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Abstract  

Slow sand filters (SSFs) are essential for ensuring microbial quality and biological 

stability of drinking water in the Netherlands. However, gaps exist in understanding of 

removal processes of dissolved organic carbon (DOC) and ammonium (NH4
+-N) and 

the effects of grain size, loading rate, and backwashing on removal in SSFs. 

Four lab-scale SSF columns filled with fine (0.4-0.6 mm) and coarse (0.85-1.25 mm) 

sand were constructed and operated in two phases with a total of 165 days. In phase I, 

SSFs operated at a flow rate of 0.5 m/h to investigate the influence of grain size. After 

stabilization, higher loading rate of 2 m/h and backwashing procedure (20% expansion 

for 5 min) was applied during the phase II experiment. Various physicochemical and 

biological parameters, including DOC, NH4
+-N, phosphate (PO4

3--P), and ATP were 

analyzed in water along the filter depth. Additionally, biomass development on sand 

was quantified suing ATP measurement. 

Results showed the stable SSF operation after 90-100 days, removing 100% of dosed 

1.5 mg/L of DOC and 1.0 mg/L of NH4
+-N. Compared with fine sand, coarse sand had 

similar removal performance but better backwashing effectiveness and lower clogging 

risk. Increased loading rate led to faster microbial growth, reducing operational lifespan, 

and poor removal performance. Backwashing showed minimal impact on DOC and 

NH4
+ removal capacity and microbial activity, which were recovered after backwashing 

within 7-14 days, indicating the potential for backwashing to prolong SSF’s operational 

lifespan. 

This research investigated the DOC and NH4
+ removal processes and the influence of 

grain size, loading rate, and backwashing on filter performance. Providing insights for 

optimized SSF design and operation. Future studies could delve into mechanisms using 

isotope analysis or metagenomics, along with more comprehensive sand sample 

analysis. 
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1. Introduction 

1.1 Background 

Urbanization has increased the microbiological risk of drinking water, due to 

contamination with human and/or animal feces, resulting in thousands of deaths every 

day (WHO. 2004). Water disinfection is now an indispensable step to ensure water 

safety. In addition to microbial concerns, surface and ground water sources often 

contain pollutants like organic matter, ammonium, and others from industrial 

discharges, agricultural runoff, and sewage effluents from urbanized areas. Among 

these contaminants, assimilable organic carbon (AOC) and ammonium are easily 

biodegradable, promoting microbial growth and biological instability of produced 

drinking water (Chien et al. 2008, Chu and Lu 2004). Ammonium in the distribution 

system can cause corrosion, aesthetic issues, pH fluctuations, oxygen depletion, (Lee 

et al. 2014), and potential nitrite accumulation (Wilczak et al. 1996). Therefore, the 

removal of AOC and ammonium during treatment is essential to prevent microbial 

regrowth in the distribution network. Pathogenic microorganisms, including bacteria, 

viruses, and (oo)cysts of Cryptosporidium and Giardia, must be effectively removed to 

meet quantitative microbial risk assessment requirements in the Dutch Drinking Water 

Act, aiming for an annual infection risk below 10-4 per person (Hijnen et al. 2004, WHO. 

2004). The Dutch drinking water quality criterion for nitrogen compounds is 0.2 mg/L 

NH4
+, 0.1 mg/L NO2

-, and 50 mg/L NO3
- (Ahmad et al. 2020).  

SSFs have been widely applied for decades in drinking water treatment. In the 

Netherlands, drinking water is produced using a multi-barrier approach to produce 

hygienically safe and biologically stable drinking water. Water utilities in the 

 

Fig. 1. Process schemes of drinking water treatment at Katwijk, the Netherlands (Ahmad et al. 2020). 
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Netherlands employ a combination of physicochemical and biological processes to 

remove a wide range of contaminants. SSFs are the final stage in this prolonged 

treatment scheme (Fig. 1), ensuring microbial water quality and eliminating nutrients 

that promote microbial growth. SSFs can remove organic matter, nitrogen, phosphorus, 

and other contaminants in addition to pathogens (Ahmad et al. 2020, Hijnen et al. 2004, 

Lee et al. 2014, Pfannes et al. 2015). The removal processes are driven by a diverse 

range of microbial communities, including heterotrophic bacteria, nitrifiers, denitrifiers, 

and other predators. However, it's important to recognize that despite their widespread 

use in water treatment even with very extended pre-treatment applied nowadays, SSFs 

can encounter certain operational challenges. 

The widespread adoption of SSFs faces challenges, mainly due to their large land 

requirements and low flow rates typically ranging from 0.1 to 0.4 m/h (Verma et al. 

2017). Furthermore, the use of fine sands with a grain size of 0.15-0.45 mm (Guchi 

2015) presents issues related to bioclogging. Given that SSFs are likely to become a 

part of new treatment facilities in the Netherlands to meet expanding production needs 

in the coming decade, there’s a growing demand for efficient SSF designs to meet the 

increasing population. Therefore, understanding how design and operational 

parameters affect pollutant removal processes is crucial for developing efficient 

treatment systems. 

SSFs are influenced by design and operational parameters, impacting removal. Factors 

like temperature (van der Aa et al. 2002), oxygen levels (Dong et al. 2009, Lytle et al. 

2013), grain size, loading rate (product of concentration and flow rate), and cleaning 

techniques (Lopato et al. 2013, Nakhla and Farooq 2003, Perujo et al. 2017) can affect 

the removal of organic matter, ammonium, and pathogenic microorganisms. Grain size 

affects the removal of pollutants within the filters. Previous studies have shown that 

fine sand enhanced retention of suspended solids and microorganisms (Freitas et al. 

2022, Jenkins et al. 2011), due to its larger specific surface area and lower porosity, 

resulting in higher adsorption and interception ability. But it also increases the risk of 

clogging (Huang et al. 2013). On the other hand, coarse sand offers higher hydraulic 

conductivity (Perujo et al. 2017), associated with high biogeochemical rates and high 

transfer of nutrients in depth, which may be advantageous to nitrification (Liu et al. 

2023). High flow rates can increase production rates but may compromise effluent 

quality due to short hydraulic detention times, leading to incomplete pollutant removal 

(Anderson et al. 2009, Nakhla and Farooq 2003). Additionally, proper cleaning methods 
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like backwashing and biofilm scraping are essential for SSF performance, but their 

effects on the removal efficiency of organic matter, ammonium, and microorganisms 

remain unclear (de Souza et al. 2021a, Freitas et al. 2022, Guchi 2015). 

Currently, there is still a lack of research regarding the removal and stratification of 

DOC and NH4
+ in SSFs. To further optimize the process, it is essential to gain a 

comprehensive understanding of the pollutant removal mechanisms in SSFs, 

considering the impact of grain size, loading rate, and backwashing. Addressing these 

research gaps is crucial to enhance the efficiency of SSF systems and change the 

operation of SSFs from high loaded with limited pretreatment to low loaded with extend 

pretreatment, to meet the rising water needs in the Netherlands. This study investigated 

the removal of DOC and NH4
+ along the filter height and investigate how grain size, 

loading rate (different flow rate with same influent concentration), and backwashing 

influences removal effect of grain size on pollutant removal and bioactivity at various 

depths within the SSF and explored the impact of backwashing and loading rate 

adjustments by elucidating the mechanisms involved in pollutant removal and their 

transformation processes. Through this research, we aim to optimize SSF design and 

operation for more effective and sustainable drinking water treatment. 

1.2 Research objectives and questions 

1.2.1 Research objectives 

1. Investigate DOC and NH4
+ removal processes along the filter height. 

2. Evaluate the influence of grain size, loading rate, and backwashing on stratification 

of DOC and NH4
+ removal and overall removal efficiency. 

1.2.2 Research questions 

1. How is the removal of DOC and NH4
+ stratified within the SSFs? 

2. How does grain size, loading rate, and backwashing affect stratification of DOC 

and NH4
+ removal? 

3. How does grain size, loading rate, and backwashing affect biomass development? 

4. What is the optimal range of grain sizes and loading rates that balance the pollutant 

removal efficiency, cost, robustness, and longevity of SSFs’ performance? 
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2. Literature review 

2.1 Design and operation of slow sand filters 

Table 1. Recommended design parameters of SSF. 

Bed depth 

(m) 

Effective 

medium size 

(mm) 

Flow rate 

(m/h) 

Support bed 

depth (m) 

Supernatant 

depth (m) 

Source 

1.2 0.15-0.35 0.1-0.4  1-1.5 (WHO. 2014) 

0.9 0.15-0.3 0.1-0.2 0.3-0.5 1 (Visscher et al. 1987) 

0.8 0.3-0.45 0.08-0.24 0.4-0.6 0.9 (Guchi 2015) 

0.6-1 0.1-0.3 0.1-0.3   (Castro-Castellon et 

al. 2014) 

The history of slow sand filters (SSFs) date back to 1928 in Paisley, Scotland, when 

John Gibbs used them to supply water to the city (Baker and Taras 1948). The modern 

SSF design, which originated in 1852 with James Simpson for the Chelsea water 

company in London, became a legal requirement for Thames River water extraction in 

1892 due to concerns about waterborne diseases (Hendricks et al. 1991). While rapid 

sand filters (RSFs) emerged in the late 19th century, SSFs have remained a primary 

water treatment method. Currently, the USEPA recognizes SSFs as a safe water 

treatment technology for human consumption (USEPA 2001). 

The basic components of SSFs are supernatant water layer, sand bed, gravel, and outlet 

hose (Verma et al. 2017). The sand medium is commonly used for filtration due to its 

low cost and availability, while the gravel supports the filter bed and provides an 

unobstructed passage for treat water. SSF purifies water through physical, chemical, 

and biological processes occurring along and on the sand filter medium, effectively 

removing organic and inorganic substances, as well as microorganisms like bacteria, 

viruses, and (oo)cysts of Giardia and Cryptosporidium (Jenkins et al. 2011, Mahlangu 

et al. 2012). While some design parameters for SSF are well-established in the literature 

(Table 1), further research is needed on variable parameters like grain size, loading rate, 

and filtration layer depth (Freitas et al. 2022). 

2.2 Mechanisms in slow sand filters 

The SSF utilizes a combination of physical, chemical, and biological processes to purify 

water. Within the same filter bed, biological filtration, driven by various biological 

activities, operates alongside physical filtration. However, the intricate interplay of 
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biogeochemical dynamics is influenced by multiple factors, which complicates the 

comprehension of the physical, chemical, and biological interactions responsible for 

potential nutrient, pathogen, and particulate matter removal from water. 

2.2.1 Biological processes 

Water purification in SSF involves biological activities that take place within the 

Schmutzdecke and along the filter bed. The Schmutzdecke is a biological layer that 

develops on the surface of the sand bed (Young-Rojanschi and Madramootoo 2014), 

and where most of the contaminant removal is considered to occur. 

Biological processes, such as natural die-off, predation, toxin excretion, and food 

competition are responsible for pathogen removal in SSFs (Huisman and Wood 1974, 

Ranjan and Prem 2018). Previous studies reported that combined biological processes 

with the physicochemical processes, SSFs could achieve the removal efficiency of 

bacteria, protozoa, and viruses of 3-5 log10 (Adeyemo et al. 2015).  

Besides, the main biological processes involved in nutrient utilization are heterotrophic 

bacteria, nitrifying bacteria, and denitrifying bacteria. Organic matter degradation 

begins with extracellular enzymatic hydrolysis of macromolecules into smaller 

substrates, which are transported into the biofilm. Subsequently, a diverse microbial 

biofilm community utilizes specific enzymes to further degrade the organic carbon, 

converting it to CO2 with the utilization of electron acceptors like oxygen or sulfate 

(Larsen and Harremoës 1994). Nitrification is a two-step biological process carried out 

by autotrophic bacteria and archaea including ammonia-oxidizing bacteria (AOB), 

archaea (AOA), and nitrite-oxidizing bacteria (NOB) using oxygen as the electron 

acceptor (Lee et al. 2014). 

2.2.2 Physicochemical processes 

Physicochemical filtration dominates particle removal and water quality improvement 

in the maturing SSF (Freitas et al. 2022). These processes can be categorized into two 

groups: transport mechanisms, including straining, sedimentation, diffusion, 

interception, and inertial effects, and attachment mechanisms, involving electrostatic 

attraction, Van der Waals force, and adherence (Guchi 2015). 

Straining or screening is one of the key transport processes in SSF that physically 

removes particles bigger than the pore size of the medium (Guchi 2015). Sedimentation 

occurs when the mass density of a particle is substantially larger than that of water (over 
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4 um) and its settling velocity leads the particle to divert from the flow path and settle 

on the medium surface (Maiyo et al. 2023). Interception happens when deposited 

particles aggregate on the media surface, gradually reducing pore size and serving as 

additional collectors for passing particles (Guchi 2015). Attachment mechanisms 

effectively capture particles carried to the filter medium, leading to successful collisions. 

Mass attraction (Van der Waals force) and electrostatic attraction between oppositely 

charged particles are examples of such processes, particularly crucial for smaller 

particles (Ellis and Aydin 1995). Adsorption generally refers to the attachment of 

dissolved chemicals to the medium. 

Smaller particles, including bacteria (0.1-10 um), viruses (0.01-0.1 um), and colloidal 

particles (0.001-1 um), cannot be removed by straining alone. Consequently, they 

penetrate deeper into the bed, where inertia, sedimentation, interception, hydrodynamic 

action, and diffusion become crucial (Guchi 2015). Particulate organic carbon and 

nitrogen are removed through a combination of mechanical exclusion, physical 

adsorption, and microbial bio-degradation (Bar-Zeev et al. 2012). 

2.3 Performance of slow sand filters 

2.3.1 Pollutants removal 

Table 2. Typical removal efficiencies for SSF. 

SSF creates turbidity-low, impurity-free effluent that is nearly devoid of bacteria, 

viruses, and protozoa (Guchi 2015), made it popular in the Netherlands that phased out 

chlorine disinfection. The removal values may differ under other experimental 

conditions, and the typical removal efficiencies for SSF as shown in Table 2. 

The reported total organic carbon (TOC) displays average removals between 2% and 

30% (Freitas et al. 2022, Guchi 2015). But SSFs are reported not as efficient for 

removing organic matter due to its low capacity to remove dissolved compounds which 

Parameter Removal efficiency Source 

Turbidity 59-90% (Guchi 2015) 

Coliforms > 99% (Guchi 2015) 

Viruses 0.2-2.2 log10 (Anderson et al. 2009, Hijnen et al. 2004) 

TOC 2-30% (Freitas et al. 2022) 

DOC 5-40% (Guchi 2015) 

AOC 14-40% (Guchi 2015) 

NH4
+

 100% (Lee et al. 2014) 

Nitrogen compounds 45-67.5% (Nakhla and Farooq 2003) 
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are not readily biodegradable, such as humic substances (Zheng et al. 2010). The best 

results were sometimes associated with lower filtration rates. Nitrate removal rates in 

SSFs vary between <5% to 53% (Freitas et al. 2022) As the most oxidized form of 

nitrogen, nitrate is likely to be removed by biofilms that have microanoxic 

environments, wherein the diffusion of molecular oxygen is limited and denitrification 

can occur, forming N2. However, some studies have also shown an increase in the 

concentration of nitrate and nitrite in SSF effluent (Freitas et al. 2022, Nakhla and 

Farooq 2003), which was reported as a result of a dynamic nitrogen cycling (i.e., 

nitrification and denitrification) that can occur within the filter media. However, it 

should be careful about the concentrations of nitrite and nitrate in treated water, which 

is an undesirable result given the consequences of their ingestion of human health 

(Freitas et al. 2022). Moreover, although nitrification in biological filters is a commonly 

used treatment technology for removing ammonium, the process can experience 

problems (Lee et al. 2014). Incomplete ammonium or nitrite removal can be caused by 

several factors including temperature (van der Aa et al. 2002), insufficient oxygen 

(Lytle et al. 2013), phosphate (nutrient) limitations (De Vet et al. 2012), and improper 

design and operation of filters (Lopato et al. 2013). 

E.coli bacteria and PhiX 174 have been used in many studies as the comparable to 

bacteria and viruses (Attinti et al. 2010, Trikannad et al. 2023, Wielen et al. 2008). 

Bacteria and viruses removal by SSFs show an average reduction of 1-2 log10 and 0.2-

2.2 log10, respectively (Guchi 2015, Hijnen et al. 2004), but they are influenced by 

several factors (Hussain et al. 2015), such as temperature, source water quality (Hussain 

et al. 2015), grain size (Pfannes et al. 2015), biological maturity (Trikannad et al. 2023).  

2.3.2 Stratification in slow sand filter 

According to previous studies, SSFs and RSFs with regular backwashing have 

heterogeneous flow patterns (Lopato et al. 2013), stratified biomass distributions 

(Albers et al. 2015, de Souza et al. 2021a), bioactivity (Perujo et al. 2019), and 

biokinetics (Tatari et al. 2016). Bacterial activity is most prominent in the upper filter 

layer, and declining trends in biomass and biofilm activity in depth have been 

commonly reported in porous media (Perujo et al. 2019, Yan et al. 2017), mainly 

attributed to trapped materials by sieving (Weber-Shirk and Dick 1997) and a decrease 

in the availability of nutrients in depth, thus limiting microbial growth (Perujo et al. 

2019). Moreover, it has been found that both ammonium removal and AOB density 
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were strongly stratified in sand filters, with the highest values at the top layer. However, 

the relative abundance of AOB to AOA gradually decreased with depth (Lee et al. 2014). 

Similar stratifications in RSFs (Tatari et al. 2013, 2016), granular activated carbon 

filters (van der Aa et al. 2002), and nitrifying trickling filters (van Den Akker et al. 2008) 

were also been reported. 

2.3.3 Clogging 

Clogging is a surface phenomenon mainly occurring in finer sand systems, which was 

most likely caused by a build-up of organic matter, due to the loading of humic acid 

with high suspended solids, and biomass accumulation (Grace et al. 2016b). When 

clogging occurs, head loss through the filter increases and beyond a certain point 

maintenance of flow rate becomes so difficult that the filter run is aborted (Nogaro et 

al. 2010, Perujo et al. 2019). Therefore, maintenance and operation of SSFs basically 

consist periodic cleaning. Once flow is reduced, the top of the filtration layer must be 

cleaned usually by removing the Schmutzdecke and the top 5 cm of sand from the filter, 

which is called scraping (Freitas et al. 2022, Guchi 2015). Except scraping, 

backwashing of SSFs is also been applied and investigated (de Souza et al. 2021b). The 

cleaning methods are shown in Section 2.4.3. 

2.4 Operation and construction parameters of slow sand filter 

2.4.1 Grain size 

Table 3. Advantages and disadvantages of grain size on SSF application. 

Find sand Coarse sand 

· Potentially better retention of suspended 

solids and microorganisms. 

· Larger specific surface area, potentially 

higher adsorbing capacity. 

· Potentially greater bacterial density near 

the surface. 

· Potentially greater bacterial activity 

variety near the surface. 

· Potentially lower clogging risk. 

· Potentially higher nutrient loads at greater 

depth. 

· Potentially higher overall bacterial 

biomass concentration. 

· Potentially greater bacterial activity in 

depth. 

The grain size of the porous medium is an essential feature of filtration systems (Brix 

et al. 2001, Nogaro et al. 2010). It is primarily associated with pore size distribution 

and connectivity, regulates the distribution and movement of terminal election 

acceptors, nutrients, and organic matter in depth (Nogaro et al. 2010), and functions as 

a driver of biogeochemical processes and rates (Baker and Vervier 2004). The 
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recommend grain size is the fine sand with d10 between 0.15 and 0.30 mm (Guchi 2015), 

uniformity coefficient between 1.5 and 2.5, and a percentage of fines lower than 4% 

(Freitas et al. 2022, Jenkins et al. 2011) to increase the retention of suspended solids 

and microorganisms (Jenkins et al. 2011). 

Coarse sand suggests high permeability values, which result in high DO concentrations 

in depth, favoring aerobic processes such as nitrification while suppressing anaerobic 

reactions, which are critical for dissolved nitrogen removal (Mueller et al. 2013, Perujo 

et al. 2017). Furthermore, coarse sand increases nutrient and organic matter loads at 

greater depth, which are linked with high biogeochemical rates but short advection 

periods (Perujo et al. 2017). Fine SSF has larger specific surface area (Huang et al. 2013) 

but lower permeability, which increase the adsorbing capacity but also the risk of 

substrate clogging (Wu et al. 2015). Grain size also influences biomass and bio-activity, 

with fine sediments having the greatest bacterial density and EPS values near the 

surface, while coarse sediments having higher overall bacterial biomass concentrations 

(Grace et al. 2016b). But low water residence time in coarse sediments leads to a low 

fraction of live bacteria in depth and a significant reduction in functional activity variety, 

resulting in less digested organic matter (Perujo et al. 2017).  

As for the influence on SSFs’ performance, the biological properties of the fine (0.075-

0.25 mm) and coarse (0.9-1.2 mm) SSFs were equivalent in terms of biofilm 

colonization because both systems attained equal total biomass densities in the top layer 

(Perujo et al. 2019). Coarse grain size results in lower nitrification and total nitrogen 

removal (Nakhla and Farooq 2003, Perujo et al. 2017) due to less attached biomass. 

However, there are different reports on the effects of sand size on organic matter 

removal that biochemical oxygen demand removal decreases with larger sand size 

(Nakhla and Farooq 2003), but dissolved organic carbon (DOC) removal shows no 

difference (Perujo et al. 2017). Considering all this, it is difficult to assess which 

substrate size is better to use as both grain sizes display benefits and drawbacks. 

2.4.2 Loading rate 

Loading rate refers to the product of influent concentration and flow rate (Nakhla and 

Farooq 2003). Over a decade, flow rate of 0.008-0.38 m/h and even up to 1.5 m/h had 

been applied for the SSFs (Baig et al. 2011, Guchi 2015), and the biosand filter 

construction manual states a maximum filtration rate of 0.40 m/h (Freitas et al. 2022). 

A higher flow rate means water flows through the system more quickly, resulting in a 
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shorter average detention time. Detention time is critical for the initial creation and 

maintenance of Schmutzdecke because it permits particles suspended in water to settle 

and come into contact with the filter medium top (Huisman and Wood 1974), and is 

integrated into it by mass attraction or electrical forces (Freitas et al. 2022). Therefore, 

the flow rate is reported to be inversely proportional to the head loss in the column 

(Verma et al. 2017). Under normal conditions, a higher flow rate favors a higher 

production rate, but a lower effluent quality. Poor organic matter, nitrogen compounds 

(Nakhla and Farooq 2003), and bacteriophage (Anderson et al. 2009) removal in SSFs 

with high flow rate is most likely owing to increased shear and short hydraulic detention 

times. However, the higher oxygen transfer into the sand bed with increasing flow rate 

(Nakhla and Farooq 2003) and lower external mass transfer resistance with increasing 

loading rate (van Den Akker et al. 2008) can theoretically enhance nitrification. 

2.4.3 Cleaning strategy 

Periodic maintenance (cleaning) the filter medium is required as clogging results in 

insufficient water production. Typically, SSFs are operated for days, months, or years 

based on the influent water quality (de Souza et al. 2021b). And some studies reported 

the household SSFs were used for periods of up to 8 years (Freitas et al. 2022). The 

clogging is resolved by scraping the Schmutzdecke layer and backwash (de Souza et al. 

2021a, Freitas et al. 2022, Guchi 2015). While backwashing is not typically employed 

in full-scale SSFs, it has garnered increased attention in recent years. 

Backwash is an unusual alternative for SSF cleaning as uniform backwash does not 

occur in filters with large dimensions (de Souza et al. 2021a). However, considering 

backwash requires less expensive equipment, less energy consumption, and less labor 

than scarping and other methods, its application on small scale filters (such as 

community or household-scale) can be recommended. Previous studies show that 

backwashing did not significantly disturb biomass while scraping changed its surface 

sand layers, and this process preserved more biomass within the filters with less 

stratified bacterial community (de Souza et al. 2021a). With ~ 4 min backwash, the 

contaminants such as turbidity (< 1 NTU effluent), coliforms (> 80%), and protozoa 

cysts (> 2 log10) were removed with no significant differences from scraped filters (de 

Souza et al. 2021a, de Souza et al. 2021b, Pizzolatti et al. 2015), indicating that 

backwashing can be a good alternative for small-scale systems. However, its effect on 

the removal performance of DOC and ammonuim is still unclear.  
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3. Materials and methods  

3.1 Lab-scale slow sand filters 

 

Table 4. Characteristics of used quartz sand. 

Sand sample Particle 

size 

(mm) 

Bulk density 

(g/cm3) 

Particle 

density 

(g/cm3) 

Calculated 

porosity 

Specific 

surface area 

(m2/g) 

Fine 0.4-0.6 1.59 ± 0.03 2.6 0.39 ± 0.01 2.71×10-3 

Coarse 0.85-1.25 1.54 ± 0.01 2.6 0.41 ± 0.01 2.14×10-3 

Four lab-scale columns of 2.1 m height and 4 cm diameter were constructed as shown 

in Fig. 2. The set-up consisted of two fine sand (F1 and F2) and two coarse sand (C1 

and C2) columns with a bed height of 85 cm followed by 5 cm of supporting gravel 

layer. The fine and coarse columns had sand grain sizes of 0.4-0.6 mm and 0.85-1.25 

mm, respectively. The grain sizes were determined by sieving of the dry filter material 

through corresponding sieves, and the characteristics of sand are shown in Table 4.  

The cylindrical columns were covered with aluminum foil to prevent light from 

entering the columns. The columns were provided with eight sampling ports installed 

on the side wall at depths 0, 5, 20, 30, 45, 55, 65, and 90 cm to collect water and sand 

Fig. 2. Experimental set-up of lab-scale slow sand filters. 
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samples from the top to the bottom. 

3.2 Slow sand filters operation 

Table 5. Compounds and spiked concentrations. 

Parameter Spiked 

concentration 

(mg/L) 

Compound Chemical 

concentration 

(mg/L) 

AOC 1.5 Sodium acetate (NaC2H3O2) 2.83 

Sodium formate (NaCHO2) 2.83 

Sodium oxalate (Na2C2O4) 2.79 

NH4
+-N 1 Ammonia chloride (NH4Cl) 3.82 

PO4
3--P 0.015 Potassium dihydrogen phosphate (KH2PO4) 0.02 

 

Table 6. Raw and synthetic tap water quality. 

Parameter Unit Tap water Synthetic tap water 

pH - 7.89 ± 0.03 7.90 ± 0.05 

Temperature ℃ 18.94 ± 1.97 18.94 ± 1.97 

DO mg/L 8.83 ± 0.58 9.12 ± 0.68 

DOC mg/L 2.80 ± 0.49 4.37 ± 0.82 

NH4
+-N mg/L 0 0.90 ± 0.36 

NO2
--N mg/L 0 0 

NO3
--N mg/L 2.14 ± 0.10 2.11 ± 0.10 

PO4
3--P mg/L 0 0.012 ± 0.005 

cATP pg/mL 76.71 ± 42.10 137.46 ± 71.61 

E.coli WR1 cfu/mL < 1 (3.21 ± 1.40)×105 

PhiX 174 pfu/mL < 1 (4.99 ± 0.74)×105 

The filters were operated under continuous flow condition. Tap water dosed with 1.5 

mg/L AOC, 1 mg/L NH4
+-N, and 0.015 mg/L PO4

3--P according to the C:N:P molecular 

ratio of bacteria and biomass (100:10:1) was used as the influent. The nutrient 

concentration employed in this experiment is referred to previous researches (Tatari et 

al. 2016, Zhou et al. 2022). Although it exceeds the typical influent water quality of 

SSFs, this deliberate elevation improved sensitivity by ensuing measurements were 

above detection limits and allowed readily observation and recording of the changes in 

pollutants levels. The concentrations of dosed compounds and tap water quality are 

shown in Table 5 and 6, respectively. All chemicals were provided by Sigma-Aldrich. 
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The filters were operated in two phases with a total of 170 days from February to July. 

In phase I was studied the effect of grain size. During phase I experiment, both fine and 

coarse sand columns were operated at same flow rate of 0.5 m/h. The phase II 

experiment aimed to study the influence of loading rate and backwash, which was 

conducted after day 125. The phase II (increasing loading rate) experiment increased 

the flow rate from 0.5 m/h to 2 m/h with same influent concentration, and phase II 

(backwashing) experiment conducted backwashing (20% expansion for 5 min) on day 

125 and kept the flow rate of 0.5m/h afterwards. The operating condition of each filter 

columns and timeline are shown in Fig. 3. 

3.3 Water and sediment sampling 

Water was sampled once a week in duplicate from eight sampling ports along the depth 

of the filter. The collected water samples were filtered with 0.45 um filter and used for 

DOC, NH4
+, NO2

-, NO3
-, and PO4

3- analysis. The samples were stored at 4 ℃ and 

analyses were initiated within 1 h of sampling. 

Sand was sampled through the sampling ports by inserting a long spatula. 1.5-2 g (wet 

weight) of sand was collected from depths 5, 20, and 55 cm. Due to the limited amount 

of sand available in the columns, sampling was performed in the middle (day 93) and 

end (day 125) of phase I and at the start (day 132) and end (day 170) of phase II. 

3.4 Analyses 

3.4.1 Physiochemical analyses 

Water samples for both DOC and ion measurement were filtered through a 0.45 um 

filter. After adding 1.6 mL of 2 M HCl solution into 30 mL filtered samples, DOC was 

measured using a total organic carbon analyzer (TOC; Shimadzu). Nitrite (NO2
-), 

nitrate (NO3
-), ammonium (NH4

+), and phosphate (PO4
3-) ions were measured by Ion 

Chromatography (IC; Metrohm). DO, pH, electrical conductivity (EC) and water 

Fig. 3. Gantt chart of experiment phases and operation conditions. 
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temperature were measured with WTW electrodes (SenTix 940, TerraCon925 and 

FDO925, respectively).  

Table 7. The fractions and derived indices obtained from LC-OCD (Huber et al. 2011). 

  Description 

Fraction Biopolymers Organic matter with high molecular weight, including 

polysaccharides, proteins, and amino sugars 

 Humics Mixture of acids containing carboxyl and phenolate groups 

produced by the biodegradation of dead organic matter 

 Building blocks Molecular chains of polyphenolics/polyaromatic acids that have 

disaggregated, due to breakage of hydrogen bonding and 

electrostatic interactions 

 LMW acids Representing protic organic acids 

 LMW neutrals Uncharged small organics, including LMW alcohols, aldehydes, 

ketones, sugars, and LMW amino acids 

 HOC Fraction of DOC remaining in the column, implying a strong 

hydrophobic interaction with the column material, comprising 

longer chain aliphatic and polycyclic aromatic material 

Index Molecular weight A derived value of average molecular mass of the humic fraction 

 SUVA An additional parameter derived from the ratio of DOC and 

spectral adsorption coefficient UVA254 

The organic matter was characterized by Liquid Chromatography Organic Carbon 

Detection (LC-OCD) analysis by Het Waterlabertorium. The LC-OCD is an automated 

size-exclusion chromatography system coupled to three detectors, for organic carbon, 

dissolved organic nitrogen (DON), and UV absorbance, respectively. Details of the 

measurement procedure have been reported by previous research (Huber et al. 2011). 

The chromatography subdivides TOC into hydrophobic organic carbon (HOC) and 

chromatographic dissolved organic carbon (CDOC), of which CDOC can be further 

divided into 5 components, including biopolymers, humics, building blocks, low 

molecular weight (LMW) acids, an LMW neutrals. The fractions and derived indices 

obtained from LC-OCD are shown below. 

3.4.2 ATP analyses 

ATP measurements were used to evaluate the microbial biomass within biofilters due 

to its capacity for precise and consistent assessment of microbial activity in complex 

aquatic systems (Lautenschlager et al. 2014). The cellular ATP (cATP) indicated the 

total living biomass quantity. The standard cATP was done by adding 100 uL of 

UltraCheck 1 and 100 uL of Luminase to a test tube with the same calibration procedure 
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as above, recorded the RLU value as RLUstd. The water sample was by filtering 50 mL 

sample with 0.45 um filter at a rate of 3-5 mL/s. Then added 1 mL of UltraLyse 7 into 

the syringe barrel and passed the UltraLyse 7 through the filter to dryness and collect 

in a 9 mL Ultralute tube. After thoroughly mixed, added 100 uL of the mixture and 100 

uL of Luminase into the test tube to measure RLUcATP.  

The calculation to convert the RLU values to cATP in water sample is given below: 

𝑐𝐴𝑇𝑃 (pg ATP/mL) =
𝑅𝐿𝑈𝑐𝐴𝑇𝑃

𝑅𝐿𝑈𝑠𝑡𝑑
×

10,000 (pg ATP)

𝑉𝑆𝑎𝑚𝑝𝑙𝑒 (mL)
 

For sand samples, 1 g of the solids is weighted and added into a 15 mL sampling vial 

contained 5 mL of UltraLyse 7. Allowed at least 5 min for incubation and then 

transferred 1 mL of the mixture into a 9 mL UltraLute (Dilution) Tube. For the assay, 

100 uL of mixture from UltraLute (Dilution) Tube and 100 uL of Luminase were added 

into a test tube and inserted into luminometer to obtain the RLUtATP value. The 

calculation to convert the RLU values to tATP on sand samples is given below: 

𝑡𝐴𝑇𝑃 (pg ATP/g) =
𝑅𝐿𝑈𝑡𝐴𝑇𝑃

𝑅𝐿𝑈𝑠𝑡𝑑
×

50,000 (pg ATP)

𝑚𝑆𝑎𝑚𝑝𝑙𝑒 (g)
 

3.5 Tracer test 

The conservative tracer test is commonly used in column experiments to investigate the 

characteristics of porous media. Sodium chloride (NaCl) was chosen as a conservative 

tracer. 1 g/L NaCl solution was injected into the columns by lowering the supernatant 

slightly above the sand bed. The tracer was continuously dosed for 85 mins using a 

peristaltic pump. The EC of the effluent was recorded every 5 min, and NaCl 

concentration was determined by a calibration curve measured at the same temperature. 

The calibration curve is shown in Fig. A1 in Appendix. 

3.6 E.coli WR1 and PhiX 174 preparation and enumeration 

3.6.1 Microbiological cultures preparation 

The experiments were carried out with E.coli WR1 (NCTC 13,167) and bacteriophage 

PhiX 174 (ATCC 13,706-B1). E.coli WR1 is widely used as an indicator of enteric 

bacteria in drinking water studies (Eisfeld et al. 2022, Trikannad et al. 2023) and is used 

here as a surrogate for pathogenic bacterial.  

A highly concentrated suspension of E.coli WR1 (~109 cfu/mL) was prepared by 
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growing in buffered peptone water for 18 h at 37 ℃, harvested by centrifugation at 

3000 g for 5 min and washing in sterile water as per ISO 9308-1. PhiX 174 is an 

icosahedral, single-stranded DNA-phage with a diameter of 26 nm and an isoelectric 

point of 4.4 (Soliman et al. 2020). PhiX 174 is generally seen as a good viral surrogate 

due to its size and shape resemblance to several human enteroviruses such as poliovirus, 

norovirus, etc., as well as its low hydrophobicity and stability (Oudega et al. 2021). 

Although PhiX 174 may not be an ideal conservative colloidal tracer, somatic caliphates 

have gained special importance due to their high prevalence in sewage and persistence 

in the environment (Oudega et al. 2021). Moreover, for PhiX 174, it shows more 

conservation than bacteriophage MS2 due to its higher isoelectric point and lower 

contact angle (Attinti et al. 2010, Wielen et al. 2008). A highly concentrated suspension 

of PhiX (~1011 pfu/mL) was prepared as described in ISO-10,705. 

Measurement of PhiX 174 requires pre-culture of its host bacteria. 100 mL of Modified 

Scholten’s Broth (MSB) was added in a conical flask and placed on a shaker in the 

incubator to warm up. One vial of E.coli WG5 culture, which used as the reference host 

culture of PhiX 174, was removed from the -80 ℃ freezer and being thawed at room 

temperature. Once defrosted, transferred 1 mL of E.coli WG5 into the MSB in the 

nephelometric flask, and incubated WG5 culture in the incubator at 37 ℃ and 100 rpm. 

The growth of E.coli WG5 will be reflected by the increasing optical density of the 

broth. Measure the optical density at a wavelength of 600 um (OD600) by 

spectrophotometer (DR3900, HACH, USA) every 30 min until OD600 increased to 0.5-

0.6. Once the required OD600 was reached, immediately placed the flask in melting ice, 

and host bacteria must be used within 8 h. 

3.6.2 Microbiological assays 

Samples were diluted before assays to get a suitable number of colonies per plate. The 

dilution factor was varied according to spiking time, bed depth, and spiked microbe. By 

adding 0.5 mL water sample and 4.5 mL phosphate-buffered saline, the dilution was 

carried out in a gradient of 10 times dilution factor.  

E.coli WR1 assay was performed by the spread plate method. 0.1-0.3 mL 

diluted/undiluted samples were added to the chromocult coliform agar, then spread in 

the same direction by a sterile spreader until the liquid was entirely absorbed by agar. 

Inoculated plates were placed upside down in the incubator with a constant temperature 

of 37 ℃ for 24 h. 
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As for PhiX 174 assay, semi-solid Modified Scholten’s Agar (ssMSA) was melted in 

the water bath at 99 ℃, and then decreased the water bath temperature at 50 ℃. After 

cooling down, added 150 uL calcium chloride (CaCl2) solution into each 25 mL ssMSA 

and mixed thoroughly. Distributed 2.5 mL ssMSA into sterile glass tubes and place in 

the water bath. Gently transferred 1 mL of E.coli WG5 host suspension and 1 mL of 

water sample into ssMSA, mixed the solution gently and poured on the surface of the 

Modified Scholten’s Agar (MSA) plate. Incubated the plates at 37 ℃ for 24 h. 

3.7 E.coli WR1 and PhiX 174 spiking tests 

The spiking water was prepared by dosing E.coli WR1 or PhiX 174 stock solution to 

the tap water without nutrient dosage at a concentration of 105-106 cfu/mL and 105-106 

pfu/mL, respectively. E.coli WR1 spiking solution was stirred (150 rpm) to prevent 

settling. The E.coli WR1 spiking tests of columns F1, F2, C1, and C2 were conducted 

on day 34, 64, 57, and 64, respectively. PhiX spiking tests were conducted on day 36, 

56, 44, and 56, respectively. Spiking was done by lowering the supernatant slightly 

above the sand bed and dosing the spiking water using a peristaltic pump. After 5 h 

(~14 pore volumes (PVs)) spiking, influent water free of E.coli WR1 or PhiX 174 was 

dosed for the next 25 h (~70 PVs). Supernatant and effluent samples were collected in 

250 mL sterile bottles every 15 min for the first 30 min (~1.5 PVs) and every 1 h for 

the next 7-8 h. After 24 h operation, the sampling interval time increased to 2-3 h. The 

microbial removal performance along the filter depth was detected by taking samples 

at 5, 20, 30, and 55 cm depths after 2 h and 4 h operation. The collected samples were 

refrigerated and further analyzed on the same day to yield breakthrough curves. 

3.8 Data analysis 

The overall efficiency of the SSFs in relation to the various water quality parameters 

was determined as the difference in values at the influent and effluent sampling 

locations. The efficiency of the parameter within the filter was estimated as the 

difference of the concentrations per unit depth (cm-1) between intermediate horizontal 

layers. Each sampling depth was taken to represent the endpoint of a depth layer. 

SPSS Statistics 22.0 was used for all static analysis. OriginPro 2020 was used for 

drawing figures. The differences were regarded as significant at p < 0.05 based on t-

test. The relations between factors were analyzed by Pearson correlation-coefficient. 

The error bars were the mean ±1 standard deviation of duplicate measurements.   
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4. Results 

4.1 Tracer test 

Table 8. Results of tracer test. 

Sand sample Particle size 

(mm) 

Breakthrough time 

(min) 

Porosity 

Fine 0.4-0.6 42.11 ± 0.19 0.39 ± 0.00 

Coarse 0.85-1.25 43.16 ± 2.85 0.40 ± 0.03 

The tracer breakthrough curves (BTCs) for SSFs are presented in Fig. A2 in Appendix 

and results are shown in Table 8. The values are in close agreement with the theoretical 

porosity calculated from the bulk and particle densities (Table 4). The higher porosity 

of the coarse column could be attributed to factors like grain size, effective size, and 

uniformity coefficient (Brix et al. 2001, Nogaro et al. 2010) , although these parameters 

were not directly investigated. 

4.2 Variation of DO and pH 

The temperature, DO, and pH in water was measured along the filter depth. The 

temperature increased from 17.11 ℃ to 22.91 ℃ from February to August (Fig. A8). 

The vertical DO and pH distributions stabilized as filtration progressed as seen in Fig 

4 and 5. SSFs remained aerobic and weakly alkaline (pH 7-8) throughout the 

experiment. Increasing water temperature lowered DO content in tap water (Fig. 4) 

from 9.51 ± 0.03 mg/L to 7.90 ± 0.07 mg/L. DO distribution in fine and coarse columns 

remained the same during operation (p > 0.05). The surface 5 cm had the highest DO 

Fig. 4. Depth profile of DO concentration within the SSFs on day 6 (a), 45 (b), 97(c), and 118 (d). 
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consumption, while fine column DO decreased rapidly starting about day 45. The top 

5 cm of all columns consumed 42.1%-61.4% of total DO (0.23-0.44 mg/L) intake after 

97 days. The coarse column had a lower DO concentration at 5-30 cm than the fine 

column, but below 30 cm it was similar. After stable operation, all filter columns used 

0.54-0.72 mg/L DO. 

pH decreased significantly after day 97, that the effluent pH of fine and coarse column 

decreased by 0.49 and 0.45, respectively. And approximately 0.53 on day 118 (Fig. 5). 

Similar to the DO distribution, the fasted pH drop occurred at the surface 5 cm layer. 

The observation indicated an influence of grain size on pH variation in SSFs (p < 0.01). 

Fig. 5. Depth profile of pH within the SSFs on day 6 (a), 45 (b), 97(c), and 118 (d). 



4. Results 

 

20 

4.3 Removal of DOC 

The DOC removal efficiency ranged from 11.3% before day 25 and rapidly increased 

in both columns (Fig. 6). Following 93 days of operation, both fine and coarse columns 

achieved 100% removal of the additional DOC (1.23 ± 0.39 mg/L). This increase in 

removal as filtration progressed indicates the function of biological processes in 

removal. There was no significant difference in DOC removal efficiency between fine 

and coarse columns (p > 0.05). However, as fine sand possesses a larger specific surface 

area, the DOC removal load per unit specific surface area was greater for coarse sand. 

Specifically, DOC could be removed at a value of 0.019 g/h/m2 for fine sand and 0.025 

g/h/m2 for coarse sand on day 125. 

Fig. 7. Depth profiles of DOC in fine and coarse columns operating at 0.5 m/h. The DOC 

measurements were normalized by removing background concentrations of tap water. 

Fig. 6. Temporal changes in DOC removal efficiency in fine and coarse columns during phase I. 
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The depth profiles show a decrease in DOC with depth (Fig. 7). DOC was majorly 

removed in the top 5 cm layer, resulting in removal efficiencies of 73.2% ± 15.6% and 

69.8% ± 20.2% in the fine and coarse columns, respectively. It is interesting to observe 

that, DOC increased in the deeper layers between 45-65 cm (Fig. A9). over time, the 

peak concentration in fine and coarse sand increased by 0.94 ± 0.32 mg/L and 0.72 ± 

0.36 mg/L, respectively, specifically at 55 cm depth. The DOC concentration rapidly 

declined below 55 cm, indicating a complete removal of additional DOC in the influent. 

4.4 Characterization of DOC 

After the filters stabilized (day 106), LC-OCD analysis was performed on water 

samples from various depths to determine the increase of DOC in the deeper layers (Fig. 

A10). The water from the two stage drinking water treatment train of Amsterdam Water 

Supply operated by Waternet (Baghoth et al. 2008), served as a reference of tap water.  

The TOC contains POC and DOC. The relative proportion of POC remained consistent 

in both fine and coarse columns below 1%. DOC can be divided into HOC and CDOC, 

with the latter consisting of humic substances, biopolymers, building blocks, LMW 

Fig. 8. Vertical concentrations (a) and relative distributions (b) of the DOC fractions within the SSFs 

on day 106. * The data for tap water referred to (Baghoth et al. 2008). 
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neutrals, and LMW acids. HOC was completely removed in the influent of both 

columns. The humics was not removed in the filter, indicating its recalcitrant nature. 

Because the study focus on evaluating the removal of easily biodegradable organic 

carbon, Fig. 8 illustrates the data of the DOC fractions excluding HOC and humics. 

The additional AOC in the tap water corresponds to an increase of 222.38 ug/L building 

blocks and 634.50 ug/L LMW acid in the influent. These fractions were rapidly 

removed by 593.00-621.50 ug/L and 211.67-230.51 ug/L in the top 5 cm for acids and 

building blocks, respectively in both columns. Below 5 cm, the concentrations of 

building blocks and LMW acids remained stable indicating that apart from the dosed 

AOC, the SSFs exhibited limited removal of LMW substances (building blocks, LMW 

neutrals, and LMW acids) in tap water (Chen et al. 2016). The proportion of 

biopolymers remained less than 10%. The biopolymers at 5 cm depth of fine and coarse 

sand initially increased by 3.4% and 7.4%, respectively, before subsequently declining 

and achieved a removal efficiency of 40%. The relatively high percentage of 

biopolymers removal can be attributed to the fact that biopolymers have been reported 

as substrates that can facilitate biofilm formation, even at low concentration levels in 

drinking water (Chen et al. 2016).  

In contrast to typical SSF findings (Grace et al. 2016a, Zheng et al. 2010), DOC in SSF 

increased at a 55 cm depth in both fine and coarse columns. This surge was due to LMW 

neutrals, with concentrations of 791.50 ug/L and 453.30 ug/L in the fine and coarse 

columns, followed by building blocks at 113.00 ug/L and 30.50 ug/L, and LMW acids 

at 89.24 ug/L and 50.67 ug/L in fine and coarse columns, respectively.  

Fig. A13 shows the specific UV absorbance (SUVA) profile within the filters. SUVA 

increased with depth, except at 55 cm. Fine and coarse filters raised SUVA by 

approximately 0.89 L/(m·mg) and 0.82 L/(m·mg), reaching 2.24 ± 0.018 L/(m·mg) 

and 2.26 ± 0.018 L/(m·mg), respectively, indicating increasing proportion of humic 

substances in DOC post-SSF. However, at 55 cm, due to increased DOC, SUVA 

dropped to1.34 L/(m·mg) and 1.69 L/(m·mg) in fine and coarse column, respectively. 
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4.5 Removal of ammonium 

The main nitrogen source for microbes in SSFs was the dosed NH4
+-N. To understand 

the transformation and conversion of ammonium into different nitrogen species, the 

nitrogen oxides (NOx
-) were measured during the experiment (Fig. 9).  

A significant negative correlation was observed between the concentrations of NH4
+-N 

and NO3
--N in the effluent, that the effluent concentration of ammonium began to 

decrease at day 40, and simultaneously, the concentration of nitrate started to increase. 

Subsequently, after 80 days of operation, nitrite and nitrate rapidly increased as 

ammonium decreased, consistent with the results shown in Fig. 9. By day 100, the 

dosed NH4
+ was completely consumed, with approximately 88.0% ± 2.4% and 86.6% 

± 0.7% converted to NO3
-, and 7.3% ± 2.2% and 6.3% ± 3.8% converted to NO2

- in fine 

and coarse column, respectively. This suggests that an estimated 4.6 ± 4.6% of 

ammonium in the fine column and 7.0% ± 2.2% in the coarse column might have been 

removed through mechanisms such as volatilization and accumulation within the 

biomass and sediments (Perujo et al. 2018). 

  

Fig. 9. Nitrogen conversion profile between NH4
+-N, NO2

--N, and NO3
--N within fine (a) and coarse 

(b) columns during the phase I. The concentrations are normalized by dividing the influent NH4
+-N. 
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As depicted in Fig. 10, the removal efficiencies of NH4
+-N showed initial fluctuations 

for the first 20 days, likely due to variations in influent water quality. The NH4
+ removal 

efficiency increased significantly in both fine and coarse columns from day 80 and 

reached 100% on day 97 in coarse columns and day 112 in fine columns. After 

normalized by specific surface area, fine sand removed 0.019 g/h/m2 of NH4
+-N and 

coarse sand removed 0.023 g/h/m2 on day 125. The grain size had no significant effect 

on NH4
+ removal efficiency based on t-test analysis.  

  

Fig. 10. Temporal changes in NH4
+-N removal efficiency in fine and coarse columns during phase I. 
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Fig. 11 shows depth profiles of NH4
+-N, NO2

--N, and NO3
--N in the filter column. NH4

+ 

removal initially occurred in the deep layer of the coarse sand filter columns, about 10 

days earlier than in the fine columns on approximately day 85. Over time, the 

concentration gradient of NH4
+ moved upward, reaching about 30 cm in the fine column 

and 20 cm in the coarse column by day 120 (Fig. 11(a)). 

A strong correlation was observed between ammonium decrease and increased NOx
- in 

Fig. 11. Depth profiles of NH4
+-N (a), NO2

--N (b), and NO3
--N (c) in fine and coarse columns 

operating at 0.5 m/h during phase I. The measurements were normalized by removing background 

concentrations of tap water. 

(a) 

(b) 

(c) 



4. Results 

 

26 

both fine (r2 = - 0.94, p < 0.01) and coarse (r2 = -0.91, p < 0.01) columns. However, in 

the top 5 cm, the decrease in ammonium did not correspond with NOx
-, indicating the 

removal path other than nitrification. After day 118, the NH4
+ was completely removed 

in the top 45 cm. The highest NO2
- concentration was observed on days 112-118 in the 

45 cm depth (Fig. 11(b)), reaching approximately 0.15 ± 0.03 mg/L in fine column and 

0.18 ± 0.02 mg/L in coarse column. NO3
- increased with the depth with effluent 

concentration of 0.89 ± 0.01 mg/L and 0.76 ± 0.01 mg/L in fine and coarse columns, 

respectively (Fig. 11(c)). According to t-test, the grain size showed a significant effect 

(t = 1.836, p < 0.05) on the distribution of NH4
+ distribution within the SSFs However, 

the effect was not significant in relation to the distribution of NO2
- and NO3

-.  

4.6 Mass balance 

Table 9. The spatial changes in removal flux of DOC, nitrogen, phosphate, and DO within 

intermediate horizontal layers of the filters. The data is derived from the average values recorded 

between days 97 and 125. A negative value indicates substance reduction through the layer, while a 

positive value indicates substance increase. 

Depth DOC DIN NH4
--N NO2

--N NO3
--N PO4

3--P DO 

(cm) (ug/L/cm) 

Fine column 

0-5 -166.59  -62.44  -62.44  0.00  0.00  0.12  -62.00  

5-45 -99.36  21.19  -106.92  105.71  22.40  -0.67  -6.75  

45-55 183.13  -18.09  -6.32  -8.11  -3.66  0.00  1.00  

55-65 -179.86  6.28  -1.89  9.36  -1.19  0.08  -1.43  

65-90 -8.71  18.11  1.30  23.94  -7.13  -0.06  0.00  

Coarse column 

0-5 -165.01  -37.09  -38.83  0.89  0.89  0.05  -56.00  

5-45 -111.55  -7.42  -134.23  104.43  22.39  -0.46  -8.75  

45-55 143.91  -17.97  -2.38  -7.70  -7.90  0.01  -1.00  

55-65 -130.24  23.55  -5.01  28.09  0.46  -0.07  0.00  

65-90 -7.34  -2.67  -17.71  24.58  -9.53  -0.13  0.00  

The filter bed is divided into sections: 0-5, 5-45, 45-55, 55-65, 65-90 cm based on Fig. 

A9. Table 9 and A1 assess the changes in DOC, nitrogen, phosphorus, and DO 

concentrations per cm, to determine substance conversion and reaction rates. A negative 

and positive flux in the filter bed indicates concentration decrease and increase, 

respectively. 

A negative DOC flux was observed in the top 45 cm and 55-90 cm depth in all columns, 

however, a positive flux occurred in 45-55 cm depth. Given the absence of detected 
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DON concentration, dissolved inorganic nitrogen (DIN) was determined through a 

comprehensive calculation involving NH4
+, NO2

-, and NO3
-. NH4

+ showed a decrease 

at 5-45 cm layer, with values of -106.92 ug/L/cm in fine column and -134.23 ug/L/cm 

in coarse column. And maximum increments of NO2
- and NO3

- were similarly situated 

within this layer. NO3
- displayed an overall positive flux within the filter columns, apart 

from the 45-55 cm depth, where the flux became -8.11 ug/L/cm and -7.70 ug/L/cm in 

fine and coarse column, respectively. Correspondingly, NO2
- flux shifted predominantly 

to negative below the 45 cm depth. DO significantly declined in the 0-5 cm layer, 

measuring -60.20 ug/L/cm in fine column and -56.00 ug/L/cm in coarse column. Flux 

values tapered progressively below 5 cm, almost ceasing beneath 45 cm. 

4.7 Microbial water quality 

Fig. 12 shows cATP concentration in water duirng mid (day 31) and later (day 97) stage 

of the phase I experiment. cATP at 5 cm depth was higher than in the supernatant, with 

a concentration of 129.30 ± 18.02 pg/mL and 263.13 ± 27.58 pg/mL in fine and coarse 

column, respectively. cATP further decreased with depth, however, effluent 

concentration was still higher than the supernatant. After 97 days, cATP significantly 

increased throughout the columns, especially in the top 5 cm. In fine column, the peak 

at 5 cm depth was 1857.32 ± 91.26 pg/mL and decreased to 524.45 ± 1.26 pg/mL in the 

effluent. In the coarse column, cATP at 5 cm (1506.85 ± 120.73 pg/mL) was lower 

compared to the fine column but remained higher than the fine column below 30 cm, 

showing a relatively uniform vertical distribution. 

Fig. 12. Depth profile of cATP concentration in water on day 31 (a) and 97 (b). 
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Comparing cATP concentrations on days 31 and 97, significant increases occurred in 

all columns. The most substantial increase was within the surface 5 cm layer, where 

cATP increased by 18 times in fine column and 7 times in coarse column. Below 5 cm, 

concentrations increased on average by 8 times in fine sand and 6 times in coarse sand. 

Similar to observations in RSF (Bar-Zeev et al. 2012), cATP in filtrate water also 

increased at 65 cm depth on day 97. The vertical distribution of cATP in filtrate water 

was comparable in both fine and coarse columns (p > 0.05). 

4.8 Biomass development on sand 

Fig. 13 shows the attached tATP concentrations per unit mass of sand. Biomass on sand 

increased with time. On day 31, the highest concentration of 37.14 ± 22.22 ng/g and 

37.36 ± 27.23 ng/g was observed in the top 5 cm of fine and coarse columns, 

respectively. The concentration decreased with depth with 11.43-15.76 ng/g at 20 cm 

in all columns. On day 125, 5 cm depth contained highest tATP concentration of 164.78 

± 9.34 ng/g in fine column and 183.27 ± 15.07 ng/g in coarse column. Compared to day 

31, the increase occurred in the deeper layers with 32.68-51.97 ng/g and 2.65-14.88 

ng/g at 20 cm and 55 cm, respectively. However, the concentrations in the deeper layers 

were much lower than the surface.  

The stratification of attached tATP with depth became more prominent due to the 

excessive biomass growth in the top layer. Moreover, similar to cATP concentrations in 

the water, grain size had no obvious impact on attached tATP (p > 0.05), as indicated 

Fig. 13. Depth profile of deposit tATP concentration normalized to the mass of sand on day 31(a) 

and 125 (b). 
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by the t-test results. 

4.9 Influence of loading rate 

The effect of loading rate on DOC and NH4
+ removal and biomass were examined by 

increasing the flow rate to 2 m/h with same influent concentrations. It is important to 

note that fine column experienced clogging issues on day 139, leading to a noticeable 

reduction in the effluent flow rate. This problem occurred in the coarse column on day 

140. To maintain the loading rate of 2 m/h, a hydraulic cleaning of the surface layer was 

performed on day 152. This involved applying high-velocity horizontal water flow, 

approximately 1-2 cm just below the sand surface while simultaneously extracting 

rinsed water from 2-3 cm above the sand surface. This process suspended surface sand 

particles and dirt without affecting the lower sand layers (Fig. A17). The rinsed water 

produced during cleaning contained a significant amount of brown floc (Fig. A18). 

4.9.1 Removal of DOC 

As shown in Fig. 14, the DOC removal efficiency remained relatively stable until the 

conduction of surface cleaning (after day 152). Before the cleaning, the increase in 

loading rate from 0.5 m/h to 2 m/h slightly decreased the filters’ ability to treat DOC, 

with the removal efficiency reduced to 95.0% and 92.2% for fine and coarse column, 

respectively. Considering the increasing load and specific surface area, the DOC 

removal ability per unit surface area increased to 0.152 g/h/m2 for fine sand and 0.182 

g/h/m2 for coarse sand on day 139. This represented a 8-fold increase for fine column 

Fig. 14. Temporal changes in DOC removal efficiency in fine and coarse columns during phase II. 

The dashed line indicates the start of the phase II – increasing loading rate. 
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and 7-fold increase for coarse column compared to the values on day 125, before the 

loading rate was increased. 

Significantly, the surface cleaning process substantially reduced DOC removal from 

100% and 92.2% ± 0.3% to only 36.8% ± 2.5% and 8.5% ± 2.2% in the fine and coarse 

column on day 154, respectively. Attributed to the influent pipe of surface cleaning 

process in coarse column was positioned at a lower depth compared to that in fine 

column, the coarse column experienced a greater cleaning depth and consequently a 

more pronounced reduction in DOC removal ability. Moreover, this highlights the 

important role of the Schmutzdecke and surface sand layer in DOC removal within 

SSFs, accounting for a substantial 63.2% to 83.7% of the reduction in DOC. 

As shown in Fig. 15, DOC penetrated into deeper layers with significant difference (p 

< 0.05) compared to loading rate of 0.5 m/h. The removal at 5 cm depth decreased from 

74.1%-76.7% to 54.6%-61.9% 7 days after increasing the loading rate. The peak of 

DOC at 55 cm was still evident and increased with higher loading rate. The maximum 

concentration at 55 cm on day 132 increased by 2.40 mg/L and 2.75 mg/L in the fine 

and coarse column, respectively, compared to day 125. 

  

Fig. 15. Depth profiles of DOC in fine and coarse columns operating at 2 m/h during phase II. The 

DOC measurements were normalized by removing background concentrations of tap water. The 

dashed line indicates the start of the phase II – increasing loading rate. 
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4.9.2 Removal of ammonium 

As shown in Fig. 16, the rise in loading rate exhibited a more pronounced negative 

impact on NH4
+ removal compared to DOC. Prior to the onset of clogging, the NH4

+ 

removal efficiency in fine and coarse column decreased from 100% to 72.1% ± 1.8% 

and 68.7% ± 0.7%, respectively. However, compared to day 125, the removal load per 

unit surface area raised 3.8 times to 0.071 g/h/m2 and 4.3 times to 0.099 g/h/m2 for fine 

and coarse sand, respectively. 

After the surface cleaning (day 152), the removal efficiency decreased greatly to only 

33.5% ± 0.4% in fine column and 26.7% ± 0.4% in coarse column, indicating that 

Schmutzdecke and surface sand layer directly or indirectly contributing to a 38.6%-

42.0% removal of NH4
+.  

Fig. 16. Temporal changes in NH4
+-N removal efficiency in fine and coarse columns during phase 

II. The dashed line indicates the start of the phase II – increasing loading rate. 
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The NH4
+ penetrated throughout the entire filter columns upon the increase of loading 

rate to 2 m/h (Fig. 17). The main removal of ammonium occurred at the depth of 5-20 

cm, and the depth below 20 cm contributed less to its removal. The peak of NO2
- was 

still observed in the middle sand layer after increasing loading rate, but its depth shifted 

Fig. 17. Depth profiles of NH4
+-N (a), NO2

--N (b), and NO3
--N (c) in fine and coarse columns operating 

at 2 m/h during phase II. The measurements were normalized by removing background concentrations 

of tap water. The dashed line indicates the start of the phase II – increasing loading rate. 
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upward and the maximum concentration decreased in the coarse column. Despite the 

noticeable decrease in the overall removal of NH4
+ due to loading rate variations, the 

vertical distribution of NH4
+ within both all columns showed no significant difference 

under loading rates of 0.5 m/h and 2 m/h (p > 0.05) based on t-test (Table A2) before 

surface cleaning. 

4.9.3 Microbial water quality 

In Fig. 18, the short-term effect of increasing loading rate on cATP concentration in 

water is evident. The most significant impact was observed at a depth of 5 cm, where 

the concentration of cATP in fine column increased by approximately 25.65 times, and 

in coarse column by 1.87 times. Below 20 cm depth, the change in cATP was not as 

substantial, with the increase not exceeding one order of magnitude. According to t-test 

results (Table A2), higher loading rate showed a significant influence on cATP 

concentration in the surface 5 cm layer (p < 0.05) of all filter columns. However, there 

was no significant impact detected below 5 cm depth (p > 0.05) in all filter columns. 

Fig. 18. Depth profile of cATP concentration in water before (a) and 8 days (b) after increasing 

loading rate. 
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4.9.4 Biomass development on sand 

Although the concentration of tATP attached on the sand in the entire filter bed showed 

a rapid increase within 8 days after the increase of loading rate (Fig. 19). Loading rate 

showed a significant effect (p < 0.05) on the tATP concentration in top 5 cm layer, but 

no significant difference was observed (p > 0.05) in deeper layer (Table A2). The most 

substantial increase was observed in the surface 5 cm, with a growth factor of 

approximately 7.44 to 41809.09 ± 1030.53 ng/g in fine column and 13.23 to 11739.52 

± 565.03 ng/g in coarse column. At 20 cm and 55 cm depths, there was a minor increase 

in attached tATP concentration, and both fine and coarse columns exhibited similar 

tATP increase at different depths, with a factor of 1.82 and 4.34, respectively. 

4.10 Influence of backwashing 

The backwashing was conducted to investigate the impact of this cleaning method on 

stratification of DOC and NH4
+ removal and biomass in the filter. Backwash was 

performed using a fluidized bed with 20% expansion for 5 min, based on previous SSF 

and RSF studies (Crittenden et al. 2012, de Souza et al. 2021a). The coarse column 

required a higher backwash flow rate to fulfill the expansion criteria. 

Fig. 19. Depth profile of deposit tATP concentration normalized to the mass of sand before (a) and 

8 days (b) after increasing loading rate. 
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4.10.1 Removal of DOC 

 

As shown in Fig. 20 and 21, although backwashing showed a slight effect on overall 

DOC removal efficiency of SSFs, that only fine column slightly decreased to 99.4% ± 

6.2% on day 132 but quickly returned to 100% on day 139 (Fig. 20), it reduced the 

removal capacity in the top 40 cm of both fine and coarse filters. On day 139, the DOC 

removal ability per unit surface area was 0.020 g/h/m2 for fine sand and 0.028 g/h/m2 

Fig. 21. Depth profiles of DOC in fine and coarse columns operating at 0.5 m/h during phase II. 

The DOC measurements were normalized by removing background concentrations of tap water. 

The dashed line indicates the start of phase II - backwashing. 

Fig. 20. Temporal changes in DOC removal efficiency in fine and coarse columns during phase II. 

The dashed line indicates the start of the phase II – backwashing. 
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for coarse sand, similar to pre-backwashing levels. Moreover, the release of DOC at 55 

cm was also more prominent. However, the deeper layers below 65 cm showed 

consistent removal. Overall, there were distinct effects on vertical distribution of DOC 

observed in fine (t = -3.352, p < 0.05) and coarse (t = -4.900, p < 0.01) columns by 

backwashing. 

Firstly, backwashing led to increased DOC concentrations within both fine and coarse 

columns. By day 132, DOC penetrated to a depth of 65 cm with concentration of 0.02 

± 0.10 mg/L and 0.24 ± 0.03 mg/L in the fine and coarse column, respectively, but the 

sand layers below 65 cm depth exhibited complete removal of DOC. Moreover, an 

additional peak of DOC was observed in all columns at 20-30 cm depth, with a higher 

peak value existed in the coarse column, indicating that the removal process moved 

deeper in the filter bed from the top layers. Secondly, the backwashing did not change 

the position of the DOC peak at 55 cm in both fine and coarse columns, but increased 

the concentration of released DOC. In fine column, the peak value was 2.33 ± 0.56 

mg/L (on day 154), which was 1.95 mg/L higher than before backwashing. In coarse 

column, the value was 1.85 ± 0.04 mg/L (on day 139), 1.28 mg/L higher than before.  

4.10.2 Removal of ammonium 

 

Fig. 22. Temporal changes in NH4+-N removal efficiency in fine and coarse columns during 

phase II. The dashed line indicates the start of the phase II – backwashing. 
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As observed in Fig. 22 and 23, similar to the pre-backwashing experiment, the critical 

surface for the removal and oxidation of ammonium gradually moved upwards. On day 

125 before backwashing, 61.9% and 84.8% of NH4
+ could be removed from the surface 

20 cm of the fine and coarse column, respectively. After backwashing, the removal 

Fig. 23. Depth profiles of NH4
+-N (a), NO2

--N (b), and NO3
--N (c) in fine and coarse columns 

operating at 0.5 m/h during phase II. The measurements were normalized by removing background 

concentrations of tap water. The dashed line indicates the start of phase II - backwashing. 
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efficiency by surface 20 cm increased to 100% and 93.0% on day 154, respectively. 

Additionally, compared to the values on day 125, the NH4
+-N removal capacity per unit 

surface area slight increased to 0.026 g/h/m2 for fine sand and 0.034 g/h/m2 for coarse 

sand on day 139, indicating that backwashing in this experiment did not hinder but even 

promoted the nitrification process in the SSFs. Although backwashing had no impact 

on the ammonium removal ability of all SSFs that they were able to maintain a 100% 

removal of the added 1-2 mg/L NH4
+-N, it showed a significant influence on NH4

+ 

vertical distribution within in both fine (t = 2.986, p < 0.05) and coarse (t = 4.919, p < 

0.01) columns according to t-test results (Table A2). 

4.10.3 Microbial water quality 

Fig. 24 shows vertical distributions of cATP in the water before and after backwashing. 

Shortly after backwashing (day 133), there was a significant increase in cATP 

concentration in the upper 5-20 cm of all columns, particularly at the 5 cm depth. In the 

fine and coarse columns, concentrations increased from 1857.32 ± 91.26 pg/mL and 

1506.85 ± 120.73 pg/mL to 6124.13 ± 676.20 pg/mL and 2550.85 ± 113.99 pg/mL, 

respectively. However, there were no obvious variations in the cATP concentration 

below 20 cm in both columns. Overall, backwashing had a minor impact on cATP in all 

filter columns (p > 0.05). 

Subsequently, by day 161, the overall cATP concentration in the fine and coarse 

Fig. 24. Depth profile of cATP concentration in water before backwashing (a), 8 days (b), and 36 

days (c) after backwashing. 
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columns was lower than before backwashing, especially in the upper 20 cm filter layer, 

where reductions of 554.50 ± 294.11 pg/mL and 309.18 ± 185.21 pg/mL were observed, 

respectively. Notably, the peak observed at 65 cm in the coarse column on day 97 was 

not detected on day 161. 

4.10.4 Biomass development on sand 

According to Fig. 25(a) and (b), on day 133, the tATP concentrations at 20 cm and 55 

cm within all filters increased by 2.09-13.55 ng/g and 2.26-4.59 ng/g, respectively. 

However, a contrasting trend was observed: there was a decrease of 30.00 ng/g at 5 cm 

in fine column, while an unexpected increase of 83.60 ng/g occurred in coarse column. 

Additionally, the concentration of tATP attached to sand below 20 cm depth remained 

nearly unchanged post-backwashing.  

Comparing the data on day 170 (after backwashing) (Fig. 25(c)), tATP in the surface 5 

cm of the fine column exhibited minimal variation compared to day 125. In the coarse 

column, although a decrease from 266.87 ± 18.68 ng/g to 211.24 ± 29.60 ng/g was 

observed in the top 5 cm layer, it remained higher than pre-backwashing levels. 

Moreover, deeper layers below 20 cm in both fine and coarse columns experienced a 

reduction of 2.8-37.28 ng/g compared to their pre-backwashing conditions. Considering 

the t-test results, backwashing had minimal impact on the attached tATP concentration 

attached in all SSFs (p > 0.05).   

Fig. 25. Depth profile of deposit tATP concentration normalized to the mass of sand before 

backwashing (a), 8 days (b), and 45 days (c) after backwashing. 
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5. Discussion 

5.1 Removal processes of DOC and ammonium 

5.1.1 DOC 

The reduction in DOC began approximately four weeks after the initial start-up (Fig. 

6). During the early stages of operation, only small removal in DOC was measured 

within the filter bed (Fig. A3-A5), consistent with previous founding (Bar-Zeev et al. 

2012). At this stage, with only limited bacterial colonization and biofilm development 

in the filter bed medium (Fig. 12-13), DOC was removed mainly by mechanical 

exclusion and adsorption in the sand layer. SSFs took about 3 months to establish full 

biofilm coverage and high bacterial diversity (Bar-Zeev et al. 2012), when DOC 

showed stable removal efficiencies. 

DOC was mainly removed in the first 40 cm, with the highest reduction in the top 5 cm 

(Fig. 7). The correlation of decreased DO concentration and pH (Fig. A24) imply that 

the removal of DOC is greatly related to biological processes (Larsen and Harremoës 

1994, Zheng et al. 2010). The removal of TOC likely involves a combination of 

adsorption and respiration of DOC through the activity of microbial extracellular 

enzymes (Bar-Zeev et al. 2012). Dosed LMW acids and building blocks were 

significantly reduced, but effluent still contained a substantial amount of LMW 

compounds (Fig. 8). This indicates that the SSFs had different removal ability on LMW 

compounds and showed limit removal ability on the original LMW organics in tap water, 

aligning with previous study (Zheng et al. 2010). However, different from expectation, 

with the increase of operation time, DOC concentration surged approximately 0.72-

0.94 mg/L at 55 cm with continuously increasing peak value (Fig. 7). Chen et al. (2016) 

reported an increase of approximately 1 mg/L in young biofilters. Perujo et al. (2018) 

observed an increase ranging from 0.2 to 0.5 mg/L in mono- and bi-layer SSFs. 

Additionally, Bar-Zeev et al. (2012) noted a DOC increased flux of 0.1-0.4 mg/m2 in 

mono- and bi-layer RSFs. However, previous study did not trace the source of the 

released DOC (Chen et al. 2016, Perujo et al. 2018).  

Bar-Zeev et al. (2012) suggested that increased DOC in deeper RSF layers might result 

from POC degradation or cell lysis, but it is not the case for this experiment, considering 

the variation of POC (< 50 ug/L) was much lower than DOC increase, and no negative 

correlation between DOC and POC. Besides, in contrast to mature biofilms, developing 
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biofilms may have released labile DOC compounds (Bar-Zeev et al. 2012, Luo et al. 

2022, Yu et al. 2020). This phenomenon has also been observed in distribution systems, 

likely due to microbial metabolites released during the growth of heterotrophic bacteria 

(Li et al. 2022). It may explain the simultaneous rise in DOC peak values as biofilm 

growth increased with higher loading rate (Fig. 15). Moreover, Table 9 shows the fluxes 

of DIN and NO3
- changed to negative at the same depth of the DOC peak (45-55 cm), 

indicating denitrification. A similar phenomenon of simultaneous DOC increase (ca. 

0.5 mg/L) and NOx
- reduction (ca. 2 mg/L) at the 20 cm within SSFs has been reported 

(Perujo et al. 2018), suggesting that denitrification in deeper filters may be linked to 

organic matter released by biofilms, as released DOC by biofilms can be utilized by 

other microorganisms (Bar-Zeev et al. 2012, Luo et al. 2022). In a batch reactor treating 

sludge alkaline fermentation liquid, there was an approximately 3 mg/L increase in 

LMW neutrals corresponding to the onset of denitrification (Cao et al. 2019), indicating 

that denitrification might produce LMW neutrals from the degradation of HMW 

substances, such as building blocks and biopolymers. This could explain the increase 

in DOC at 55 cm depth was mainly composed of LMW compounds (Fig. 8), differing 

from the released organics often reported contain EPS (classified as biopolymers), 

soluble microbial products, and other organic matter (Bar-Zeev et al. 2012, Luo et al. 

2022). Chen et al. (2016) similarly identified the rise in DOC within the biofilter caused 

by LMW compounds. However, these explanations remain speculative, and further 

investigations are needed to pinpoint the exact source of DOC. Furthermore, these 

theories do not adequately explain why the DOC peak consistently appeared at 55 cm 

depth, unaffected by influent concentration, grain size, loading rate, and backwashing. 

The deeper layer of SSFs reached a DOC consumption flux similar to or even higher 

than the surface layer (Table 9), even with relative low ATP concentration (Fig. 12-13). 

This suggests that the degradation of organic material in a mature filter can be higher 

in the sand bed than on the surface (Chan et al. 2018, Oh et al. 2018). This may be 

attributed to the DOC produced at 55 cm depth was easily biodegradable organics (Fig. 

8). And low ATP concentration may be attributed to predominantly low nucleic acid 

bacteria containing less ATP pass through the filters (Vital et al. 2012). This 

phenomenon might lead to potentially underestimating the cell count in deeper layers. 

5.1.2 Ammonium 

NH4
+ reduction started about 6 weeks and reached stable complete removal after 3 
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months (Fig. 10). Most of the NH4
+ removal occurred in the top layers of the filter (Fig. 

11), indicating the critical role played by the Schmutzdecke associated with the upper 

active layer in ammonium treatment (Zheng et al. 2010). NH4
+ was used for microbial 

assimilation above 5 cm, showing a rapid increase in biological activity and no 

corresponding increase in NOx
- concentration, while at 5-30 cm approximately 93.0%-

93.4% of ammonium was mainly oxidized by nitrifying bacteria (Fig. 9). Others have 

reported similar stratified nitrification in the RSFs (Lee et al. 2014), granular activated 

carbon filters (Andersson et al. 2001), and nitrifying trickling filters (van Den Akker et 

al. 2008). The decrease nitrification with the filter depth may be caused by the low 

concentrations of ammonium would be available to microbes at lower depths, limiting 

the growth of nitrifying organisms lower in the filter. Besides, nitrifiers with different 

metabolic physiologies or different microbial types could be active at different depths, 

resulting in the stratification of ammonium removal performance (Tatari et al. 2016). 

Another reason could be nutrient limitations, such as phosphorus, as the majority of any 

easily available nutrients might be consumed at the top of the filter (Lee et al. 2014). 

This study ruled out the impact of PO4
3- limitations as its concentration kept above 0.01 

mg/L, where nitrification and microbial growth start reducing under this level (De Vet 

et al. 2012). Additionally, at 45-55 cm, a decrease in NO3
- and DIN indicated the 

possibility of aerobic denitrification, in line with previous observations (Gu et al. 2023). 

However, the stratification of DOC and NH4
+ showed different trends that, the 

maximum reduction rate of NH4
+ appears at 5-30 cm depth, lower than that of DOC 

(Fig. 11). Meanwhile, unlike DOC removal (Fig. 7), nitrification first occurred in 

deeper layers of the filter, and gradually moved upwards and stabilized with operation 

time. Enrichment of readily biodegradable organic carbon promotes heterotrophic 

activity, leading to a competitive dynamic between nitrifiers and heterotrophs for 

oxygen, nutrients and space inside the multispecific biofilms, and ultimately resulting 

in reduced nitrification rates (De Vet et al. 2012, Michaud et al. 2006). Additionally, 

previous research found that nitrifiers were covered by heterotrophic bacteria at depths 

of 100-980 um below the biofilm surface, where DO was limited (van den Akker et al. 

2011). Consequently, the presence of more competitive heterotrophic bacteria might 

bury nitrifiers into a deeper biofilm layer and reduce the nitrification in the environment 

rich in DOC. Therefore, the higher C/N ratio led to the inhibition of nitrification, 

aligning with the findings of this study that the depth and timing of the maximum NH4
+ 

reduction rate trailed that of DOC (Fig. 7 and 11). 
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This experiment observed that the concentration of NOx
- and NH4

+ exhibited a 

significant negative correlation (Fig. A24). With the gradually intensified nitrification 

process, the effluent’s NO3
- concentration in all SSFs started to increase from day 76, 

following by an increasing NO2
- occurred on day 83-93 (Fig. 9). As an intermediate 

product of nitrification, the accumulation of NO2
- may suggest the relatively higher 

activity of AOB or AOA compared to NOB (Tatari et al. 2016). However, it is important 

to be careful about the concentration of nitrite in treated water, which is an undesirable 

result given the consequences of their ingestion for human health. Several studies have 

shown that canonical two-step nitrification (ammonia- and nitrite-oxidization) 

dominates in young filters, but will be outnumbered by comammox after maturation in 

filters, which are capable of complete ammonia oxidation to NO3
- (Haukelidsaeter et al. 

2023, Tatari et al. 2017), helps to reduce the production of NO2
-. 

5.2 Influence of grain size on slow sand filters 

Coarse sand displayed better effectiveness in NH4
+ removal (Fig. 10), similar to other 

observations (Liu et al. 2023, Perujo et al. 2017). This phenomenon correlated with 

lower DO and pH in the upper 30 cm of coarse column compared to fine column after 

signficant ammonium removal on day 80, indicating that nitrification, as an aerobic 

acidogenesis process, was stronger in the upper layer of coarse column. However, in 

contrast to expectations, no significant differences were observed in DOC concentration 

between fine and coarse treatments (Table A2). Prior research has demonstrated the 

significant impact of grain size on physical, chemical, and biological parameters. 

Specifically, fine sand, with its larger specific surface area, exhibits enhanced abilities 

in adsorption, interception, and straining, leading to more effective bacterial removal 

(Freitas et al. 2022, Pfannes et al. 2015) and superior phosphorus retention (Nakhla and 

Farooq 2003). Additionally, smaller particle diameter implies a higher proportion of 

micropores in the filter medium, which increases the contact of pollutants with 

adsorption sites on both filter medium and biofilm (Perez-Mercado et al. 2019). While 

coarse sand, with its higher hydraulic conductivity, facilitates the transfer of nutrients, 

organic matter, and DO to greater depths. This ability is particularly advantageous for 

accommodating high nutrient loads, leading to elevated biogeochemical rates (Perujo 

et al. 2018, Perujo et al. 2017). Moreover, the larger grain size increases water exchange 

through pores, thereby reducing advection time and accelerating the biogeochemical 

rates (Perujo et al. 2017).  
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Fine columns contained a higher cATP concentration in filtrate water at surface 30 cm, 

but coarse columns showed a more uniform cATP vertical distribution within SSFs (Fig. 

12(b)). Except higher straining, previous study suggested that the increased specific 

surface area encourages a higher microbial oxygen uptake rate, as it provides ample 

space for biofilm colonization (Higashino 2013). However, the smaller hydraulic 

conductivity of fine particles limits mass transfer into the deeper sand bed (Nogaro et 

al. 2010), which theoretically might not be conducive to the optimal functioning of the 

deep filter material and microbial growth. Moreover, consistent with higher tATP found 

in the surface of coarse columns (Fig. 13(b)), Perujo et al. (2019) indicated that although 

both fine and coarse sand exhibited similar biofilm colonization potential resulting in 

comparable overall biomass densities in the top layer, more live bacteria and higher 

microbial activity in the coarse system. Pfannes et al. (2015) found that bacterial 

communities differed more within the vertical layers rather than between different grain 

sizes.  

5.3 Influence of loading rate 

Increased loading rate showed no influence on the vertical distributions of DOC and 

NH4
+ (Table A2) and even increased their removal load per unit sand surface area in 

both fine and coarse columns, which could be attributed to the increase in DO transfer 

(Nakhla and Farooq 2003) and decrease in the external mass transfer resistance 

resulting from the higher loading rate (Lee et al. 2014, van Den Akker et al. 2008). 

However, it negatively affected the overall removal efficiencies in DOC and NH4
+ and 

nutrients extended to deeper layers within the SSFs (Fig. 14 and 16). As adsorption 

diminishes with increased flow rate, grain size becomes the most important design 

parameter for biofilters (Perez-Mercado et al. 2019). Therefore, the slightly greater 

decrease in nutrient removal ability in coarse columns might be due to their weaker 

straining and adsorption capacity. Notably, nitrification efficiency displayed a greater 

decrease, with DOC removal performance showing a lower variation. Indeed, previous 

studies suggested that ammonium removal is limited by reactions within the biofilm 

phase and decreased contact times rather than DO concentration and external mass 

transfer, explaining the reduced ammonium oxidation efficiency at higher loading rates 

(Lee et al. 2014, Nakhla and Farooq 2003). Additionally, higher DOC caused by higher 

loading rate inhibits the nitrifying bacteria growth (De Vet et al. 2012, van den Akker 

et al. 2011), contributing to a more significant impact on NH4
+ removal compared to 

DOC (Section 5.1.2). 
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Following the increased loading rate, ATP concentrations in the upper SSFs layers 

significantly increased after 8 days (Fig. 18-19), indicating that the higher flow rate did 

not hinder the biofilm attachment but even promoted its growth. High flow conditions 

can lead to stronger shear forces, resulting in a denser, cohesive, and more stable biofilm 

due to better attachment to the EPS matrix (Graba et al. 2013). Furthermore, Perez-

Mercado et al. (2019) reported that higher flow rates might make biofilm more active, 

despite lower flow rates promoting initial biofilm growth through more contact 

opportunities for organic matter attachment and nutrient provision. Around 14-15 days 

after the increased loading rate, both fine and coarse columns experienced clogging, in 

line with previous findings that lower loading rates can slow down the clogging 

development but might not affect the ultimate clogging extent (Chen et al. 2021). 

However, it is worth noting that fine column faced clogging issues earlier than the 

coarse column. This observation corresponded to higher cATP levels detected in the 

surface layer of fine columns, particularly showing a more significant increase at a 

depth of 5 cm (Fig. 18), which likely contributed to a faster onset of clogging with less 

space for biomass growth (Perujo et al. 2019).  

5.4 Influence of backwashing 

Consistent with previous studies (de Souza et al. 2021b, Liao et al. 2015), backwashing 

influenced the distribution of the DOC and NH4
+ within the filters but did not decrease 

the removal efficiency (Fig. 20-23). In fact, backwashing even accelerated the reduction 

of NH4
+. Periodic backwashing did not affect biofilter performance as long as 60%-80% 

of the biomass was retained (Hozalski et al. 1999). While some studies suggested that 

biomass concentration was not directly correlated with DOC removal in drinking water 

biofilters (Boon et al. 2011). Backwashing detached nonbiological particles from the 

grain surface, renewed the capacity for adsorption (Liao et al. 2015), and reduced 

biofilm thickness accelerating the diffusion (Simpson 2008), possibly contributing to a 

positive impact on nutrient removal. As for bioactivity, after backwashing on 8th day, 

the surface layer of the fine column saw a slight decrease in attached tATP, while the 

coarse column even showed a slight increase (Fig. 25). However, backwashing alone 

was not sufficient to significantly remove biomass from the sand surface (de Souza et 

al. 2021a) and the turbidity in the backwash water was mostly due to the interstitial or 

non-organic materials (de Souza et al. 2016, Pizzolatti et al. 2015). Additionally, 

backwashing did not remove the stratification of water quality and biological activity 

in the filter (Fig. 20-25), aligning with previous findings (Lee et al. 2014). The weak 
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destratification could be due to the buildup of precipitates over time, leaving the top of 

the filter with larger, less dense filter material, which remained at the top of the filter 

after the backwash (Lee et al. 2014) (Fig. A21). 

The impact of backwashing was more pronounced on nutrient vertical distributions 

within the coarse column compared to the fine columns (Table A2), indicating superior 

cleaning performance of the coarse systems under identical backwashing conditions. 

Lower backwashing flow rates for fine sand reduced drag tension between water and 

sand grains after complete fluidization (de Souza et al. 2021a, de Souza et al. 2016, de 

Souza et al. 2021b). Consequently, larger diameter grains provide more effective 

cleaning under the same expansion conditions (de Souza et al. 2016). However, it comes 

at the expense of higher water consumption and less efficient filtering (de Souza et al. 

2016).  

Microbial activity (Fig. 24-25) and DOC removal efficiency (Fig. 20) returned to pre-

backwashing levels after 8 and 14 days after cleaning, respectively, suggesting that the 

short-term impact of backwashing on SSFs can gradually be restored. Previous studies 

suggested that performance and attached biomass can almost fully recover within 2 

days in SSFs (de Souza et al. 2021b, Liao et al. 2015, Wang et al. 2023) and 2-5 days 

in granular activated carbon biofilters (Gibert et al. 2013, Hozalski and Bouwer 2001). 

However, microbial community recovery requires more time for about 15 days (Liao et 

al. 2015, Wang et al. 2023). 

Compared to other cleaning methods like superficial agitation or stirring, backwashing 

has advantages in ease of operation and minimal biomass loss. Traditional procedures 

can take several days and disrupt the biological layer, leading to reduced bacterial 

removal effectiveness (Freitas et al. 2022). Moreover, the duration of post-maintenance 

recovery can vary depending on the maintenance method, ranging from 8.5 to 23 days 

by surface agitation or replacement (Singer et al. 2017), which is longer than for 

backwashing. 

5.5 Assessment of optimum design and operation of slow sand filters 

When evaluating the suitability of SSFs for drinking water treatment, several key 

operational criteria must be considered, with the primary objective being the reduction 

of pollutant concentrations to level that guarantee the hygienically safe and biologically 

stable drinking water. These operational criteria include factors such as capital and 
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operating expenses, robustness, and longevity of performance. 

Coarse sand within the range of 0.85-1.25 mm appears to be a favorable choice for SSFs 

in this study. Contrary to expectations, there was no significant difference between fine 

and coarse columns in the removal of DOC, NH4
+, and PO4

3- after SSF maturation. This 

could be attributed to the low dosed pollutant concentrations, making it challenging to 

discern the maximum treatment load of SSFs. However, the DOC and NH4
+ 

concentrations applied in the study were relatively high compared to typical influent 

levels in Dutch SSFs. This allowed to investigate stratification in removal processes, 

although it may not fully representative. Coarse columns demonstrated a lower removal 

efficiency of pollutants when operated at 2 m/h, indicating limited removal capacity at 

higher flow rates than their fine counterparts. However, the lower risk of clogging in 

coarse columns translated to an extended operational lifespan. Under identical 

backwashing conditions, coarse sand exhibited more pronounced cleaning effects, with 

virtually no impact on pollutant removal efficiency. Although achieving the same 

fluidization effect as fine sand necessitated a higher backwashing flow rate, potentially 

resulting in greater wastewater disposal concerns, the infrequent need for cleaning (no 

clogging observed after 125 days of operation at 0.5 m/h) diminishes the significance 

of this drawback in the overall assessment. 

According to this study, 0.5 m/h was deemed satisfactory that it showed effective DOC 

and NH4
+ removal without clogging issues over 125 days, despite this value falling on 

the higher end of recommended flow rates of 0.1-0.4 m/h for SSFs (Table 1). Notably, 

the choice of flow rate directly impacts the footprint of SSFs, a substantial component 

of capital expenditure. In theory, the rate of 0.5 m/h can save ca. 900 m2 of footprint 

per Mm3/year of water production compared to 0.1 m/h. Due to the large gap between 

the selected loading rates, this study did not pinpoint the precise optimum. While by 

evaluating the DOC and NH4
+ removal capacities per unit surface area of sand at 2 m/h, 

a rough estimation suggests that both fine and coarse columns could attain a 100% 

overall removal efficiency at a maximum of 1.7 m/h. However, as the loading rate 

increased, biofilm growth accelerated, resulting in severe clogging within a brief period 

(2 weeks at 2 m/h) and rendering the treatment performance of SSFs unsustainable. It 

is worth noting that in full-scale SSFs, influent concentrations of DOC and NH4
+ are 

typically very low, around 1.5 mg/L (Hijnen et al. 2007) and < 0.02 mg/L (Ahmad et al. 

2020), respectively. Consequently, clogging issues might not be as prominent as 

observed in this study. Therefore, further research could investigate the impact of 
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increased flow rates under low influent nutrient loading conditions.  

Backwashing proved to be an effective cleaning strategy for lab-scale SSFs, with no 

significant impact on pollutant removal efficiency. While the implementation of 

backwashing needs additional construction of water distribution systems compared to 

scraping methods, it offers notable advantages: simple and fast operation, no need for 

filter draining, prevention of sand loss, and similar efficiency to regular SSFs. However, 

because this study did not compare different cleaning strategies and backwashing 

intensities, it cannot definitively determine the optimal cleaning strategy. 
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6. Conclusions 

1. Coarse sand (0.85-1.25 mm) exhibited similar DOC and NH4
+ removal efficiency, 

adaptability to increased loading rate, more effective cleaning by backwashing, and 

a reduced risk of bioclogging compared to fine sand (0.4-0.6 mm). 

2. The increase of loading rate (2 m/h) diminished the effectiveness of DOC and NH4
+ 

removal in all SSFs, and led to accelerated microbial proliferation and clogging, 

thereby diminishing the filter's operational lifespan, and compromising nutrient 

removal efficiency. The flow rate of 2 m/h resulted in the decrease of DOC and 

NH4
+ removal effect in all SSFs. 

3. The process of backwashing demonstrated minimal impact on SSFs' efficiency in 

removing DOC and NH4
+. The microbial activity and removal efficiency was 

restored within 7-14 days after backwashing, suggesting that backwashing has the 

potential to sustain the longevity and performance of SSFs. 

4. This study underscores several findings for the optimum design and operation of 

SSFs: 1) coarse sand (0.85-1.25 mm) is preferred for SSFs, offering better cleaning 

capabilities and reduced clogging risks; 2) flow rate of 0.5 m/h is favorable for 

maintaining efficient nutrient removal and longer lifespan, and occupies a relatively 

small footprint than regular SSFs; 3) backwashing can be an adoptable cleaning 

strategy to ensuring the continued effectiveness of SSFs. 

5. Both fine and coarse SSFs demonstrated their capability to achieve 100% removal 

of approximately 1.5 mg/L AOC and 1.0 mg/L NH4
+-N under 0.5 m/h. A stable 

removal efficiency was achieved after 90-100 days of operation. 

6. An unexpected rise in DOC concentration of 0.72-0.94 mg/L occurred at a depth of 

55 cm in all SSFs. This increase was potentially linked to the release of microbial 

metabolites by heterotroph from young, developing filters. The increased DOC was 

primarily due to higher concentration of LMW compounds, particularly LMW 

neutrals. This could be attributed to denitrification processes transforming other 

organic compounds into LMW neutrals. However, release of DOC in the deeper 

layers of the filters needs further attention. 
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7. Limitations and suggestions 

1. Incomplete mass balance: The study did not include measurements of carbon, 

nitrogen, and phosphate attached to the sand or biofilm. Furthermore, the absence 

of data on DON and total nitrogen restricted the ability to calculate closed mass 

balances. The exclusion of these factors could potentially limit the 

comprehensiveness of the nutrient removal assessment. Future studies should 

consider above parameters or apply stable isotope analysis to provide a more 

complete understanding of the process. 

2. Limited microbial community characterization: The research primarily focused on 

microbial activity and nutrient removal without providing an in-depth 

characterization of the microbial communities. A deeper exploration of microbial 

diversity, composition, and their potential impact on the filtration process could 

offer valuable insights. Including metagenomics could provide a deeper 

understanding of nutrient transformation pathways and microbial contributions 

within the filter beds. 

3. Inferred mechanisms of DOC peak: The underlying factors contributing to the 

observed DOC peak at the 55 cm depth in the filter were hypothesized rather than 

directly measured. Further research, for example applying strong destratification 

process or raising or lowering the relative position of sand at the current 55 cm, is 

needed to elucidate the precise mechanisms behind this phenomenon, including its 

depth-specific occurrence, temporal patterns, and underlying dynamics. Such 

investigations would facilitate a more accurate interpretation of the observed results 

and aid in optimizing filter bed design. 

4. Limited loading rate range: The study focused on a broad range of flow rates. 

However, this may have deviated from the practical operational range, potentially 

impacting the generalizability of findings to real-world scenarios. 

5. Short-term recovery assessment: The investigation provided insights into the short-

term recovery of SSFs after backwashing. However, due to limitations on the 

sampling frequency, a comprehensive understanding of the complete recovery 

process was not attained. Future studies could benefit from a more detailed and 

extended recovery analysis.  
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A1. Tracer test 

 

  

Fig. A1. Calibration curve of NaCl concentration and electric conductivity in tap water at 15 ℃. 

Fig. A2. Tracer test results in SSFs. 
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A2. Results of Phase I – Unstable stage 

A2.1 Removal of DOC, ammonium, and phosphorus 

 

Fig. A3. Depth profiles of DOC in fine and coarse columns operating at 0.5 m/h during immature 

stage in phase I. The DOC measurements were normalized by removing background 

concentrations of tap water. 

Fig. A4. Depth profiles of PO4
3--P in fine and coarse columns operating at 0.5 m/h during 

immature stage in phase I. The DOC measurements were normalized by removing background 

concentrations of tap water. 
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(a) 

 

(b) 

 

(c) 

 

Fig. A5. Depth profiles of NH4
+-N (a), NO2

--N (b), and NO3
--N (c) in fine and coarse columns 

operating at 0.5 m/h during immature stage in phase I. The DOC measurements were normalized by 

removing background concentrations of tap water. 
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A2.2 Breakthrough curves of E.coli WR1 

Spiking experiments were performed during day 34-64 to evaluate bacteria removal 

capacity. BTCs and depth profile of E.coli WR1 in fine and coarse columns are shown 

in Fig. A6. The BTCs are characterized by a climbing limb, a plateau phase, a decline 

limb, and finally a gradual declining tail. In the fine columns, a maximum relative 

concentration (Ct/C0) of 0.02 ± 0.005 was reached after 1 h operation, indicating a log 

reduction value (LRV) of 1.64 ± 0.38. A lower Ct/C0 of 9.97× 10-4 and E.coli 

concentration of 195-450 cfu/mL was measured in effluent 4 h after stopping the spike, 

indicating the detachment of attached cells. Upon 20 h after spiking, Ct/C0 dropped to 

0 with the effluent concentration remained below 1 cfu/mL. Similarly, in coarse 

columns, the maximum relative concentration was 0.10 ± 0.01 with a relatively lower 

LRV of 1.05 ± 0.26 compared with that of fine columns. Comparing different grain 

sizes, Ct/C0 value show significant difference (p < 0.05) according to t-test, indicating 

grain size can affect the removal of E.coli, and smaller grain size shows better bacterial 

removal efficiency. 

Log10 removal of E.coli along the height of the filters is shown in Fig. A6(b). The fine 

and coarse columns depicted an overall LRV of 1.71 ± 0.32 and 1.12 ± 0.33, respectively. 

In the fine column, maximum removal of 0.82 log10 was obtained between 0-30 cm 

with an average removal efficiency of 0.027 log10 per cm. While the deeper layers of 

30- 90 cm depth contributed to removal of 0.89 log10 and the average LRV per unit 

depth was 0.015. Similarly, for coarse column, the relatively higher removal rate of 

0.026 log10/cm was achieved by the surface 20 cm with the overall LRV of 0.52, then 

Fig. A6. Breakthrough curve (a) and log removal over the height (b) of E.coli WR1 in SSFs. 
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dropped to 0.008 log10/cm below 20 cm depth. 

A2.3 Breakthrough curves of PhiX 174 

Spiking experiments were performed on day 36-56 to evaluate virus removal efficiency. 

Shown as Fig. A7(a), the BTCs of PhiX 174 showed a similar trend with E.coli that, 

comprises a steep ascending limb, a plateau, a declining limb, and a gradually decreased 

tail. According to t-test, the fine and coarse columns exhibited similar performance on 

PhiX removal (p > 0.05) that, a Ct/C0 ratios were stabilized after 1 h at approximately 

0.62 ± 0.08 and 0.61 ± 0.08, respectively, with comparable LRV of 0.26 ± 0.04 and 0.26 

± 0.11. Upon cessation of the spiking, the PhiX concentration in the effluent of both 

fine and coarse columns promptly declined but still remained above 2.70×104 pfu/mL 

and 2.05×104 pfu/mL, respectively. Throughout the observed timeframe, the Ct/C0 

value did not drop to 0, instead stabilizing at levels of 97 pfu/mL and 409 pfu/mL for 

fine and coarse columns, respectively. This continues release from SSFs following the 

disappearance of phages in the influent has also been observed in PhiX and MS2 

experiments (Anderson et al. 2009, Trikannad et al. 2023). The PhiX concentration of 

the effluent from the fine column was higher after the spiking was stopped, while was 

exceeded by that of coarse column at 13 h, implying a faster substantial detachment of 

attached PhiX in fine columns as compared to coarse columns. 

In Fig. A7(b), the PhiX log removal profiles over the height in both fine and coarse sand 

were comparable with an overall LRV of 0.25 and 0.24, respectively. The surface 5 cm 

layer displayed the removal efficiency by achieving a reduction of 0.06 log10 and 0.05 

log10 for the fine and coarse column, respectively, and the entire filter bed demonstrated 

Fig. A7. Breakthrough curve (a) and log removal over the height (b) of PhiX 174 in SSFs. 
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the ability to remove PhiX. A linear removal trend was observed below 20 cm along the 

fine and coarse filters with the slopes of 0.0027 log10/cm (r2 = 0.929) and 0.0025 

log10/cm (r2 = 0.986), respectively.  

A2.4 Discussion of microorganisms spiking test 

Moreover, previous research reported that mature SSFs could achieve the reduction of 

3.71 log10 for E.coli and 2.25 log10 for MS2 (Young-Rojanschi and Madramootoo 2014). 

Considering the higher adhesion of PhiX 174 on sand compared to MS2 (Attinti et al. 

2010, Wielen et al. 2008), SSF should be able to achieve a higher removal of PhiX than 

MS2. However, on day 34-64, the filters only achieved the overall LRV of E.coli and 

PhiX at 1.12-1.71 and 0.26, respectively, which was much lower than that of ripened 

filters (Fig. A6-A7). Studies have shown that household SSF efficiency typically 

improves after the immature stage, leading to an average bacterial reduction of ≤ 1 log10 

before ripening (Freitas et al. 2022, Terin and Sabogal-Paz 2019). The LRV of E.coli 

and PhiX with unit depth above 5 cm layer in this experiment was only 0.02 and 0.01, 

respectively (Fig. A6-A7), which were far lower than the removal performance of 0.08 

and 0.06 of clean sand in a recent study (Trikannad et al. 2023). Although this may be 

due to the larger grain applied in this experiment, it indicated that the filters during 

microorganisms spiking test did not show the removal effect of biofilm and active 

organisms on pathogen, mainly relying on the effect of sand. Therefore, the inefficient 

Schmutzdecke did not achieve the target removal ability (0.33 -log10/cm for E.coli and 

0.12 -log10/cm for PhiX)(Trikannad et al. 2023). Furthermore, a linear decline in PhiX 

was evident below a depth of 20 cm (Fig. A7(b)), aligning with the linear MS2 removal 

within unripened biosand filter but an exponential removal in mature filters found in 

previous research (Wang et al. 2014). These findings suggest that rather than being 

dominated by Schmutzdecke’s function, the deeper sand layer likely plays a more 

important role in the overall pathogen removal during the ripening phase, as the volume 

of deeper sand is much greater than the Schmutzdecke occupied space. After the 

development of biofilm, water quality improvements tend to ascend towards the 

Schmutzdecke and upper sand layer, consistent with previous studies on mature filters 

(Bauer et al. 2011, de Oliveira and Schneider 2019, Pfannes et al. 2015). 
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A3. Results of Phase I – Stable stage 

A3.1 Water temperature 

 

A3.2 Removal of DOC 

 

Fig. A9. Depth profile of DOC concentration within the SSFs on day 106. 

Fig. A8. Temporal changes in water temperature during experiment. 
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(a) 

 

(b) 

 

(c) 

 

Fig. A10. Chromatograms of water samples within filter columns F1 (a), F2 (b), C1(c), and C2 (d) 

responses for organic carbon detection (OCD), UV-detection at 254 nm (UVD), and organic 

nitrogen detection (OND). Ammonium appears as a single peak eluting at 70 min and nitrate 

appears as a “double peak” due to competitive ionic interactions between nitrate, the mobile phase 

and the chromatographic column. 

(d) 
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Biopolymers are constituted of polysaccharides and proteins. Indeed, all DON 

associated with the biopolymers was assumed to be bound in proteins (Jacquin et al. 

2017). With an estimated C/N mass ratio of 3 for proteins (Huber et al. 2011), the 

concentration and relative contributions of polysaccharides and proteins within 

biopolymers are shown in Fig. A12. The rise of biopolymers at 5 cm was caused by 

proteins, which increased by 17.36 ± 5.17 ug/L and 15.47 ± 11.08 ug/L in the fine and 

Fig. A12. Vertical concentrations (a) and relative distributions (b) of the polysaccharides and 

proteins fractions in biopolymers within the SSFs on day 106. 

Fig. A11. Biopolymer removal profile in fine and coarse columns on day 106. 
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coarse column, respectively, and then decreased with depth. The increase of proteins is 

likely attributed to the desorbed cells or cell fragments, which typically contain a higher 

proteins than carbohydrates (de Oliveira and Schneider 2019). As for polysaccharides, 

its concentration gradually decreased by 44.04 ± 9.37 ug/L and 36.92 ± 20.12 ug/L in 

fine and coarse columns, respectively, showing the similar values as observed in other 

SSFs (Chen et al. 2016, de Oliveira and Schneider 2019, Lautenschlager et al. 2014). 

A3.3 Removal of nitrogen 

 

Fig. A14. Vertical concentrations (a) and relative distributions (b) of the DON fractions in biopolymers 

and humic substances within the SSFs on day 106. 

Fig. A13. Depth profile of SUVA in fine and coarse columns on day 106. 
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Fig. A14 shows the results of DON linked to biopolymers and humic substances 

according to LC-OCD measurement on day 106. The concentration of DON in these 

two fractions increased in the top layer (0-5 cm) of the filter beds of both fine and coarse 

columns. However, in the fine column, the filter below 5 cm did not exhibit a significant 

removal effect on DON, with the effluent concentration even higher than that in the 

influent. However, the coarse column showed a progressive decrease in DON 

concentration below 5 cm, and overall, demonstrated a removal of 21.7%. Additionally, 

humus-linked DON showed a more obvious response to the filter column compared to 

biopolymers-linked DON with higher molecular weight, exhibiting a more pronounced 

variation among filter depth. 

A3.4 Removal of phosphorus 

 

Fig. A15. Temporal changes in PO4
3--P removal efficiency in fine and coarse columns during phase I. 

Fig. A16. Depth profiles of PO4
3--P in fine and coarse columns operating at 0.5 m/h in phase I. The 

PO4
3--P measurements were normalized by removing background concentrations of tap water. 
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Fig. A15 and A16 illustrate the distribution and removal performance of PO4
3--P. The 

vertical phosphate concentration gradually decreased after stable operation. However, 

the removal efficiency showed no clear variation trend at early-stage, that PO4
3--P 

concentrations sometimes even increasing within the coarse column. After 80 days, the 

removal efficiency of phosphate improved, fluctuating at around 20.9 ± 11.1% and 24.9 

± 28.8% in the fine and coarse column, respectively. The distribution of PO4 

concentration along the sand depth was obviously affected by grain size (p < 0.01), 

although there was no significant difference in the removal efficiency (p > 0.05). 

A3.5 Mass balance 

Table A1. The spatial changes in concentrations of DOC, nitrogen, phosphate, and DO within 

intermediate horizontal layers of the filters. The data is derived from the average values recorded 

between days 97 and 125. A negative value indicates substance reduction through the layer, while a 

positive value indicates substance increase. 

Depth DOC DIN NH4
--N NO2

--N NO3
--N PO4

3--P DO 

(cm) (mg/L)       

Fine column 

0-5 -0.83  -0.31  -0.31  0.00  0.00  0.001  -0.31  

5-45 -0.50  0.11  -0.53  0.53  0.11  -0.003  -0.27  

45-55 0.92  -0.09  -0.03  -0.04  -0.02  0.000  0.01  

55-65 -0.90  0.03  -0.01  0.05  -0.01  0.000  -0.01  

65-90 -0.04  0.09  0.01  0.12  -0.04  -0.000  0.00  

Overall -1.31  -0.17  -0.88  0.65  0.05  -0.003  -0.58  

Coarse column 

0-5 -0.83  -0.19  -0.19  0.00  0.00  0.000  -0.28  

5-45 -0.56  -0.04  -0.67  0.52  0.11  -0.002  -0.35  

45-55 0.72  -0.09  -0.01  -0.04  -0.04  0.000  -0.01  

55-65 -0.65  0.12  -0.03  0.14  0.00  -0.000  0.01  

65-90 -0.04  -0.01  -0.09  0.12  -0.05  -0.001  0.00  

Overall -1.31  -0.21  -0.99  0.75  0.03  -0.003  -0.63  
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A4. Results of Phase II – Increasing loading rate 

 

Fig. A17. Schemes of hydraulic surface cleaning. 

(a) 

 

(c) 

 

Fig. A18. Photos of the flocs in the wastewater of hydraulic washing from fine (a) and coarse 

(b) columns on 0.45 um on day 152. And the electron microscope image of floc (c). 

(b) 
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A4.1 Removal of phosphorus 

 

As depicted in Fig. A19 and A20, between days 125-140, the phosphate concentration 

in the filter column gradually decreased. The removal efficiency for fine and coarse 

column remained at 49.6% ± 13.5% and 60.0% ± 6.3%, respectively, which were 

comparable to those observed before the loading rate rising. After day 140 the 

phosphate removal capacity decreased, but in comparison to the decrease in DOC and 

ammonium removal efficiencies, the phosphate removal efficiency only decreased to 

34.1% and 32.4% in fine and coarse column, respectively. According to t-test results, 

Fig. A20. Depth profiles of PO4
3--P in fine and coarse columns operating at 2 m/h during phase II. 

The PO4
3--P measurements were normalized by removing background concentrations of tap water. 

The dashed line indicates the start of the phase II – increasing loading rate. 

Fig. A19. Temporal changes in PO4
3--P removal efficiency in fine and coarse columns during 

phase II. The dashed line indicates the start of the phase II – increasing loading rate. 
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the increase in loading rate had significant effect on the vertical distribution of PO4
3- 

within the filter columns (p < 0.01). 

A5. Results of Phase II – Backwashing 

A5.1 Removal of phosphorus 

 

Fig. A22. Temporal changes in PO4
3--P removal efficiency in fine and coarse columns during 

phase II. The dashed line indicates the start of the phase II – backwashing. 

(a) 

 
(b) 

 

(c) 

 
(d) 

 

Fig. A21. Photos of the surface of fine and coarse filter columns before (a, b) and after (c, d) 

backwashing. 
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Fig. A22 and A23 depict the distribution and removal efficiency of phosphate in the 

filter columns after backwashing. Backwashing did not diminish the removal efficiency 

of PO4
3-, instead, the removal efficiency gradually increased to 62.0% and 61.0% over 

the course of operation. Consistent with the removal performance, the vertical profile 

showed a more pronounced downward trend than phase I experiment, but this may be 

attributed to the gradual maturation of the filter columns. According to t-test results, 

backwashing showed significant impact on the PO4
3- vertical distribution within fine 

columns (p < 0.01), but no obvious impact on coarse column (p > 0.05). 

A6. Data analysis 

Table A2. Results of paired samples t-test, where df stands for the degrees of freedom, and t stands 

for the test statistic for the paired t-test. *, **, and *** indicate differences are significant at the 0.05, 

0.01, and 0.001 levels, respectively. 

Parameter Variable 1 Variable 2 t df p-value 

PhiX concentration Fine Coarse 1.384 13 0.190 

E.coli concentration Fine Coarse -2.766 14 0.015* 

DOC concentration Fine Coarse 0.813 51 0.420 

DOC removal efficiency Fine Coarse 0.709 19 0.487 

NH4
+ concentration Fine Coarse 2.849 51 0.006* 

NH4
+ removal efficiency Fine Coarse -1.559 20 0.135 

NO2
- concentration Fine Coarse 1.836 51 0.072 

NO3
- concentration Fine Coarse -0.434 51 0.666 

PO4
3- concentration Fine Coarse -6.224 51 0*** 

PO4
3- removal efficiency Fine Coarse 0.509 14 0.619 

pH Fine Coarse 3.137 25 0.004** 

Fig. A23. Depth profiles of PO4
3--P in fine and coarse columns operating at 0.5 m/h during phase II. 

The PO4
3--P measurements were normalized by removing background concentrations of tap water. 

The dashed line indicates the start of the phase II – backwashing. 
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DO concentration Fine Coarse -0.962 23 0.346 

cATP in water Fine Coarse -3.253 19 0.004** 

tATP on sand Fine Coarse 0.412 5 0.697 

DOC concentration (fine) 0.5 m/h 2 m/h -3.016 7 0.019* 

DOC concentration (coarse) 0.5 m/h 2 m/h -2.495 7 0.041* 

DOC concentration (fine) Before BW After BW -3.352 7 0.012* 

DOC concentration (coarse) Before BW After BW -4.900 7 0.002** 

NH4
+ concentration (fine) 0.5 m/h 2 m/h -0.399 7 0.702 

NH4
+ concentration (coarse) 0.5 m/h 2 m/h -0.733 7 0.487 

NH4
+ concentration (fine) Before BW After BW 2.986 7 0.020* 

NH4
+ concentration (coarse) Before BW After BW 4.919 7 0.002** 

PO4
3- concentration (fine) 0.5 m/h 2 m/h 3.836 7 0.006** 

PO4
3- concentration (coarse) 0.5 m/h 2 m/h 9.131 7 0*** 

PO4
3- concentration (fine) Before BW After BW 4.448 7 0.003** 

PO4
3- concentration (coarse) Before BW After BW 1.371 7 0.213 

cATP above 5 cm (fine) 0.5 m/h 2 m/h -50.366 1 0.013* 

cATP below 5 cm (fine) 0.5 m/h 2 m/h 0.013 5 0.990 

cATP above 5 cm (coarse) 0.5 m/h 2 m/h -32.571 1 0.020* 

cATP below 5 cm (coarse) 0.5 m/h 2 m/h 1.920 5 0.113 

cATP above 5 cm (fine) Before BW After BW -1.639 3 0.200 

cATP below 5 cm (fine) Before BW After BW -3.583 5 0.016 

cATP above 5 cm (coarse) Before BW After BW -1.298 3 0.285 

cATP below 5 cm (coarse) Before BW After BW 2.731 5 0.440 

tATP above 5 cm (fine) 0.5 m/h 2 m/h -19.304 1 0.033* 

tATP below 5 cm (fine) 0.5 m/h 2 m/h -2.128 3 0.123 

tATP above 5 cm (coarse) 0.5 m/h 2 m/h -95.354 1 0.007** 

tATP below 5 cm (coarse) 0.5 m/h 2 m/h -2.549 3 0.084 

tATP above 5 cm (fine) Before BW After BW 2.731 1 0.223 

tATP below 5 cm (fine) Before BW After BW -1.884 3 0.156 

tATP above 5 cm (coarse) Before BW After BW -6.220 1 0.101 

tATP below 5 cm (coarse) Before BW After BW -0.578 3 0.604 
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Fig. A24. Average correlation between physicochemical and biological parameters of filtrate water 

at various depths within both fine and coarse SSFs during phase I. * and ** indicate differences 

are significant at the 0.05 and 0.01 levels, respectively. 


