 0.83 | 4.87 | 8.75 [ 12.74 | 2.70
3-9-2009 | 60/10 60 10 10.27 | 11.65 | 19.44| 9.96 14.96 | 546 | 7.01 | 2.17 | 525| 6.62 | 856 | 2.57
3-9-2009 60/5 60 5 181 87 10.07 | 11.62 | 15.80 | 10.51 ] 6.06 | 7.47 | 10.38 | 2.63 | 591 | 8.60 | 9.53 | 3.08
3-9-2009 60/0 60 0 10.30 | 11.55 ] 19.45| 9.24 | 7.47 | 10.98 | 18.97 | 2.85 | 7.06 | 11.17 | 16.30 | 3.65
8-9-2009 | 100/10 100 | 10 1149 111.62 | 1790 | 11.08  3.16 | 3.20 | 443 | 144 ] 2.80| 3.60 | 401 | 1.55
8-9-2009 100/0 100 0 11,52 1 11.82 | 19.81 | 10.22 ] 6.54 | 11.42 | 1498 | 0.86 | 4.28 | 8.73 | 9.54 | 2.01
8-9-2009 | 80/10 80 10 11.08 | 11.62 | 19.79 | 11.03 §3.50 | 3.58 | 5.25 | 1.52 ] 3.82| 4.85 | 534 | 2.52
8-9-2009 80/0 80 0 11391 11.95]21.91 | 11.61 ] 7.03 | 11.22 | 16.85 | 1.43 | 550 | 9.17 | 9.92 | 2.70
8-9-2009 | 60/10 60 10 11,20 | 11.38 | 19.78 | 1140 | 581 | 6.16 | 737 | 3.05 | 5.16 | 6.10 | 6.67 | 3.87
8-9-2009 60/0 60 0 10.97 | 11.78 | 17.95 | 11.04 ] 8.56 | 11.58 | 18.14 | 2.83 ] 6.95 | 10.01 [ 14.23 | 4.30
15-9-2009 | 100/10 | 17,70 ] 100 | 10 11.23 ] 144411548 | 1030 ] 3.15] 3.63 | 3.21 | 1.14 ]2.78| 4.02 | 3.84 | 1.92
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15-9-2009 | 100/5 100 5 331 190 11.54 | 14.90 | 17.75| 10.88 ] 4.58 | 6.87 | 5.75 | 1.07 | 3.46 | 6.41 | 451 | 1.72
15-9-2009 | 100/0 100 0 11.02 | 15.27 | 15.17 | 11.21 1 6.50 | 13.29 | 15.47 | 1.06 ] 439 | 9.80 | 10.64 | 2.25
15-9-2009 | 80/10 80 10 303 134 10.97 | 14.38 | 12.56 | 10.66 | 3.63 | 4.15 | 2.94 | 1.32 ] 3.90 | 5.20 | 6.00 | 2.29
15-9-2009 80/5 80 5 11.27 1 14.32 |1 13.95| 10.53 1 4.99 | 7.23 | 6.56 | 1.17 | 452 | 746 | 7.04 | 2.62
15-9-2009 80/0 80 0 11.87 | 14.83 | 17.23 | 10.53 ] 6.91 | 13.22 | 17.65 | 1.68 ] 5.58 | 10.50 | 14.00 | 2.80
15-9-2009 | 60/10 60 10 165 89 10.66 | 13.91 | 20.19 | 10.34 ] 5.86 | 7.08 | 7.53 | 297 | 541 | 6.69 | 737 | 3.74
15-9-2009 60/5 60 5 10.89 | 14.04 | 16.30 | 10.11 J 6.86 | 9.32 | 9.48 | 2.99 ] 6.03 | 8.70 | 8.00 | 3.97
15-9-2009 60/0 60 0 11.00 | 14.27 | 19.87 | 10.45 ] 8.42 | 13.49 | 17.43 | 2.90 | 6.73 | 11.26 [ 11.58 | 4.27
29-9-2009 | 100/10 | 17,30 | 100 | 10 331 198 1097 | 17.72 | 2.16 | 11.12 13.10| 493 | 1.04 | 1.75 J2.71| 512 | 099 | 1.90
29-9-2009 | 100/5 100 5 1124 117.94] 1.93 | 10.76 ] 433 | 831 | 1.22 | 1.20 | 3.47| 7.98 | 1.17 | 2.03
29-9-2009 | 100/0 100 0 11.08 | 17.95] 2.07 | 9.86 ] 6.47 | 16.44 | 1.81 | 1.42 | 4.51 | 12.61 | 1.60 | 2.04
8-10-2009 | 100/10 | 16,10 | 100 | 10 10.39 [ 11.89 | 2.92 | 9.46 |3.36 | 3.87 | 2.21 | 143 |2.82| 3.72 | 2.26 | 1.86
8-10-2009 | 100/5 100 5 10.35 | 11.61 | 3.02 | 10.25 14.17 | 539 | 2.21 | 1.64 |3.13| 493 | 237 | 2.02
8-10-2009 | 100/0 100 0 316 197 9.98 | 11.27 | 3.07 | 9.82 ]16.06 | 9.82 | 293 | 1.38 J 403 | 737 | 2.65 | 3.05
8-10-2009 | 80/10 80 10 277 141 9.65 | 10.67 | 2.94 | 9.28 |3.82 | 3.95 | 235 | 148 | 3.61 | 424 | 2.24 | 2.63
8-10-2009 80/5 80 5 9.69 | 11.11| 3.05 | 9.59 | 466 | 591 | 245 | 2.01 J4.18| 567 | 2.54 | 3.11
8-10-2009 80/0 80 0 9.36 | 10.46 | 3.08 | 891 ]6.38| 9.71 | 3.03 | 1.89 J505| 7.55 | 2.89 | 2.85
8-10-2009 | 60/10 60 10 147 94 10.04 | 10.66 | 2.95 | 9.01 1574 | 6.00 | 245 | 3.85 | 495| 529 | 2.57 | 446
8-10-2009 60/5 60 5 9.40 [10.23 ]| 291 | 9.25 | 643 | 7.57 | 2.82 | 442 | 561 | 6.54 | 2.56 | 4.06
8-10-2009 60/0 60 0 9.47 | 10.49 | 3.28 | 9.64 | 7.76 | 9.76 | 3.09 | 4.52 } 6.19 | 8.22 | 2.58 | 4.15
15-10-2009 | 100/10 | 16,30 | 100 | 10 10.72 1 11.76 | 2.25 | 10.86 }3.19| 3.35 | 0.90 | 1.59 J2.89| 3.82 | 1.10 | 2.03
15-10-2009 | 100/5 100 5 323 202 10.76 | 11.85| 2.26 | 1147 ] 4.44| 597 | 1.32 | 141 |3.47| 552 | 1.03 | 1.70
15-10-2009 | 100/0 100 0 10.57 [ 11.73 ] 2.21 | 11.11 16.58 | 11.30 | 2.09 | 1.84 | 443 | 871 | 161 | 2.60
15-10-2009 | 80/10 80 10 266 144 10.77 | 11.87 | 2.18 | 11.30 | 4.12 | 454 | 1.07 | 2.09 | 3.94| 4.88 | 1.20 | 2.86
15-10-2009 | 80/0 80 0 10.27 | 11.51] 2.21 | 10.89 1 7.25|11.10 | 1.94 | 2.19 | 549 | 9.14 | 1.55 | 3.49
15-10-2009 | 60/10 60 10 10.63 | 11.54 | 2.18 | 11.01 } 6.37 | 6.90 | 1.27 | 4.33 ] 5.36| 6.18 | 1.31 | 3.81
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Graphs degradat

ANNEX D

In this annex the determined degradation for atrazine, bromacil, ibuprofen and NDMA by the LP and
the MP reactor are depicted for all experimental settings are depicted. In parenthesis of the title the

settings are depicted

100/10 for instance, refers to a setting with 100% ballast power of the reactor

and a dose of 10 ppm H,0,,
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Atrazine degradation LP (100/10)
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Atrazine degradation, full ballast power

Figure D. 1

Atrazine degradation MP (80/10)

Atrazine degradation LP (80/10)
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Atrazine degradation MP (80/5)

Atrazine degradation LP (80/5)
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Atrazine degradation, 80% ballast power

Figure D.2

Atrazine degradation MP (60/10)

Atrazine degradation LP (60/10)

*

L 4
*

o o o o o
© 1n T m «

(%) uonepesbaq

6002-01-ST
6002-01-8
6002-6-ST
600¢-6-8
600¢-6-€
600¢-8-9¢
600¢-8-0C
600C-8-€T
600¢-8-
600¢-£-0€
600¢-£-€£C
6002-£-ST
600¢-£-6
600¢-9-5¢
6002-9-€£¢
6002-9-TT
6002-9-¢
6002-5-61
6002-50-90
600¢-+0-8¢C
6002-+0-0C
600¢-+0-£0
6002-€0-S0

Atrazine degradation MP (60/5)

6002-0T-ST
600C-0T-8
6002-6-ST
6002-6-8
6002-6-€
600¢-8-9¢
600¢-8-0¢
600C-8-€T
600¢-8-
600¢-£-0€
600C-£-€C
6002-£-ST
6002-£-6
600¢-9-5¢
600¢-9-£¢
600C-9-TT
600¢-9-C
6002-5-6T
6002-50-90
600¢-¥0-8¢
600¢-+0-0¢
600¢-+0-£0
600¢-€0-S0

Atrazine degradation LP (60/5)
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Atrazine degradation LP (60/0)
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Atrazine degradation, 60% ballast power

Figure D.3
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Bromacil degradation MP (100/10)

Bromacil degradation LP (100/10)
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Bromacil degradation MP (100/5)

Bromacil degradation LP (100/5)
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Bromacil degradation, full ballast power

Figure D.4

Bromacil degradation MP (80/10)

Bromacil degradation LP (80/10)
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Ibuprofen degradation MP (100/5)

Ibuprofen degradation LP (100/5)
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Ibuprofen degradation MP (60/10)

Ibuprofen degradation LP (60/10)
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NDMA degradation MP (100/5)

NDMA degradation LP (100/5)
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Figure D.10: NDMA degradation, full ballast power

NDMA degradation MP (80/10)

NDMA degradation LP (80/10)
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Figure D.11: NDMA degradation, 80% ballast power
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NDMA degradation MP (60/10)

NDMA degradation LP (60/10)
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Figure D.12: NDMA degradation, 60% ballast power
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ANNEX E: Outlier strategies

The concentrations of model compounds in the samples are determined by HWL via Ultra Performance
Liquid Chromatography (UPLC) analysis, a method to separate, identify, and quantify compounds.
Unfortunately the accuracy and thus the reliability of the measurements was poor due to a problem
with the UPLC apparatus between June and August. On multiple occasions the measured effluent
concentrations were higher than the measured influent concentrations. This problem occurred
primarily with ibuprofen and bromacil at experimental settings with 0 ppm H,0,. HWL stated that
ibuprofen is a difficult parameter to measure. Samples for the UPLC analysis have been stored in the
freezer (at T = -20 °C) until the problems at HWL were solved. Fortunately freezing did not influence
the concentrations of model compounds.

Between September 15" and October 15, the reported results again deviated from normal results.
The influent concentrations for ibuprofen were a factor 10 too low and the influent concentrations of
Bromacil were a factor 1.5 — 2.0 too high. The effluent concentrations of both compounds were also
not inline with the expectations. For atrazine and NDMA the concentrations seem to be correct. It was
decided to disregard al measured concentrations of ibuprofen and bromacil between September 15™
and October 15%

Closer inspection of all measurements at specific settings via SPSS interval diagrams and trend graphs
constructed with Excel yielded multiple outliers. For each outlier it was determined whether the value
should be attributed to influences of the process performance or to poor measuring results. When it
was absolutely clear that the occurrence of the outlier can be fully attributed to poor measuring
results, the measured value has been disregarded from the analysis. For instance, ibuprofen
degradation using LP lamps at minimum UV ballast in the absence of hydrogen peroxide, cannot reach
levels of 50 or 60% and are therefore disregarded. On several occasions effluent concentrations were
higher then influent concentrations; the corresponding negative values for degradation have been
replaced with 0. Fortunately enough data remained for statistical analysis. Measurements of atrazine
on the other hand were very constant and no outliers could be discovered.
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Figure E.1: Outliers, example
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ANNEX F: Statistical analyses

Definitions
Definitions and equations adapted from Hair et al. (2006), Dekking et al. (2004) and de Vocht (2000)

Adjusted coefficient of determination (adjusted R?)

Modified R? that takes into account the number of independent variables that are included in the regression
equation and the size of the sample. Statistic can be used for comparison between equations with different
numbers of independent variables, sample sizes or both.

Beta coefficient
Standardized regression coefficient, allowing direct comparison between the relative explanatory power of the
independent variables.

Coefficient of determination (R?)
Measure for the proportion of variance of the dependent variable Y that is explained by the independent variable
X. The coefficient can vary from 0 (no variance explained) to 1 (all variance explained).

Collinearity / multicollinearity

Expression of a relationship between two (collinearity) or more (multicollinearity) independent variables. Two
independent variables exhibit complete collinearity if their correlation coefficient is 1 and completely lack
collinearity when their correlation coefficient is 0.

Multicollinearity occurs when a single independent variable X; is highly correlated (>0.3) with a set of other
independent variables X.

Correlation coefficient (r)

Describes the strength and direction of a linear relation between any two metric variables X and Y, regardless of
the individual measuring scales, expressed as a number between -1 and +1. The correlation is equal to the
covariance divided by the product of the standard deviations of X and Y:

Cov(X,Y) YX—X)- (Y- ?)%
Cor(X,Y)=r= -
J [sx-x24]-[2 -1y 4]

T ostd(X) - std(Y)

Covariance
Measure that describes the linear relation between two variables X and Y. Covariance between a variable X with
expected value X and Y with expected value Y is defined as:

Cov(X,Y) = Z(X —X.- ?)%

XY
o..‘
°
v e %o
® o
@ e 0
) .o.
X X,

Figure F.1: Covariance

If the two variables are independent (no relation exists), the covariance is 0. A drawback of the measure
covariance is that the strength depends on the measuring scale of the variables. A more appropriate measure to
describe a linear relation between two variables is the correlation

Degrees of freedom (df)

Equal to the total number of observations minus the number of estimated parameters. Degrees of freedom
provide a measure of how restricted the data are to reach a certain level of prediction. If the number of df is
small, the resulting prediction may be less generalizable because all but a few observations were included in the
prediction. A large df value indicates that the prediction is fairly robust with regard to being representative to the
entire data set.
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F-value and W-value

With the Levene’s test on equality of variances, the test statistic W is determined and its significance is tested
against F, where F is a quantile of the F test distribution. The Levene's test rejects the hypothesis that the
variances are equal for all defined groups if:

_ Wk ¥ Nz —2)
C (k-1 pa Z?’il(zz’j —Z;)?

> F(a,k—1,N — k)

= level of sfgnificance = 0.05

= result of the test;

= number of different groups

= total number of samples,

= number of samples in the ith group,

= value of the jth sample from the ith group,
= mean ith group

= mean of Z; for group i

= mean of Z; for all values

=Yy,

RN o B

In the output generated by SPSS, the value of F is given and its level of significance. Small F-values with a
significance >0.05 means that hypothesis 0 (equal variances) should not be rejected.

Homoscedasticity
The dependent variable Y has a constant variance for all values of the independent variable X. Can be tested with
Levene’s test on equality of variances.

Linearity

Linear models predict values that fall in a straight line by having a constant unit change of the dependent variable
Y for a constant unit change of the independent variable X. In other words: the relation ship between X and Y is
a linear one, the strength of which is expressed by the correlation.

(Multiple) regression analysis
Regression analysis can be used to describe a linear relation between a dependent variable Y and one or multiple
independent variables X. The results can be used for predicting the value of Y or to explain the contribution of a
specific variable X to the total amount of explained variance. The model is only valid when the following criteria
are met:

- linearity

- homoscedasticity

- normality

Normality
Multiple regression analysis requires that the distribution of the observed values F(Y) is normal or Gaussian:

X—-X
F(Y) = ¢<T>

If the sample size is large enough (>30) then the distribution is also considered to be normal.

The graph of the associated probability density function of a normal distribution is bell-shaped with a peak at the
mean value. The F-test and t-test used in regression analysis require a normal distribution, otherwise the test
results become unreliable.

In a graph such as the normal Q-Q plot the actual distribution is plotted against a 45 degree angled line. If the
values deviate too much form the line, the distribution cannot be considered Gaussian. Furthermore, with
Kolmogorov-Smirnov test, the normality of the distribution can be explored.

The probability density function of a random variable with a normal distribution is:

B )
fl) = oy A

And the corresponding distribution function is given by:

L
Fla) = f_mam ¢’ dx

With the Kolmogorov-Smirnov test the Z-value is calculated and compared to a table of critical values of D, for a
given sample size. For samples with a size n >35 for instance, the critical value at the 0.05 level of significance is
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approximately 1.36/vn . If the calculated Z is lower then the critical value, the null hypothesis (distribution is
normal) cannot be rejected. The Z value is the largest absolute difference between the cumulative observed
proportion and the cumulative proportion expected from a normal distribution:

Zy = sup|F(y) — F(a)l

The corresponding p-value (level of significance) is calculated. If p >0.05 then the distribution of the sample can
be considered normal.

Part correlation

Measures the strength of the relationship between a dependent variable Y and a single independent variable X;
when the predictive effects of other independent variables in the regression model are removed. It portrays the
unique predictive effect due to a single independent variable among a set of independent variables.

Partial correlation

Measures the strength of the relationship between a dependent variable Y and a single independent variable X;
when the predictive effects of other independent variables in the regression model are held constant. For
example r(Y, X,, X;) measures the variation in Y associated with X, when the effect of X; on both X, and Y is held
constant. Value is used in sequential variable selection methods of multiple regression model estimation
(stepwise, enter etc.) to identify the independent variable with the greatest incremental predictive power beyond
the independent variables that are already included in the regression model.

Residual (g)

Predictions will seldom be perfect, and the error in the prediction of the sample data is called the residual. The
error in the prediction should have a distribution with a mean of 0 and a constant and thus Ahomoscedastic
variance. Furthermore, the sum of all residuals should be 0 (just as much errors above the expected value as
below), and when plotted against the values of the independent variable no systematic pattern should be
distinguishable (variance is homoscedastic).

Observed value Y;

A
o o °
I Residual or & o © o
¥ o
T A K] o o o o
e 2 0. ° .
?L Predicted value Y =] 5 Mean residual & = 0
e ] o ©
g g °
x o o
-] .
o o o ° °
X > X

Figure F.2: Residuals

The residuals can be calculated with a simple least squares method. When performing a simple regression
analysis with SPSS, one can select the option ‘safe unstandardized residuals’. For every prediction of Y (photolytic
degradation of atrazine for instance) based on X (UV intensity) the residuals are stored as a new variable.

Standard deviation

A measure describing the spread or variation in the distribution of a variable. The standard deviance is equal to
the square root of the variance of a variable and has the same unit as the expected value or mean X of the
specific value. It can be used to describe the accuracy of a calculated mean/average.

std (X) = JVar(X) = /Z(X_)?)z%

Variance
Variance is a measure that describes the spread in measured values, usually defined as the average squared
deviation from the mean:

Var(X) = Z(X - )?)2%
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Methods

SPSS 16.0 (short for Statistical Package for Social Sciences, version 16) is a spreadsheet based software package
combining advanced mathematics and statistics. It is designed primarily for applications in social sciences but can
also be used in other fields due to its readily available options for data analysis, data management and graphical
functions.

Determination of individual contributions to degradation

In advanced oxidation via UV and H,0,, degradation of target compounds is achieved via two mechanisms:
photolysis (degradation is strictly the result of UV radiation) and oxidation with hydroxyl radicals. Since the
hydroxyl radicals are formed from photolysis of H,0,, it is a bit problematic to define the exact individual
contribution of photolysis and oxidation to the observed degradation. If the degradation of a model compound
can be predicted by a regression model consisting of two independent variables X; (photolysis: UV intensity) and
X, (advanced oxidation: UV intensity and H,0, dose) that are correlated and one dependent variable Y
(degradation of the specific model compound), the part correlations of X; and X, with Y can be used to determine
the specific amounts of explained variance in Y.
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Figure F.3: Using Linear Regression in SPSS to estimate the amount of explained variance in degradation of
atrazine

With linear regression an equation representing the linear relation between the dependent and independent
variables is estimated. Using the stepwise method, the independent variable with the largest partial correlation is
included in the model first. The model is finished when the significances of all excluded variables are >0.05. Only
significant variables are included in the model.

The output of a regression analysis consists of three tables. The Model Summary and ANOVA present
information about the fit of the model and the actual model regression coefficients can be found in the table
called Coefficients. At the end of this chapter the meaning of the relevant results and their interpretation are
elaborated.

The results of a regression model are valid if certain criteria are met. In paragraph below the results of the test
concerning linearity, homoscedasticity and normality can be found. From these tests it can be concluded that the
response of the observed degradation (all compounds, both reactors) to a change in UV intensity and peroxide
dose is indeed linear. The variances in observed degradation as a result of advanced oxidation are homoscedastic
(all compounds, both reactors). However, for MP- photolysis of atrazine and LP-photolysis of IBU and NDMA the
variances are not constant. For now this violation of homoscedasticity is accepted but in a later model (one that
includes the influence of the water matrix) this problem should be addressed.

Furthermore the observed values for the degradation of the model compounds all have a normal distribution for
both reactor types.

Regression analysis can be applied and the results and conclusions can be found in paragraph 2.1.2.

Criteria for application regression analysis

Test for linearity

Linear regression analysis is only valid if the analysed relations are linear. With scatter plots the linearity is
assessed and it can be concluded that the relations between UV intensity and the observed degradation are more
or less linear. Perfect linear relationships will not be found since the degradation is influenced not only by the UV
intensity but by several water quality parameters as well, which introduce extra variance from the mean. The
relation between the H,0, dose and the observed degradation is also nearly linear.
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Figure F.5: Scatter plots degradation model compounds — UV/H-0, MP reactor

Tests for homoscedasticity

The dependent variable Y (degradation of a specific model compound) should have a constant variance for all
values of the independent variables X; (UV intensity LP in W/m?) and X, (H,O, dose) This can be tested via visual
inspection of the residual plots and with Levene’s test on equality of variances.

SPSS has no option that allows for direct computation of the Levene’s test. However, using the independent
samples t-test, defining two groups based on the UV intensity, yields the desired output.

The variances in the observed degradation for both groups should be equal in order to meet the criterion of
homoscedasticity.

The equality of variances in atrazine degradation is analysed first. This poses a problem because the observed
atrazine degradation can be attributed to photolysis and oxidation. A model predicting the photolytic degradation
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of atrazine (Y, o) Will consist of one independent variable (X;) and a model for predicting the degradation of
atrazine as a result of advanced oxidation (Y, a;) consists of two independent variables (X; and X3).
Firstly the variances in observed photolytic degradation (LP reactor) of atrazine are analysed. For that purpose
the only the cases with a peroxide dose of 0 ppm are selected. The observed UV intensities have a mean of 268
W/m?. This mean value is used as a cut-point for dividing the sample in two groups:

1. UV-I >268

2. UV-I <268
The group statistics show that the mean atrazine degradation for group 1 is 41% (std =3.67) and for group 2
this is 26% (std = 4.75). The F-value of the Levene’s test is low (0.743) and not significant (sig = 0.393)
meaning that the variances in observed photolytic degradation are equal for all levels of the independent variable
X: (UV intensity). Furthermore, in the scatter plot of the residuals, no distinctive pattern can be distinguished. It
can thus be concluded that atrazine photolysis by the LP reactor meats the criterion of homoscedasticity.

Group Statistics

Stdl. Errar
M Mean Std. Dewiation | hean o
deg_LD_ATZ =108 | 28 410074 | 366751 53309 n
JvintansityLD (N <asm | ap 26,1590 | 475498 1,08325 ¢

Independent Samples Test

Levene's Test for Equality of
s

Wariance: ttestfor Equality of Means
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Figure F.6: Results Levene’s test LP photolysis atrazine and scatter plot residuals

Secondly the variances in observed atrazine degradation resulting from advanced oxidation analysed. For that
purpose all cases with a peroxide dose are selected. The specific peroxide dose is used to divide the sample in
two groups:

1. 5ppm H,0,

2. 10 ppm H,0,
The group statistics show that the mean atrazine degradation for group 1 is 53% (std =11.1) and for group 2
this is 62% (std = 11.4). The F-value of the Levene’s test is low (0.204) and not significant (sig = 0.652)
meaning that the variances in degradation are equal for all levels of the independent variable X, (peroxide dose).
Furthermore, in the scatter plots of the residuals, no distinctive pattern can be distinguished. It can thus be
concluded that advanced oxidation of atrazine by the LP reactor meets the criterion of homoscedasticty.

Table F.1: Results Levene’s test advanced oxidation Atrazine, LP reactor

Group Statistics
Stdl. Errar
M Mean Std Deviation | Mean
deg_LD_ATZ L2072 4 i 3 54 52,7759 11,08561 1,50856
nsE (in
fmarh 10 B4 61,8516 1167219 1,45902
Independent Samples Test
Lewene's Test for Equality of
variances ttest far Equality of Mean:
E Sig. 1 df 5
deg_LD_ATZ  Egual variances
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Figure F.7: Results Levene’s test LP advanced oxidation of atrazine and scatter plots residuals

Thirdly the differences in variance in degradation between all cases (regardless of the applied mechanism) are
compared. The groups are defined in such a way that the sample sizes are comparable, using the UV intensity as
a cut point (309 for LP and 141 for MP). The same procedures have been followed for the degradation of
bromacil, ibuprofen and NDMA by the LP reactor and for the degradation of all compounds by the MP reactor.
The results of the tests for homoscedasticity can be found in the tables below.

Table F.2: Results tests for homoscedasticity of variances in observed degradation by LP reactor

Compound | Groups N [ Mean | Std.dev | Std. F sig Homoscedasticity
Error
mean
bee | Ovizse |3 | 3516 |35 | ice | 749 |3 +
Atrazine EEEfnlx,-S\; ?u g: gf;§ }}g? ijé 204 | 652 +
ao [ [BBE RS 18 [ [ |
beone | Ovioe |15 | Sw | % |5y |1as) e +
Bromacil EEEnt\,'sws ?D ;g 2239 }égg };S .655 420 +
Mlcases | yviloos |57 | 3pss |2ace | 30e | 2480 | 18 :
prone | Ovicoes |17| be | e 1o |owee | s
Thuprofen EEE}M‘,'S\S ?n 2? 5*321 }gf; Sgg 471 | 404 +
Mz | vilone |5 | o | nge | 5o | 8 | 19 +
poide | v 2oon |3 | 7a05 |sos | Tes | o758 | 0w
N = E I A R Y
weses |03 0[50 T30 [ oo

Table F.3: Results tests for homoscedasticity of variances in observed degradation by MP reactor

Compound | Groups N Mean | Std.dev | Std. F sig | Homoscedasticity
Error
mean
ewde | Ovicise |3 | B0 |58 |13 | e e
atrazne Ei%mms o A e 000 | 990 +
wees |0 |3 (58 [50[5> -
e | Oviiise | 35 | 33% |30 |in | 7| o +
A IR e
e e R e e e e
ewide | W11t | 25 | Sies | 118 |2ee | 0B | +
w5 |5 25|08 |18 | || -
wee | W% |5 B2 |2 | =] -
Seovide | 113+ | 31 | sees |agi | 1se |95 |4 +
NDM& EEE&U“‘-S\S ?D 2; :g?g igg };; .058 | .809 +
e e A R i
Test for normality

SPSS has a built-in function to compare the sample distribution to the normal distribution: Ko/mogorov-Smirnov
test. The tests have been performed separately for photolysis and for advanced oxidation (see the output in the
tables below). It can be concluded that the observed values for the degradation of the model compounds all have
a normal distribution for both reactor types, except for the degradation of NDMA by the LP reactor. However, as
was stated previously, in order to meet the normality criteria the variable should have a normal distribution or the
sample size should be larger then 30. Fortunately the sample sizes of NDMA degradation by the LP reactor are
large enough for the distribution to be considered normal.
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Table F.4: Results Kolmogorov-Smirnov test photolysis LP

One-Sample Kolmogorov-Smirnov Test

deg LD _ATZ deg LD _BRO | deg LD _|BU deg LD MDA

M a7 47 48 4
Mormal Pararmeters? Mean 34,3579 59577 82138 84,4875

Std. Deviation 857084 440224 722970 977973
Most Extrerne Differences  Absolute 143 ult] 130 185

Positive J0a a4 130 126

Megative - 143 -088 -128 - 185
Kolmogorov-Smirnoy £ 1,082 603 894 1,483
Asymp. Sig. (3-tailed) 1692 et} 304 015

a. Testdistribution is Narmal.

Table F.5: Results Kolmogorov-Smirnov test advanced oxidation LP

One-Sample Kolmogorov-Smirnov Test

deg LD ATZ | deg LD BRO | deg LD IBU | deg LD NDMA
M 118 93 98 132
Naormal Parameters? Mean 57,6983 54,9802 64,2171 g4,2338
Std. Deviation 12,23303 15,41319 16,741450 9,60292
Most Extrerne Differences  Absolute 093 095 a7 A&7
Pogitive 063 075 053 oz
MNegative -093 -, 0598 - 087 - 187
Kalmogarow-Smirnay £ 1,010 849 857 1,738
Azymp. Sin. (2-tailed) 259 329 458 005
a. Test distribution is Mormal
Table F.6: Results Kolmogorov-Smirnov test photolysis MP
One-Sample Kolmogorov-Smirnov Test
deg MD _ATZ | deg MD BRO [ deg MD_IBL deg MWD MDA
M &1 i1 48 G4
Mormal Parameters? Mean 51,9238 266325 34,1796 74,7309
Std. Deviation 10,80061 1052486 1234122 10,75289
Most Extrermne Differences  Absolute alek] 12 097 085
Fositive 098 12 064 080
Megative -,080 -.088 - 087 -,085
Kolmogorow-Smirnoy £ 68 787 G674 G676
Agymmp. Sig. (Htailed) 595 548 752 750

a. Test distribution is MNormal.

Table F.7: Results Kolmogorov-Smirnov test advanced oxidation MP

One-Sample Kolmogorov-Smirnoy Test

deg MD_ATZ | deg MD_BRO | deg MD_IBU | deg MD_MOMA |
N 119 98 95 120
Mormal Parameters? Mean 61,7838 53,9789 53,6414 776630

Std. Deviation 11,00378 12,06977 13,69936 10,55418
Most Extremne Differences  Absolute 087 076 Rl 096

FPositive 087 050 051 096

Megative -084 - 076 =100 -,088
Kalmogorow-Smirnov Z 047 7449 Aaro 1,048
Agymp. Sig. (2-tailed) 331 629 304 21

a. Test distribution is Mormal
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Results
A total of eight regression models of the following form are estimated:

Yi =c+ 31X1+ 82X2

Where
Y; = predicted degradation of a specific model compound by the reactor
C = constant
B, = coefficient for effect of UV intensity
X, = value of UV intensity
B, = coefficient for effect of peroxide dose
X5 = peroxide dose (0, 5 or 10 ppm)

The output of a regression analysis consists of four tables. Variables entered/removed reports what variables
were included/excluded in the sequential model estimations. The Model Summary and ANOVA present
information about the fit of the model and the actual model regression coefficients can be found in the table
called Coefficients. The model for atrazine degradation by the LP reactor is used to explain and interpret the
regression output tables.

Model Summary

The coefficient R (multiple correlation coefficient) portrays the correlation of Y with all with all predictors (C, X;
and X,). The direction of the relation cannot be deducted from the multiple R but from the regression coefficients
in the coefficients table.

R square (R?, coefficient of determination) is the total amount of variance in Y that is explained by the predictors
that are included in the model. In the case of atrazine degradation by the LP reactor, 91.6% of the variance in
the prediction of Y; is explained by photolysis and oxidation. Larger R? values mean a better model fit: if R =1
the model fit is perfect and when R?=0 no linear relation exists.

The model fit of (small) samples is usually a bit over estimated. Therefore the Adjusted R Square (R* corrected
for the number of cases N and the number of independent variables k in the model) is determined:

. 2 pa k(-7
Adjusted R“ = R N_—k—1
The difference between R? and adjusted R? for the estimation of atrazine degradation (LP) is very small (0.1%) ,
indicating that the model fit was already accurate.

The change statistics report the change in explained variance after the addition of new variables. Including UV
intensity explained 0,370 more variance (sig = 0.000).

The last parameter in the model summary is the Standard Error of the Estimate which is the standard deviance of
the residuals.

ANOVA

Abbreviation for analysis of variances. The total variance in the dependent variable Y (degradation of atrazine) is
split in two components: Regression (explained variance) and Residuals (unexplained variance). The term df
refers to degrees of freedom and is equal to the number of independent variables. For the residuals the df is
equal to N — k -1 (number of cases minus number of independent variables minus 1).

The total sum of squares is the total amount of variation in Y and can be used to determine the amount of
explained variance in the prediction of atrazine degradation:

explained varation (Regression) 32527
total variation (tot.sum of squares) 1365035517

explained Var(Y) = =0.916 = R?

The Means Square is equal to the sum of squares divided by the degrees of freedom. With the F-test it can be
determined if the model is significant. The F-value is determined as follows:

Fe Mean square Regression 5976 — 331
" Mean square Residual =~ 18

The null-hypothesis (correlation coefficient does not differ from 0) is rejected at the 99.99% level of confidence
(Sig= 0,000). It can be concluded that the model is significant, has a very high model fit and the results can be
used to estimate the effect of photolysis and advanced oxidation in the degradation of atrazine by the LP reactor.

Coefficients

The actual parameters of the regression model are reported in the Coefficients table, together with the
corresponding standard errors. The unstandardized B coefficients are the parameters of the regression equation
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that predict the actual value of atrazine degradation (prediction) and the standardized coefficients Beta express
the relative (standardized) influence of the model parameters.

Because UV intensity and peroxide dose have different measuring scales, comparing the B coefficients to each
other is difficult. Comparison is possible with the Beta coefficients that are calculated from the standardized
variables:

Std.dev (X)

Beta =B - i dev (1)

In this case H,0, dose has the largest absolute Beta value (0.730) and thus the largest relative contribution to
the degradation of atrazine.

The direction of the relation is positive: higher UV intensities and higher peroxide dosages result in higher
degradation of atrazine. The value of the intercept (Constant) is -0.842 and is not significant. B; is 2.74 and B,
is 0.139 and both parameters are significant. Both t-values (B/Std. Error) differ significantly from 0 in contrast to
the constant (sig = 0.611).

The actual observed degradation of atrazine on July 9 2009 (UV-I = 332 W/m?, 10 ppm H,0,, ¢; = 10.003 ug/L
and c. = 2.705 pg/L) was 72.96 %. Using the regression model for estimating the degradation vyields the
following:

Y; = B1X; + ByX;
= 2.74- H,0, dose + 0.139 - UV intensity
=274 -10+ 0.139 - 332
=7271%

The prediction of the degradation as a result of advanced oxidation is very accurate. On the same date the
observed degradation at a UV-I of 332 W/m? and no peroxide, the model predicts 45.1% degradation while the
observed degradation was 44.9%. At a UV-I of 195 W/m? and no peroxide the model predicts 26.3% degradation
and the observed atrazine degradation was 26.6%. Simply filling in 0 for peroxide dose does yield accurate
predictions for photolysis. It can be concluded that this model can also be used to predict the photolytic
degradation of atrazine. If used for predicting degradation, the model is only valid for predicting the degradation
of the atrazine for the conditions under which the experiments were conducted (e.g. water matrix, reactor type,
flow patterns)

However, the purpose of the regression model was to estimate the individual contribution of photolysis and
advanced oxidation given the average water matrix and a certain amount of observed degradation of atrazine In
the coefficients table the part correlations are given (equal to the Beta coefficients) which portray the unique
predictive effect from the variables UV intensity and peroxide dose. The following reasoning is applied in
determining the contribution of UV intensity to degradation of atrazine:

part correlation = \/unique amount explained variance

part cor (YLP,ATZ, UV,) = \/unique amount of variance in Yp 47z explained by UV;

= 4 Varu(pr,ATz, UVI) = 0.608

_ Var, (YLP,ATZr UVI)
Var, (YLP,ATZr UVI) + Var, (YLP,ATZr H, 02)

contribution to degradation

2
[part cor (Yip arz, UV))]

2 2
[part cor (Ypparz, UVD]™ + [part cor (Yiparz, H0,)]

0.6082 0.370

= 0.6082 7302 ~ 0903~ 041

For any amount of observed degradation in atrazine, 41% is the result of photolysis and 51% of the degradation
results from advanced oxidation. The same procedure has been applied for the degradation of bromacil,
ibuprofen and NDMA and for the degradations of the model compounds by the MP reactor.
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Table F.8: Output regression analysis degradation Atrazine, LP

Variables EnteredRemoved®

Yariakhles Variables
Enterad Removed Method
1 Stepwise
(Criteria;
Probahility-of
H202 dose F-to-enter ==,
{mafly 050,
Probability-of
F-to-remove
Moriel 7= 1
ool g Stepwise
(Criteria;
Probability-of-
LI intensity F-to-enter ==,
LD i) 050,
Probability-of-
F-to-rernove
== 100)
a. DependentWariable: deg_LD_ATZ
Model Summary
Change Statistics
Adjusted R St Error of R Sguare
R B Sguare | Sguare the Estimate Change E Change | dff drz Sig. F Change
Modal \73g? 546 543 10,62080 546 171,858 1 143 pili)
iel 2 g57b 916 15 4,58004 3rn 623977 1 142 000
a. Predictors: (Constant), H202 dose (mail)
b. Predictors: (Constant), H202 dose (mafl), W intensity LD (iim™)
ANOVA®
Sum of
Sguares df Mean Square | F Sig.
1 Regression | 10386,177 1 10386,177 171,858 | ,0002
Residual 16130,801 143 112,804
Model Total 35517,078 144
odel =7 Redression | 32526,664 2 16263332 772,266 | ,000b
Residual 2000413 142 21,058
Total 35517078 144
a. Predictors: (Canstant), H202 dose (mally
b. Predictors: (Constant), H202 dose {mg/l), U intensity LD 08m=)
c. Dependent Variable: deg_LD_ATZ
Coefficients®
Standardized
Unstandardized Coeficients | Coefficients Caorrelations
B Std. Error Beta t Sig Zero-order | Partial Part
1 (Constant) 36,575 1,408 26,024 oon
H203 dose (mgfl) 2,773 212 739 13108 .0on 729 738 7338
Model I (Constant) -824 1,616 -410 B11
H202 dose (mgf) 2,740 091 730 29,970 oo 739 929 730
U intensity LD (Wim=) 139 0ng 608 24 980 oon £19 403 h08
a. Dependent Variahle: deg_LD_ATZ
Table F.9: Regression constants LP
ATZ BRO IBU NDMA
Parameter B sig B sig B sig B sig
C -.824 .611 -18.125 .000 -18.438 .001 53.889 .000
uv 139 .000 .103 .000 119 .000 114 .000
H20, 2.740 .000 5.832 .000 6.348 .000 - -
Table F.10: Regression constants MP
ATZ BRO IBU NDMA
Parameter B sig B sig B sig B sig
C 26.651 .000 12.237 .000 29.375 .000 51.910 .000
uv 170 .000 105 .000 .0573 .000 163 .000
H20, 1.191 .000 3.326 .000 3.248 .000 - -
Conclusions

The fit of the model for predicting atrazine degradation by the LP reactor is 0.92, which means that this model
can predict atrazine degradation fairly accurate. Fit of the models for predicting degradation of bromacil,
ibuprofen and NDMA by the LP reactor are 0.90, 0.81 and 0.68 respectively. The poor fit of the NDMA model does
however not pose a problem: the models were constructed in order to quantify the effects of both variables (UV
and peroxide dose) to the degradation. From the literature (4) (5) and the results of the experiments can be
concluded that NDMA is not degraded by advanced oxidation, only photolysis is effective. Consequently it does
not make sense to identify the effect of hydrogen peroxide. It must be noted however that due to the poor model
fit, this particular model cannot be used for estimating the degradation of NDMA.
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Table F.11: Individual contributions of degradation mechanisms, LP

ATZ BRO IBU NDMA
Adjusted R® 0.915 0.9 0.812 0.677
Part correlations uv 0.608 0.268 0.267 0.824
H.02 0.730 0.911 0.86
Unique explained | UV 0.370 0.072 0.071 0.679
variance H,O, 0.533 0.830 0.740
> 0.903 0.902 0.811 0.679
Contribution to | UV 0.41 0.08 0.09 1.00
degradation H,0, 0.59 0.92 0.91 0.00

Because the UV intensity of the MP reactor is measured only at 254 nm, this variable cannot be used for
constructing a valid model that can quantify the effects of photolysis and advanced oxidation under polychromatic
radiation. Consequently, fit of the models for atrazine, bromacil, ibuprofen and NDMA degradation are low: 0.75,
0.78, 0.54 and 0.68 respectively. Moreover, the determined contribution of UV intensity to the degradation of
bromacil and ibuprofen were 15 and 5% respectively, while the average minimum degradation observed resulting
from photolysis were 20-30% and 30-40% respectively, depending on the energy input of the reactor.

Table F.12: Individual contributions of degradation mechanisms, MP

ATZ BRO IBU NDMA
Adjusted R® 0.741 0.777 0.538 0.678
Part correlations uv 0.750 0.341 0.168 0.825
H20- 0.413 0.798 0.712
Unique explained | UV 0.563 0.116 0.028 0.681
variance H,0, 0.171 0.637 0.507
b3 0.733 0.753 0.535 0.681
Contribution to | UV 0.77 0.15 0.05 1.00
degradation H,0, 0.23 0.85 0.95 0.00

128




ANNEX G: Water matrix effluent

DOC (10 ppm H,0,)
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Figure G.1: Concentrations of DOC, influent and effluent

AOC formation (10 ppm H;0,)
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AOC formation (0 ppm H,0,)
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Figure G.2: Concentrations of AOC, influent and effluent
Nitrite (10 ppm H;0;)
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Figure G.3: Concentrations of nitrite, influent and effluent
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Nitrate (10 ppm H,0,)
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Figure G.4. Concentrations of nitrate, influent and effluent
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Bicarbonate (10 ppm H,0,)
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Figure G.5: Concentrations of bicarbonate, influent and effluent
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ANNEX H: Measuring data AOC

Table H.1: data AOC

date H,0; sample AOC-NOX AOC-P17 AOC
ppm (ng/LC) (ng/LC) (ng/LC)
total samplel sample2 total sample 1 sample 2

25-jun 10 INF 0.01 0.01 0.01 0.06 0.06 0.06 0
25-jun 10 UVL-EF 0.01 0.01 0.01 0.05 0.04 0.06 0
25-jun 10 UVM-EF 37.305 37.28 37.33 9.355 9.51 9.2 47
25-jun 0 UVL-EF 15.5 13.28 17.72 8.66 9.12 8.2 24
25-jun 0 UVM-EF 0.01 0.01 0.01 0.06 0.05 0.07 0
13-aug 10 INF 0.025 0.02 0.03 0.08 0.01 0.15 0
13-aug 10 UVL-EF 27.725 42.56 12.89 78.215 99.84 56.59 106
13-aug 10 UVM-EF 31.5 25.22 37.78 52.195 53.82 50.57 84
13-aug 5 INF 6.885 6.44 7.33 3.35 3.53 3.17 10
13-aug 5 UVL-EF 51.945 53.89 50 29.025 28.29 29.76 81
13-aug 5 UVM-EF 35.275 41.11 29.44 29.51 28.78 30.24 65
13-aug 0 INF 11.695 11.17 12.22 4.56 5.43 3.69 16
13-aug 0 UVL-EF 18.835 18.67 19 9.755 9.59 9.92 29
13-aug 0 UVM-EF 48.61 49.44 47.78 19.84 26.67 13.01 68
3-sep 10 INF 5.47 3.72 7.22 2.51 1.69 3.33 8
3-sep 10 UVL-EF 10.22 7.5 12.94 2.735 3.84 1.63 13
3-sep 10 UVM-EF 0.01 0.01 0.01 0.01 0.01 0.01 0
3-sep 5 INF 10.22 7.5 12.94 2.735 3.84 1.63 13
3-sep 5 UVL-EF 21.89 24.28 19.5 25.285 29.11 21.46 47
3-sep 5 UVM-EF 20.11 20 20.22 19.43 18.86 20 40
3-sep 0 INF 6.28 6.5 6.06 3.18 3.3 3.06 9
3-sep 0 UVL-EF 12.75 13.44 12.06 5.18 4.7 5.66 18
3-sep 0 UVM-EF 21.67 22.56 20.78 7.515 7.97 7.06 29
29-sep 10 INF 0.015 0 0.03 0.01 0.01 0.01 0
29-sep 10 UVL-EF 0.01 0.01 0.01 23.095 46.18 0.01 23
29-sep 10 UVM-EF 18.385 20.44 16.33 63.09 44.23 81.95 81
29-sep 0 INF 11.25 11.17 11.33 4.245 4.91 3.58 15
29-sep 0 UVL-EF 9.435 8.46 10.41 22.165 24.5 19.83 32
29-sep 0 UVM-EF 30.47 33 27.94 16.67 14.8 18.54 47
8-okt 10 INF 4 8.83 0.02 1 1.27 0.29 5
8-okt 10 UVL-EF 65 70.56 59.44 28 27.97 28.94 93
8-okt 10 UVM-EF 28 27.83 28.44 23 19.35 26.02 51
8-okt 0 INF 8 7.94 8.06 4 5.74 1.85 12
8-okt 0 UVL-EF 15 15.5 14.83 6 7.14 5.58 22
8-okt 0 UVM-EF 38 43.33 31.89 15 13.01 16.1 52
15-okt 10 INF 13.92 13.67 14.17 10.58 11.71 9.45 25
15-okt 10 UVL-EF 28.53 36.56 20.5 55.445 28.78 82.11 84
15-okt 10 UVM-EF 27.25 30.17 24.33 62.275 85.04 39.51 20
15-okt 0 INF 8.86 8.89 8.83 3.895 4.91 2.88 13
15-okt 0 UVL-EF 15.86 15.33 16.39 6.31 8.08 4.54 22
15-okt UVM-EF 30 32.22 27.78 13.5 14.8 12.2 44
29-okt 10 INF - - - - - -

29-okt 10 UVL-EF 19 19.28 18.94 42 374 47.15 61
29-okt 10 UVM-EF - - - - - -

29-okt 0 INF 9 6.78 10.5 3 2.94 2.98 12
29-okt 0 UVL-EF 21 16.06 26.83 5 5.72 4.5 27
29-okt 0 UVM-EF 35 32.5 38.44 8 7.48 7.85 43
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