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ABSTRACT 
 

Conventional filtration practices operate with a pre-chlorination step for the disinfection of 

pathogens, though this may produce harmful levels of disinfection by-products (DBPs). 

Biofiltration, however, can reduce the formation of DBPs and produce biologically stable 

water, despite the associated concerns including increased headloss and particle release. A 

pilot scale comparison study between conventional and biological dual media 

anthracite/sand filters was conducted to assess their performance and address industry 

concerns with biofiltration. The filters were subjected to various backwash and temperature 

conditions, including the addition of air scour and extended terminal subfluidization wash 

(ETSW) at 15-25°C and 0-5°C. Microbial activity and DOC removal in the biofilters were 

not affected by decreased temperatures. The biofilters had significantly lower DBP 

formations (p<0.05) than the conventional filters under all conditions, by 33-46%. The 

biofilters exhibited greater headloss development than the conventional filters with a water 

only backwash, but it was found to be minimized by up to 19% when applying air scour 

and ETSW under warm water conditions. The conventional filters proved to be more 

vulnerable in terms of particle release during ripening, regardless of backwash strategy. A 

double stage ETSW step was also explored and found to improve ripening particle counts 

and turbidity in both filter types, even further than a single stage ETSW, while 

simultaneously providing headloss control.
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CHAPTER 1 INTRODUCTION 

1.1 PROBLEM STATEMENT 

In Canada, filtration is a mandatory step in drinking water treatment for facilities which 

use surface water as a raw source (Health Canada, 2017). Filtration has been in practice for 

centuries to produce safe potable water by removing organic and inorganic contaminants 

with the help of a granular media. Conventional filtration practices have operated with the 

addition of a chlorinated disinfectant prior to filtration since the start of the 20th century for 

the eradication of harmful pathogens (Sadiq & Rodriguez, 2004). Towards the end of the 

20th century, however, it had been discovered that the reaction of chlorine with natural 

organic matter (NOM) in the feed water can produce disinfection by-products (DBPs), 

some of which were found to be carcinogenic (Stevens, et al. 1976). This led to regulations 

on DBPs being put in place and efforts to minimize their production were studied at length. 

When chlorination is not practiced until after the filtration stage, it allows for filters to 

become biologically active due to naturally occurring bacteria growth on the media. 

Biofiltration has been receiving increased attention in recent years for its ability to reduce 

the formation of DBPs by removing the biodegradable fractions of NOM which are known 

to be DBP precursors (Liu, et al. 2017, Delatolla, et al. 2015). This removal is accomplished 

by microbial degradation, as microorganisms in the filter utilize carbon in the water as a 

primary energy source (Urfer, et al. 1997). Moreover, biofiltration can also reduce taste 

and odor causing compounds and limit bacterial regrowth in the distribution system (Basu, 

et al. 2016). 

Despite the known benefits of biofiltration and its wide adaptation in Europe, many North 

American treatment facilities are hesitant as there are still existing concerns with the 
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implementation of biofiltration; largely driven by reports of increased headloss 

development due to biomass buildup and increased effluent particle release due to biofilm 

sloughing (Nieminsky & Perry, 2015, Zhu, et al. 2010). Despite these reports, there remains 

a lack of research comparing conventional filtration and biofiltration directly in more 

recent years. The cold climates in North America can also provide limitations, as biological 

activity is hypothesized to be hindered at low temperatures (Moll, et al. 1999, Liu, et al. 

2001, Hallé, et al. 2015). Moreover, compared to conventional filtration, there is still a lack 

of knowledge on backwash optimization for ideal biofiltration performance (Ikhlef, & 

Basu, 2017, Evans, et al. 2013). 

Backwashing is an essential part of any filter’s successful operation and must be performed 

regularly to renew its removal capacity and ensure optimal performance (Ahmad & 

Amirtharajah, 1998). Backwashing is especially important for biofilters to maintain proper 

health and size of their biofilm; it is necessary to remove dead or inactive biomass to control 

headloss development and maintain desired organics removal. Traditionally, filters were 

washed with water only, however, a water and air combined backwash procedure was 

found to increase media collisions and abrasions, resulting in a more efficient particle 

removal from the media grains (Amirtharajah, 1993). Most research on backwashing 

biofilters with air scour has focused on the resulting biomass content and biological activity 

(Emelko, et al. 2006, Liu et al. 2001), however it is not well understood how this 

backwashing affects other areas of biofiltration performance. A more recent backwashing 

practice which also lacks exploration in biofilters, is the addition of an extended terminal 

subfluidization wash (ETSW) for eliminating filter ripening (Amburgey, 2005). Filter 

ripening is a period of increased turbidity observed after a backwash, experienced by both 

conventional filters and biofilters. ETSW is an additional flushing step post backwash 
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which aids in the removal of remnant particles that may cause this observed increase in 

turbidity (Amburgey, 2005). The effects of ETSW and air scour on biofiltration 

performance in terms of organics removal and turbidity has recently been explored at bench 

scale with synthetic water (Ikhlef & Basu, 2017). Although headloss and particle release 

have been reported as the largest concerns of biofiltration, there is limited information on 

how an operational parameter such as backwashing could minimize these specific issues, 

especially at pilot and full-scale.  

A better understanding of how biofiltration systems react to various backwash procedures 

with a real source water could aid in solving some of the problems experienced when 

implemented at full-scale. Operators and academics alike would benefit from a side by side 

comparison of performance aspects between pre-chlorinated filtration and biofiltration, as 

well as their corresponding responses to both conventional and novel backwashing 

techniques at varying temperatures. 

 

1.2 RESEARCH OBJECTIVES 

1.2.1 Main Objective 

The objective of this research is to compare the performance of biological filtration to 

conventional filtration at pilot scale with a real fresh water source, under a range of 

experimental conditions including various backwash techniques and temperature 

variations. In particular, this study hopes to address industry concerns regarding 

biofiltration and assess the effects of backwashing strategy for the control of headloss 

development and particle release, which may potentially ease its full-scale implementation. 
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1.2.2 Specific Objectives 

1. Asses the performance of biofiltration versus conventional filtration with respect to 

differences in organic carbon removal, filter ripening and headloss development.   

2. Evaluate the impact of backwash strategies including air scour and the addition of 

single and double stage ETSW steps on particle release, turbidity, organic carbon 

removal and headloss development in both filter types. 

3. Assess DBP formation potential in conventional filters versus biofilters. 

4. Investigate analytical parameters to monitor biofilter health (ATP/EPS) and any 

potential correlations with biofiltration performance aspects. 

5. Evaluate the impact of temperature (Summer vs Winter) on the performance of the 

filters. 

 

1.3 ORGANIZATION OF THESIS 

This thesis is organized into 6 chapters. This chapter, Chapter 1, provides an insight to the 

specific need for this type of research along with the main objectives of the study. Chapter 

2 presents a literature review with background information necessary for a better 

understanding of the experimental hypothesis, set up, and corresponding results. Chapter 

3 provides a description of the experimental set up and plan, along with a detailed account 

of the methodology used in the completion of the experiments. Chapters 4 and 5 are results 

chapters presented in the form of journal articles that have been submitted or planned to be 

submitted for publication. Finally, Chapter 6 presents a summary of the main findings from 

the study and recommendations for future work in the field. 
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1.4 ARTICLES SUMMARY 

 

1) Analyzing the performance of biological versus conventional drinking water 

filtration: a pilot scale study (Planned Submission to Chemosphere) 

 

Authors: Ashley Piche, Andy Campbell, Ian Douglas, Onita Basu 

Author contributions: 

- Ashley Piche: Performed all experiments which included daily sampling, 

backwashing of the filters and all laboratory tests. Analyzed data and presented 

it in various formats.  Wrote paper in full. 

- Andy Campbell: Provided guidance and supervision when dealing with the 

pilot system. Gave feedback on results and writing. 

- Ian Douglas: Provided useful insights on drinking water treatment at the 

Britannia plant and gave feedback on results. 

- Onita Basu: Thesis supervisor. Came up with experimental design and 

provided guidance and feedback throughout all stages of the experiment. 

Provided edits and suggestions during the writing stage. 

 

2) Investigation of various backwashing strategies for minimizing headloss 

development and particle release in drinking water biofiltration (Planned 

Submission to Water Science & Technology) 

 

Authors: Ashley Piche, Andy Campbell, Shawn Cleary, Ian Douglas, Onita Basu 
 

Author contributions: 

- Ashley Piche: Performed all experiments which included daily sampling, 

backwashing of the filters and all laboratory tests. Analyzed data and presented 

it in various formats.  Wrote paper in full. 

- Andy Campbell: Provided guidance and supervision when dealing with the 

pilot system. Gave feedback on results and writing. 

- Shawn Cleary: Provided feedback on results and writing. 

- Ian Douglas: Provided useful insights on drinking water treatment at the 

Britannia plant and gave feedback on results. 
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- Onita Basu: Thesis supervisor. Came up with experimental design and 

provided guidance and feedback throughout all stages of the experiment. 

Provided edits and suggestions during the writing stage. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 FILTRATION IN DRINKING WATER TREATMENT 

The act of filtering water for its clarification is believed to have been practiced for 

thousands of years, however, engineered systems for filtering surface water were 

introduced in Europe in the 1800’s. (Crittenden, et al. 2012). Filtration is used as a method 

of removing pathogenic microorganisms and other organic and inorganic particles from 

water by passing through a granular or porous media using gravity (Basu, et al. 2016). The 

filter media will retain most solids while water passes through, producing visibly cleaner 

water. The first form of the process was slow sand filtration, with rates as low as 0.1 m/h 

(Huisman & Wood, 1974). This is still used today in underdeveloped countries or rural areas 

because of its low costs and maintenance appeal (Hammes, et al. 2011). A modern version 

of the process developed in the United States in the 1880s, is single or dual media rapid 

granular filtration, using anthracite or granular activated carbon (GAC) as the predominant 

media, often paired with sand (Crittenden, et al. 2012). Rapid granular filtration operates 

at rates up to 100 times faster than the slow sand configuration (Howe, et al. 2012). 

According to Canadian Drinking Water Quality Guidelines, filtration is still a minimum 

mandatory step in drinking water treatment for surface water sources, or ground waters 

under the influence of surface waters (Health Canada, 2017). Filtration often follows 

coagulation, flocculation and sedimentation stages in a typical treatment train and it is 

arguably the most important process in drinking water treatment today (Binnie & Kimber, 

2017). This importance stems from filtration’s ability to aid in the removal of pathogens 

which are associated with public health concerns, such as Giardia lamblia and 

Cryptosporidium parvum (Emelko, et al. 2003). Disinfection is not effective enough alone 
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for the removal of these microorganisms, and therefore, filtration is necessary to act as an 

additional barrier. A filter’s removal mechanisms can be physical, chemical or biological; 

physical removal occurs by size exclusion, chemical by adsorption onto the filter media 

and biological is due to biodegradation by a biofilm developed on the filter media grains 

(Ikhlef, 2016). 

 

2.1.1 Conventional Filtration 

Conventional filtration practices have operated with the addition of a chlorinated 

disinfectant at the filter influent since the dawn of the 20th century, often referred to as pre-

chlorination (Howe, et al. 2012). Chlorine is used mainly for the disinfection of pathogens, 

but also to increase filter run time and improve particle removals (Stoddart & Gagnon, 

2015). The main disadvantage to introducing chlorine before the filtration stage, however, 

is the increase in the formation of disinfection by-products (DBPs). In the 1970s, DBPs 

such as trihalomethanes (THMs) and haloacetic acids (HAAs), were being discovered in 

rather large concentrations in treated drinking water and their severity as carcinogens was 

studied in depth (Stevens, et al. 1976). It was found that their formation is caused by 

chlorine’s reactions with various components of natural organic matter (NOM) in the water 

(Stevens, et al. 1976). Following the discovery of DBPs and their public health 

implications, stringent regulations were put in place for maximum acceptable 

concentrations in water treatment plant (WTP) effluents; in Canada these are currently 0.1 

and 0.08 mg/L for THMs and HAAs, respectively (Health Canada, 2017).  Since their 

emergence, the drinking water treatment industry has focused on methods to decrease DBP 

formation to meet the strict regulations; one obvious solution being to stop pre-chlorination 

and only disinfect in the post filtration stage. This allows for additional organics removal 



 10 

through the filter, which can include fractions of NOM that contain DBP precursor 

components (Stoddart & Gagnon, 2015). The absence of chlorine during filtration will also 

allow for the proliferation of naturally occurring microbes on the filter media (Moll, et al. 

1999). This type of filtration is referred to as biologically active filtration, or biofiltration. 

 

2.1.2 Biofiltration  

Biofiltration occurs when there is no pre-chlorination step, which allows for the growth of 

beneficial microorganisms on the filter media. These microbes tend to form a matrix on 

the surface of the media, referred to as a biofilm, which aids in removing dissolved organic 

matter as well as particulates by metabolic oxidation-reduction reactions (Zhu, et al. 2010). 

The microorganisms utilize the biodegradable portion of organic matter (BOM) and other 

nutrients in the source water (i.e. nitrogen and phosphorous) as primary food sources 

(Urfer, et al. 1997). BOM includes mainly humic substances, carboxylic acids and amino 

acids (Emelko, et al. 2006). Humic substances are leading DBP precursors, which is why 

their removal by biofiltration aids in lowering the formation of DBPs later in the 

disinfection stage post filtration (Delatolla, et al. 2015). By removing a variety of BOM 

components, biofiltration also aids with taste and odor control, membrane fouling control 

and produces biologically stable water, limiting microbial regrowth in the distribution 

systems (Liu, et al. 2001, Basu, et al. 2016).  

The very first slow sand filters designed for water treatment in the 19th century were 

actually biologically active, as there were not yet any chemical additions to the process to 

inhibit microbial growth (Liu, 2001). At that time, however, there was little knowledge of 

the specific biological removal mechanisms occurring during the process. Some research 

conducted in the 20th century did find that coliform reduction occurs once a biofilm has 
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had time to form on the top layer of sand, referred to as the schmutzdecke (Zhu, et al. 

2010).  The use of biological filters was scarce in North America until the late 1970s since 

pre-chlorination as a primary disinfection technique was widely practiced, but once the 

formation of DBPs became better understood, biofiltration started receiving increased 

attention (Nieminski & Perry, 2015). To this day, it can sometimes be difficult to justify 

the use of biofilters despite an abundance of research proving their benefits, as the buildup 

of excess biomass on the media tends to increase headloss development and is believed to 

increase particle release, which can be problematic from an operational stand point (Evans, 

et al. 2013, Zhu, et al. 2010).  Despite this, biofiltration continues to be studied in depth, 

as there are many parameters which can affect its performance. Similar to conventional 

filtration, these parameters include design and operational factors as well as environmental 

changes.  

 

2.2 FACTORS AFFECTING FILTRATION PERFORMANCE 

2.2.1 Empty Bed Contact Time and Loading Rate 

Empty bed contact time (EBCT) and loading rate for all filter types are important design 

parameters for NOM and particulate removal (Liu, et al. 2001). They are determined based 

on water flow rate through the filter and its size, expressed in equations 2.1 and 2.2. 

 

!"#$	(min) = !,-./	"01	2345,0	(,6)
78.09	:43;	98.0	 < ,6,=>?

																																						(2.1) 
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78.09	:43;	98.0	 <,6ℎ ?#93HH	H0I.=3>48	8908	3:	:=4.09	(,J)										(2.2)						 
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A lower loading rate will increase EBCT, and vice versa. Rapid dual media filters typically 

operate with an EBCT of 5-20 minutes (Hammes, et al. 2011). There has been a 

considerable amount of research on the effects of differing EBCTs and the effect on 

corresponding organics removals in biofilters. Servais, et al. (1991) observed a linear 

increase in biodegradable dissolved organic carbon (BDOC) removal in biofilters with 

increasing EBCT between 10 and 30 minutes. One study suggested an EBCT of 5.5 min for 

maximum DOC removal (Carlson & Amy, 2001). On the other hand, Hozalski, et al. (1995) 

found that at EBCTs of 4, 10 and 20 minutes, differences in total organic carbon (TOC) 

removal were statistically insignificant. EBCT was also found to have little effect on organics 

removal in a study by Wert, et al. (2008). 

 

2.2.2 Source Water Characteristics 

2.2.2.1 NOM Composition  

Natural organic matter is a complex mixture of organic compounds formed by decaying 

vegetation, animals and microorganisms (Barrett, et al. 2000). NOM consists of a variety 

of components which differ in physical and chemical properties, including humic 

substances, polysaccharides and proteins, making its characterization somewhat 

challenging (Leenheer, et al. 2000). NOM is found in all fresh water sources, particularly 

in surface waters, and its content and composition vary greatly between sources based on 

a number of environmental factors (Matilainen, et al. 2011). Seasonal variations 

specifically have a large impact on NOM concentration, and usually increase in the summer 

due to higher biological activity and surface runoff (Prevost, et a. 2005, Jarvis, et al. 2004). 

NOM does not necessarily present any health concerns by itself, however, it can contain taste 

and odor causing compounds and is likely to promote microbial growth within distributions 

systems (Hozalski, et al. 1999, Siddiqui, et al. 1997). The greatest health concern associated 
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with NOM is its ability to readily react with chlorinated disinfectants to produce DBPs such as 

THMs and HAAs (Barrett, et al. 2000).  Since Canadian Water Quality Guidelines have 

maximum regulations of 0.1 mg/L and 0.08 mg/L for TTHMs and HAAs respectively, drinking 

water treatment processes must be capable of removing as much NOM possible (Health 

Canada, 2017). Coagulation and flocculation processes have been found to remove the majority 

of humic substances (Matilainen, et al. 2011). Biofiltration has also been found to provide 

additional NOM removal, specifically the biodegradable fraction of NOM, by microbial 

degradation (Urfer, et al. 1997). Microorganisms consume BOM which in turn removes 

DBP precursor components, reduces chlorine demand and produces biologically stable 

water, limiting the regrowth in the distribution systems (Prevost, et al. 2005, Liu, et al. 

2001). Common parameters used to quantify natural organic matter, especially in biofiltration 

studies, include total organic carbon (TOC) and dissolved organic carbon (DOC). It is the 

dissolved fraction which contains the majority of DBP precursors and taste and odor 

compounds, which is why additional DOC removal achieved by biofiltration over conventional 

filtration is such an advantage. 

 

2.2.2.2 Nutrient Levels  

Nutrients such as carbon, nitrogen and phosphorous that exist in source waters can affect 

filtration performance, mainly biofiltration. These nutrients promote bacterial growth and 

it has been reported that a carbon:nitrogen:phosphorous (C:N:P) ratio of 100:10:1 on a 

molar basis is ideal (Lauderdale, et al. 2012). Unfortunately, most biofiltration systems 

have trouble meeting this ideal ratio. Biofiltration has primarily operated as a passive 

process, meaning its biofilm is formed solely based on naturally occurring nutrients and 

bacteria in the source water (Lauderdale, et al. 2012). If the source water in question 

provides nutrient limiting conditions, microbial activity can suffer. Phosphorous is often 
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the limiting nutrient in biofilter feed water, typically present in nondetectable quantities 

(<0.01 mg/L), as it is easily removed by enhanced coagulation processes (Nyffenegger, et 

al. 2013, Sang, et al. 2013). Recently, engineered biofiltration systems have been studied 

with nutrient supplementation for optimal microbial activity and biodegradation 

performances (Boon, et al. 2011, Lauderdale, et al. 2012, Sang, et al. 2013). These studies 

have observed improvement in organics removal and decreases in headloss development 

with proper nitrogen and phosphorous levels. 

 

2.2.3 Pre-Ozonation 

Ozonation is commonly used as a pre-treatment to biofiltration that improves the 

biodegradability of NOM in the water leading to improved DOC removals (Basu, et al. 

2016).  Many studies have shown the ratio of BDOC to DOC increases after ozonation, 

and that the optimum dosage for enhancing biodegradation is from 1 to 2 mg O3/mg TOC 

(Terry & Summers, 2018, Basu, et al. 2016). During ozonation, high molecular weight 

NOM is converted to low molecular weight components which are more readily consumed 

by microorganisms in the biofilm (Pharand, et al. 2014). Terry and Summers (2018) 

summarized TOC removals in ozonated versus non-ozonated biofiltration studies. It was 

found that ozonated systems had TOC removals of 3-47% whereas without ozonation the 

range decreases to 2-22% removals. 

 

2.2.4 Biological Activity 

Biological activity is perhaps one of the most important parameters when analyzing the 

performance of biofilters. As mentioned in previous sections, naturally occurring 

microorganisms will accumulate on the filter media in the form of a biofilm, with the help 
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of NOM and nutrients in water used as sources of food (Elhadidy, et al. 2017). Factors such 

as backwash procedure, nutrient levels, filtration rate and media type could all affect how 

biomass accumulates and attaches to the filter media (Chaudhary, et al. 2007). Many 

studies have looked at classifying microbial communities within biofilters (Boon, et al. 

2011, Moll, et al. 1998, Zhang, et al. 2010, Zheng, et al. 2011).  It has been found that 

biofilters consist of mostly prokaryotic bacteria (Moll, et al. 1998), and also its been 

hypothesized that the Bacillus species of bacteria in particular are responsible for the 

biodegradation of a large range of organic substances (Zhang, et al. 2010). Liao, et al. 

(2015) also found Alphaproteobacteria to be the dominant species in their biofilters, which 

could also largely contribute to DOC removal.  

There are many analytical methods used to quantify biological activity in biofilters, 

including phospholipids analysis (Moll, et al. 1998, Wang, et al. 1995, Emelko, et al. 2006), 

heterotrophic plate counts (HPC) (Stewart, et al. 1990, Ahmad, et al. 1998), microscopy 

(Hammes, et al. 2008) and ATP analysis (Magic-Knezev & van der Kooij, 2004, Velten et 

al. 2007, Hammes, et al. 2010, Gibert, et al. 2013). Since ATP is the primary “energy 

currency” of all living things (Velten, et al. 2007), its analysis in drinking water biofilms 

has gained popularity thanks to its rapid test times and simple procedures (Evans, et al. 

2013).  In theory, biological activity in a filter in terms of ATP concentration should 

correlate to greater organics removals, however, the studies mentioned in this section have 

reported conflicting results. Despite this, ATP is still a great monitoring tool for biomass 

viability in drinking water biofilters. 

Research on biofilms is continuously expanding across many scientific disciplines, and it 

has been found that microorganisms actually account for only about 10% of the total mass 

of a biofilm (Denkhaus, et al. 2007, Flemming & Wingender, 2010).  The remaining 90% 
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can be attributed to a variety of biopolymers, referred to as extracellular polymeric 

substances (EPS), which are secreted by the bacteria themselves (Flemming & Wingender, 

2010).  EPS consists of mainly proteins and polysaccharides and their role is to act as the 

main structural component of the biofilm by agglomerating bacteria cells and adhering 

them to the media (Flemming & Wingender, 2010). To properly analyze EPS, it must first 

be extracted from the media, which can be accomplished by a number of methods including 

the use of tris-EDTA, NaCl, formaldehyde or a cation exchange resin (CER) (Keithley & 

Kirisits, 2018).  Efficient extraction of EPS has proved to be challenging, however CER is 

one of the most popular methods and it works by removing the cations that attach 

negatively charge proteins and polysaccharides (Flemming & Wingender, 2010). EPS is 

also hypothesized to be the primary contributor to excess headloss development in 

biofilters, as it can accumulate and become difficult to remove from the media thanks to 

its strong structural support (Nyffenegger, et al. 2013, Flemming & Wingender, 2010). In 

conventional filtration, headloss accumulates during a filter run by the removal of organics 

and particulates clogging the filter (Howe, et al. 2012). Since biofilters remove particulate 

matter and also have biomass growth on the media, this tends to be the cause of additional 

clogging and therefore, additional headloss. Some studies have looked at methods for 

minimizing EPS in biofilters, including nutrient and hydrogen peroxide enhancements, 

which were successful at reducing EPS content and therefore reducing headloss by up to 

15% (Lauderdale, et al. 2012, Nyffenegger, et al. 2013, Sang, et al. 2013). 

 

2.2.5 Temperature 

Significant changes in temperature can affect filtration performance for a number of 

reasons. Water viscosity increases with decreasing temperature, therefore municipalities 
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with large temperature variations between seasons often have to adjust filter operation and 

controls. Filtration systems under cold temperatures may have to extend the EBCT and 

adjust backwash protocol to achieve consistent performance levels (Urfer, et al. 1997). 

Biofiltration systems specifically are affected by temperature dependent factors such as 

biological activity and NOM characteristics in the source water. 

Theoretically under low temperature conditions, microbiological growth and activity are 

hindered because the rate of microbial kinetics and mass transfer decreases with 

temperature (Urfer, et al. 1997). Moll, et al. (1999) found significantly lower biomass 

growth in the biofilter operating at 5°C compared to 20°C and 35°C. They attributed this 

to a decreased rate of nutrient utilization due to the microorganisms’ slower metabolisms 

at the low temperature condition.  They also found that the biofilter at 5°C had lower 

filtration performance in terms of BOM removal. There are other studies that also associate 

a greater biomass concentration with better filter performance, suggesting a higher rate of 

bioactivity leads to more degradation of organics (Hallé, et al. 2015, Liu, et al. 2001, 

Bellamy, et al. 1985). A review paper by Basu, et al. (2016) however, showed that not 

every study involving temperature had similar results. In fact, many reported that biomass 

concentration was not related to organics removal, and that similar removals were achieved 

regardless of decrease in temperature. Melin, et al. (2006) even found that significant 

biological activity can still be maintained at low temperature and nutrient conditions. A 

possible reason to explain inconsistent results when it comes to the impact of filtration 

performance under varying temperatures, is the characteristics of the feed water to the 

filters. As previously mentioned, natural waters can have extreme fluctuations in NOM 

concentration and quality over the course of changing seasons, and this can also greatly 
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affect filtration performance in studies which use natural source waters (Prevost, et a. 2005, 

Jarvis, et al. 2004). 

 

2.2.6 Media Type 

The type of media selected for filtration has quite an impact on filter operation and 

performance.  Conventional filters and biofilters can be composed of all sorts of different 

media such as anthracite, granular activated carbon (GAC), ceramic, sand or a combination 

of these. According to Liu (2001), GAC has a large surface area and great adsorptive 

capacities, unlike anthracite and sand which are non-adsorptive media. This could prove 

useful in conventional filtration practices; however, it is recommended that exhausted GAC 

is used for biofilters (Urfer, et al. 1997). This ensures that the majority of organics removal 

is done by biodegradation, rather than chemical adsorption. Many studies have compared 

the effectiveness of GAC, anthracite and sand as media for biological filtration (Wang, et 

al. 1995, Liu, et al. 2001, Emelko, et al. 2006). It was found by Wang, et al. (1995) that 

GAC has the capability of supporting a greater biomass concentration than anthracite does, 

which could potentially correlate to better overall organics removal. This is because GAC’s 

surface is more irregular, offering better suited attachment sites and may protect more from 

shear stress on the bacteria (Liu, 2001). Despite this difference, Emelko, et al. (2006) found 

that exhausted GAC and anthracite biofilters had essentially no difference in TOC 

removals at high temperatures (21-25°C), although GAC did perform significantly better 

than anthracite at lower temperatures (1-3°C). It is very possible that anthracite/sand filters 

can be successful biological filters, even though GAC/sand does appear to provide some 

advantages.  
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Media specifics, such as size distribution, shape and density also play a role in a filter’s 

performance (Crittenden, et al. 2012). To determine media size distribution, a sieve 

analysis is performed and is then characterized by effective size (ES or d10) and uniformity 

coefficient (UC). The ES refers to the diameter at which 10% of the media grains by weight 

are smaller, whereas the UC is the ratio of the 60th percentile diameter to the ES 

(Crittenden, et al. 2012). Another important parameter, media shape can be characterized 

by sphericity (f), though it is often ignored meaning media grains are assumed to be 

perfectly spherical for simplicity. Sphericity can be determined by the ratio of the media 

grain surface area if it was a perfect sphere, to its actual surface area; if f=1, the grain is a 

perfect sphere (Crittenden, et al. 2012). Both sphericity and ES play a role in filter design 

and operation as they can affect headloss development. As seen in the Carmen-Kozeny 

equation (2.3) for clean bed headloss, these parameters are inversely proportional to 

headloss development (Dh), meaning a small ES (d10) and irregular shape (f<1) can 

increase headloss in a filter. 

 

△ ℎ△ C = 228MNO
rDPJ1QRJ 	

(1 − T)JT6 																																																	(2.3) 

 

Other variables in the equation which affect headloss include filter loading rate (vo)  in m/h, 

water viscosity (µ) in kg/m.s, water density (r) in kg/m3, media bed depth (DL) in meters 

and bed porosity (e). 
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2.2.7 Backwashing Strategy 

For filtration processes to maintain successful operations, they must receive routine 

cleaning which is accomplished by backwashing. A traditional backwash removes 

accumulated particles and organic matter by pushing water backwards up through the filter 

at high velocities, so as to fluidize the media (Howe, et al. 2012). The removal of the 

trapped particles cleans the filter and restores its headloss capacity.  Backwash optimization 

research has come a long way and the water only process can be manipulated with various 

strategies, depending on the specified needs of the system in question. Generally, the goal 

is to make the filters as clean as possible for its best performance, while minimizing water 

and energy usage (Howe, et al. 2012). For biofiltration specifically, it is important that the 

implemented backwash will remove not only trapped particles, but the dead/inactive 

portion of the biofilm without removing so much as to hinder biological processes in the 

filter (Liao, et al. 2015). Some backwashing strategies that have been studied on both 

conventional filters and biofilters include chlorine in the wash water, the addition of air, 

and the addition of an extended terminal subfluidization wash (ETSW).  

 

2.2.7.1 Water Only Backwash 

Filters must be backwashed at rates high enough to fluidize the media and flush out 

accumulated particulates from the filter bed, but not high enough that there is loss of the 

media out of the top of the filter (Howe, et al. 2012).  Therefore, minimum and maximum 

fluidization velocities must be determined depending on desired bed expansion and the 

specific needs of the system. Some engineering texts recommend 30-50% bed expansion, 

while others report 15-20% to be sufficient with a longer duration (Satterfield, 2005). Bed 

expansions for ideal organics removal in biofilters are still being investigated in recent 
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years, and it was found that 20% and 30% expansions resulted in similar DOC removals, 

whereas a 40% expansion actually hindered DOC removals (Ikhlef & Basu, 2017). 

Backwash velocities are also heavily impacted by temperature change; to achieve the same 

desired bed expansion under cold water temperatures, a lower flow rate must be used due 

to the increase in water viscosity (Howe, et al. 2012). 

 

2.2.7.2 Chlorinated Backwash 

At some treatment facilities it is not uncommon to use water with residual chlorine for the 

backwashing of filters. This water often comes from the post-filtration disinfection stage. 

In an early study by Miltner, et al. (1995), a significant drop in biomass concentration was 

observed in a biofilter after backwashing with chlorinated water with a residual of 1 mg/L, 

however it was reported that the original biomass concentration did recover over the course 

of the filter run.  Therefore, it is still possible to run a biofilter with chlorinated backwash 

water, so long as the residual chlorine level is not so high that it will completely kill off the 

biological activity throughout the filter during backwash. A benefit of biomass removal 

experienced with chlorinated backwashes is the associated increase in filter runtime, or 

decreased headloss development (Goldgrabe, et al. 1993, Ahmad, et al. 1998).  Despite 

this, poor BOM removals have been observed in filters that were washed with chlorinated 

backwash water (Liu, et al. 2001, Miltner, et al. 1995, McKie, et al. 2015). This is most 

likely due to lower degradation rates associated with less biomass, therefore Liu, et al. 

(2001) advised against using chlorinated water for backwashing biofilters unless it is 

necessary for the control excess biomass.  
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2.2.7.3 Air Scour 

Traditionally filters were backwashed with water alone, however, research has shown 

water only does not provide sufficient cleaning for filters due to limited collisions and 

abrasions between filter media grains. Therefore, the addition of air during backwash, 

referred to as collapsed pulsing or air scour, was developed in nonbiological filters to 

increase interactions between the media grains and increase trapped particle removal 

(Amirtharajah, et al. 1993). Initially, applying air scour to biofiltration systems was not 

practiced due to fear of excessive biomass removal which would result in impaired organics 

removals (Urfer, et al. 1997). This, however, proved to be untrue, as Ahmad and 

Amirtharajah (1998) found that the removal of biological particles requires much greater 

force than what is required for nonbiological particles. In a study by Servais, et al. (1991) 

it was found that the addition of air scour only removed up to 8% of the total biomass while 

Liao, et al. (2015) actually found air scour to benefit the biofilm, removing dead or inactive 

portions and leaving a thinner, healthier layer of microorganisms behind. It was also found 

that the biofilm lost was regenerated within 2 days and organics removals were greatest 

during this time. Many other studies have also reported either positive effects on BOM 

removal with air scour addition in biofilters, or that its presence did not impair removals 

(Ikhlef & Basu, 2017, Emelko, et al. 2006, Liu, et al. 2001). Therefore, air scour should be 

a standard practice when backwashing both conventional and biological filters for optimal 

cleaning and filtration performance. Most modern facilities now backwash with air scour 

addition, and a typical sequence is often as follows (Binnie & Kimber, 2017): the influent 

is shut off and the water level is lowered to the desired height, draining to waste; this is 

followed by combined air and low water flow rates for anywhere from 1-5 minutes; the air 
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then stops and the remainder of the backwash is done with water only at the desired bed 

expansion.  

 

2.2.7.4 Filter Ripening and ETSW 

A common problem which pre-chlorinated filters and biofilters both face, is the filter 

ripening period experienced post backwash. Filter ripening occurs once a filter has been 

put back into regular operation after a backwash, where for a period of time high effluent 

turbidity and poor water quality is experienced (Amirtharajah, 1985). The severity of the 

filter ripening period is dependent on the facilities specific design factors and influent water 

quality. Media, coagulation efficiency, type of coagulant, and organics in the feed water can 

all have an effect on length and duration of filter ripening (Amburgey & Amirtharajah, 2005). 

As outlined by Figure 2 – 1, there are 5 clearly defined stages of filter ripening (Cranston & 

Amirtharajah, 1988, Amirtharajah & Wetstein, 1980). The first is the “lag phase”, due to clean 

water remaining in the underdrain of the filter. Second is the “intramedia remnants phase”, 

where the observed increase in turbidity is associated with particles in the pore water that have 

been detached from the media. The third is the “upper filter remnant phase” which is due to 

remnant particles that were not removed during backwash in the water above the media. The 

fourth phase is “influent mixing and particle stabilization” which refers to the new influent 

water and the backwash remnant water mixing in the top portion of the filter box. Finally stage 

5 is the “dispersed remnant and media conditioning stage”, where effluent quality finally begins 

to improve.  
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that the number of particles in the filter effluent without ETSW were equal to the amount found 

in the backwash water when ETSW was applied. This supported the theory that subfluidization 

rates are capable of removing the same particles that would cause ripening. On biofiltration 

systems, however, ETSW has been less frequently explored. A recent study by Ikhlef and Basu 

(2017) showed significant decreases in particle counts and turbidity when ETSW was applied 

to bench scale biofilters, however, there still remains a lack in literature of other effects of 

ETSW on biofilters, especially at pilot and full scale. 
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CHAPTER 3 MATERIALS AND METHODS 

3.1 EXPERIMENTAL SET-UP 

All experiments were conducted on a pilot scale system at the Britannia Water Purification 

Plant in Ottawa, Ontario. The pilot plant contains 4 dual media anthracite/sand filters. 2 

columns contain sand from the 1960s (ES = 0.5, UC = 1.3, SG=2.65) and anthracite from 

the 1980s (ES=0.94, UC = 1.6, SG=1.60). The other 2 contain new sand (ES= 0.5, UC < 

1.6, SG=2.65) and new anthracite (ES= 1.04, UC = 1.4, SG=1.65), both 3 years old. It is 

important to note that the specifics given for the old media are from the manufacturer when 

the media was originally purchased. Two of the columns ran as biofilters, B1 and B2, and 

two as conventional filters, C1 and C2. Filters B1 and C1 contain the old media, while 

filters B2 and C2 contain the newer media. All four columns are plexiglass and 6 inches 

(15.3 cm) in diameter. The flow rate through the columns was controlled at a constant rate 

of 0.8 L/min, for a loading rate of 2.63 m/h, which corresponds to an EBCT of 23 minutes. 

Table 3 – 1 gives a summary of the design parameters of the 4 filter columns and Figure 3 

– 1 is a photo of the filters taken at the plant. Britannia’s source water comes from the 

Ottawa River which is a soft water (25-30 mg Ca/L), low in alkalinity (18-35 mg CaCO3/L) 

but high in colour (26-47 TCU) and moderate DOC (6-8 mg/L). The raw water undergoes 

screening, aluminum sulphate aided coagulation and flocculation, a pH adjustment, 

followed by sedimentation in the full-scale facilities. The settled water then moves onto 

filtration and a portion of which is sent to the settled water tanks in the pilot plant to act as 

the influent for the four pilot filters. The influent flowrate is controlled manually, and an 

overflow drain ensures the flowrate to the columns stays constant. The feed water is 

nutrient limited, with average organic carbon, nitrogen and phosphorous concentrations of 
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3.44, 0.18 and 0.0033 mg/L respectively. This corresponds to a C:N:P ratio of 

approximately 1000:55:1 on a weight basis. As shown in Figure 3 – 2, B1 and B2 were fed 

by the same influent tank on the left (side 1), whereas C1 and C2 were fed by a separate 

influent tank on the right (side 2). The conventional filters were operated as such by dosing 

the side 2 influent tank with a 6% sodium hypochlorite solution at a rate of approximately 

0.2 mL/min. This resulted in an average total chlorine residual in both C1 and C2 effluents 

of approximately 0.5 mg/L.  A Masterflex P/S peristaltic pump (model 955-0000) was used 

with size L/S 13 Masterflex tubing to dose the hypochlorite solution. All 4 filter effluents 

lead to inline turbidimeters, then onto their respective backwash water storage tanks, and 

finally to drain. 

 

Table 3 - 1 Pilot filter's design parameters 

Parameter Value 

Old Anthracite ES (mm) 0.94 

New Anthracite ES (mm) 1.04 

Old Sand ES (mm) 0.5 

New Sand ES (mm) 0.5 

Anthracite Depth (cm) 63.5 

Sand Depth (cm) 37.5 

Column Diameter (cm) 15.3 

Loading Rate (m/h) 2.63 

EBCT (min) 23 
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Figure 3 - 1 Biofilters B1 and B2 (left) and conventional filters C1 and C2 (right) at the 
Britannia pilot 
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the filters performance under warm water (summer) conditions. This phase began in 

September 2017 for a duration of 6 weeks, and another 6 weeks took place throughout June 

and July of 2018. The water temperature during these times ranged from 15-25°C.  During 

Phase 2, the performance of the filters was assessed under cold water (winter) conditions. 

With water temperatures ranging from 0-5°C, Phase 2 took place for 12 weeks in January 

to April of 2018. Preliminary results from phases 1 & 2 lead to the addition of Phase 3, to 

further explore the effects of various backwash strategies on the filters performance. Phase 

3 occurred under warm temperature conditions of 20-25°C for 6 weeks in July and August 

of 2018. 

 

3.3 BACKWASHING AND SAMPLING SCHEDULE 

All 4 filters were backwashed based on a schedule, therefore they were backwashed at the 

same time twice per week, or every 3-4 days.  In Phases 1 and 2 of the study, B1 and C1 

received water only backwashes at a 30% bed expansion for approximately 5 minutes or 

until the water above the media was visibly clean. B2 and C2 on the other hand, received 

water plus air scour for about 1 minute, followed by water only at a 30% bed expansion for 

5 minutes. These backwashes were carried out for the first 3 weeks of each phase. During 

the next 3 weeks, ETSW was added to the backwash procedures. During Phase 1, ETSW 

was 13.2 m/h (4 L/min) for 7 minutes. During Phase 2 it was 7.56 m/h (2.3 L/min) for 12 

minutes to account for change in water viscosity with cold temperatures. The same 3 week 

backwash cycles were repeated for the remaining 6 weeks of both Phases 1 and 2. Phase 3 

allowed for all 4 filters to receive each possible backwash option, including water only and 

water plus air scour, both with and without ETSW addition. A novel backwash strategy 

involving a double stage ETSW was also developed and explored during Phase 3. The 
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double stage ETSW was added to a water and air scour wash and consisted of a high 

subfluidization flow rate at 19.7 m/h (6 L/min) for 7 minutes, then followed by a lower rate 

at 13.2 m/h (4 L/min) for another 7 minutes. A summary of all backwashes received by 

each filter is outlined in Table 3 – 2.  

 
Table 3 - 2 Summary of backwash methods applied to the filters during 3 experimental 

phases 

Temperature Backwash Strategy 
Duration 

(min) 
B1 B2 C1 C2 Phase 

Warm Water 

(15 – 25°C) 

- Water only at 30%  5 X X X X 1 & 3 

- Water only at 30%  
- ETSW at 13.2 m/h 

5 
7 

X X X X 1 & 3 

- Water + Air scour   
- Water only at 30%  

1 
5 

X X X X  1 & 3  

- Water + Air scour   
- Water only at 30%  
- ETSW at 13.2 m/h 

1 
5 
7 

X X X X 1 & 3 

- Water + Air scour   

- Water only at 30%  
- ETSW at 19.7 m/h 
- ETSW at 13.2 m/h 

1 
5 
7 
7 

X X X X 3 

Cold Water 

(0 – 5°C) 

- Water only at 30%  5 X  X  2 

- Water only at 30%    
- ETSW at 7.56 m/h  

5 
12 

X  X  2 

- Water + Air scour   
- Water only at 30%  

1 
5 

 X  X 2  

- Water + Air scour   
- Water only at 30%  
- ETSW at 7.56 m/h 

1 
5 
12 

 X  X 2 

 

All water samples were collected in acid washed and autoclaved, amber glass jars. The jars 

were first rinsed with the sample water prior to sampling.  During Phases 1 and 2, effluent 

samples were taken immediately before every backwash, often referred to as BBW (before 

backwash), and at various times after backwash, or ABW. In Phase 1, ABW samples were 

taken at 45 minutes, 70 minutes and 24 hours after backwash. In Phase 2, ABW samples 

were taken at 60 minutes and 24 hours after. Influent samples during Phases 1 and 2 were 
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taken immediately before backwash and 24 hours after. During Phase 3, effluent water 

samples for a ripening particle count analysis were taken at 5, 10, 15, 25, 45, 60 and 70 

minutes after each backwash. Anthracite samples were taken only during Phases 1 and 2 

once per week, in sterile polypropylene tubes. Anthracite samples before backwash were 

taken from the top 10 cm of the filter bed, and again near the end of backwash while the 

media was still fluidized. During Phase 1 and 2, parameters analyzed on the water and 

media samples include: total chlorine residual, DOC, UV254 absorbance, DBP formation 

potential, particle counts, turbidity, headloss development, DO, EPS and ATP on the filter 

media as well as in the aqueous phase. Monitored parameters on water samples during 

Phase 3 include headloss development, turbidity and particle counts. Table 3 – 3 presents 

a summary of studied parameters and the frequency of their analysis. 

 

Table 3 - 3 Studied parameters and frequency of testing during 3 experimental phases 

Experimental 
Phase 

Monitored parameters Frequency 

Conditioning 

- ATP (media) 
- EPS (media) 
- DOC 
- Chlorine residual  

- 2/week 
- 2/week 
- 4/week 
- 4/week 

1 & 2 

- DOC 
- UV254 
- DBP 
- DO 
- Particle counts 
- Turbidity 
- Headloss development 

- ATP (media & aqueous) 
- EPS (media) 
- Chlorine residual 

- 4/week 
- 4/week 
- 1/week 
- 4/week 
- 1/week 
- Continuous 
- Continuous 

- 1/week 
- 1/week 
- 4/week 

3 

- Particle counts 
- Turbidity 
- Headloss development 
- Chlorine residual 

- 2/week 
- Continuous 
- Continuous  
- 2/week 
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3.4 ANALYTICAL METHODS 

3.4.1 AdenosineTri-Phosphate (ATP)  

3.4.1.1 Analysis for Quantification of Biomass 

To analyze the amount of ATP in biomass on a media sample, a Deposit and Surface 

analysis (DSA) test kit was used from LuminUltraÒ Technologies Ltd. Tests were 

conducted in three steps: calibration, sample preparation and ATP analysis. 

For the calibration step, 100 µL of the UltraCheckÔ1 standard is added to a 12x55 mm 

assay tube, followed by 100 µL of LuminaseÔ enzyme reagent. The assay tube is then 

gently swirled 5 times and inserted into the luminometer. The RLUATP1 value is recorded. 

One calibration is performed for each set of samples analyzed.  

Sample preparation is completed by weighing out 1g of the media sample and adding it to 

a 5 mL UltraLyseÔ7 extraction tube. Cap and shake the tube vigorously to disperse the 

media through the contents of the tube. Leave the tube for an incubation time of at least 5 

minutes, and then pipette 1 mL to a 9 mL UltraLuteÔ dilution tube. Cap the tube and invert 

3 times. 

The final step is the total ATP analysis. Using a new pipette tip, take 100 µL from the 

UltraLuteÔ tube and transfer to an assay test tube. Add 100 µL of LuminaseÔ to the assay 

tube with a new pipette tip and swirl 5 times, gently. Insert the tube right away in the 

luminometer and measure the RLUtATP value. To calculate the ATP concentration of the 

sample, use the following equation to convert RLU (relative light units) to amount of ATP 

in pg of ATP per g of sample. 

 

.V$W	 <-DV$WD ? = XCYZ[\]XCY[\]Q × 50,000	(-DV$W),bcdefg(D) 																							(3.1) 
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3.4.1.2 Biological Activity Quantification in the Aqueous Water Phase 

To find the concentration of ATP in the filter effluents, a Quench-GoneÔ Analysis Test 

Kit was used from LuminUltraÒ Technologies Ltd. This test also consists of a calibration 

step, sample preparation and analysis. The calibration step is the same as mentioned in 

section 3.4.1.1 for biomass quantification. An RLUATP1 value should be recorded. 

For sample preparation, 50 mL of the sample is filtered onto a Quench-Gone syringe filter 

using a 60 mL polypropylene/neoprene syringe, at a rate of 3-5 mL per second. Using the 

same filter, push 1 mL of UltraLyseÔ7 through the syringe filter and into a 9 mL 

UltraLuteÔ dilution tube. Cap and invert the tube 3 times. 

For analysis, use a new pipette tip to transfer 100 µL from the UltraLuteÔ to a new 12x55 

mm assay tube. Add another 100 µL of LuminaseÔ to the tube with a new pipette tip and 

gently swirl 5 times. Insert the assay tube into the Luminometer and read the RLUcATP 

value. With the RLUATP1 and RLUcATP values, calculate the total ATP concentration in pg 

of ATP per mL of sample, using the following equation: 

 

IV$W	 <-DV$W,C ? = XCYZ[\]XCY[\]Q × 10,000	(-DV$W)2bcdefg 	(,C) 																							(3.2) 
 

3.4.2 Extracellular Polymeric Substances (EPS) Analysis for Quantification of 

Biomass 

EPS on the biofilter and chlorinated filter media was quantified by measuring its 

corresponding polysaccharides and proteins concentrations. This is done following an 

extraction stage from the media itself. 
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3.4.2.1 EPS Extraction 

The EPS was extracted from the anthracite media by means of Cation Exchange Resin 

(CER) (Elhadidy, et al. 2017). This method was chosen since it is known to minimize cell 

lysis and maximize EPS detachment from the media. This is accomplished by firstly 

preparing a phosphate buffer solution as follows: 0.7603 ± 0.0002 g Na3PO4, 0.5519 ± 

0.0002 g NaH2PO4, 0.5260 ± 0.0002 g NaCl and 0.0745 ± 0.0002 g KCl in a 1 liter 

graduated cylinder topped off to the mark with Milli-QÒ water. Next, 2 ± 0.01 g of wet 

media is mixed with 0.5 ± 0.01 g of CER (DowexÒ MarathonÔ  C Sodium form) and 10 

mL of buffer, then stirred gently. The mixture is centrifuged at 3600 rpm for 30 minutes. 

The supernatant is then vacuum filtered through a 0.45 µm filter and saved for further 

analysis. If proteins and polysaccharides aren’t to be analyzed immediately, then the extract 

can be frozen for up to 24 hours. 

 

3.4.2.2 Polysaccharides Analysis 

The polysaccharides concentration in the extract was quantified using a phenol-sulfuric 

acid assay (Dubois, et al. 1956). To do this, working and standard solutions must first be 

prepared and a water bath must be placed in a fume hood and heated to 100°C. 

To make the standard solution, weigh out 2.5 g of glucose anhydrides and add it to a 50 

mL graduated cylinder, then top with Milli-QÒ water. This will give a 50 mg/mL standard, 

from which 1 mL is pipetted to another 50 mL graduated cylinder and filled again with 

Milli-QÒ water to make a 1 mg/mL working solution.  

Next to make a series of dilutions, 200 µL of the working solution and 1800 µL of Milli-

QÒ water is pipetted to a glass vial which gives 2 mL of a 100 µg/mL (or mg/L) solution. 
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Take 1 mL of this and add it to one of the vials to be used in the spectrophotometer. Add 1 

mL of Milli-QÒ water to the left over 1 mL of standard to make a solution with a 

concentration of 50 µg/mL. Continue this process until enough standard dilutions are 

desired. Add 1 mL of each extracted sample, in triplicate, and 1 mL of d Milli-QÒ water 

as a blank to the test vials as well. 

Next add 1 mL of 5% phenol solution to all standards, samples and blank in a fume hood. 

Also in the fume hood, add 5 mL of  ³98% sulfuric acid to all vials and close the lids, but 

not tightly. Vortex all very gently, do not let the liquid touch the lid of the vials. Close the 

lids fully and place all vials in 100°C for 5 minutes, then remove and vortex again. Cover 

the vials with foil and incubate for 10 minutes. Afterwards, vortex all vials again then 

recover and incubate this time for 30 minutes. Vortex one last time and then read 

absorbance values at 492 nm with the Hach DR2800 spectrophotometer, using the blank 

as the “zero”. With the results from the standard dilutions, plot a calibration curve of 

absorbance versus concentration. Use this curve to estimate the unknown glucose 

concentrations of the samples. 

 

3.4.2.3 Proteins Analysis 

The protein concentrations in the media extract was quantified by a modified Lowry assay 

using Peirce™ BCA reagent and BSA (bovine serum albumin) as the standard solution. 

Firstly, place a water bath in a fume hood and heat it to 60°C, then prepare the working 

reagent and standard solutions. The BCA working reagent is prepared by adding 50 parts 

of reagent A with 1part reagent B from the Peirce™ test kit. For this experiment, 2 mL was 

required for every standard, sample, triplicates and blank. The BSA standard comes in the 

kit in a 1 mL ampule at 2 mg/mL. The kit provides a guide for serial dilutions in various 
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concentration ranges, but for this experiment a 100 µg/mL was prepared by pipetting 250 

µL of the original standard and adding it to 4.25 mL of Milli-QÒ water. The ratio of 

working reagent to standard, sample or blank required in each test vial is 1:20. Therefore, 

for 2 mL of working reagent, 0.1 mL (100 µL) of standard, sample or blank is needed. 

Continue the serial dilution of the 100 µg/mL BSA in the same process as describe in the 

previous section; equal parts Milli-QÒ water and solution until desired concentration range 

is achieved, adding 0.1 mL of the standards to test vials along the way.  

Once the standards are in the vials, add 0.1 mL of the extracted samples, in triplicate, and 

a  blank of Milli-QÒ water into their own vials. Then add 2 mL of the working reagent to 

each vial and place them all in the water bath, covered in foil and incubate for 30 minutes 

at 60°C. Afterward, let the vials cool to room temperature and finally read their absorbance 

at 562 nm on the Cary Bio100 UV-vis spectrophotometer. Plot a standard curve and use 

this to determine the proteins concentrations of the unknown samples. 

 

3.4.3 Chlorine Residual 

Total and free chlorine residual measurements were taken by following US EPA DPD 

methods 8167 and 8021 respectively, for concentration ranges 0.02-2.00 mg/L and read by 

the Hach DR1900 portable spectrophotometer. For both total and free chlorine, a desired 

sample was collected into the 10 mL sample cell up to the marked fill line. Powder pillows 

of either free or total chlorine reagent were added to the sample and swirled for 20 seconds 

to mix. Free chlorine can be inserted into the instrument and measured immediately, total 

chlorine requires a 3-minute reaction time before reading. Before measuring, the 

instrument is zeroed by inserting a sample cell filled with a blank, 10 mL of sample with 

no powder addition. 
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3.4.4 Dissolved Organic Carbon 

Samples were collected in clean amber glass bottles. To ensure the bottle were free of 

organics, they were stored in 10% HCl overnight, rinsed with deionized (DI) water then 

wrapped in aluminum foil and placed in an autoclave for 40 minutes. The 40 mL vials used 

for DOC analysis were cleaned in the same fashion. The samples were first filtered through 

a 0.45 µm filter paper then placed into the 40 mL vials and either analyzed immediately or 

stored at 4°C with a pH adjustment using phosphoric acid to a pH of 2. A SHIMADZU 

TOC-VCPH/CPN total organic carbon analyzer was used and carried out the analysis by 

the persulfate-ultraviolet oxidation method as described in Standard Methods 5310C (US 

EPA 415.3). 

 

3.4.5 UV254 Absorbance – SUVA 

UV absorbance tests were conducted on the same samples filtered for DOC analysis in 

accordance with Standard Methods 5901B (US EPA 415.3). Samples were placed in a 1cm 

quartz cell and readings were taken at 254 nm by the Cary 100 UV-vis spectrophotometer. 

The device is first zeroed with a blank consisting of DI water. Readings were taken in 

triplicate for each sample. The UVA value in cm-1 is found by dividing the absorbance 

reading by the path length of the cell (1 cm). From there the specific UV absorbance 

(SUVA) can be calculated from the UVA and DOC concentration by the following 

equation: 

 

hY2V	 < C,D ∙ j? = Y2V(I,kQ)
lm#	 E,DC G × 100 E

I,j G																												(3.3) 
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3.4.6 Particle Counts 

Particle counts of samples were carried out with a Dynamic Particle Analyzer (BP-4100-

HEV) by BrightWell Technologies INC. The flow cell used, BP-1400-FC-100-U, was able 

to detect particles sized from 0.75 to 100 µm. Before each sample analyzed, the flow cell 

was thoroughly rinsed with MilliQÒ water which was previously filtered with a 0.45 µm 

filter paper, to ensure there were no detectable particles. The flow cell was inverted several 

times during rinsing to remove any air bubbles from the system. The syringe was then filled 

with sample and analysis could begin. Every few samples, along with flushing the flow 

cell with MilliQÒ water, a cleaning solution was introduced (50% PCC54 detergent by 

volume) followed by a final rinse with MilliQÒ water until no residual particles or cleaning 

solution was left. If the flow cell hadn’t been used for a few days or in the case of a particle 

getting stuck in the cell, an MG Chemicals Super Duster air duster was used to clear the 

flow cell prior to the regular flushing and cleaning routine. 

 

3.4.7 Dissolved Oxygen 

Dissolved oxygen (DO) measurements were taken using the HACH HQ30D portable 

dissolved oxygen meter, with luminescent DO sensor. Calibration of the probe was carried 

out as explained in the probe’s manual. DO readings were taken from the influent and both 

biofilter effluents daily. 

 

3.4.8 Disinfection Byproduct Formation Potential 

DBPs were analyzed by performing a lab scale simulation of the disinfection process that 

occurs in the full-scale plant’s contact chamber post-filtration. This was accomplished by 

dosing influent and effluent samples with a hypochlorite solution to achieve a free chlorine 
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residual of 1 mg/L after a 1 hour contact time. Samples were dosed with approximately 2, 

1.5 and 1 mg/L for the influent, biofilter effluent and conventional filter effluent, 

respectively. The samples were stored in 720 mL Wheaton bottles headspace free for a 

contact time of 1 hour in the dark. This contact time was chosen to mimic operations at the 

full-scale plant. After one hour, the samples were tested for residual free chlorine with the 

goal of 1 mg/L. Samples were then transferred, in duplicates, to 40 mL amber glass vials 

with preservatives of ammonium chloride for HAAs and sodium thiosulfate for THMs. The 

preservatives stop any further reactions of organics with the chlorine. The vials were finally 

shipped out to a laboratory contracted by the City of Ottawa for further analysis. HAAs 

were analyzed by the U.S. EPA Method 552.2 (EPA,1995) and TTHMs were measured by 

U.S. EPA method 524.4 (EPA, 2013). 

 

3.4.9 Turbidity 

Influent and effluent turbidity was continuously measured by HACH inline 1720 E low 

range turbidimeters installed at the pilot plant. The detection limit of the turbidimeters is 

0.0032 NTU. Data was obtained on excel spreadsheets at 1 minute intervals. 

 

3.4.10 Temperature, pH and Headloss 

The water temperature was continuously monitored by the Britannia Plant. In the summer 

phase temperatures ranged from 15°C - 25°C and during the winter phase between 0°C - 

5°C. pH was monitored continuously using the HACH pH-meter and a constant pH of 5.8-

6 was maintained at the filter influent due to controls in the full-scale plant. Pressure head 

in each column was measured using the Rosemount pressure indicator (Model number: 

3051TG2AB21AB4M5C6) at the plant. The Rosemount Pressure measurement devices 
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could detect pressure within the range of 0 – 150psi. Data was recorded at the pilot plant 

on excel spreadsheets at 1 minute intervals. Typical granular filtration systems are designed 

with 1.8 – 3 m of available head (Crittenden, et al. 2012). 

 

3.4.11 Statistical Methods 

A student’s t-test was used for statistical analysis to determine the level of significance 

between two sets of data. Welch’s t-test was used specifically, a modification of the 

student’s t-test for unequal sample sizes when assuming unequal variances. The following 

equation was used to calculated statistical t value. 

 

.bZcZ = nQ − nJ
ohQJ>Q + hJ

J>J
																																									(3.4) 

Where: 

x1 and x2 are the means of the first and second data sets respectively. 

S1 and S2 are the standard deviations of the first and second data sets respectively. 

n1 and n2 are the sizes of the first and second data set respectively. 

 

To use calculated tstat value to determine if the difference between the data sets is 

significant, a Null Hypothesis (Ho) is determined. The Null Hypothesis states that there is 

no significant difference between the two data sets. For this study, a two-tailed significance 

level of 5% (a=0.05) was chosen.  

If tstat < tcritical there is no significant difference between data sets and the Null Hypothesis 

is accepted. This corresponds to a P value > 0.05. 
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If tstat > tcritical there is a significant difference between data sets and the Null Hypothesis is 

rejected. This corresponds to a P value < 0.05. 

The tcritical values were found using a two-tailed t-table with a and degrees of freedom (df), 

which was determined using the following equation. 

 

1: =
hQJ>Q + hJ

J>J
<hQJ>Q?

J
>Q − 1 +

<hJJ>J?
J

>J − 1
																																																								(3.5) 
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ABSTRACT 

Conventional filtration practices typically operate with a pre-chlorination step for the 

disinfection of harmful pathogens. Without pre-chlorination, biofilters develop which are 

capable of reducing the formation of disinfection by-products (DBPs) and can decrease 

bacterial regrowth in the distribution system. However, concerns, particularly in North 

America, still exist with the implementation of biofiltration and there is a lack of side-by-

side comparisons with pre-chlorinated filters in literature. A pilot scale study comparing 

conventional and biological dual media anthracite/sand filters was conducted to assess their 

performance under warm (15-25°C) and cold (0-5°C) water conditions. The filters were 

operated under various backwash conditions, including the addition of air scour and 

extended terminal subfluidization wash (ETSW). The biofilter effluent exhibited 

significantly lower (p<0.05) DBP formations under both temperature conditions, with 

TTHM and HAA9 concentrations 33-35% and 36-46% lower than the conventional filters, 

respectively. There was no significant difference when it came to particle passage or 

turbidity during ripening for both filter types, however the conventional filter proved to be 

more vulnerable to changes in terms of particles between backwashes. The biofilter 
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exhibited greater headloss development, but it was found to be minimized by 18% when 

applying air scour and ETSW during backwash compared to water only, under warm 

temperature conditions. 

 

4.1 INTRODUCTION 

Filtration is in most jurisdictions, a mandatory step for drinking water treatment facilities 

which are under the influence of surface waters. Granular media filtration removes fine 

particulate matter and harmful pathogens, such as Giardia and Cryptosporidium, to help 

produce safe drinking water. The addition of a chlorinated disinfectant upstream of 

filtration was introduced at the start of the 20th century as a standard practice (Sadiq & 

Rodriguez, 2004). Often referred to as pre-chlorination, many treatment facilities continue 

to operate with this step to aid in pathogen removal, prevent biofilm growth on the filter 

media and increase filter run time (Liu, et al. 2001, Stoddart & Gagnon, 2015). However, 

in the 1970s it became apparent that performing disinfection before a major treatment 

process such as filtration, can result in high levels of disinfection by-products (DBPs), due 

to the reactions of chlorine with natural organic matter (NOM) (Stevens, et al. 1976). 

Following the introduction of DBPs, stringent regulations were put into place due to 

potential impacts on human health (McKie, et al. 2015, Akcay, et al. 2016). This led to 

greater emphasis on the development of methods for minimizing the formation of DBPs, 

one being to stop practicing pre-chlorination. This has shown to be effective in reducing 

DBPs by allowing for the proliferation of beneficial microbes and the removal of DBP 

precursor components (Stoddart & Gagnon, 2015, Sadiq & Rodriguez, 2004). 

Without the presence of chlorine, growth of microorganisms on the filter media will 

increase and aid in removing dissolved organic carbon (DOC) by means of biodegradation 
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(Liu et al. 2017, Zhu, et al. 2010). This practice, known as biological filtration or 

biofiltration, has gained momentum due to its ability to biologically degrade DBP 

precursors, while maintaining desired particle removal, reducing taste and odor causing 

compounds and limiting the chance of bacterial growth throughout the distribution systems 

(Basu, et al. 2016, Terry & Summers, 2018). Biofiltration has been practiced in Europe 

since the 1970s, however it has only recently been recognized in North America for its 

benefits.  (Nieminski & Perry 2015). One problem faced in parts of North America, 

especially Canada, is large seasonal temperature variations, as biological activity is known 

to be hindered under cold temperature conditions (Moll, et al. 1999, Liu, et al. 2001, Hallé, 

et al. 2015). Few studies look at biofiltration performance at temperatures below 5°C, and 

some have even reported little to no differences when compared to warm temperatures 

(Emelko, et al. 2006, Melin, et al. 2006, Liu, et al. 2001, Fonseca, et al. 2001). However, 

there remains a lack in literature of side-by-side comparisons for both biofiltration and 

conventional filtration which focus on water temperature conditions below 5°C.    

Despite the known benefits, many North American facilities are still reluctant to introduce 

biofiltration as a standard drinking water practice. Operations staff remain concerned with 

the attributed increase in headloss rates when switching to biofiltration. In conventional 

filtration, headloss development results from particulate buildup in the filter bed alone, 

whereas biofilters tend to have additional headloss attributed to a buildup of excess biomass 

consisting of microorganisms and their secretions of extracellular polymeric substances 

(EPS) (Elhadidy, et al. 2017, Keithley & Kirisits, 2018). An early study by Goldgrabe, et 

al. (1993), compared headloss development in pre-chlorinated, backwash chlorinated and 

biological filters, and it was found that headloss development accumulated most in the 
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biofilter and least in the pre-chlorinated filter. Since then, it has been difficult to find studies 

comparing headloss in conventional filters versus biofilters, and even more so to find those 

which look at possible methods of reducing this gap between the two filter types. Concerns 

with the implementation of biofiltration also exist with the apparent increase in particle 

release and biofilm sloughing (Zhu, et al. 2010, Goldgrabe, et al. 1993). There is limited 

evidence of this however, as there is a lack of direct comparisons between biofiltration and 

conventional filtration; out of over 100 studies researched, only 4 have compared their 

performance directly (Bellamy, et al. 1985, Goldgrabe, et al. 1993, Wang, et al. 1995, 

Stoddart & Gagnon, 2015). 

Furthermore, it has been reported that there is a lack of consistent backwash practices and 

a lack of recommended operational monitoring guidelines for operators to follow to ensure 

stable biofiltration performance (Evans, et al. 2013, Nieminski & Perry, 2015). The impact 

of backwashing has been studied at length on conventional filters (Amirtharajah, 1993, 

Amburgey & Amirtharajah, 2005, Amburgey, 2005) and various backwashing strategies 

and their resulting effects on biomass structure and performance in terms of organics 

removal have also been studied on biological filters (Ikhlef & Basu, 2017, Emelko, et al. 

2006, Slavik, et al. 2013). There still exists a need for a direct comparison of various 

backwash strategies, such as the addition of air scour and ETSW between biofilters and 

conventional filters. The effects of these backwash regimes on particle release and headloss 

specifically are not well understood. This information can aid in furthering operational 

guidelines for running biofilters at full-scale treatment plants.  

This study addresses major industry concerns by assessing the performance of biofiltration 

versus conventional filtration at pilot scale under warm and cold water temperature 
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conditions. The main objectives of this research were to (1) investigate analytical 

parameters for monitoring biofilter health, such as ATP and EPS concentrations, (2) assess 

any differences in terms of DOC removal, particle release, turbidity, headloss development 

and DBP formation potential between biofiltration and conventional filtration, (3) evaluate 

the impact of various backwashing strategies on filter ripening in terms of turbidity and 

particle release, organic carbon removal and headloss development in both filter types, and 

(4) evaluate the impact of temperature on various performance aspects of conventional 

filtration and biofiltration.   

 

4.2 METHODS AND MATERIALS 

4.2.1 Pilot Plant Setup 

Experiments were conducted at the Britannia Water Purification Plant, in Ottawa, Ontario 

at their pilot plant facilities. Two dual media glass filters each 6 inches in diameter, consist 

of 635mm of anthracite (effective size of 1.04 mm, specific gravity of 1.65) over 375mm 

of sand (effective size of 0.5 mm and specific gravity of 2.65). Both filters ran at a constant 

loading rate of 2.6 m/h (0.8 L/min), which corresponds to an EBCT of 23 minutes, in order 

to mimic design and operation of the full-scale facilities. Raw water from the Ottawa River 

underwent screening, aluminum sulphate aided coagulation and flocculation, followed by 

sedimentation at full-scale. Before moving onto filtration, a portion of the settled water was 

sent to the pilot scale facilities as influent feed for the filters. One of the filters ran as a 

conventional filter (CF), dosed at the influent with a 6% hypochlorite solution at 

approximately 0.2 mL/min to maintain a 0.5 mg/L total chlorine residual in the filter 

effluent, and the other column ran as a passive biofilter (BF). The pilot plant setup is 

represented in Figure 4 – 1. Prior to this experiment, the pilot filters were operating as 
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during all experimental phases. Refer to Table 4 – 1 for backwash strategies applied to the 

filters throughout each experimental phase. During Phase 1, both filters received backwash 

#3 for 6 out of 12 weeks, and backwash #4 for the remaining 6 weeks. For 6 weeks in Phase 

2, both filters received backwash #6 and for the remaining 6 weeks #7 was applied. A third 

experimental phase was developed to assess the effects of various backwashing strategies 

on headloss development and filter ripening in terms of turbidity and particle counts. Under 

warm temperature conditions only (20-25°C) in July and August of 2018, Phase 3 allowed 

for both the conventional filter and biofilter to receive the following backwashes: 1, 2, 3, 

4 and 5. 

 

Table 4 - 1 Backwash regimes applied throughout experimental phases 

Number Backwash Procedure Description Phases 

Warm Water Conditions (15-25°C) 

1 Water Vwater= 49 m/h (30%), 5 minutes 3 

2 Water +ETSW 
Vwater= 49 m/h (30%), 5 minutes 

ETSW = 13.2 m/h, 7 minutes 
3 

3 Water + Air Scour Vair+water = 33 m/h, 1 minute 
Vwater= 49 m/h (30%), 5 minutes 

1 and 3 

4 
Water + Air Scour + 

single stage ETSW 

Vair+water = 33 m/h, 1 minute 
Vwater= 49 m/h (30%), 5 minutes  

ETSW1 = 13.2 m/h, 7 minutes 

1 and 3 

5 
Water + Air Scour + 

double stage ETSW 

Vair+water = 33 m/h, 1 minute 
Vwater= 49 m/h (30%), 5 minutes  

ETSW1 = 19.7 m/h, 7 minutes 

ETSW2 = 13.2 m/h, 7 minutes 

3 

Cold Water Conditions (0-5°C) 

6 Water + Air Scour 
Vair+water = 33 m/h, 1 minute 
Vwater= 42 m/h (30%), 5-7 minutes 

2 

7 
Water + Air Scour + 

single stage ETSW 

Vair+water = 33 m/h, 1 minute 
Vwater= 42 m/h (30%), 5-7 minutes  

ETSW1 = 7.56 m/h, 12 minutes 

2 
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Water samples were collected in clean, acid washed, amber glass bottles from both filter 

effluents and influent tanks immediately before and 24 hours after each backwash during 

phases 1 and 2. Additional effluent water samples were collected during Phase 3 at 5, 10, 

15, 25, 45, 60 and 70 minutes after backwashing for a ripening particle count analysis. 

Anthracite samples were collected once per week before and after backwash during Phases 

1 and 2 only in sterile 15 mL polypropylene tubes.  

 

4.2.3 Analytical Methods 

ATP and EPS concentrations were measured to quantify biological activity on the biofilter 

versus conventional filter media. ATP tests were conducted with the Deposit and Surface 

Analysis test kit method from LuminUltra Technologies and measurements were read 

using a luminometer. EPS was extracted from the media by means of a cation exchange 

resin method (Elhadidy, et al. 2017) and then the extract was analyzed separately for 

polysaccharide and protein concentrations. A phenol-sulphuric acid assay (DuBois, et al. 

1956) was used to quantify polysaccharides, and a modified Lowry assay with the Peirce™ 

BCA test kit was used for proteins. Water samples were subjected to DOC analysis by 

means of the persulfate-ultraviolet oxidation method using a Shimadzu TOC-VCPH/CPN 

total organic carbon analyzer. Before each analysis, samples were filtered through a 0.45 

µm filter. To analyze DBP formations, a lab scale simulation of the full-scale plant’s post-

filtration disinfection procedure was performed. Samples were dosed with a sodium 

hypochlorite solution to achieve a residual of 1 mg/L after a 1 hour contact time. Samples 

were stored, headspace free in the dark for the 1 hour before being transferred to separate 

vials with preservatives to stop any further reactions; ammonium chloride for HAAs and 

sodium thiosulfate for THMs.  U.S. EPA method 552.2 and method 524.4 were used to 
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further analyze HAA and THM concentrations in the samples, respectively. (EPA, 1995, 

EPA, 2013). Particle count analysis was carried out using a Dynamic Particle Analyzer 

(BP-4100-HEV) by BrightWell Technologies INC. The flow cell, BP-1400-FC-100-U, is 

capable of detecting particles sized from 0.75 to 100 µm. Influent and effluent turbidity 

was continuously monitored by HACH inline 1720 E low range turbidimeters, with 0.0032 

NTU detection limits, installed at the pilot plant. Pressure head in each column was 

measured using the Rosemount Pressure Indicator also installed at the pilot facilities. Both 

turbidity and pressure data were recorded at 1 minute intervals. For statistical analysis, a 

Student’s t-test was used to assess for significant differences between samples. A 

significance level, a, of 0.05 was used. 

 

4.3 RESULTS & DISCUSSION 

4.3.1 Biological Activity 

To monitor the biological activity of the BF, while ensuring minimal biological activity in 

the CF, ATP concentrations were analyzed on media samples taken from the filters before 

and after backwash. There were no apparent differences in ATP concentrations between 

weeks when the filters were washed with ETSW at 13.2 m/h versus when it was absent, 

thus the results presented in Figure 4 – 2 are combined averages from the entire duration 

of each phase. 
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activity in the BF could be attributed to the nutrient limiting conditions of the feed water, 

which has a C:N:P ratio of 1000:55:1 by weight. LeChevallier, et al. (1999) reported that 

for optimal biofiltration performance, a C:N:P ratio of at least 39:4.5:1 on a weight basis 

is recommended. 

The BF, which was consistently washed with water plus air scour during these phases, 

lowered ATP concentrations significantly (p<0.05) during backwash, by approximately 

25% in both seasons. During the summer, the biofilter had ATP levels of 78 and 58 ng 

ATP/g media before and after backwash, respectively. A similar removal was observed in 

the winter, with 71 ng ATP/g media before backwash and 52 ng ATP/g media after. Liao, 

et al. (2015) stated the addition of air scour is crucial for the health of the biofilm, 

controlling the biofilm’s thickness by removing dead or inactive biomass. Also, since there 

were no significant differences in ATP concentrations between seasons for the BF, it can 

be said that being subjected to cold water temperatures did not appear to have a negative 

impact on biological activity in the BF. 

EPS concentrations were analyzed on media samples taken from the BF before and after 

backwash, and from the CF after backwash only. EPS was extracted from the media by 

means of cation exchange resin (CER) and then analyzed for proteins and polysaccharides 

content. CER is a fairly common extraction method which has been reported to recover up 

to 65% of biomass from the filter media (Elhadidy, et al. 2017). There were no observed 

differences in EPS concentration for weeks with ETSW addition versus without during 

backwashes. Therefore, the results presented in Figure 4 – 3 are overall averages from 

phases 1 and 2 of the experiment. 
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4.3.2 DOC Removals & DBP Formation 

Organics removal was compared in the filters under warm and cold temperature 

conditions to assess the performance of biofiltration versus conventional filtration in terms 

of DOC. DOC removals during Phase 1 (Summer) and Phase 2 (Winter) during weeks with 

and without the addition of ETSW at 13.2 m/h are shown Figure 4 – 4 in box and whisker 

plots.  

Figure 4 - 4 Average influent and effluent DOC removals for A) phase 1- summer and B) 

phase 2- winter 

 

DOC removals in the BF were approximately 4% on average under all conditions. Lower 

organics removals are typical in biofiltration systems when no pre-ozonation stage is 

included (Terry & Summers, 2018, Basu, et al. 2016). Terry and Summers (2018) reported 

total organic carbon removals at varying temperatures of 2-22% without ozonation, and 3-

47% with its addition. Ozonation improves the biodegradability of organics in the feed 

water and aids in biological growth, therefore it can be difficult to achieve high removals 

in terms of DOC alone with its absence. In addition, the nutrient limiting conditions at the 
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Britannia pilot plant (C:N:P of 1000:55:1 by weight) likely also contributed to the 

somewhat low removal with the BF. The BF still removed significantly (p<0.05) greater 

amounts of DOC than the CF under all temperature and backwash conditions.  

Interestingly, under cold temperatures the BF’s performance remained consistent 

regardless of ETSW, but the CF experienced significantly greater (p<0.05) removals when 

ETSW was absent; a median removal of 2.9% compared to 0% when ETSW was present. 

This was unexpected, and under all other conditions the CF exhibited median removals of 

1% or less. As mentioned, the BF experienced no change between seasons, with consistent 

DOC removals of 4%. This is in agreement with others, who have found temperature 

decreases to have little or no effect on organics removals in biofilters (Emelko, et al. 2006, 

Melin, et al. 2006, Liu, et al. 2001, Stoddart & Gagnon, 2015). 

DBP formations in the filter influent and both filter effluents were assessed by performing 

a simulation of Britannia’s full-scale disinfection process. There were also no observed 

differences in DBP formations between weeks with and without ETSW during 

backwashes, therefore the overall averages for all 12 weeks of Phases 1 and 2 (Summer 

and Winter) are presented in Table 4 – 2.   

 

Table 4 - 2 Average DBP formations in filter influent and both filter effluents for phases 
1 (summer) and 2 (winter) 

  Influent 
(n=3-4) 

CF 
(n=6-8) 

P value 
BF 

(n=6-8) 
P value 

HAA9 

(µg/L) 

Summer 37 ± 1.3 48 ± 6.7 *0.006 26 ± 3.5 *0.001 

Winter 22 ± 1.9 30 ± 3.2 *0.001 19 ± 2.5 0.056 

TTHM 

(µg/L) 

Summer 26 ± 1.2 34 ± 3.4 *0.002 22 ± 3.1 *0.023 

Winter 15 ± 0.2 18 ± 1.0 *0.0002 12 ± 1.5 *0.017 

*Represents a significant difference compared to influent concentration, with a=0.05 
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All DBP concentrations, influent and effluents, remain well below the regulatory limits for 

drinking water in Canada; 100 µg/L and 80 µg/L for TTHMs and HAAs, respectively 

(Health Canada, 2017). Despite this, pre-chlorination significantly (p<0.05) increased DBP 

formation through the filtration process whereas biofiltration significantly (p<0.05) 

decreased DBP formation when compared to the influent, especially under warm 

temperature conditions. Delatolla, et al. (2015) reported similar HAA and THM levels in a 

study conducted on biofilters at the Britannia WTP pilot. Under summer conditions, the 

CF effluent had increased HAA9 and TTHM concentrations compared to the influent by 

an average of 30% and 31%, respectively, whereas the BF reduced HAA9 and TTHM 

concentrations by 30% and 16%, respectively. Under cold temperature conditions in Phase 

2, the concentration of DBPs in the influent and effluents were significantly (p<0.05) less 

than in the summer. Despite overall DOC concentrations and removals remaining similar 

for the BF with change in water temperature, DBP formation removals were lower, 

especially the HAA9 reduction (p>0.05). This is most likely due to the change in source 

water composition of the influent experienced with seasonal variations in source water 

quality. In cold water conditions, river water DOC composition tends to contain less humic 

acids which are known as leading DBP precursors (Delatolla, et al. 2015). Conversely, the 

CF showed similar increases in DBP formations to summer, despite lower formations in 

the influent. This demonstrates that operating with pre-chlorination and following with 

post-filtration disinfection will increase DBP formations regardless of temperature. 

 

4.3.3 Particle Counts & Turbidity 

Effluent turbidity was continuously monitored in the BF and CF throughout all phases of 

the study. To compare the performance of the filters during the filter ripening period post 
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minimal peaks were observed for both filters in each phase studied. It is important to note 

that these observed peaks are due to the manual nature of the pilot plant at Britannia, and 

that it is not observed at full-scale. After every backwash in the pilot, valves must be 

manually switched and flow to the turbidimeters is also restared manually, which is what 

contributes to the small observed spike in turbidity even when ETSW is in practice. At full-

scale with ETSW addition, valves are automated with smooth transitions and there is no 

observed change in turbidity post backwash.  

In phase 3, a double stage ETSW was explored on both filters to observe its impacts on 

ripening turbidity (Figure 4 – 6), particle counts (Table 4 – 3) and headloss development 

(Table 4 – 4). Figure 4 – 6 presents average effluent turbidities at various sampling times 

post backwash. 

Figure 4 - 6 Turbidity during phase 3 for A) the biofilter versus B) conventional filter 

with various backwashing techniques 

 
Examing Figure 4 – 6, we see that the BF and CF continued to behave similarly. Observed 

turbidity spikes for the filters were similar to phase 1 results without ETSW and with a 

single stage ETSW. The double stage ETSW, however, was capable of lowering overall 

effluent turbidity in both filter types, remaining below 0.1 NTU at all sampling times post 

backwash. Interestingly, the double stage ETSW also virtually eliminated the small 
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observed ripening spike which was thought to be an unavoidable outcome of the manual 

pilot plant. This was an interesting find and shows that a double stage ETSW could have 

great potential as a novel backwashing technique. 

Alongside turbidity monitoring, influent and effluent particle counts were also evaluated 

and results from Phases 1 and 2 are presented in Figure 4 – 7. Error in the results was 

upwards of 25% of total particle counts under wamr temperature conditions, and upwards 

of 40% under cold water conditions. 

 

Figure 4 - 7 Particle counts (#/mL) in the influent and filter effluents before backwash 
(BBW) and 24 hours after backwash (ABW) in A) phase 1 - summer and B) phase 2 – 

winter 

 
As seen with the turbidity results, the BF and CF behaved fairly similarly in terms of 

particle release and were both capable of removing 100% of particles greater than 25 µm. 

Under warm temperature conditions, both the BF and CF removed 80% of total particles 

in samples 24 hours after a backwash was performed. The CF however, experienced 

elevated effluent particle counts in samples taken immediately before backwash. Average 

particle removals before backwash were 75% for the BF and only 64% for the CF, which 

indicates a potential vulnerability in terms of particle release in conventional filters, 

whereas the BF gave a more stable performance in between backwashes. This is an 
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important finding, as it is generally believed that biofilters release more particles (Urfer, et 

al. 1997, Zhu, et al. 2010).  It is especially noteworthy that the CF experienced elevated 

concentrations in the size range of 3-8 µm, the size of Cryptosporidium oocysts, before 

backwash. In cold water conditions, average total particle removals in the CF remained at 

52% before and after backwash, whereas a 45% removal in the BF before backwash 

improved slightly to 58% 24 hours after. The elevated effluent particle levels observed in 

cold temperatures are in contrast with the turbidity results, however decreased particle 

removal rates have been reported at lower temperatures due to change in water viscosity 

(Brandt, et al. 2007). 

Table 4 – 3 presents results from Phase 3; average particle counts at various sampling times 

during ripening with different backwash conditions. The greatest observed particle counts 

were without the presence of ETSW, with peaks at 25-45 minutes post backwash, similar 

to the time of peak ripening turbidity. The maximum observed total particle counts are 

5,169 and 5,320 per mL in the BF and CF, repsectively. Size ranges of concern again 

include 3-8 µm for Cryptosporidium oocysts, and 8-15 µm for Giardia cysts. Increased 

levels in these size ranges occur at the 45 minute mark for both filters. With the addition 

of a single stage ETSW, total observed particle counts are lower in both filters at all 

sampling times, with maximum peaks reduced to 2,299 and 3,596 per mL for the BF and 

CF, respectively. Concentrations in 3-8 µm and 8-15 µm size ranges decreased greatly in 

the BF effluent at 25 and 45 minutes post backwash with single stage ETSW, however the 

CF had increased levels at these times. Therefore, the BF performed better in terms of 

particle release with a single stage ETSW. When the double stage ETSW was applied 

during backwash, both filters experienced the lowest observed particle counts and the 

spikes at 25 and 45 minutes were eliminated. These results support that a double stage  



 70 

Table 4 - 3 Average particle counts (#/mL) for backwashes without ETSW, with single stage and double stage ETSW at various 
sampling times after backwash 

 BF CF 
 WITHOUT ETSW WITHOUT ETSW 

 Time after backwash (min) Time after backwash (min) 

SIZE 

RANGE (µm) 
5 10 15 25 45 60 70 5 10 15 25 45 60 70 

< 3 2,670 2,998 3,273 3,965 3,816 2,080 2,587 1,996 4,012 3,646 4,661 3,662 2,623 1,916 

3 – 8 696 562 440 729 1,116 628 704 721 648 684 468 728 494 696 

8 – 15 192 43 78 182 148 95 174 156 104 130 139 342 69 182 

> 15 26 26 26 0 89 13 104 17 0 43 52 183 43 26 

TOTAL 3,584 3,629 3,816 4,876 5,169 2,817 3,569 2,891 4,764 4,503 5,320 4,915 3,229 2,820 

 WITH SINGLE STAGE ETSW (@13.2 m/h) WITH SINGLE STAGE ETSW (@13.2 m/h) 

SIZE 

RANGE (µm) 
5 10 15 25 45 60 70 5 10 15 25 45 60 70 

< 3 1,282 1,049 1,498 1,738 1,664 1,669 1,080 963 978 1,761 2,493 1,969 1,753 1,782 

3 – 8 534 447 380 320 481 482 706 447 670 721 607 990 271 289 

8 – 15 173 137 70 9 120 52 86 172 155 267 244 586 51 102 

> 15 0 34 0 0 34 34 17 0 0 34 17 52 34 69 

TOTAL 1,988 1,668 1,948 2,067 2,299 2,236 1,889 1,583 1,803 2,784 3,361 3,596 2,110 2,242 

 WITH DOUBLE STAGE ETSW (@ 19.7 & @13.2 m/h) WITH DOUBLE STAGE ETSW (@ 19.7 & @13.2 m/h) 

SIZE 

RANGE (µm) 
5 10 15 25 45 60 70 5 10 15 25 45 60 70 

< 3 1,233 1,022 701 834 872 777 901 879 896 1,303 1,096 1,123 741 809 

3 – 8 528 364 208 365 164 346 295 459 224 609 400 302 276 207 

8 – 15 70 70 43 35 43 69 52 87 120 156 87 26 69 26 

> 15 35 17 0 0 9 17 17 34 17 52 35 0 34 17 

TOTAL 1,867 1,473 953 1,234 1,088 1,211 1,265 1,460 1,257 2,121 1,617 1,451 1,120 1,059 
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ETSW is worth exploring further, as an improved method of controlling turbidity and 

particle release release post backwash. 

 

4.3.4 Headloss Development 

Headloss development was continuously monitored in both filter types for 72 hours 

after  backwashes to compare the effects of warm and cold temperature conditions (Figure 

4 – 8). 

  

Figure 4 - 8 Average headloss development in A) phase 1 (summer) compared to phase 2 
(winter) 

 

As expected, due to greater EPS concentrations found on the filter media (refer to Figure 

4 – 3A), the BF experienced consistently greater headloss than the CF under all conditions. 

In Figure 4 – 9, positive correlations between headloss and proteins are observed, which is 

in agreement with the majority of literature, as increased EPS levels have been correlated 

to the observed increase in headloss development in biofilters (Lauderdale, et. al. 2012, 

Nyffenegger, et al. 2013). Correlations were not observed however, with ATP or 

polysaccharides concentrations (refer to Appendix B).  
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Figure 4 - 9 Headloss before backwash and corresponding proteins concentration under 

warm temperatures in Phase 3 for the A) biofilter and B) conventional filter 

 
The headloss accumulation rates during the summer were approximately 9.2 cm/day for 

the BF and 6.6 cm/day for the CF, without ETSW addition. Headloss in the winter was 

significantly greater (p<0.05) for both filters, which is most likely a result of increase in 

water viscosity under cold temperatures. Maximum headloss accumulation rates under cold 

temperatures occurred with ETSW addition (10.3 and 8.6 cm/day for the BF and CF, 

respectively). Moreover, an important observation made from these results is the apparent 

decrease in headloss development with the addition of ETSW under warm temperature 

conditions; both filters consistently showed lower headloss at all times after backwashes 

when ETSW was applied. Headloss in the BF was lowered from 9.2 to 8.3 cm/day with 

ETSW, whereas the CF experienced a decrease from 6.6 to 5.1 cm/day This likely is due 

to additional removal of trapped particles in the filter that may have remained during high 

velocity backwashing and can only be removed with water at subfluidization rates 

(Amburgey & Ammirtharajah, 2005). ETSW did not have any significant effect on 

headloss under cold water temperatures. 

Further analysis of different backwash strategies for headloss control was performed in 

Phase 3 under warm temperature conditions. The greatest headloss was observed when the 
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filters were washed with a water only backwash at a 30% bed expansion. Average 

accumulated headloss after 72 hours with the water only backwash was 30.5 and 21.3 cm 

for the BF and CF, respectively. Therefore, these values were used as a control to compare 

the effectiveness of other backwashing strategies for minimizing headloss development 

(Table 4 – 4). For the BF, it is clear that the most effective backwash method for reducing 

headloss development is the addition of air scour along with a single or double stage 

ETSW. The BF experiences the greatest headloss reduction of 18% with air scour and the 

single stage ETSW, where headloss is reduced by 15% with air scour and a double stage 

ETSW. The CF on the other hand, experiences headloss control of 12-29% as long as an 

ETSW stage is present during backwash. This is likely due to biofilters having additional 

headloss attributed to biomass accumulation and therefore require air scour addition for the 

proper removal of this excess biomass. 

 
Table 4 - 4 Percent reduction in average headloss 72 hours after backwash 

 
Water 

(Control) 

Water + 
Single stage 

ETSW  

Water + 

Air scour 

Water + Air 
scour + Single 
stage ETSW  

Water + Air 
scour + Double 

stage ETSW  

BF - 4 ± 3.0 % 9 ± 3.5 % 18 ± 6.8 % 15 ± 2.4 % 

CF - 12 ± 2.9 % 6 ± 9.9 % 29 ± 7.5 % 18 ± 4.3 % 

 

Water + air + single stage ETSW resulted in the best headloss control for both the BF and 

CF; however, in no experimental case were we able to implement a backwash strategy that 

resulted in equivalent headloss between the two filters. With significant improvement in 

ripening turbidity and particle counts, as well as the ability to provide additional headloss 

control, the double stage ETSW is worth exploring in future research along with other 
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potential backwash strategies. Various combinations of flow rates and durations should be 

explored to find optimal headloss and ripening control for biofilters. 

 

4.4 SUMMARY AND CONCLUSIONS 

A pilot scale comparison study at warm and cold temperatures was conducted to assess the 

performance of biological versus conventional filtration in terms of DOC removal, DBP 

formation, filter ripening and headloss development. Industry concerns with the 

implementation of biofiltration were addressed and various backwashing techniques to 

control filter ripening and headloss development in both filter types were explored. The 

following conclusions can be drawn from the results of the study: 

- ATP and EPS levels in the biofilter remained consistent at low temperatures (<5°C). 

- Proteins concentration displayed fairly strong correlations to headloss in both filter 

types. Therefore, the removal of excess proteins by ~30% in the biofilter under 

summer conditions implies air scour may be beneficial for headloss control.  

- Mean DOC removal in the biofilter (~ 4%) remained consistent at temperatures 

below 5°C. The conventional filter however, exhibited significantly less DOC 

removal on average (<1%).  

- Under warm water conditions, the biofilter significantly lowered HAA9 and TTHM 

concentrations compared to the influent by 30 and 16%, respectively. Conversely, 

the conventional filter significantly increased formations by 30 and 31% for HAA9 

and TTHMs, respectively. The same trend was observed in the winter, meaning 

pre-chlorination will increase the risk of DBP formation regardless of temperature. 

- The conventional filter showed elevated particle levels during ripening compared 

to the biofilter under all backwash conditions. This variability implies there is more 
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risk associated with particle passage in conventional filters, despite general beliefs 

that biofilters yield greater particle release. 

- Backwash strategies demonstrated headloss control under summer conditions, in 

both filter types; the addition of air scour and ETSW proved most effective with 

control from 15-29% when compared to water alone. Additional research is still 

required to further improve headloss control in biofilters. 

- When a double stage ETSW was applied during backwashes, turbidity and particle 

counts during ripening remained below 0.1 NTU and 2,120/mL, respectively for 

both filter types. It was also capable of providing headloss control of 15 and 18% 

in the biofilter and conventional filter, respectively. This method is worth exploring 

further, especially to address concerns with biofiltration.  
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ABSTRACT 

Biofiltration is known for its many benefits, such as its ability to remove dissolved organic 

carbon (DOC) and disinfection by-product (DBP) precursors by means of biodegradation, 

decrease bacterial regrowth in the distribution system, all while maintaining desired 

turbidity removal and controlling taste and odor. However, the sensitivity of biofilter 

performance associated with backwash regime is under studied; in particular its impact on 

headloss development, which is a major concern for biofilters, requires more research. A 

pilot scale study was conducted on two dual media anthracite/sand biofilters under warm 

(15-25°C) and cold (0-5°C) temperature conditions. Biofilters were subjected to various 

backwash regimes, including the addition of air scour and extended terminal 

subfluidization washes (ETSW), to evaluate their effects on headloss development, 

turbidity and particle passage during filter ripening. The filters were also assessed with 

respect to organics removal, disinfection byproduct (DBP) formation and microbial 
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activity. Headloss was minimized by the addition of air scour and ETSW during 

backwashes by 11-18%. The turbidity spike during ripening of 0.35 NTU significantly 

(p<0.05) improved with the addition of single and double stage ETSW, with maximum 

turbidity values of 0.14 and 0.09 NTU, respectively. Particle release during ripening 

followed the same trend, with the lowest particle counts observed with a double stage 

ETSW applied during backwashing. 

 

5.1 INTRODUCTION 

Filtration has been used as a method to purify water for centuries by removing particulate 

matter and various pathogenic microorganisms through size exclusion or through particle 

attachment. Filtration is often a minimum mandatory step in drinking water treatment 

facilities with surface water sources, and the most common forms include rapid media 

filtration and slow sand filtration. Many of these facilities typically run with the addition 

of a chlorinated disinfection step upstream of filtration to assist with eradicating pathogens, 

prevent biofilm growth, and reduce taste and odor (Liu, et al. 2001, Sadiq & Rodriguez 

2004, Stoddart & Gagnon, 2015). The practice of pre-chlorination, however, results in the 

formation of disinfection by-products (DBPs) due to the reactions of chlorine with organic 

matter. DBPs such as haloacetic acids (HAAs) and trihalomethanes (THMs) have been 

found to be a potential cancer risk, and therefore strict regulations have been put in place 

for treatment facilities to abide by (Mckie et al. 2015, Akcay, et al. 2016). In order to reduce 

the formation of DBPs, some treatment plants have chosen to not pre-chlorinate, which 

then allows for biological growth on the filter media. Biological filtration, or biofiltration, 

has the ability to not only maintain desired particulate removal but also to remove a fraction 

of dissolved organic carbon through microbial degradation (Liu, et al. 2017, Zhu, et al. 
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2010). Reducing dissolved organic carbon (DOC) reduces the fraction of organics that 

could potentially form DBPs later during the disinfection stage (Delatolla, et al. 2015, Liu, 

et al. 2017). It also leads to a decrease of organics entering the distribution system which 

can cause bacterial regrowth, discoloured water, and odour issues (Basu, et al. 2016). While 

biofiltration has been widely accepted in Europe, there has been more reluctance in North 

America to adopt biofiltration as standard practice in drinking water treatment. 

 There are many design parameters such as media type, empty bed contact time (EBCT) 

and backwashing strategy, as well as other uncontrollable factors including temperature, 

organics concentration and nutrient levels in the source water that can affect biofiltration 

performance (Basu, et al. 2016). Backwashing method is an important design aspect to 

focus on for any filter to maintain optimal performance levels. In a biofiltration system, the 

microorganisms form a biofilm matrix on the filter media by secreting adhesive 

extracellular polymeric substances (EPS), consisting of proteins and polysaccharides 

(Elhadidy, et al. 2017, Denkaus, et al. 2007, Flemming & Wingender, 2010). Over time the 

biofilm will continue to grow and inactive or dead biomass along with EPS creates a 

material buildup that can clog the filter, which ultimately leads to an increase in headloss 

that must be controlled (Velten, et al. 2011, Lauderdale, et al. 2012, Keithley & Kirisits, 

2018). For biofilters, routine backwashing is not only a means of removing clogged 

particulates in the filter media, but also removes this excess inactive biomass; which keeps 

the biofilm healthy and allows for maximum organics removal (Liao, et al. 2015).  

There is an abundance of research on the effects of different backwashing for conventional 

filtration practices (Slavik, et al., 2013), however, the outcomes of various backwashing 

methods cannot be assumed to be the same for biofilters. Information is still missing on 
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which backwashing strategies give optimal results when it comes to headloss control 

specifically, in biofilters. An early study reported 30-40% higher headloss development in 

dual media (anthracite/sand) biofilters versus pre-chlorinated (Goldgrabe, et al. 1993).   

Nyfennegger et al. (2013) pointed out that biofilters with lower EPS concentrations showed 

a decrease in headloss development, therefore researchers have explored ways to minimize 

EPS concentration through phosphorous supplementation and peroxide addition 

(Nyfennegger et al. 2013, Sang, et al. 2013, Lauderdale, et al. 2012). These studies were 

successful in reducing headloss by 15% with nutrient addition and up to 60% with 

hydrogen peroxide. Others have looked at the effect of backwashing on various 

biofiltration performance aspects but without focusing on headloss, such as organics 

removal, biomass quantification, and turbidity (Ikhlef & Basu, 2017, Emelko, et al. 2006). 

The solution to minimizing headloss may be as simple as finding the backwash regime that 

works best for the system in question without compromising other aspects of the filter’s 

performance. 

Turbidity and particle monitoring are of utmost importance during filter ripening post 

backwash because of the potential risk that some of the turbidity increase could be 

associated with an increase in pathogenic microorganisms, such as Cryptosporidium or 

Giardia (Amburgey & Amirtharajah, 2005). One possible technique to address this 

problem is extended terminal subfluidization wash (ETSW), which aims at reducing the 

passage of remnant particles by passing one filter bed volume of water through at 

subfluidization rates (Amburgey, 2005). Research on conventional filters shows there is an 

optimal rate and duration at which ETSW should be applied to achieve minimal particle 

passage (Amburgey & Amirtharajah, 2005). This “optimal rate” has yet to be explored on 
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biofilters, however one bench scale with a synthetic water matrix biofiltration study 

reported that ETSW did virtually eliminate the turbidity spike and decrease particle release 

post backwash (Ikhlef & Basu, 2017). Despite this finding, there is extremely limited 

research on the effects of ETSW on biofiltration performance in terms of particle passage 

and headloss, specifically for studies that compare pilot and full-scale set ups and with real 

water sources.  

Beyond design consideration, another aspect affecting biofiltration that requires more 

attention is the effect of temperature. North America has extremely variable temperature 

conditions that water treatment plants must take into consideration when deciding to 

implement biofiltration. It is known that biological activity is hindered at colder 

temperatures, which could lead to decreased biodegradation rates, and many studies found 

this to be true with observed decreases in organics removals at temperatures below 5 °C 

(Moll, et al. 1999, Liu, et al. 2001, Fonseca & Summers, 2003, Hallé, et al. 2015). Most 

existing research has focused on the impact temperature has on microbial activity and 

organics removals, but there is a lack of information on the impact cold temperatures may 

have on headloss development and particle passage, as well as which backwashing 

strategies are most suitable under these conditions.   

Although there has been extensive research conducted for all performance aspects of 

conventional filters, there are still questions to be asked when it comes to the operation of 

biofilters under similar conditions. Little attention has been placed on the effects various 

backwash strategies will have on headloss development and particle passage in biofilters, 

and thus multiple methods of backwashing will be examined with a specific assessment for 

measurable changes in water quality. The main objective of this research is to investigate 
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backwash regime on headloss development while maintaining DOC and DBP removals 

under warm and cold temperature conditions. In addition, the option of double a stage 

ETSW will be examined on turbidity and particle release during the filter ripening period. 

Media age is also considered.  This research conducted at pilot scale will aid to further our 

understanding in regard to optimal backwash regimes in order to maximize biofiltration 

performance. 

 

5.2 METHODS & MATERIALS 

5.2.1 Pilot Plant Setup 

The experiments were conducted on a pilot-scale system at the Britannia Water Purification 

Plant in Ottawa, Ontario, outlined in Figure 5 – 1.  The pilot plant consists of two dual 

media biofilter columns 6 inches in diameter and made from glass, named Biofilter 1 (BF1) 

and Biofilter 2 (BF2). The pilot filters were built over 20 years ago and have been operating 

as biofilters since. They contain approximately 635 mm of anthracite on top of 375 mm of 

sand. BF1 contains sand from 1962 (d10 = 0.5 and UC = 1.3) and anthracite from 1986 

(d10=0.94 and UC = 1.6), where BF2 contains new sand (d10= 0.5 and UC < 1.6) and 

anthracite (d10= 1.04 and UC = 1.4), both less than 5 years old. Flow through the columns 

was controlled at 2.6 m/h (0.8 L/min), designed to mimic the plant’s full-scale conditions, 

with an empty bed contact time (EBCT) of 23 minutes. The influent flowrate is controlled 

manually and an overflow drain ensured the flowrate to the columns stayed constant. The 

water fed to the filters came directly from the settled water basins in the full-scale facilities. 

Raw water from the Ottawa River undergoes screening, aluminum sulphate aided 
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During each phase, backwashing occurred twice per week (every 3-4 days). BF1 was 

consistently backwashed with water only and a 30% bed expansion for approximately 5 

minutes, or until visibly clean. BF2 was consistently backwashed with water plus air scour 

for approximately 1 minute, followed by a water only wash at 30% bed expansion for 5 

minutes. This backwash regime was carried out for the first 3 weeks of each phase, and 

during the next 3 weeks a single stage ETSW step was added to both filters. Under warm 

temperature conditions, the ETSW was 13.2 m/h (4 L/min) and lasted 7 minutes; and in 

cold temperatures, the ETSW was 7.6 m/h (2.3 L/min) for 12 minutes. The same 3 week 

cycles were repeated for the remaining 6 weeks of the experimental phase.  

The results of Phases 1 and 2 lead to the need for additional data and analysis from 

backwashing experiments, which became Phase 3.  BF1 received a water plus air scour 

wash followed by water only at a 30% bed expansion, while BF2 received water only at a 

30% bed expansion, both with and without the addition of ETSW at 13.2 m/h for 7 minutes. 

Both biofilters subsequently received a double stage ETSW to control headloss and assess 

the effect on turbidity and particle release. The double stage ETSW consisted of 19.7 m/h 

(6 L/min) for 7 minutes followed by 13.2 m/h (4 L/min) for an additional 7 minutes. All of 

the backwash regimes applied to the biofilters were performed between 3-12 times each 

and are summarized in Table 5-1. 
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       Table 5 - 1 Summary of backwash strategy for each biofilter 

Backwash Strategy BF1 BF2 

1 - Water only at 30% bed expansion (5 min) X X 

2 
- Water only at 30% bed expansion (5 min) 
- ETSW at 13.2 m/h (7 min) 

X X 

3 
- Water only at 30% bed expansion (5 min) 
- ETSW at 7.6 m/h (12 min) 

X  

4 
- Water + Air scour (~1 min) 
- Water only at 30% bed expansion (5 min) 

X X 

5 
- Water + Air scour (~1 min) 
- Water only at 30% bed expansion (5 min) 
- ETSW at 13.2 m/h (7 min) 

X X 

6 
- Water + Air scour (~1 min) 
- Water only at 30% bed expansion (5 min) 
- ETSW at 7.6 m/h (12 min) 

 X 

7 

- Water + Air scour (~1 min) 
- Water only at 30% bed expansion (5 min) 
- ETSW at 19.7 m/h (7 min) 
- ETSW at 13.2 m/h (7 min) 

X X 

 

Effluent and influent water samples were collected immediately before backwashing, and 

24 hours after during phases 1 and 2. All water samples were collected in 250 mL acid 

washed amber glass jars. Water samples for ripening particle count analysis (on BF2 only) 

during phase 3 were collected at 5, 10, 15, 25, 45, 60 and 70 minutes after backwashes.  

Media samples were collected from both biofilters in sterile 15 mL polyethylene tubes, 

before and after backwashing, once per week. 
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5.2.3 Analytical Methods 

Biofilter health was quantified by measuring ATP and EPS concentrations on the media 

samples. ATP tests were conducted by following the Deposit and Surface Analysis test kit 

method from LuminUltra Technologies and measurements were read using a luminometer. 

EPS was first extracted from the media by means of a cation exchange resin method 

(Elhadidy, et al. 2017) and then analyzed for polysaccharide and protein concentrations. 

Polysaccharides were analyzed using a phenol-sulphuric acid assay (DuBois, et al.,1956) 

and proteins by a modified Lowry assay using the Peirce™ BCA test kit. A scanning 

electron microscope (SEM) was used to produce close up images of anthracite media 

samples. An imaging software, ImageJ, was used to analyze shapes and sizes of anthracite 

particles in the filter. DOC analysis was conducted by the persulfate-ultraviolet oxidation 

method as described in Standard Methods 5310C (USEPA 415.3, 2005), using a 

SHIMADZU TOC-VCPH/CPN total organic carbon analyzer. Before each analysis, 

samples were filtered through a 0.45 µm filter. DBPs were analyzed by performing a lab 

scale simulation of the disinfection process that occurs in the full-scale plant’s contact 

chamber post-filtration. This was done by dosing samples with a hypochlorite solution to 

achieve a free chlorine residual of 1.4-1.6 mg/L. Chlorine residual was tested using a Hach 

DR1900 portable spectrophotometer and Hach low range (0-2 ppm) powder pillows for 10 

mL samples. Once the desired dose was reached, the samples were stored headspace free 

for a contact time of 1 hour in a dark. This contact time was chosen to mimic operations at 

the full-scale plant. After one hour, the samples were tested for residual free chlorine with 

the goal of 1 mg/L, and then transferred into 40 mL amber glass tubes with preservatives, 

ammonium chloride for HAAs and sodium thiosulfate for THMs, to stop any further 

reactions. HAAs were further analyzed using the U.S. EPA Method 552.2 (EPA,1995) and 



 90 

TTHMs were measured by U.S. EPA method 524.4 (EPA, 2013). Particle counts of 

samples were carried out with a Dynamic Particle Analyzer (BP-4100-HEV) by BrightWell 

Technologies INC. The flow cell used, BP-1400-FC-100-U, was able to detect particles 

sized from 0.75 to 100 µm. For each sample analyzed, the flow cell was thoroughly rinsed 

with MilliQÒ water filtered with a 0.45 µm filter paper, to ensure there were no particles. 

The flow cell was inverted several times during this rinsing to remove any air bubbles from 

the system. The syringe was then filled with sample and analysis could begin. Every few 

samples, along with flushing the flow cell with DI water, a cleaning solution was 

introduced (50% PCC54 detergent by volume) followed by a final rinse with DI water until 

no residual particles or cleaning solution was left. Influent and effluent turbidity was 

continuously monitored by HACH inline 1720 E low range turbidimeters, detection limit 

0.0032 NTU, installed at the pilot plant. Data was obtained on excel spreadsheets at an 

interval of every 1 minute. Pressure head in each column was measured using a pressure 

indicator (Rosemount) at the plant. Data was recorded at the pilot plant in centimeters on 

excel spreadsheets at 1 minute intervals.  

 

5.3 RESULTS & DISCUSSION 

5.3.1 Headloss Development 

Headloss development in biological filters has been found to be greater than conventional 

filters due to excess biomass and EPS buildup as well as particle accumulation (Velten, et 

al. 2011, Lauderdale, et al. 2012, Keithley & Kirisits, 2018). Some studies have explored 

methods of controlling headloss in biofilters by lowering EPS content with chemical 

additives, with nutrient supplementation or hydrogen peroxide for instance (Nyfennegger, 

et al. 2013, Sang, et al. 2013, Lauderdale, et al. 2012). However, it is still unknown about 



 91 

the impact various backwashing strategies can have on headloss development in biofilters. 

Amburgey (2005) briefly explored headloss development for the addition of air scour and 

ETSW on conventional filters but didn’t find any significant differences. This study has 

explored various backwashing conditions on headloss development in biofilters at warm 

and cold temperatures. In phases 1 and 2 of the experiment, BF1 received water only 

washes and BF2 received water plus air scour. Preliminary analysis of the headloss data 

indicated that BF2 had consistently greater headloss than that of BF1. First thoughts were 

that BF2 could potentially be producing greater amounts of EPS between backwashes, 

however proteins and polysaccharides concentrations from both biofilters before and after 

backwashing proved this to be untrue for both warm and cold temperature conditions. 

These results are summarized in Table 5 – 2. 

 

Table 5 - 2 Average EPS concentrations on biofilter media before (BBW) and after 
(ABW) backwashing for experimental phases 1&2 

 

PHASE 1 (15-25°C) PHASE 2 (0-5°C) 

Proteins 

(µg/g) 

Polysaccharides 

(µg/g) 

Proteins 

(µg/g) 

Polysaccharides 

(µg/g) 

BBW ABW BBW ABW BBW ABW BBW ABW 

BF1 206 ±38 196 ±45 75 ±36 40 ±19 177 ±24 176 ±29 55 ±5.7 44 ±10 

BF2 186 ±19 132 ±32 57 ±25 27 ±11 137 ±23 128 ±33 36 ±4.2 30 ±5.8 

 

BF1 had consistently greater EPS concentrations than BF2, with a significant difference in 

the protein data from after backwashing in phase 1 (p<0.05), despite having lower overall 

headloss. Thus, it was clear that EPS development was not the key contributor to headloss 

differences between BF1 and BF2.  However, BF1 is comprised of anthracite that is 
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approximately 30 years old while BF2 contains anthracite less than 5 years old. SEM 

images of the anthracite media in the respective columns were taken and revealed 

differences in the media shape with age (Figure 5 – 2). 

 

Figure 5 - 2 SEM images comparing A) & C) old anthracite media versus B) & D) new 
anthracite media 

 

It is apparent that the old anthracite has been rounded and smoothed over the years and all 

pieces seem to be of fairly uniform size; similar to smoothed rocks found at beaches. The 
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new anthracite on the other hand is more angular in shape, with sharp edges and a 

combination of large pieces with smaller sized fragments. Differences in particle surface 

areas (A) and perimeter (P) were confirmed using imaging software, ImageJ with the SEM 

images. BF1 (old media) had particle areas ranging from 1.5 – 2.9 mm2, whereas BF2 (new 

media) had particles with areas as low as 0.38 mm2 and up to 2.6 mm2. Next, sphericity (f) 

was calculated using equation 5.1.  

 

! = 	4% & '()*																																																												(5.1) 

 

When the theory behind pressure drop through a packed bed was first being investigated, 

particle shape was ignored until the shape factor, or sphericity, was introduced in 1937 

(Trussell & Chang, 1999). A perfectly spherical particle is considered to have a shape 

factor equal to 1, and a more irregular or angular particle would have a shape factor less 

than 1.  After calculations, BF1 was found to have sphericities ranging from 0.75 – 0.87 

with a median of 0.83. On the other hand, the more angular media in BF2 was found to 

have sphericities of 0.45 – 0.63 with a median of 0.55.  Utilizing the Carman-Kozeny 

equation (5.2) for clean bed headloss, the shape factor and particle diameter (d) are both 

inversely proportional to headloss (Dh).  Therefore, a smaller diameter and a shape factor 

less than 1 would both contribute to an increase in headloss, which we find to be true based 

on the results of the old versus new media in BF1 and BF2, respectively. For consistency, 

median diameters for both filter media were also estimated using the results from ImageJ. 

Diameters of 1.64 and 1.03 mm for BF1 and BF2 respectively, along with corresponding 

sphericity values were used in equation 5.2 to confirm differences in headloss.  The 
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remaining variables were the same for both filters: filtration rate (vo) of 2.6 m/h, porosity 

(e) of 0.55, anthracite bed length (DL) of 0.635 m, viscosity and density of water at 20°C. 

Clean bed headloss was found to be 0.7 and 3.3 cm for BF1 and BF2, respectively. 

 

△ ℎ
△ 2 =

228567
r8!)9) 	

(1 − ;))
;< 																																																	(5.2) 

 

Due to this effect of media age, any differences in headloss due to the addition of air scour 

could not be properly evaluated, as BF1 with old media received water only backwashes 

and BF2 with new media received the water plus air scour. Thus, in phase 3, BF1 received 

water plus air scour and BF2 received water only washes, both with instances with and 

without ETSW at 13.2 m/h. Both filters also received a water plus air scour wash, followed 

by a double stage ETSW of 19.7 m/h, followed by 13.2 m/h, to assess the effects this would 

have on headloss development. Figure 5 – 3 (A) and (B) plot the average headloss trends 

up to 72 hours after backwashing, for both biofilters under all backwash regimes as 

mentioned, in warm temperature conditions. Figure 5 – 3 (C) and (D) show average 

headloss trends under cold temperature conditions, where limited backwash strategies were 

applied. 
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Figure 5 - 3 Effects of various backwashing strategies on headloss development under 
A), B) warm and C), D) cold temperature conditions 

 

The observed changes in headloss for various backwashes are more apparent in BF2, 

however BF1 does experience the greatest headloss when washed with water only at 17 cm 

after 72 hours, and the least when backwashed with water plus air scour and the double 

stage ETSW, at 14 cm after 72 hours, although this difference is not statistically significant. 

BF2 also experienced the greatest headloss when washed with water only, at 30 cm 

accumulated after 72 hours. Its lowest headloss on average however was when washed with 

water plus air and a single stage ETSW, at 25 cm accumulated after 72 hours. This decrease 

in headloss for BF2 is considered to be significant (p<0.05). Headloss in both biofilters 
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under cold temperatures was higher overall, as expected due to the increase in the water’s 

viscosity (µ), which is directly proportional to headloss in equation 5.2. The addition of 

ETSW under these conditions, however, proved to be ineffective at minimizing headloss, 

with consistent results for both BF1 and BF2 with and without ETSW at 7.6 m/h.  

Since both BF1 and BF2 experienced the greatest headloss under warm conditions when 

backwashed with water only, this was used as a base to compare the reductions that other 

backwashing strategies had on the headloss development. These results are summarized in 

Figure 5 – 4. The largest reductions were observed with the addition of both air scour and 

ETSW. As mentioned, BF1 experienced the greatest headloss reduction of 19% when 

exposed to the water plus air scour and a double stage ETSW, where BF2 experienced an 

18% reduction in headloss when washed with water plus air and a single stage ETSW. The 

improvement in headloss with air scour and ETSW addition is likely attributed to the 

increased removal of trapped particles and excess biomass when these practices are applied 

during backwashing. The additional abrasions and contact throughout the media that is 

achieved with air scour, paired with a subfluidization rate that maximizes trapped particle 

removal is sure to have the greatest impact on minimizing headloss development in the 

columns post backwash. Given the limited duration of Phase 3, it was not possible to apply 

each backwash strategy on more than three occasions. However, with the promising trend 

in headloss reduction using air scour and ETSW, it is worth further investigation in future 

research. 
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Figure 5 - 4 Headloss reduction for various backwash strategies when compared to a 
base water only wash with an absence of ETSW 

 

5.3.2 Particle Counts & Turbidity 

Biofilters accumulate biological and non-biological particles that have the potential to 

detach and come out through the filter effluent, which is why optimization of backwashing 

strategy for biofilters is of utmost importance (Urfer, et al. 1997). In this study, particle 

removal through the biofilters was assessed by analyzing the average total particle counts 

from 0.75-100 µm in the influent and effluent samples from the biofilters during regular 

operation. To compare the effect of cold temperatures on particle counts, average particle 

counts (#/mL) from samples before backwash and 24 hours after backwash compared to 

influent concentrations are shown in the Table 5 – 3. 
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Table 5 - 3  Particle counts (#/mL) for both filters before backwash (BBW) and 24h after 
backwash (ABW24h) under warm and cold temperature conditions 

Phase 1 (15-25°C) 

SIZE RANGE 

(µm) 
IN 

BF1 BF2 

BBW ABW24h BBW ABW24h 

< 3 5,191 1,624 1,698 1,720 1,518 

3 – 8 1,861 458 398 429 282 
8 – 15 891 227 61 58 50 

15 – 25 706 17 9 18 9 

25 – 50 964 0 0 0 0 

> 50 377 0 0 0 0 

TOTAL 9,989 2,327 2,165 2,225 1,860 

Phase 2 (0-5°C) 

SIZE RANGE 

(µm) 
IN 

BF1 BF2 

BBW ABW24h BBW ABW24h 

< 3 6,391 2,885 2,753 3,599 2,853 
3 – 8 1,773 1,291 1,056 1,400 1,158 

8 – 15 851 249 178 253 219 

15 – 25 608 72 53 38 33 

25 – 50 930 0 0 0 0 

> 50 896 0 0 0 0 

TOTAL 11,449 4,496 4,040 5,290 4,262 

 

Under warm water temperature conditions both biofilters behaved fairly similarly overall 

in terms of particle removal between backwashes. Total particle removals before 

backwashing were 77% for BF1 and 78% for BF2. This is comparable to the removals 

observed by Persson, et al. (2005) for full-scale GAC biofilters, which were 60-90% of 

total particle counts at 20°C.  BF2 removed more particles on average in each size range 

than BF1, and in the 8-15 µm size range BF2 had consistently lower concentrations than 

that of BF1 before and after backwashes. This slight improvement in performance after 

backwashing for BF2 could be attributed to the addition of air scour during backwashing, 

as its been shown to improve remnant particle removal due to shear forces, which could 

aid as well in the removal of excess biomass (Amirtharajah, 1993, Fitzpatrick, 1993). There 
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was no observed difference between effluent particle counts in samples from before and 

24 hours after backwashing when ETSW was applied versus without ETSW. Effluent 

particle counts for the pilot biofilters were in accordance with full-scale plant results at the 

study location under warm temperature conditions. 

Looking at total particle counts under cold water conditions, there is a decrease in removal 

rate for both biofilters. The influent particle counts stay consistent throughout seasons in 

all size ranges, however the removal of total particles exhibited by the pilot biofilters under 

cold conditions is significantly less (p<0.05) than under warm conditions. BF1 removed 

only 60% of total particles on average before backwashing and improved to 65% 24 hours 

after backwashing. BF2 on the other hand performed worse under cold temperature 

conditions, with an average total particle removal of 54% before backwashing but 

improved to 63% 24 hours after backwashing. This increase in effluent particle counts 

under cold temperatures was only observed in the pilot biofilters, and samples from the 

full-scale filters showed minimal deviation from the warm temperature results. This 

increase, however, is still concerning and it is difficult to find many comparisons as there 

is limited literature in this area of research. Future studies should continue to look into 

biofilter particle release under cold temperature conditions.  

Particle and turbidity monitoring are especially important during the filter ripening period 

post backwash, to ensure that the risks of harmful pathogens such as Cryptosporidium and 

Giardia being released into the filter effluents are mitigated. Amburgey (2005) brought 

forth ETSW as a method of minimizing filter ripening in conventional filters and proposed 

it could be used on biofilters as well. Research with ETSW and biofilters has been 

somewhat limited. To explore the effects of ETSW even further on biofiltration, this study 
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analyzed effluent particle counts as well as turbidity for single and double stage ETSW 

backwashes during filter ripening, for BF2 only. Samples were taken from BF2 effluent 5, 

10, 15, 25, 45, 60 and 70 minutes after backwash for 3 different backwashes: water plus 

air scour without ETSW, water plus air scour with ETSW at 13.2 m/h and finally, water 

plus air scour with ETSW at 19.7 m/h followed by 13.2 m/h. The results are summarized 

in Figure 5 – 5. 

 

Figure 5 - 5 Effect of various backwashing strategies on ripening in BF2 on A) turbidity 
and B) total particle counts  

 

Average peak turbidity after ripening with the absence of ETSW was observed to be 0.355 

NTU at 25 minutes. When an ETSW step of 13.2 m/h for 7 minutes was added to the 

backwash procedure, this peak at 25 minutes was significantly (p<0.05) reduced to 0.142 

NTU. It is important to note that although this spike in turbidity is fairly minor, there is no 

observed spike in the full-scale facilities when an ETSW at an equivalent rate and duration 

is used. This slight increase is most likely due to the manual nature of the pilot plant.  

Valves must be opened and closed manually, which doesn’t allow for a seamless transition 

like in the full-scale filters with automated valves. Flow to the turbidimeters must also be 
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restarted manually upon every backwash, and the small delay caused by these issues may 

be reflected in this slight observed turbidity spike. When the double stage ETSW was 

applied to the backwash regime in the pilot plant, however, the observed peak at 25 minutes 

was eliminated, with turbidity values remaining below 0.1 NTU the entire time post 

backwash, regardless of the valve changes and delay in restarting the turbidimeters. Ikhlef 

and Basu (2017) observed similar trends in their bench scale biofilter experiments, but with 

overall greater effluent turbidities of 0.6-1.2 NTU when ETSW was absent, and 0.2-0.3 

NTU when it was applied with a water wash at 20% bed expansion. Amburgey and 

Amirtharajah (2005) observed more similar turbidity values in conventional filters: 

turbidity from 0.15-3.8 NTU without ETSW decreased to values remaining below 0.1 NTU 

with its addition. 

Average total particle counts showed similar trends for the various backwash strategies 

applied when compared to turbidity. Without ETSW, peak particle counts on average were 

approximately 5,000/mL at 25 and 45 minutes after backwash. This was reduced greatly 

when a single stage ETSW was applied, with particle counts remaining around 2,000/mL 

for 0-70 minutes post backwash. The double stage ETSW reduced overall particle counts 

even further, with concentrations lowering from 2,000/mL to 1,000/mL 15 minutes after 

backwash, and then remaining at 1,000/mL for the remainder of samples. Unfortunately, 

the variance between samples was high, especially without ETSW at 25 and 45 minutes. 

Therefore, the observed reductions with the addition of ETSW stages could not be 

considered statistically significant. The standard deviations in the 25 and 45 minute 

samples did however decrease greatly when both single and double stage ETSW were 

applied. 
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Table 5 – 4 summarizes the particle count results separated into specific size fractions. 

Important size ranges to analyze are 3-8 µm for Cryptosporidium oocysts, and 8-15 µm for 

Giardia cysts. When ETSW is absent during backwashing, the particle count at 3-8 µm 

peaks at 1,116 particles/mL 45 minutes after backwash. Whereas when a single or double 

stage ETSW is applied, there is no observed peak at the 45 minute mark. With a single 

stage ETSW, the maximum observed concentration for 3-8 µm is 706/mL and this 

maximum drops to 528/mL with the double stage ETSW.  For the 8-15µm size range, the 

elevated levels observed without ETSW and with single stage ETSW were similar at 192 

and 173/mL respectively, whereas the double stage ETSW had a notable drop to 70/mL. 

The double stage required an additional 42 L of water during these experiments to achieve 

the presented results. It is worth exploring in future research optimal subfluidization rates 

and durations for a double stage ETSW to minimize water usage, while maintaining desired 

turbidity and particle counts during ripening. 
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Table 5 - 4 Size fractions of total particle counts (#/mL) during ripening in BF2 for 
various backwashes 

WITHOUT ETSW 

SIZE 

RANGE (µm) 

Time after backwash (min) 

5 10 15 25 45 60 70 

< 3 2,670 2,998 3,273 3,965 3,816 2,080 2,587 

3 – 8 696 562 440 729 1,116 628 704 

8 – 15 192 43 78 182 148 95 174 

> 15 26 26 26 0 89 13 104 

TOTAL 3,584 3,629 3,816 4,876 5,169 2,817 3,569 

SINGLE STAGE ETSW (@13.2 m/h) 

SIZE 

RANGE (µm) 

Time after backwash (min) 

5 10 15 25 45 60 70 

< 3 1,282 1,049 1,498 1,738 1,664 1,669 1,080 

3 – 8 534 447 380 320 481 482 706 

8 – 15 173 137 70 9 120 52 86 

> 15 0 34 0 0 34 34 17 

TOTAL 1,988 1,668 1,948 2,067 2,299 2,236 1,889 

DOUBLE STAGE ETSW (@19.7 & @13.2 m/h) 

SIZE 

RANGE (µm) 

Time after backwash (min) 

5 10 15 25 45 60 70 

< 3 1,233 1,022 701 834 872 1,111 901 

3 – 8 528 364 208 365 164 347 295 

8 – 15 70 70 43 35 43 69 52 

> 15 35 17 0 0 9 17 17 

TOTAL 1,867 1,473 953 1,234 1,088 1,545 1,265 

 

5.3.3 Organics Removal & DBP formation 

Organic removal rates were assessed for BF1 and BF2 in phases 1 (15-25 °C) and 2 (0-5 

°C) in terms of dissolved organic carbon (DOC). The impact of the addition of air scour 
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and ETSW on DOC removals was investigated for both temperature conditions. Figure 5 

– 6 represents DOC removal in the columns as percentages, under all of the above 

conditions, in a box and whisker plot. The bolded line represents the median value, between 

the bottom and top of the box which are the 25th and 75th percentiles, respectively. 

 

Figure 5 - 6 DOC removals through the biofilters for differing backwash conditions 

under A) warm and B) cold temperature conditions 

 

The biofilters performed similarly under all conditions in terms of DOC removals. There 

was no apparent difference between the two biofilters, indicating that neither air scour nor 

media age impacted DOC removal. Median removals in the summer without ETSW for 

BF1 and BF2 were 4.4% and 4.6%, respectively. Whereas median removals in the winter 

without ETSW for BF1 and BF2 were 4.3% and 4.0%, respectively. Both biofilters 

exhibited consistent DOC removals throughout both seasons, with no significant 

differences in these removal rates between warm and cold temperatures. While many 
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studies have exhibited decreased biodegradation rates at low temperature conditions (Moll, 

et al. 1999, Hozalski, et al. 1999, Persson, et al. 2006); others have reported no change in 

removal rates between seasons for anthracite/sand biofilters, in terms of biodegradable 

organic matter (BOM) and total organic carbon (TOC) (Liu, et al. 2001, Emelko, et al. 

2006). The decrease in temperature may not have had a significant effect in this study since 

removal rates were fairly low to begin with.  

The addition of ETSW at 13.2 m/h to the backwash protocol had little effect on DOC 

removals for both biofilters. Median removals for BF1 in the winter and for BF2 in the 

summer, were slightly lower when ETSW was present, although these differences are not 

considered to be significant (p>0.05). Ikhlef and Basu (2017) also reported that the addition 

of ETSW did not affect DOC removal rates. Although the goal of ETSW is to minimize 

filter ripening, future research can potentially further assess if rate and duration of the 

ETSW stage impacts DOC removal in biofilters.  

The low DOC removals in the biofilters  in this study may be at least partially attributed to 

the nutrient limiting conditions of the influent water to the biofilters at the Britannia plant 

with a C:N:P ratio on a weight basis of 1000:55:1. According to LeChevallier et al. (1999), 

for optimal biofiltration performance a C:N:P ratio of 39:4.5:1 on a weight basis is 

required.  Under nutrient rich conditions, authors have reported improvement in organics 

removals (Dhawan, et al. 2017, Nyfennegger, et al. 2013). 

DOC removal in biofiltration by microbial degradation is often correlated with the 

removal of DBP precursors, which is part of what makes the process so attractive. To 

assess the reduction in DBP formation potential of the Britannia pilot scale biofilters, 

influent and effluent samples were subjected to free chlorine dosages of 1.4-1.6 mg/L and 
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let sit for 1 hour in the dark, to mimic on-site full-scale disinfection processes. Samples 

were then tested for various DBP components. Figure 5 – 7 represents the concentrations 

of HAA9 and total THMs (TTHMs) in the influent versus BF1 and BF2 effluents for both 

warm and cold temperature conditions.   

 

Figure 5 - 7 Disinfection by-product formation potentials in the influent and biofilter 
effluents for HAA9, A) summer, B) winter and TTHM C) summer, D) winter 

 

Both biofilters behaved similarly in terms of DBP formation throughout phases 1 and 2 of 

the experiment, regardless of backwash practice. Under warm temperatures, Figure 5 – 7 

(A) and 5 – 7 (C), the biofilters removed a significant portion of DBP precursors (p<0.05) 
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with both BF1 and BF2 having decreased HAA9 and TTHM concentrations when 

compared to the influent by 29% and 18%, respectively. Removals were lower under cold 

water conditions, with significant (p<0.05) TTHM removals of 15%, and HAA9 removals 

of 12%. Similar DBP formations for biofilter effluents have been reported elsewhere 

(Delatolla, et al. 2015, McKie, et al. 2015). Influent DBP formations were significantly 

lower (p<0.05) under cold temperature conditions, with HAA9 concentrations of 22.4 µg/L 

compared to 36.9 µg/L in the summer, and TTHM concentrations of 14.5 µg/L versus 26.4 

µg/L in the summer. Although the DOC removals and concentrations were similar between 

seasons, source water composition can vary drastically. Therefore, the increased levels of 

DBPs in the influent in the summer could correspond to an increase of DBP precursors in 

the dissolvable fraction of the source water under warm temperature conditions, such as 

humic substances (Delatolla, et al. 2015).  Despite the elevated DBP levels during the 

summer phase, influent and effluent DBP levels remained well below Canada’s regulatory 

limits, with max allowable concentrations of 100 µg/L and 80 µg/L for TTHMs and HAAs 

respectively (Health Canada, 2017). The majority of TTHM concentrations was attributed 

to chloroform, at 88% and 92% of total THMs in summer and winter, respectively. The 

majority compound for HAA9 in the summer was trichloroacetic acid, at 47% of total 

HAAs. In the winter it was dichloroacetic acid, at 45% of total HAAs. 

 

5.4 SUMMARY AND CONCLUSIONS 
 
A pilot scale biofiltration system was used to investigate the effects of backwashing with 

air scour along with single and double stage ETSW on DOC and DBP removal, headloss 

development and filter ripening. The following conclusions can be made from the 

presented results: 
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- Backwash strategy impacted headloss development, with headloss development 

control, when compared to the baseline of a water only backwash in the following order 

from greatest to least: (i) air scour + single or double stage ETSW, (ii) air scour, (iii) 

water + ETSW. 

- Adjustment of backwash strategy and associated headloss control was more significant 

under warm water conditions. 

- A double stage ETSW can improve turbidity and total particle counts during filter 

ripening but should be explored further for optimal rates and durations for minimal 

water usage.  

- DOC removals remained consistent regardless of backwash strategy, media age or 

water temperature conditions. 

- DBP concentrations in both biofilter effluents were well below Canadian national 

regulatory limits and were reduced by 18% and 15% for TTHMs in summer versus 

winter, respectively, and 29% versus 12% for HAAs compared to the biofilter influent. 

- Media age only explicitly affected headloss development and had no effect on other 

studied parameters. 
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CHAPTER 6 CONCLUSIONS AND FUTURE RESEARCH 

6.1 OVERALL SUMMARY 

Due to its ability to remove NOM, lower DBP formation and minimize biogrowth in the 

distribution systems, biological filtration has been suggested as a potential replacement for 

conventional pre-chlorinated filtration practices (Liu, et al. 2001). Research in the 

optimization of biofiltration has expanded recently, with focus on increasing its 

performance (e.g. microbial characterization, organics removal mechanisms, nutrient 

supplementation, etc.) (Basu, et al. 2016). Biofiltration has already been widely adopted in 

Europe, however despite the promising findings in literature, many North American 

facilities are reluctant, reporting increased headloss development and particle release due 

to excess biomass on the media (Nieminski & Perry 2015, Zhu, et al. 2010). However, 

there is limited research on how to minimize and control these potential issues. 

Furthermore, operators are unsure of proper backwash procedures required for ideal 

biofilter performance (Evans, et al. 2013). Some research on the relationship of backwash 

strategy with organics removal has been explored at bench scale with synthetic water 

(Ikhlef & Basu, 2017). However, there still remains a need to understand how backwash 

strategy can affect full and pilot scale biofiltration systems using real water. Also, how 

backwashing affects other areas of biofiltration performance, including headloss 

development and particle release is not well known. Moreover, out of over 100 articles 

researched, only 4 were found to compare biofiltration and conventional filtration 

performance directly. 

The main goal of this research was to compare biofiltration to conventional filtration 

performance at pilot scale, while exploring backwash strategies for maximum control of 
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headloss and particle release. The filters were assessed at varying temperatures in terms of 

microbial activity, DOC removal, DBP formation potential, turbidity, particle release and 

headloss development. Conventional backwash practices were applied, and a novel 

backwash technique was also developed, consisting of a double stage ETSW step in hopes 

of additional headloss and particle control. The results from this study provide a baseline 

for future research in academia and begin to address North American industry 

apprehension to the implementation of biofiltration at full-scale. 

 

6.2 MAIN CONCLUSIONS 

The main findings of this study provide a useful comparison between biofiltration and 

conventional filtration performance at pilot scale, while also introducing methods of 

controlling headloss and particle release in biofilters. 

1. The biofilters exhibited a mean of 4% DOC removal throughout the course of the 

study, regardless of backwash strategy, media age or change in temperature. This 

is significantly greater than the mean of < 1% removal experienced by the 

conventional filters.  

2. Backwash strategy was found to have a clear impact on headloss development in 

the filters under warm water conditions, however it had limited effect in colder 

temperatures. For the biofilters, the best control of 18-19% was exhibited when 

backwashes consisted of a combination of air scour and ETSW, compared to water 

alone. Despite the observed improvement, the conventional filters outperformed the 

biofilters, with observed headloss control of 12-29% as long as ETSW was present, 

even with a water only backwash.  
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3. The double stage ETSW proved successful in controlling headloss up to 19% in the 

biofilters and 23% in the conventional filters, compared to a water only backwash. 

4. Overall, effluent particle counts were higher under cold water than warm water 

conditions for both filter types. The single stage ETSW facilitated a drop in effluent 

particle counts for both filter types versus when no ETSW was applied. Generally, 

it is believed biofilters yield greater effluent particle counts, however this was not 

observed; the conventional filter displayed elevated particle levels compared to the 

biofilter during ripening, under all backwash conditions.   

5. The double stage ETSW proved to be a promising novel backwash strategy as it 

improved turbidity and particle release during filter ripening for both the 

conventional filters and biofilters, in addition to providing headloss control. When 

the double stage ETSW was applied, turbidity and particle counts for both filter 

types remained below 0.1 NTU and 2,120 particles/mL, respectively.  

6. The biofilters decreased HAA9 and TTHM formations from the influent by 29% 

and 18%, respectively under warm water conditions. Conversely, pre-chlorination 

significantly increased DBP formation compared to the influent, with HAA9 and 

TTHM increases of 32% and 35%, respectively. Under cold water conditions, DBP 

formation was lower overall, however the same trends were observed between both 

filter types. 

7. Both biofilters’ ATP and EPS concentrations remained consistent even under 

temperatures less than 5°C. Neither ATP nor EPS showed any correlation to DOC 

removal. EPS concentration in terms of proteins however, did correlated to headloss 

in both biofilters and conventional filters, although polysaccharides did not. 
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Therefore, air scour addition to minimize EPS buildup may be useful for headloss 

control in biofilters. 

8. Media age proved to have a substantial impact on headloss development, however, 

it had a limited effect on the other parameters examined. The new media was 

angular and contained some small fragments which resulted in increased headloss, 

whereas the old media was more uniform in size and rounded over time, resulting 

in lower headloss. This should be an important consideration for engineers when 

designing new filters or replacing existing filter media. 

 

6.3 FUTURE RESEARCH RECCOMENDATIONS 

1. Backwashing was effective for controlling headloss development and should be 

explored further. It is recommended to try different bed expansions, as well as other 

rates and durations of air scour and ETSW.  

2. Headloss control was greatest in conventional filters, therefore it is important to 

continue to work on improving methods of controlling headloss in biofilters. 

3. The double stage ETSW improved turbidity and particle counts during ripening, 

while also controlling headloss. It is recommended that this novel backwash 

approach should be examined at various flow rates and durations to optimize 

headloss reduction and particle release while also minimizing water usage. 

4. It was found that media shape and size had a significant impact on headloss 

development in the filters. Various media types have been previously explored, 

however there is a lack of information on how headloss could be affected by media 

differences. Future research should examine this further.
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Abstract 

 

Conventional filtration practices operate with a prechlorination step to minimize biological 
activity within the filter and for the disinfection of harmful pathogens. However, 
biologically active filtration reduces the formation of disinfection by-products (DBPs) and 
decreases bacterial regrowth in the distribution system. A pilot scale comparison study 
between conventional and biological dual media anthracite/sand filters was conducted to 
assess their performance under warm water conditions at the Britannia Water Purification 
Plant in Ottawa. The filters were operated under various backwash conditions, including 
the addition of air scour and extended terminal subfluidization wash (ETSW). The filters 
were evaluated with respect to dissolved organic carbon (DOC) removal, DBP formation, 
microbial activity, headloss, particle counts and turbidity. The biofilters performed 
significantly better (p<0.05) in terms of DBP formation, where TTHM and HAA9 
concentrations were lower than the conventional filters by 40% and 46%, respectively. 
There was no apparent difference when it came to particle passage or turbidity during 
ripening for both filter types, however the conventional filters proved to be more vulnerable 
to changes between backwashes, with increased particle concentrations in the 
cryptosporidium size range. The biofilters exhibited greater headloss development, but it 
was found to be minimized when applying air scour and ETSW during backwashing. 

 
Introduction 

 
 Drinking water filtration has been in practice for centuries and is still often a 
mandatory step for the treatment of surfaces waters, where many facilities have chosen to 
operate with the addition of a disinfectant before filtration. Often prechlorination is 
practiced to aid in pathogen removal, control taste and odor issues, prevent biofilm growth 
on the media and enhance particle removal (Liu, et al., 2001, Sadiq & Rodriguez 2004, 

Stoddart and Gagnon, 2015). On the other hand, performing disinfection before a major 

treatment process such as filtration, is known to result in higher DBP levels, which can 
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lead to problems meeting current plant effluent regulations (Zhu & Bates, 2013, Akcay, et 

al., 2016). According to Stoddart and Gagnon, shifting from pre- to post-chlorination has 

shown the greatest impact in reducing DBP formation, due to the additional removal of 

organic carbon in the filter, which is known as a leading precursor. Choosing to hold off 

on disinfection until after filtration also allows for increased growth of microorganisms on 

the filter media, which can further aid in removing DOC by means of biodegradation (Liu 

et al., 2017, Zhu, et al., 2010). Biofiltration has been receiving increased attention in the 

last couple of decades, not only with its ability to degrade DBP precursors, but also 

maintain desired particulate removal, control taste and odor issues and decrease the chance 

of bacterial growth in the distribution systems (Basu, et al., 2016, Terry & Summers, 2018). 

 Despite the known benefits of biofiltration from extensive research and its wide 

adaptation in Europe, many North American facilities are still reluctant to introduce 

biofiltration as a standard drinking water practice. Operations staff remain concerned with 

the attributed increase in headloss rates when switching to biofiltration, as it is not only 

caused by particulate buildup in the filter bed, but also by a buildup of microorganisms and 

their secretions of extracellular polymeric substances (EPS) (Elhadidy, et al. 2017, 

Keithley & Kirisits, 2018). Concerns also exist with the apparent increase in particle release 

and biofilm sloughing (Zhu, et al., 2010). Further to this it has been reported that there is a 

lack of consistent backwash practices for operators to follow, and a lack of recommended 

operational monitoring guidelines to follow to ensure stable biofiltration performance 

(Evans et al., 2013, Nieminski & Perry 2015). This study has touched on major industry 

concerns by assessing the performance of biofiltration versus conventional filtration at pilot 

scale in terms of DOC removal, particle release, turbidity, headloss development and DBP 

formation potential while also looking at the effects of various backwashing strategies on 

these performance aspects.  

 
Methods and Materials 

 

Experimental Set up 
 
 Experiments were conducted at the Britannia Water Purification Plant, in Ottawa, 

Ontario at their pilot scale facilities under warm water conditions (15-25°C). Four dual 
media filters each 6 inches in diameter, with 635mm of anthracite over 375mm of sand run 

at 0.8 L/min (2.6 m/h) with an EBCT of 23 minutes. Raw water from the Ottawa River 

undergoes screening, aluminum sulphate aided coagulation and flocculation, followed by 

sedimentation at full-scale. Before moving onto filtration, a portion of the settled water is 

sent to the pilot scale facilities as influent feed for the four filters. Two of the filters (C1 
and C2) were dosed at the influent with a 6% hypochlorite solution to maintain a 0.5 mg/L 
total chlorine residual in the effluent, and the other two columns ran as biofilters (B1 and 
B2). C1 and B1 contain 50 year old media and were subjected to water only backwash with 
30% bed expansion, where C2 and B2 contain 3 year old media and were subjected to water 
plus air scour for one minute followed by a water only wash at 30% bed expansion. 
Experiments ran for 12 weeks total, during 6 of which an ETSW step of 4L/min for a 
duration of 7 minutes was added to the backwashing procedure for all 4 filters. Water 
samples were collected in clean, amber glass bottles from all 4 effluents and influent tanks 
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immediately before and 24 hours after a backwash. Media samples were collected before 
and after backwash once per week in sterile 15 mL polypropylene tubes. 
 

Analytical Methods 
 
 Biofilter health was quantified by measuring ATP and EPS concentrations on the 
media samples. ATP tests were conducted by following the Deposit and Surface Analysis 
test kit method from LuminUltra Technologies and measurements were read using a 
luminometer. EPS was first extracted from the media by means of a cation exchange resin 
method (Elhadidy, et al. 2017) and then analyzed for polysaccharide and protein 

concentrations. Polysaccharides were analyzed using a phenol-sulphuric acid assay 
(DuBois, et al.,1956) and proteins by a modified Lowry assay using the Peirce™ BCA test 
kit. Water samples were subjected to DOC analysis by means of the persulfate-ultraviolet 
oxidation method using a Shimadzu TOC-VCPH/CPN total organic carbon analyzer. 

Water samples were first filtered through a 0.45 µm filter before completing each DOC 
analysis. DBPs were analyzed by performing a lab scale simulation of the disinfection 

process that occurs in the full-scale plant clear well, accomplished by dosing samples with 

a hypochlorite solution to ensure a 1 mg/L free chlorine residual after 1 hour in a headspace 

free container. The samples were then transferred to vials with specific preservatives for 

TTHMs and HAAs and sent to a lab for further analysis. Particle count analysis was carried 

out using a Dynamic Particle Analyzer (BP-4100-HEV) by BrightWell Technologies INC. 

The flow cell used, BP-1400-FC-100-U, was able to detect particles sized from 0.75 to 100 

µm. Influent and effluent turbidity was continuously monitored by HACH inline 1720 E 

low range turbidimeters installed at the pilot plant. Pressure head in each column was 
measured using the Rosemount Pressure Indicator also installed at the pilot facilities. Both 
turbidity and pressure data were recorded at 1 minute intervals.  

 
Results & Discussion 

 
DBP Formation & DOC Removal 
 
 To demonstrate the benefits of biofiltration, DBP formation and DOC removal were 
analyzed. After subjecting the influent and all 4 filter effluents to multiple clearwell 
simulations, it was determined that the biofilters exhibited significantly lower 
concentrations of HAAs and TTHMs (p<0.05) than the conventional filters, by 46% and 
40% respectively, as shown in Figure 1. In fact, the biofilters were able to remove a portion 
of DBP precursors with both B1 and B2 having decreased HAA9 and TTHM 
concentrations when compared to the influent by 29% and 18%, respectively. The 
conventional filter effluents on the other hand produced increased DBP levels when 
compared to the influent, with a 32% increase in HAA9 and 35% increase in TTHMs.  
 



 121 

 
 

Figure 1. DBP Formation after one hour clearwell simulation 
 

The addition of air scour (filters B2 and C2) had no apparent effect on DBP formations, as 
both biofilters and both conventional filters behaved similarly to each other in terms of 
TTHM and HAA9 levels. There were also no clear differences in DBP concentrations 
during weeks with or without the addition of ETSW to the backwashing procedure. More 
evidence to support that the biofilters removed a greater portion of DBP precursors was 
demonstrated through the DOC removal rates. Again, there were no apparent differences 
between removal rates for the various backwashing strategies practiced, however the 
biofilters did remove significantly more DOC than the conventional filters (p<0.05). The 
average influent, biofilter effluent and conventional filter effluent concentrations were 

2.92± 0.3, 2.78± 0.2 and 2.92± 0.3 mg/L, respectively. This corresponds to an approximate 
5% removal rate for the biofilters and no removal from the conventional filters, which is 
in accordance with the DBP results.  
 

Turbidity & Particle Release 
 
 One of the major concerns of implementing biofiltration is the apparent increase in 
particle passage and turbidity. The particle concentrations (#/mL) summarized in Table 1 
show that there is minimal difference between effluent water quality of biofilters versus 
conventional. In the table, BBW represents the samples taken before backwash and 
ABW24 refers to samples taken 24 hours after a backwash. Although no differences were 
observed, we can note that the two filters which received air scour and contain the new 
media (B2 and C2) maintain lower total particle counts 24 hours after backwash than B1 
and C1. Another observation is the increase in total particle counts before a backwash for 
both C1 and C2, where the biofilters on the other hand stay more consistent between 

backwashes. These trends are also apparent for the 3-8 µm size range of cryptosporidium, 
which is especially important. All four of the filters removed 100% of particles greater than 

25 µm, but the biofilters have much lower observed particles in the 15-25 µm size range.  
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Headloss Development 
 
 To address the other major concern of operations staff, headloss development of all 
four filters was continuously monitored and analyzed. Table 2 summarizes each filters’ 
headloss in centimeters 72 hours after backwash for various backwashing strategies. An 
interesting observation to make here is that the filters which contain the newer media have 
greater headloss values than those with older media, especially when comparing the 
biofilters. An explanation could have been that B2 produces more biomass between 
backwashes, however the ATP and EPS results from before backwash show both B1 and 

B2 have comparable concentrations of proteins (205 and 185µg/g, respectively) and 

polysaccharides (70 and 74 µg/g, respectively) on the media, and B2 has significantly 
lower (p<0.05), ATP concentrations (100 and 75 ng/g, respectively). Since increased 
biomass buildup was not the issue and the same trend is also observed between C1 and C2, 
it was apparent that it could be an effect of media age. Because of this difference, it was 
not possible to properly observe the effects of air scour on headloss, so extra data was 
collected for days where B1 and C1 were washed with air scour, and B2 and C2 with water 
only. With these additional results, it is now clear to see headloss for all 4 filters is greatest 
when a water only wash is applied, and headloss is least when air scour and ETSW is 
added. This difference was most significant for B2 (p<0.05), showing that increased 
headloss development in biofilters can be controlled with backwashing strategy. 

 
 
Table 2. Average accumulated headloss (cm) 72 hours after various backwashes 

FILTER 
MEDIA 

AGE 

BACKWASH STRATEGY 

Water only 
Water + 
ETSW 

Air + Water 
Air + Water 

+ ETSW 

B1 OLD 17.4 15.8 16.0 15.5 

B2 NEW 30.5 29.3 27.7 25.0 

C1 OLD 14.7 10.6 13.2 11.3 

C2 NEW 21.3 18.8 20.0 15.2 

   

 
Conclusion 

 
 In this study, biofiltration versus conventional filtration performance was compared 
with respect to DOC removal, DBP formation, turbidity, particle counts and headloss 
development to demonstrate to operations staff the positive water quality benefits of 
biofiltration. This included exploring various backwashing strategies to help understand 
the best possible options to maintain and improve biofilter performance. The following 
conclusions can be made: 
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• The biofilters exhibited DOC removal where the conventional filters did not, 
corresponding to a decrease in DBP precursors and significantly lower TTHM and 
HAA9 concentrations. 

• Effluent particle counts show the biofilters have less variability in water quality 
between backwashes, where the conventional filters showed increased particle 

levels before being backwashed, especially in the cryptosporidium (3-8 µm) size 
range.  

• The addition of ETSW is crucial for both conventional and biofilters to control 
ripening spikes post backwash.  

• Although headloss in biofilters is bound to be greater due to biomass buildup, it can 
be controlled and minimized by applying air scour and ETSW during backwashes. 
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APPENDIX B - ADDITIONAL TURBIDITY DATA 
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APPENDIX C – HEADLOSS/BIOMASS RELATIONSHIP 
 

 
 

 

R² = 0.8699

R² = 0.6259

0

10

20

30

40

50

60

0 100 200 300 400

H
ea

d
lo

ss
 B

ef
o

re
 B

ac
k

w
as

h
 (

cm
)

EPS - Proteins (ug/g)

a)  Biofilters

B1

B2

R² = 0.4315

R² = 0.7407

0

10

20

30

40

50

60

0 25 50 75 100 125

H
ea

d
lo

ss
 B

ef
o

re
 B

ac
k

w
as

h
 (

cm
)

EPS - Proteins (ug/g)

b)  Conventional filters

C1

C2



 131 

 
 

 
 

R² = 0.0035

R² = 0.1466

0

10

20

30

40

50

60

0 50 100 150 200

H
ea

d
lo

ss
 B

ef
o

re
 B

ac
k

w
as

h
 (

cm
)

EPS - Polysaccharides (ug/g)

a)  Biofilters

B1

B2

R² = 0.0167

R² = 0.2547

0

10

20

30

40

50

60

0 10 20 30

H
ea

d
lo

ss
 B

ef
o

re
 B

ac
k

w
as

h
 (

cm
)

EPS - Polysaccharides (ug/g)

b)  Conventional filters

C1

C2



 132 

 

 
 

R² = 0.4475

R² = 0.4423

0

10

20

30

40

50

60

0 50 100 150

H
ea

d
lo

ss
 B

ef
o

re
 B

ac
k

w
as

h
 (

cm
)

EPS - ATP (ng/g)

a)  Biofilters

B1

B2

R² = 0.237

R² = 0.454

0

10

20

30

40

50

60

0 1 2 3

H
ea

d
lo

ss
 B

ef
o

re
 B

ac
k

w
as

h
 (

cm
)

EPS - ATP (ng/g)

b)  Conventional filters

C1

C2



 133 

APPENDIX D - PARTICLE COUNT DATA 

 

INFLUENT 

SIDE 1 

SIZE RANGE (µm) Phase 1 - Summer (15-25°C) 

0.75-2.75 3,196 4,980 3,667 5,405 5,233 3,586 5,299 3,825 2,590 3,150 5,690 

2.75-8.75 1,624 1,695 1,048 2,204 2,953 1,559 1,598 1,275 1,554 1,085 3,207 

8.75-15.75 419 795 367 892 1,502 884 507 357 518 1,188 2,379 

15.75-25.75 367 954 105 105 1,192 260 545 102 725 671 1,500 

25.75-50.75 472 848 157 577 984 104 545 408 622 1,239 1,862 

> 50.75 419 477 52 262 259 0 117 153 0 568 621 

TOTAL 6,496 9,749 5,396 9,445 12,123 6,393 8,611 6,120 6,010 7,902 15,259 

SIZE RANGE (µm)            

0.75-2.75 4,692 4,460 7,211 3,893 8,028 2,707 2,080 5,250 9,970 9,528 9,771 

2.75-8.75 2,242 1,049 1,282 1,173 2,046 849 1,013 2,111 2,834 3,053 3,482 

8.75-15.75 1,043 525 374 747 1,259 637 320 758 1,312 474 2,339 

15.75-25.75 1,199 577 801 800 1,312 425 213 595 787 421 1,871 

25.75-50.75 1,043 840 962 2,240 3,201 425 1,333 1,191 735 579 832 

> 50.75 209 210 160 800 735 425 2,506 162 52 105 0 

TOTAL 10,428 7,661 10,790 9,653 16,582 5,466 7,466 10,067 15,690 14,161 18,294 

 

INFLUENT 
SIDE 2 

SIZE RANGE (µm) Phase 1 - Summer (15-25°C) 

0.75-2.75 4,904 4,513 3,452 3,858 5,274 6,207 5,193 4,300 5,967 3,540 5,017 

2.75-8.75 2,401 2,204 889 1,147 2,454 2,379 2,872 1,088 1,920 1,562 2,638 

8.75-15.75 358 840 523 261 679 828 1,259 518 934 416 1,604 

15.75-25.75 562 630 157 52 574 621 747 725 726 885 931 

25.75-50.75 715 682 157 52 836 259 669 414 1,401 1,041 1,500 

> 50.75 919 735 366 0 261 103 118 829 623 52 362 
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TOTAL 9,858 9,603 5,544 5,370 10,079 10,397 10,858 7,875 11,572 7,496 12,052 

SIZE RANGE (µm)            

0.75-2.75 2,690 7,265 4,234 9,394 4,405 3,796 5,066 6,463 4,266 3,878 5,301 

2.75-8.75 1,448 706 965 2,845 478 369 470 1,346 640 1,023 1,403 

8.75-15.75 569 151 322 1,342 425 158 157 323 267 485 780 

15.75-25.75 724 101 429 1,449 265 53 104 269 267 485 884 

25.75-50.75 569 101 590 1,664 265 264 0 431 213 431 1,507 

> 50.75 207 101 54 268 159 211 0 162 0 162 728 

TOTAL 6,207 8,425 6,592 16,963 5,997 4,851 5,797 8,994 5,653 6,463 10,602 

 

 

INFLUENT 

SIDE 1 

SIZE RANGE (µm) Phase 2 - Winter (0-5°C) 

0.75-2.75 6,208 8,566 5,089 9,138 10,129 35,344 4,733 2,309 2,672 2,123 5,005 

2.75-8.75 3,851 707 2,236 2,718 2,637 1,142 1,853 1,049 995 573 2,346 

8.75-15.75 1,179 3,929 463 1,221 1,080 396 710 577 367 182 886 

15.75-25.75 1,336 79 231 709 1,545 418 987 577 576 143 521 

25.75-50.75 2,200 236 848 906 3,360 760 749 735 576 703 1,043 

> 50.75 1,100 786 1,157 1,379 2,852 1,181 1,893 420 472 638 730 

TOTAL 15,874 14,302 10,023 16,070 21,603 39,240 10,925 5,667 5,658 4,363 10,532 

SIZE RANGE (µm)  

0.75-2.75 1,203 4,145 1,929 2,422 6,517 7,572 4,989 3,661 6,632 4,997 5,214 

2.75-8.75 680 1,942 574 895 3,024 2,924 2,131 1,046 2,402 1,406 1,877 

8.75-15.75 262 630 156 579 1,512 888 520 366 1,671 469 678 

15.75-25.75 105 525 52 105 1,877 783 312 105 940 677 782 

25.75-50.75 471 1,102 261 211 1,512 783 1,195 471 783 885 678 

> 50.75 314 1,102 626 474 469 888 728 471 836 781 417 

TOTAL 3,034 9,445 3,598 4,685 14,912 13,839 9,875 6,120 13,264 9,214 9,646 

 

 



 135 

INFLUENT 

SIDE 2 

SIZE RANGE (µm) Phase 2 - Winter (0-5°C) 

0.75-2.75 8,744 12,748 8,349 6,250 7,998 24,834 3,693 4,520 4,230 5,167 4,505 

2.75-8.75 2,915 4,223 2,117 1,663 2,090 2,176 1,807 2,162 1,306 2,109 1,572 

8.75-15.75 1,024 1,095 745 435 828 526 629 669 313 1,002 733 

15.75-25.75 630 704 1,450 317 473 188 1,022 590 470 896 314 

25.75-50.75 1,024 1,095 1,646 871 2,523 452 786 746 1,149 1,424 838 

> 50.75 1,418 704 1,490 1,347 1,774 640 314 1,218 836 844 629 

TOTAL 15,755 20,569 15,797 10,882 15,686 28,815 8,251 9,905 8,303 11,442 8,592 

SIZE RANGE (µm)  

0.75-2.75 2,840 2,825 8,436 5,561 3,720 8,485 3,197 5,996 8,409 6,538 5,005 

2.75-8.75 1,072 1,203 3,216 2,599 1,415 2,603 1,392 3,754 4,573 2,854 2,398 

8.75-15.75 322 785 1,160 884 681 781 413 1,095 1,577 882 991 

15.75-25.75 107 157 1,529 572 314 677 155 1,095 841 363 417 

25.75-50.75 1,125 157 1,318 572 419 1,353 206 1,147 1,261 467 365 

> 50.75 911 157 738 312 419 781 206 313 946 415 469 

TOTAL 6,377 5,283 16,398 10,499 6,968 14,680 5,569 13,400 17,607 11,520 9,646 

 

 

B1 (BBW) 

SIZE RANGE (mm) Phase 1 - Summer (15-25°C) 

0.75-2.75 1,003 2,441 1,488 1,278 1,670 2,215 1,412 1,411 1,546 1,859 829 

2.75-8.75 264 425 478 213 539 896 314 706 618 465 259 

8.75-15.75 0 106 53 0 0 316 1,778 157 0 0 0 

> 15.75 0 53 0 0 0 0 0 0 0 52 0 

TOTAL 1,268 3,025 2,020 1,491 2,208 3,427 3,504 2,273 2,164 2,376 1,088 

B2 (BBW) 

SIZE RANGE (mm)  

0.75-2.75 2,519 2,301 2,201 1,740 786 1,449 1,229 1,353 1,902 1,871 728 

2.75-8.75 262 535 322 422 105 483 427 312 932 780 208 

8.75-15.75 0 0 215 53 0 54 0 52 116 52 52 



 136 

> 15.75 0 0 54 0 0 54 53 0 0 0 0 

TOTAL 2,781 2,836 2,791 2,215 891 2,040 1,709 1,718 2,951 2,703 987 

C1 (BBW) 

SIZE RANGE (mm)  

0.75-2.75 1,156 3,211 3,691 2,742 3,424 2,778 1,813 1,412 1,412 2,503 558 

2.75-8.75 210 1,369 1,371 738 321 267 1,606 157 368 938 54 

8.75-15.75 0 0 158 158 54 0 518 52 97 104 28 

> 15.75 0 105 0 0 0 0 52 52 39 156 0 

TOTAL 1,367 4,685 5,220 3,638 3,799 3,045 3,989 1,674 1,915 3,702 640 

C2 (BBW) 

SIZE RANGE (mm)  

0.75-2.75 1,000 2,200 3,603 1,329 2,109 1,329 682 5,129 3,525 1,184 770 

2.75-8.75 53 210 836 372 422 372 210 1,865 1,975 360 205 

8.75-15.75 0 0 52 53 105 53 0 259 349 51 0 

> 15.75 0 0 0 0 105 0 52 52 155 51 0 

TOTAL 1,053 2,410 4,491 1,754 2,742 1,754 945 7,305 6,004 1,647 975 

 

 

B1 (ABW24h) 

SIZE RANGE (mm) Phase 1 - Summer (15-25°C) 

0.75-2.75 2,134 1,975 948 1,192 2,083 1,033 2,350 1,403 1,917 1,647 1,443 

2.75-8.75 312 104 211 155 107 52 418 468 725 463 566 

8.75-15.75 0 0 0 0 53 0 104 104 104 51 77 

> 15.75 0 0 0 0 53 0 0 0 52 0 0 

TOTAL 2,447 2,079 1,158 1,347 2,297 1,085 2,872 1,975 2,798 2,162 2,086 

B2 (ABW24h) 

SIZE RANGE (mm)  

0.75-2.75 2,231 1,686 1,153 1,093 1,424 1,753 2,030 1,510 1,606 1,493 724 

2.75-8.75 208 326 105 0 369 103 208 521 363 566 336 

8.75-15.75 52 0 52 52 53 52 0 156 0 51 78 

> 15.75 52 0 52 0 0 0 0 0 0 0 0 

TOTAL 2,543 2,013 1,362 1,145 1,845 1,908 2,238 2,186 1,969 2,111 1,138 
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C1 (ABW24h) 

SIZE RANGE (mm)  

0.75-2.75 3,472 2,282 1,687 1,261 795 1,136 1,349 1,399 1,593 903 413 

2.75-8.75 588 265 105 105 265 103 571 622 1,182 181 155 

8.75-15.75 107 53 105 0 0 0 52 104 463 26 0 

> 15.75 53 0 0 0 53 0 0 52 617 26 0 

TOTAL 4,220 2,600 1,898 1,367 1,113 1,239 1,972 2,176 3,855 1,135 567 

C2 (ABW24h) 

SIZE RANGE (mm)  

0.75-2.75 2,346 3,141 995 3,053 1,582 1,668 1,500 828 1,184 978 667 

2.75-8.75 261 266 105 211 580 313 155 103 379 154 282 

8.75-15.75 0 0 0 0 105 0 0 103 116 51 26 

> 15.75 0 0 0 0 0 52 0 0 26 0 51 

TOTAL 2,607 3,408 1,100 3,264 2,267 2,033 1,655 1,035 1,705 1,184 1,026 

 

 

B1 (BBW) 

SIZE RANGE (mm) Phase 2 - Winter (0-5°C) 

0.75-2.75 2,440 3,768 3,860 1,493 1,935 1,674 4,855 2,294 3,684 777 1,565 

2.75-8.75 387 981 866 314 680 314 2,805 2,033 1,557 259 887 

8.75-15.75 77 157 79 79 157 157 675 209 363 52 104 

> 15.75 0 0 79 79 52 0 104 52 156 52 78 

TOTAL 2,905 4,906 4,884 1,965 2,825 2,145 8,439 4,588 5,760 1,140 2,635 

B2 (BBW) 

SIZE RANGE (mm)  

0.75-2.75 8,360 

NA 

5,231 1,095 1,041 1,604 1,227 6,289 5,387 965 1,680 

2.75-8.75 2,826 1,849 352 416 517 907 2,495 3,538 626 724 

8.75-15.75 229 315 39 104 52 107 260 1,003 157 336 

> 15.75 0 39 0 52 0 53 52 158 26 0 

TOTAL 11,415 7,434 1,486 1,614 2,173 2,293 9,095 10,087 1,774 2,739 

C1 (BBW) 
SIZE RANGE (mm)  

0.75-2.75 9,713 NA 2,001 1,458 2,179 2,540 836 3,455 4,730 927 6,067 
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2.75-8.75 3,395 815 364 311 1,081 287 1,238 2,443 412 1,203 

8.75-15.75 158 222 0 104 594 131 258 520 154 105 

> 15.75 0 148 0 156 108 26 155 208 0 52 

TOTAL 13,266 3,188 1,822 2,750 4,323 1,280 5,105 7,900 1,493 7,427 

C2 (BBW) 

SIZE RANGE (mm)  

0.75-2.75 5,059 4,333 4,751 1,388 1,253 1,505 6,188 1,100 1,138 977 3,212 

2.75-8.75 1,479 788 1,139 556 418 778 2,475 733 879 360 622 

8.75-15.75 234 0 39 238 52 52 464 262 207 25 259 

> 15.75 0 118 79 79 0 0 52 210 0 0 0 

TOTAL 6,772 5,239 6,008 2,262 1,723 2,335 9,178 2,305 2,224 1,363 4,093 

 

 

B1 (ABW24h) 

SIZE RANGE (mm) Phase 2 - Winter (0-5°C) 

0.75-2.75 3,693 3,948 1,837 

NA 

1,353 3,536 829 4,453 3,394 942 1,917 

2.75-8.75 1,336 948 391 416 1,640 259 1,729 1,358 366 674 

8.75-15.75 79 79 39 156 102 78 210 574 105 104 

> 15.75 0 78 0 0 102 0 105 0 0 104 

TOTAL 5,108 5,053 2,267 1,926 5,380 1,165 6,496 5,327 1,412 2,798 

B2 (ABW24h) 

SIZE RANGE (mm)  

0.75-2.75 4,359 3,335 2,740 4,491 637 

NA 

1,168 3,414 3,477 2,901 1,347 

2.75-8.75 1,401 931 672 1,659 212 415 1,190 1,090 1,036 622 

8.75-15.75 0 39 0 283 53 208 259 208 207 207 

> 15.75 78 0 0 0 53 26 103 0 0 0 

TOTAL 5,838 4,305 3,412 6,433 955 1,816 4,966 4,774 4,145 2,176 

C1 (ABW24h) 

SIZE RANGE (mm)  

0.75-2.75 3,805 

NA 

2,363 2,014 1,147 4,583 569 2,789 3,123 888 1,336 

2.75-8.75 854 591 891 991 3,755 52 1,601 781 418 565 

8.75-15.75 351 118 310 209 854 103 620 208 209 51 
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> 15.75 0 39 39 52 207 0 258 52 0 51 

TOTAL 5,010 3,112 3,254 2,398 9,399 724 5,268 4,164 1,514 2,005 

C2 (ABW24h) 

SIZE RANGE (mm)  

0.75-2.75 3,036 4,111 3,395 3,207 1,871 

NA 

1,222 1,306 5,483 1,825 5,033 

2.75-8.75 1,168 1,331 1,184 1,212 1,663 496 574 1,514 730 1,972 

8.75-15.75 0 196 0 274 156 104 52 261 104 571 

> 15.75 0 157 0 78 52 0 52 157 52 52 

TOTAL 4,203 5,795 4,580 4,771 3,742 1,822 1,984 7,416 2,711 7,628 
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APPENDIX E - DOC AND UV DATA 

 

Phase 1 - Summer (15-25°C) 

DOC CONCENTRATION (mg/L) REMOVALS (%) 

IN SIDE 2 IN SIDE 1 C1 C2 B1 B2 C1 C2 B1 B2 

2.562 2.689 2.628 2.721 2.483 2.648 -0.095 -3.637 5.428 -0.857 

2.709 2.706 2.710 2.686 2.814 2.496 -0.092 0.794 -3.934 7.812 

2.678 2.715 2.651 2.628 2.588 2.560 1.687 2.540 4.024 5.062 

2.839 2.608 3.022 2.961 2.513 2.744 -10.960 -8.720 7.729 -0.753 

2.440 2.590 2.634 2.810 2.459 2.511 -4.732 -11.730 2.227 0.159 

2.820 2.831 2.688 2.840 2.691 2.724 4.866 -0.513 4.760 3.592 

2.637 2.565 2.620 2.638 2.258 2.322 -0.730 -1.423 13.187 10.727 

2.716 2.507 2.692 2.836 2.485 2.500 -3.083 -8.597 4.844 4.270 

2.932 2.715 3.055 2.913 2.508 2.597 -8.199 -3.170 11.174 8.022 

2.843 2.737 2.870 2.823 2.560 2.542 -2.867 -1.183 8.244 8.889 

3.230 3.126 3.336 3.429 NA 2.896 -4.972 -7.898 NA 8.874 

2.794 2.845 2.792 2.836 2.673 2.761 0.975 -0.585 5.196 2.075 

2.719 2.524 2.717 2.614 2.403 2.403 -3.643 0.286 8.335 8.335 

2.941 2.785 2.759 2.831 2.649 2.668 3.633 1.118 7.475 6.811 

2.704 2.888 2.759 2.764 2.787 2.766 1.323 1.144 0.322 1.073 

2.795 3.030 2.840 2.742 2.690 2.700 2.489 5.854 7.639 7.296 

2.683 2.690 2.731 2.668 2.542 2.629 -1.656 0.689 5.379 2.140 

2.724 2.898 2.608 2.668 2.542 2.629 7.222 5.087 9.570 6.475 

2.648 2.701 2.639 2.176 2.534 2.615 1.327 18.639 5.253 2.225 

2.824 2.736 2.745 2.644 2.633 2.618 1.259 4.892 5.288 5.827 

2.747 2.649 2.631 2.720 2.551 2.683 2.483 -0.815 5.448 0.556 

2.646 2.609 2.707 2.841 2.724 2.690 -3.026 -8.126 -3.673 -2.379 

2.679 2.778 2.610 2.630 2.677 2.762 4.343 3.610 1.887 -1.228 

2.906 2.987 3.094 2.872 2.955 2.878 -6.470 3.867 1.089 3.652 

3.263 3.229 3.246 3.196 3.118 3.049 0.519 1.049 3.462 5.581 

3.107 3.041 2.899 3.097 3.006 2.975 6.694 -1.849 1.147 2.183 

3.277 3.118 3.104 3.128 3.010 2.962 5.273 -0.326 3.445 4.977 

3.260 3.240 3.168 3.338 3.135 3.162 2.806 -3.033 3.242 2.405 

3.301 3.650 3.206 3.111 2.867 2.917 2.874 14.760 21.443 20.060 

3.311 3.592 3.429 3.131 2.904 2.937 -3.581 12.827 19.165 18.231 

3.240 3.213 3.076 3.443 3.039 3.010 5.040 -7.171 5.389 6.306 

2.907 2.845 2.942 2.993 2.813 2.893 -1.224 -5.216 1.131 -1.679 

3.304 3.267 3.297 3.385 3.338 NA 0.205 -3.630 -2.178 NA 
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3.311 3.368 3.456 3.423 3.162 3.463 -4.400 -1.609 6.135 -2.816 

2.917 2.788 2.862 2.753 2.718 2.741 1.893 1.227 2.516 1.677 

2.856 3.036 2.888 3.107 2.720 2.745 -1.115 -2.343 10.432 9.606 

3.087 3.101 3.083 3.013 3.267 2.986 0.121 2.841 -5.354 3.715 

3.124 3.561 3.514 3.866 3.213 3.091 -12.469 -8.561 9.798 13.222 

2.863 2.787 2.795 2.639 2.571 2.629 2.390 5.311 7.766 5.688 

2.965 2.934 2.979 3.016 2.949 2.913 -0.480 -2.783 -0.520 0.733 

3.026 3.097 3.068 3.114 3.088 3.111 -1.377 -0.547 0.295 -0.438 

3.263 3.287 3.314 3.565 3.141 3.240 -1.557 -8.451 4.432 1.443 

3.089 2.922 2.809 2.984 2.860 2.876 9.059 -2.133 2.133 1.565 

2.963 2.856 2.693 2.933 2.780 2.907 9.113 -2.681 2.681 -1.767 

2.800 2.849 2.752 2.761 2.749 2.734 1.694 3.103 3.519 4.054 

2.961 2.854 2.851 2.843 2.725 2.841 3.707 0.415 4.534 0.487 

2.907 2.779 2.936 2.746 2.767 2.764 -1.002 1.158 0.402 0.536 

 
 

Phase 2 - Winter (0-5°C) 

DOC CONCENTRATION (mg/L) REMOVALS (%) 

IN SIDE 2 IN SIDE 1 C1 C2 B1 B2 C1 C2 B1 B2 

3.020 2.865 2.996 2.852 2.651 2.661 -1.818 3.076 9.907 9.567 

2.825 2.762 2.562 2.442 2.562 2.265 8.287 12.583 8.287 18.919 

2.962 2.950 2.597 2.782 2.567 2.561 12.145 5.886 13.160 13.363 

2.736 2.831 2.723 2.628 2.696 2.694 2.174 5.586 3.144 3.215 

2.804 2.834 2.782 2.784 2.894 2.778 1.313 1.242 -2.661 1.454 

2.745 2.751 2.609 2.594 2.654 2.632 5.058 5.604 3.421 4.221 

3.034 2.964 2.715 2.786 2.758 2.758 9.470 7.102 8.036 8.036 

2.713 2.761 2.590 2.664 2.642 2.616 5.371 2.667 3.471 4.421 

2.828 2.885 2.668 2.661 2.719 2.673 6.616 6.844 4.814 6.424 

2.508 2.549 2.535 2.766 2.480 2.472 -0.257 -9.393 1.918 2.235 

2.679 2.725 2.651 2.690 2.576 2.614 1.887 0.444 4.663 3.257 

2.715 2.761 2.681 2.840 2.614 2.668 2.082 -3.725 4.529 2.557 

2.721 2.674 2.676 2.504 2.642 2.683 0.797 7.173 2.057 0.538 

2.576 2.539 2.634 2.557 2.518 2.522 -2.991 0.020 1.544 1.388 

2.655 2.733 2.701 2.571 2.301 2.407 -0.260 4.566 14.588 10.653 

2.722 2.631 2.599 2.595 2.616 2.501 2.896 3.045 2.260 6.557 

2.712 2.582 2.821 2.500 2.572 2.383 -6.573 5.553 2.833 9.974 

2.530 2.521 2.480 2.532 2.475 2.455 1.802 -0.257 2.000 2.792 

2.793 2.729 2.920 2.897 2.696 2.637 -5.759 -4.926 2.354 4.491 

2.645 2.662 2.624 2.531 2.533 2.507 1.112 4.617 4.541 5.521 
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2.924 2.841 2.518 2.573 2.546 2.525 12.645 10.737 11.674 12.402 

2.594 2.670 2.724 2.781 2.597 2.611 -3.495 -5.661 1.330 0.798 

2.788 2.694 2.435 2.519 2.547 2.594 11.164 8.099 7.078 5.363 

2.713 2.646 2.774 2.665 2.693 2.592 -3.527 0.541 -0.504 3.266 

2.730 2.687 2.698 2.664 2.567 2.657 0.388 1.643 5.224 1.901 

2.397 2.736 2.472 2.412 2.349 2.401 3.682 6.020 8.475 6.448 

2.829 2.866 2.432 2.673 2.604 2.451 14.592 6.128 8.551 13.924 

2.527 2.430 2.448 2.403 2.428 2.719 1.231 3.046 2.038 -9.703 

2.567 2.557 2.557 2.518 2.588 2.533 0.195 1.717 -1.015 1.132 

2.504 2.725 2.460 2.389 2.488 2.510 5.909 8.625 4.838 3.997 

2.621 2.536 2.532 2.455 2.619 2.626 1.803 4.790 -1.571 -1.842 

2.407 2.410 2.335 2.337 2.358 2.301 3.052 2.969 2.097 4.463 

2.499 2.607 2.417 2.452 2.450 2.449 5.327 3.956 4.034 4.074 

2.567 2.545 2.501 2.539 2.533 2.500 2.152 0.665 0.900 2.191 

2.588 2.574 2.707 2.611 2.657 2.648 -4.882 -1.162 -2.945 -2.596 

2.700 2.622 2.527 2.592 2.530 2.550 5.036 2.593 4.923 4.171 

2.859 2.868 2.790 2.786 2.831 2.763 2.567 2.706 1.135 3.510 

2.793 2.842 2.827 2.803 2.797 2.705 -0.337 0.515 0.728 3.993 

3.012 3.495 NA 2.773 2.716 2.899 NA 14.769 16.521 10.896 

2.829 2.905 2.987 2.876 2.846 2.831 -4.186 -0.314 0.732 1.273 

2.678 2.621 2.675 2.706 2.531 2.488 -0.962 -2.132 4.473 6.095 

2.933 2.760 3.028 2.904 2.853 2.792 -6.376 -2.020 -0.228 1.915 

2.512 2.544 2.593 2.533 2.550 2.479 -2.571 -0.198 -0.870 1.938 

2.688 2.621 2.662 2.688 2.545 2.552 -0.283 -1.262 5.320 3.861 

2.539 2.585 2.775 2.547 2.571 2.592 -8.314 0.585 -1.260 -1.171 

2.902 2.685 2.594 2.643 2.527 2.570 7.142 5.388 12.922 8.001 

2.449 2.564 2.629 2.723 2.562 2.591 -4.887 -8.638 -2.214 -3.371 

 
 

Phase 1 (15-25°C) 

UV254 ABSORBANCE (cm-1) 

IN SIDE 2 IN SIDE 1 C1 C2 B1 B2 

0.0679 0.0676 0.0596 0.0550 0.0667 0.0671 

0.0732 0.0759 0.0612 0.0656 0.0774 0.0804 

0.0720 0.0714 0.0563 0.0569 0.0668 0.0679 

0.0663 0.0661 0.0502 0.0564 0.0633 0.0691 

0.0697 0.0718 0.0571 0.0569 0.0656 0.0660 

0.0662 0.0695 0.0506 0.0497 0.0622 0.0626 

0.0775 0.0716 0.0646 0.0536 0.0666 0.0684 
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0.0620 0.0649 0.0482 0.0488 0.0594 0.0596 

0.0629 0.0633 0.0519 0.0520 0.0616 0.0630 

0.0715 0.0691 0.0557 0.0576 0.0699 NA 

0.0674 0.0684 0.0545 0.0540 0.0623 0.0650 

0.0701 0.0705 0.0555 0.0552 0.0674 0.0678 

0.0647 0.0674 0.0536 0.0534 0.0663 0.0635 

0.0656 0.0701 0.0649 0.0653 0.0670 0.0640 

0.0611 0.0613 0.0509 0.0512 0.0597 0.0597 

0.0652 0.0666 0.0510 0.0589 0.0619 0.0656 

0.0644 0.0670 0.0487 0.0488 0.0613 0.0644 

0.0703 0.0687 0.0503 0.0511 0.0632 0.0628 

0.0655 0.0670 0.0500 0.0500 0.0613 0.0634 

0.0704 0.0700 0.0543 0.0681 0.0692 0.0720 

0.0615 0.0584 0.0438 0.0452 0.0537 0.0546 

0.0666 0.0654 0.0529 0.0581 0.0631 0.0644 

0.0717 0.0732 0.0567 0.0572 0.0672 0.0723 

0.0730 0.1349 0.1085 0.0663 NA 0.0262 

0.1371 0.3143 0.1160 0.1245 0.1386 NA 

0.2310 0.1352 0.2230 0.0768 0.1402 0.1551 

0.0534 0.0615 0.0422 0.0381 0.4191 0.0515 

0.1374 0.2440 0.0806 0.0711 0.2210 0.0148 

0.0127 0.0165 0.0278 0.0145 0.0030 0.0204 

0.0229 0.0263 0.0172 0.0169 0.0194 0.0211 

0.1301 0.0650 0.0341 0.0513 0.0168 0.0125 

0.0946 0.1001 NA NA 0.0962 0.0916 

0.0687 0.0347 0.0134 0.0222 0.0692 0.0657 

0.1153 0.0580 0.0526 0.0706 0.0659 0.0580 

0.0624 0.0585 0.0503 0.0577 0.0609 0.0570 

0.0525 0.0692 0.0555 0.0455 0.1032 0.1601 

0.0732 0.0804 0.0527 0.0595 0.0814 0.0780 

0.0781 0.0792 0.0715 0.0540 0.0848 0.0633 

0.0727 0.0786 0.1342 0.0862 0.1565 0.0620 

0.0564 0.1558 0.1904 0.0864 0.1369 0.0896 

0.0408 0.2213 0.0724 0.1624 0.2799 0.0794 

0.2999 0.1860 0.1194 0.0641 0.0704 NA 

0.0809 0.0675 0.0791 0.0715 0.0491 0.0458 

0.0796 0.0683 0.0472 0.0514 0.0188 0.0311 

0.0602 0.0647 0.0498 0.0536 0.0540 0.0605 

0.0745 0.0624 0.0576 0.1224 0.0690 0.0614 
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0.0696 0.0781 0.0602 0.0910 0.0632 0.0693 

0.1064 0.0631 0.0439 0.0568 0.0672 0.0775 

0.0776 0.0825 0.0516 0.0643 0.0590 0.0919 

0.0624 0.0683 0.0445 0.0446 0.0603 0.0588 

0.0623 0.0609 0.5150 0.0492 0.0597 0.0745 

 
 

Phase 2 (0-5°C) 

UV254 ABSORBANCE (cm-1) 

IN SIDE 2 IN SIDE 1 C1 C2 B1 B2 

0.1671 0.1089 0.1701 0.1055 0.1243 0.1168 

0.0878 0.1040 0.0689 0.0715 0.0924 0.0773 

0.0960 0.0739 0.2076 0.0745 0.0556 0.0581 

0.0765 0.0834 0.0667 0.0619 0.0670 0.0737 

0.0695 0.0816 0.0827 0.0950 0.0816 0.0740 

0.0822 0.1047 0.0641 0.0671 0.0778 0.0825 

0.0639 0.0810 0.0868 0.0644 0.0871 0.0913 

0.1072 0.1057 0.0600 0.1199 0.1056 0.1047 

0.0581 0.0811 0.0695 0.0601 0.0755 0.0754 

0.0664 0.0563 0.0490 0.0905 0.0587 0.0583 

0.1360 0.1254 0.0565 0.0872 0.0811 0.1103 

0.0654 0.0683 0.0510 0.0527 0.0626 0.0738 

0.0593 0.0571 0.0483 0.0476 0.0634 0.1204 

0.0590 0.0599 0.0538 0.0481 0.0590 0.0595 

0.0651 0.0649 0.0882 0.0796 0.0534 0.0577 

0.0634 0.0621 0.0508 0.0499 0.0606 0.0598 

0.0593 0.0571 0.0483 0.0476 0.0634 0.0602 

0.0590 0.0599 0.0533 0.0483 0.0590 0.0595 

0.0651 0.0649 0.0882 0.0794 0.0534 0.0577 

0.0608 0.0614 0.0511 0.0470 0.0580 0.0588 

0.0690 0.1032 0.0539 0.0551 0.0628 0.0638 

0.0647 0.0636 0.0543 0.0585 0.0586 0.0670 

0.0384 0.0608 0.0517 0.0552 0.0648 0.0656 

0.0646 0.0636 0.0516 0.0599 0.0596 0.0626 

0.0605 0.0627 0.0537 0.0573 0.0670 0.0636 

0.0556 0.0646 0.0491 0.0489 0.0607 0.0603 

0.0575 0.0596 0.0492 0.0476 0.0585 0.0641 

0.1019 0.0619 0.0612 0.0619 0.0628 0.0690 

0.0601 0.0612 0.0519 0.0517 0.0626 0.0627 



 145 

0.0569 0.0573 0.0416 0.0448 0.0535 0.0545 

0.0590 0.0557 0.0455 0.0629 0.0741 0.0672 

0.0548 0.0537 0.0552 0.0481 0.0577 0.0598 

0.0601 0.0618 0.0480 0.0531 0.0558 0.0648 

0.0585 0.0587 0.0454 0.0459 0.0565 0.0566 

0.0630 0.0617 0.0628 0.0680 0.0584 0.0579 

0.0563 0.0558 0.0416 0.0475 0.0535 0.0520 

0.0721 0.0855 0.0644 0.0621 0.0583 0.0610 

0.0564 0.0605 0.0538 0.0488 0.0588 0.0590 

0.0633 0.0649 0.0563 0.0662 0.0697 0.0662 

0.0700 0.0711 0.0630 0.0629 0.0688 0.0701 

0.0959 0.0938 0.0628 0.0720 0.0750 0.0866 

0.0477 0.0586 0.0619 0.0649 0.0761 0.0754 

0.0513 0.0483 0.0395 0.0384 0.0464 0.0474 

0.0575 0.0596 0.0537 0.0573 0.0590 0.0595 
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APPENDIX F - DBP DATA 

 

Phase 1 - Summer (15-25 C) Phase 2 - Winter (0-5 C) 

Bromochloroacetic Acid (ug/L) 
MDL=1.0 ug/L 

Bromochloroacetic Acid (ug/L)   
MDL=1.0 ug/L 

INFLUENT C1 C2 B1 B2 INFLUENT C1 C2 B1 B2 

1.2 1.4 1.4 1.3 1 1.2 1.4 1.3 1 1.2 

1.8 2.1 2.1 1.5 1.7 1.2 1.3 1.4 1.1 1 

< < < < < 1 1.2 1.1 < < 

NA 1.2 NA 1 NA NA 2.4 2.4 2.2 2.2 

NA 2.7 2.5 2.2 2.1 NA 2 1.9 1.7 1.7 

NA 2.7 2.7 2 2 NA 1.8 1.8 1.7 1.5 

NA 2.1 2.2 1.5 1.6  
 2.2 2 1.6 1.6 

Bromodichloroacetic Acid (ug/L)  
MDL=1.0 ug/L 

Bromodichloroacetic Acid (ug/L)  
MDL=1.0 ug/L 

INFLUENT C1 C2 B1 B2 INFLUENT C1 C2 B1 B2 

1.8 1.8 1.7 1.5 1.6 1.2 1.4 1.3 1.2 1.2 

1.6 2.6 2.4 1.9 1.9 1.3 1.5 1.4 1.2 1.2 

2 1.8 2 1.6 1.6 < < < < < 

NA 1.6 NA 1.6 NA NA 1.6 1.6 1.4 1.4 

NA 3.2 3.2 2.4 2.7 NA 1.6 1.5 1.3 1.2 

NA 3.5 3.8 2.5 2.6 NA 1.4 1.4 1.1 1.2 

NA 1.8 1.8 1.3 1.3  
NA 2.3 2.3 1.4 1.5 

Chloroform (ug/L)  MDL=0.3 ug/L Chloroform (ug/L)  MDL=0.3 ug/L 

INFLUENT C1 C2 B1 B2 INFLUENT C1 C2 B1 B2 

25.2 33.1 32.2 19.8 20.8 13.8 16.2 16.4 10.3 10.1 

23.5 36.6 33.9 21.9 21.8 13.6 15.5 15.7 10.1 9.9 

22.6 33.3 30.7 18.3 19.7 13.7 17.2 17 11.2 11.3 

NA 29.1 25.5 18.5 19 13.3 16.8 16.3 10.6 10.8 

NA 31.3 28.4 15 15.7 NA 18.8 18.2 12.4 13.1 

NA 36.2 32 16.5 16.6 NA 18.2 18 12.7 13.1 

NA 36.8 34 25.4 24.7  
NA 37.9 33.8 19.9 19.9 

Dichloroacetic Acid (ug/L)  MDL=1.0 ug/L Dichloroacetic Acid (ug/L)  MDL=1.0 ug/L 

INFLUENT C1 C2 B1 B2 INFLUENT C1 C2 B1 B2 

16 21.4 20.5 11.8 11.5 10 11.3 11.1 6.4 6.6 
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17.9 26.9 25.1 13.2 13.5 11.6 15.6 15.2 9.3 9.2 

15.2 20.8 20.5 10.9 11 11.3 13.4 12.8 7.6 7.8 

NA 20.9 NA 11.9 NA 11.3 13.7 13.1 7.3 7.9 

NA 26.8 21.8 11.7 12 NA 15.7 15.2 13.1 10.6 

NA 23.8 21.5 10.7 10.8 NA 17 15.6 10 9.7 

NA 22.6 22.2 13 12.8  
NA 20.9 18 10.6 10.1 

Trichloroacetic Acid (ug/L)   

MDL=1.0 ug/L 

Trichloroacetic Acid (ug/L)   

MDL=1.0 ug/L 

INFLUENT C1 C2 B1 B2 INFLUENT C1 C2 B1 B2 

16.8 22 19.6 10.6 10.4 10.2 14.3 13.5 7.6 7.7 

14.8 21.3 21.3 11.8 11.6 10.3 15.3 14.4 8.3 8.5 

12 15.2 15.5 8.4 8.6 9.1 13.4 12.7 7.6 7.8 

NA 16.3 NA 12.3 NA 8.8 12.6 12.1 6.4 6.3 

NA 27.4 25.5 13.6 14.3 NA 15 14.7 11.9 9.5 

NA 29.4 28.1 13.2 13.6 NA 15 13.4 8.2 7.9 

NA 21 19.8 11.9 11.9  
NA 23.2 20.9 10.2 10.4 

HAA5 (ug/L)  MDL=5.0 ug/L HAA5 (ug/L)  MDL=5.0 ug/L 

INFLUENT C1 C2 B1 B2 INFLUENT C1 C2 B1 B2 

33.3 43.5 40 22.3 21.9 21.2 28 26.6 14.9 15.6 

34.4 50.4 48.6 25 25 21.8 30.9 29.6 17.6 17.8 

30.5 35.6 36 19.3 19.6 20.4 26 24.9 14 14.1 

NA 36.4 NA 24.2 NA 20.1 23.8 24.7 14 14.4 

NA 55.3 47.4 25.3 26.2 NA 30.4 30.2 24.9 20.1 

NA 53.2 49.6 23.9 24.4 NA 32 28.9 18.3 17.6 

NA 44.5 43.2 24.9 24.7  
NA 45.3 38.8 20.7 20.5 

HAA9 (ug/L)  MDL=17.0 ug/L HAA9 (ug/L)  MDL=17.0 ug/L 

INFLUENT C1 C2 B1 B2 INFLUENT C1 C2 B1 B2 

36 46.7 43.1 25 24.3 23.6 30.8 29.3 17.1 18 

37.8 54.2 52.2 28.1 28.2 24.3 33.7 32.6 20.9 19.2 

29.4 37.8 37.5 20.9 21.2 20.4 27.2 26 17 17 

NA 39.2 NA 25.7 NA 21.1 28.1 27.2 17 17.3 

NA 61.2 53 29.9 31 NA 34.2 34.1 28.4 23.6 

NA 59.3 56 28.5 29 NA 35.5 32.1 21.2 20.3 

NA 48.6 47.2 27.7 27.6  
NA 49.8 43.1 23.7 23.5 
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TTHM (ug/L)  MDL=1.2 ug/L TTHM (ug/L)  MDL=1.2 ug/L 

INFLUENT C1 C2 B1 B2 INFLUENT C1 C2 B1 B2 

25.2 35.2 34.3 21.3 22.4 14.6 18.2 18 11.9 12 

26.9 39.2 36.3 23.8 23.7 14.6 18.4 17.9 11.9 12.1 
 36.4 33.7 21.4 22.1 14.4 17.5 16.6 10.9 10.6 

NA 31 27.1 20 20.3 14.2 17.3 16.8 11.1 11 

NA 33.7 30.5 16.5 17.2 NA 20.2 19.4 13.4 14.1 

NA 39 34.5 18.3 18.3 NA 19.3 19.1 13.5 14.1 

NA 39.7 36.8 27.8 27.1  
NA 41.1 36.6 21.9 21.7 
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APPENDIX G - DO DATA 

 
 Phase 1 - Summer (15-25°C) 

 DO CONCENTRATION (mg/L) 
 

SETTLED 

WATER 

TANK 

B1 B2 

DATE INF EFF INF EFF 

18-Jun 8.87 8.85 8.62 8.86 8.77 

19-Jun 8.9 8.92 8.8 8.91 8.77 

21-Jun 8.84 8.81 8.63 8.81 8.68 

22-Jun 8.8 8.78 8.61 8.8 8.72 

25-Jun 8.74 8.73 8.49 8.72 8.54 

26-Jun 8.71 8.68 8.59 8.68 8.74 

28-Jun 8.54 8.55 8.52 8.55 8.48 

29-Jun 8.7 8.66 8.42 8.66 8.49 

03-Jul 8.44 8.44 8.14 8.43 8.25 

04-Jul 8.6 8.56 8.25 8.56 8.4 

05-Jul 8.3 8.33 8.11 8.33 8.18 

06-Jul 8.37 8.34 8.06 8.33 8.16 

09-Jul 8.31 8.32 8.06 8.32 8.2 

10-Jul 8.26 8.28 8.05 8.27 8.13 

12-Jul 8.25 8.3 8.05 8.27 8.11 

13-Jul 8.2 8.26 8.05 8.19 8.14 

16-Jul 8.06 8.07 7.81 8.06 7.9 

17-Jul 8.09 8.07 7.83 8.06 7.97 

19-Jul 8.11 8.11 7.89 8.09 7.92 

20-Jul 8.13 8.11 7.92 8.1 8.01 

23-Jul 7.97 7.97 7.71 7.99 7.79 

24-Jul 8.03 8.04 7.75 8.08 7.88 

26-Jul 8.04 8.07 7.8 8.05 7.89 

27-Jul 8.16 8.15 7.86 8.14 7.98 
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 Phase 2 - Winter (0-5°C) 

 DO CONCENTRATION (mg/L) 
 

SETTLED 

WATER 

TANK 

B1 B2 

DATE INF EFF INF EFF 

05-Feb 13.91 13.87 13.69 13.83 13.83 

06-Feb 13.85 13.81 13.72 13.78 13.68 

08-Feb 13.96 13.89 13.69 13.9 13.91 

09-Feb 13.94 13.88 13.8 13.89 13.76 

12-Feb 13.88 13.87 13.75 13.81 13.87 

13-Feb 13.98 13.88 13.75 13.85 13.86 

16-Feb 13.74 13.73 13.6 13.72 13.61 

20-Feb 13.9 13.78 13.63 13.77 13.65 

21-Feb 13.87 13.6 13.53 13.66 13.39 

22-Feb 14.01 13.9 13.36 13.83 13.63 

23-Feb 13.97 13.92 13.64 13.89 13.77 

06-Mar 13.7 13.65 13.55 13.76 13.55 

08-Mar 13.46 13.4 13.35 14.44 13.33 

09-Mar 13.87 13.82 13.52 13.96 13.6 

12-Mar 13.8 13.96 13.86 13.86 13.81 

13-Mar 14.03 13.75 13.71 13.85 13.67 

15-Mar 13.7 13.81 13.51 13.94 13.5 

20-Mar 14 13.77 13.56 13.83 13.74 

22-Mar 14.01 14.07 13.92 14.04 13.75 

23-Mar 13.71 13.72 13.34 13.75 13.01 

26-Mar 13.81 13.79 13.46 13.84 13.6 

27-Mar 13.85 13.66 13.54 13.56 13.28 

29-Mar 13.77 13.7 13.59 13.78 13.33 

03-Apr 13.69 13.64 13.65 13.64 13.63 

04-Apr 13.68 13.61 13.27 13.56 13.25 

05-Apr 13.81 13.5 13.27 13.55 13.41 

06-Apr 13.56 13.62 13.11 13.66 13.05 

09-Apr 13.86 13.88 13.51 13.84 13.46 

10-Apr 13.97 13.93 13.24 13.94 13.69 

12-Apr 13.73 13.73 13.33 13.69 13.37 

13-Apr 13.64 13.64 13.16 13.71 13.35 
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APPENDIX H - ATP & EPS DATA 

 

Phase 1 - Summer (15-25°C) 

ATP on media (ng/g) 

B1 BBW B1 ABW B2 BBW B2 ABW C1 ABW C2 ABW 

NA 75.85 NA 56.35 3.05 2.49 

NA 70.35 NA 33.37 1.08 2.22 

NA 102.58 NA 70.61 0.69 0.98 

NA 118.94 NA 49.91 0.88 1.82 

NA 82.22 NA 39.63 0.43 0.64 

NA 62.15 NA 24.69 0.53 0.89 

NA 115.73 NA 61.59 0.79 0.92 

NA 99.90 NA 79.00 1.40 1.64 

NA 136.12 NA 82.71 0.61 0.67 

NA 162.28 NA 44.69 0.64 0.60 

88.20 57.51 63.14 51.14 0.92 0.98 

129.64 81.02 66.98 46.99 2.59 1.41 

118.74 101.94 63.29 55.54 1.56 1.55 

93.43 56.57 99.27 51.50 1.03 0.90 

93.53 90.47 86.02 41.89 1.31 0.96 

98.93 82.03 72.98 70.71 0.83 0.66 

 

Phase 2 - Winter (0-5°C) 

ATP on media (ng/g) 

B1 BBW B1 ABW B2 BBW B2 ABW C1 ABW C2 ABW 

NA 107.99 NA 59.77 0.63 0.72 

NA 118.59 NA 59.84 1.28 1.07 

NA 79.68 NA 45.04 0.50 0.45 

NA 129.89 NA 56.81 0.53 0.57 

NA 78.70 NA 56.60 0.47 0.50 

NA 75.51 NA 66.93 1.07 0.59 

NA 108.39 NA 50.09 0.96 0.82 

119.18 88.29 67.39 50.84 0.63 0.50 

141.66 111.99 71.10 55.10 NA NA 

150.25 104.27 110.70 53.06 NA NA 

103.93 85.02 60.04 42.20 NA NA 

117.60 84.67 59.92 30.26 NA NA 
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 Phase 1 - Summer (15-25°C) 

  AQUEOUS PHASE ATP (pg/mL) 

B1 

BBW 55.480 13.340 39.160 20.890 24.160 31.940 

ABW45 60.880 19.020 66.920 68.780 82.520 38.430 

ABW70 77.150 82.990 82.020 84.310 69.580 44.010 

ABW24h 66.960 43.710 64.970 40.500 64.860 NA 

B2 

BBW 29.770 28.040 NA 40.080 18.760 16.710 

ABW45 67.580 49.600 46.430 77.120 66.580 34.280 

ABW70 67.400 41.260 41.620 90.110 55.980 33.420 

ABW24h 29.720 51.980 60.860 70.150 50.120 NA 

C1 

BBW 1.470 1.350 3.070 1.040 2.180 2.570 

ABW45 3.030 2.280 3.080 1.200 1.500 1.540 

ABW70 3.170 NA 3.090 2.830 3.000 2.490 

ABW24h 1.460 1.840 NA 2.710 2.090 NA 

C2 

BBW 3.660 1.520 2.060 1.100 0.110 1.960 

ABW45 3.080 1.590 2.970 3.730 3.160 3.980 

ABW70 3.560 NA 4.090 6.220 3.360 4.750 

ABW24h 1.690 1.540 NA 5.770 2.270 NA 

 
 
 

 Phase 2 - Winter (0-5°C) 

 AQUEOUS PHASE ATP (pg/mL) 

B1 

BBW 8.260 6.580 8.590 5.630 9.720 4.560 12.170 6.250 9.440 

ABW60 10.835 9.200 8.840 4.630 7.310 6.860 18.200 8.820 20.350 

ABW24h 10.630 6.600 NA 5.840 6.240 NA 16.770 7.260 16.930 

B2 

BBW 6.700 4.510 4.300 5.030 6.400 5.720 7.850 10.110 14.280 

ABW60 NA 9.110 9.550 8.360 10.600 10.130 14.480 16.080 12.580 

ABW24h 11.850 8.040 NA 7.990 2.120 NA 10.810 10.480 19.330 

C1 

BBW 1.820 0.390 0.880 0.690 1.150 1.330 1.050 0.580 2.320 

ABW60 2.520 1.800 2.140 1.630 1.780 2.470 3.600 1.250 1.590 

ABW24h 1.230 1.830 NA 1.650 2.290 NA 0.640 NA 1.540 

C2 

BBW 2.435 0.340 0.760 1.250 0.730 0.570 1.400 0.520 1.030 

ABW60 2.020 2.260 2.700 1.400 3.270 1.220 3.240 1.770 1.290 

ABW24h 0.615 1.190 NA 1.080 3.730 NA 1.930 NA 7.270 
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Phase 1 - Summer (15-25°C) 

PROTEINS ON MEDIA (µg/g) 

B1 BBW B1 ABW B2 BBW B2 ABW C1 ABW C2 ABW 

NA 397.73 NA 173.84 48.59 38.42 

NA 267.12 NA 130.94 96.15 32.78 

NA 103.81 NA 74.44 72.86 62.42 

NA 114.28 NA 55.88 42.45 12.34 

NA 376.88 NA 67.78 66.79 78.92 

NA 161.22 NA 97.30 60.43 105.45 

NA 137.77 NA 98.22 66.38 35.21 

NA 171.25 NA 238.16 82.44 47.66 

NA 194.69 NA 183.67 97.72 55.92 

NA 161.17 NA 156.12 78.71 35.74 

148.78 122.65 154.82 54.54 35.46 9.57 

221.39 194.46 154.93 138.51 89.63 69.43 

348.94 290.45 256.59 279.92 73.79 67.61 

196.31 173.46 189.84 141.12 42.82 40.54 

152.50 135.77 194.49 105.99 33.35 10.99 

167.57 133.51 164.43 119.26 69.32 30.10 

 

Phase 2 - Winter (0-5°C) 

PROTEINS ON MEDIA (µg/g) 

B1 BBW B1 ABW B2 BBW B2 ABW C1 ABW C2 ABW 

NA 196.16 NA 221.56 53.10 99.11 

NA 314.68 NA 136.04 92.69 49.57 

NA 194.66 NA 92.76 70.83 40.55 

NA 173.99 NA 285.47 88.11 51.08 

NA 148.11 NA 141.96 48.94 17.67 

NA 148.81 NA 113.28 71.85 42.14 

NA 200.42 NA 119.58 54.29 29.35 

181.15 99.02 168.4 38.48 59.71 45.08 

185.83 205.05 196.4 131.47 89.41 48.46 

249.51 194.09 123.7 102.25 NA NA 

125.76 98.68 76.47 73.73 NA NA 

143.88 143.88 122.97 88.16 NA NA 
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Phase 1 - Summer (15-25°C) 

POLYSACCHARIDES ON MEDIA (µg /g) 

B1 BBW B1 ABW B2 BBW B2 ABW C1 ABW C2 ABW 

NA 53.77 NA 30.03 18.47 8.02 

NA 15.50 NA 14.41 14.87 5.24 

NA 22.87 NA 23.22 22.41 49.03 

NA 19.17 NA 20.73 14.06 0.94 

NA 8.59 NA 21.78 38.14 10.41 

NA 35.28 NA 12.31 26.20 13.06 

NA 35.08 NA 0.00 0.00 0.00 

NA 44.23 NA 35.89 33.55 19.33 

NA 33.56 NA 45.24 34.53 25.93 

NA 28.02 NA 32.97 18.75 0.00 

12.65 29.67 21.30 17.55 9.51 9.89 

21.80 13.39 7.96 0.60 0.00 0.00 

92.76 52.34 69.98 27.57 14.84 5.53 

22.18 19.28 24.12 17.08 9.33 7.04 

100.54 53.96 82.91 35.43 5.85 4.95 

198.64 175.85 138.18 95.92 24.57 2.55 

 

Phase 2 - Winter (0-5°C) 

POLYSACCHARIDES ON MEDIA (µg /g) 

B1 BBW B1 ABW B2 BBW B2 ABW C1 ABW C2 ABW 

NA 25.58 NA 25.58 5.87 4.13 

NA 91.29 NA 20.16 NA 11.77 

NA NA NA NA NA NA 

NA 30.91 NA 19.57 18.70 16.28 

NA 34.75 NA 26.56 30.76 24.71 

NA 39.50 NA 47.05 41.05 22.25 

NA 71.59 NA 21.81 16.39 10.86 

53.67 25.98 45.14 16.99 24.00 5.77 

39.22 33.66 31.66 26.93 24.41 15.69 

70.61 52.05 38.6 51.29 NA NA 

59.49 37.61 24.26 35.91 NA NA 

53.21 47.36 42 38.13 NA NA 
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APPENDIX I - PILOT PLANT MEDIA SPECIFICATIONS 

 
 

OLD FILTER MEDIA* NEW FILTER MEDIA 

Surface Area 28.27 sq.in Surface Area 28.27 sq.in 
 0.018 m2  0.018 m2 

Media Depths Media Depths 

Freeboard 1.00 m Freeboard 1.00 m 

Anthracite 0.635 m Anthracite 0.635 m 
Sand 0.375 m Sand 0.375 m 

Total Depth 2.01 m Total Depth 2.01 m 
Volume of Anthracite 0.012 m3 Volume of Anthracite 0.012 m3 

Volume of Sand 0.007 m3 Volume of Sand 0.007 m3 
Total depth of media 1.01 m Total depth of media 1.01 m 

Anthracite Anthracite 

Effective Size 0.94 mm Effective Size 1.03 mm 

Uniformity Coefficient 1.60  Uniformity Coefficient 1.41  

d60 1.50  d60 1.46  

Specific Gravity 1.60 kg/L Specific Gravity 1.65 kg/L 
Moh's Hardness 3.0  Moh's Hardness 3.0  

Sphericity 0.53  Sphericity 0.46-0.60  

Porosity 0.55  Porosity 0.55  

L/d ratio (depth/ES) 676  L/d ratio (depth/ES) 617  

Rounded Sand Rounded Sand 

Effective Size 0.52 mm Effective Size 0.50 mm 
Uniformity Coefficient 1.30  Uniformity Coefficient < 1.6  

d60 0.68  d60 - approximate 0.80  

Specific Gravity 2.65  Specific Gravity 2.65  

Moh's Hardness 7.0  Moh"s Hardness 7.0  

Sphericity > 0.6  Sphericity > 0.6  

Porosity 0.50  Porosity 0.50  

L/d ratio (depth/ES) 721  L/d ratio (depth/ES) 750  

Total L/d ratio = 1397  Total L/d ratio = 1367  

 
        *Old media specs are from 30+ years ago 
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APPENDIX J - TABLE 4-3 WITH ERROR 
 

 BF CF 

 WITHOUT ETSW WITHOUT ETSW 

 Time after backwash (min) Time after backwash (min) 

SIZE 

RANGE  

(µm) 

5 10 15 25 45 60 70 5 10 15 25 45 60 70 

< 3 2,670±900 2,998±470 3,273±860 3,965±1,530 3,816±2,090 2,080±480 2,587±490 1,996±260 4,012±2,520 3,646±650 4,661±720 3,662±2,180 2,623±970 1,916±1,010 

3 – 8 696±550 562±310 440±160 729±480 1,116±690 628±370 704±480 721±210 648±720 684±510 468±210 728±530 494±40 696±350 

8 – 15 192±60 43±40 78±80 182±200 148±65 95±50 174±180 156±1 104±90 130±160 139±30 342±300 69±15 182±120 

> 15 26±45 26±45 26±45 0±0 89±80 13±20 104±50 17±30 0±0 43±40 52±90 183±200 43±40 26±50 

TOTAL 3,584±1,480 3,629±580 3,816±850 4,876±2,200 5,169±2,820 2,817±890 3,569±990 2,891±450 4,764±3,270 4,503±1,150 5,320±630 4,915±2,790 3,229±1,040 2,820±1,390 

 WITH SINGLE STAGE ETSW (@13.2 m/h) WITH SINGLE STAGE ETSW (@13.2 m/h) 

SIZE 

RANGE  

(µm) 

5 10 15 25 45 60 70 5 10 15 25 45 60 70 

< 3 1,282±280 1,049±550 1,498±550 1,738±540 1,664±520 1,669±810 1,080±270 963±160 978±560 1,761±420 2,493±660 1,969±670 1,753±880 1,782±380 

3 – 8 534±540 447±350 380±250 320±90 481±30 482±200 706±200 447±380 670±230 721±580 607±350 990±890 271±60 289±130 

8 – 15 173±25 137±190 70±30 9±15 120±30 52±50 86±30 172±120 155±140 267±290 244±260 586±930 51±90 102±50 

> 15 0±0 34±60 0±0 0±0 34±60 34±60 17±30 0±0 0±0 34±60 17±30 52±50 34±60 69±80 

TOTAL 1,988±840 1,668±900 1,948±580 2,067±600 2,299±470 2,236±1,100 1,889±460 1,583±520 1,803±690 2,784±1,080 3,361±1,160 3,596±2,500 2,110±960 2,242±260 

 WITH DOUBLE STAGE ETSW (@ 19.7 & @13.2 m/h) WITH DOUBLE STAGE ETSW (@ 19.7 & @13.2 m/h) 

SIZE 

RANGE  

(µm) 

5 10 15 25 45 60 70 5 10 15 25 45 60 70 

< 3 1,233±920 1,022±750 701±50 834±480 872±420 777±390 901±540 879±680 896±620 1,303±550 1,096±630 1,123±470 741±210 809±210 

3 – 8 528±430 364±340 208±230 365±380 164±130 346±310 295±300 459±660 224±110 609±420 400±220 302±50 276±80 207±1 

8 – 15 70±80 70±120 43±50 35±30 43±40 69±80 52±90 87±60 120±170 156±160 87±80 26±45 69±30 26±30 

> 15 35±30 17±30 0±0 0±0 9±15 17±30 17±30 34±60 17±30 52±50 35±30 0±0 34±60 17±30 

TOTAL 1,867±1,130 1,473±1,200 953±300 1,234±830 1,088±530 1,211±750 1,265±880 1,460±1,370 1,257±850 2,121±1,110 1,617±780 1,451±530 1,120±360 1,059±220 


