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Abstract of Dissertation

Evaluation of Ceramic-GAC Dual Media Biofiltration for Enhanced Removal of
Selected Micropollutantsfor Water Reuse
Increasing worldwide water cycle contamination with thousands of micropollutants is one
of the current critical environmental problems. Bioactive and persistent in the water
systems, these micropollutants can cause various health problems even at very low
concentrations. Hence, this study focused on identifying strategies to remove selected
micropollutants in ceramic-GAC dual media biofilters. As a proof-of-concept study,
biodegradation rate and behavior of three selected compounds — salicylic acid,
acetaminophen, and ibuprofen -- was examined by the bacteria from backwash seed
collected from a full-scale biofiltration plant in Northern Virginia at different
seasons. These compounds were chosen due to their predominant occurrence in water
bodies, their consideration as micropollutants, and their differing biodegradability. Based
on the results of the biodegradation study, further research was conducted to investigate
the role of biofilm thickness on the biodegradation of the selected micropollutants,
considering their slow and fast biodegradation nature. The next phase of the study was
conducted at pilot scale, where the objective was to manage and control the growth of thick
and thin biofilms in the ceramic-GAC dual media biofilter to improve the biodegradation
of selected slow and fast biodegrading micropollutants. At the final stage, the study aimed
to evaluate several enhancement strategies to improve the biodegradation and removal of

micropollutants in ceramic-GAC dual-media biofilters.

Biodegradation experiments were conducted using backwash water seed collected at four
different seasons — summer, early fall, late fall, and winter with the ambient temperature
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of 32-33°C, 27-28 °C, 21-22 °C, and 7-8 °C, respectively. The backwash water temperature
during summer, early fall, late fall and winter was 32.4 °C, 27.1 °C, 21.2 °C and 8.1 °C,
respectively. The results showed that salicylic acid was biodegraded entirely in 27 to 66 h,
depending on the season, with the fastest degradation using the summer (32-33 °C)
backwash water microbial seed. Unlike salicylic acid, acetaminophen degradation showed
a slower biodegradation rate requiring 225 h for 85-92% removal, while lbuprofen
degradation was the slowest among the three, requiring 230 h for only approximately 50%
removal. For all three micropollutants studied, the biodegradation rate slowed as the
seasons changed from early fall (27-28 °C) to late fall (21-22 °C), and finally was the
slowest with bacteria collected in the winter (7-8 °C). The study also found that
biodegradation is related to the corresponding adenosine triphosphate (ATP), oxygen

uptake rate (OUR), and extracellular polymeric substances (EPS).

Further investigation of the role of biofilm thickness on the biodegradation of selected
micropollutants were conducted using three different biofilm thicknesses for each selected
micropollutant. Based on optical coherence tomography (OCT) analysis, biofilm
thicknesses were 23.1 + 8.3 um, 87.0 £ 14.1 um, and 154.8 + 22.1 um for salicylic acid
biodegradation; 19.2 £ 5.1 um, 71.1 + 9.8 um, and 158.9 + 26.2 um for acetaminophen
biodegradation; and 29.6 + 4.7 um, 69.1 + 25.8 um, and 187.9 + 53.1 um for ibuprofen
biodegradation. Studies found that the thinnest (23.1 £ 8.3 um) biofilms achieved 100%
salicylic acid removal from the initial concentration of 10 pg/L in 8 h, whereas the thickest
(154.8 £ 22.1 pm) one required 13.25 h. Acetaminophen and ibuprofen were biodegraded
faster by the thinnest (19.2 £ 5.1 pum and 29.6 £ 4.7 um, respectively) biofilms than the

thickest (158.9 + 26.2 um and 187.9 £ 53.1 um, respectively) ones. For acetaminophen,
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complete biodegradation required 14 h and 9 h by the thickest (158.9 £ 26.2 um) and
thinnest (19.2 £ 5.1 um) biofilms from the initial concentration of 1 pg/L, respectively.
Moreover, the thickest (187.9 £ 53.1 um) and thinnest (29.6 = 4.7 um) biofilms completely
degraded ibuprofen at 17.25 h and 10.75 h, respectively, from 1 pg/L initial concentration.
Overall, the results suggested that micropollutants need thin biofilms to be biodegraded
faster since they are not biomass limited. The study also found that biodegradation by thin
and thick biofilms is correlated with the half-saturation coefficient (Ks), implying that the
Ks can be lowered by making the biofilm thinner. The 16S rRNA gene sequencing results
showed that microbial communities in the biofilms with specific micropollutants
biodegrading bacteria were quite diverse. Regarding observed taxonomic units (OTUs), 47
OTUs were observed in the backwash water while in the salicylic acid, acetaminophen,
and ibuprofen degrading biofilms, observed OTUs were 144, 135, and 137, respectively.
Bacillus had the most abundance in the backwash water seed, with an absolute dominance
of 98.2%. Salicylic acid degrading biofilms had three major dominant genera, including
Rhodoferax21.7%), Polaromonag21.4%), and Undibacterium(16.6%). Pseudomonas
was present in high proportions (62.9%) in acetaminophen degrading biofilm samples.
However, ibuprofen degrading biofilms showed Sediminibacteriunas the most abundant
genus comprising 28.5% of total species, which was not found in salicylic acid and

acetaminophen degrading biofilms.

The pilot ceramic-GAC dual media biofiltration column study showed that it was possible
to grow thin biofilms in the top ceramic media and thick biofilms in the bottom GAC
media, using more frequent air scouring on ceramic and less frequent backwashing on

GAC. The study found significant differences in the percent removal of salicylic acid,
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acetaminophen, and ibuprofen at different empty bed contact times (EBCTs), while the
optimum was 15 minutes. The results also confirmed that increasing ozone dose provided
increased removal of salicylic acid, acetaminophen, ibuprofen, and DOC with the optimum
O3 to DOC ratio of 0.5 and 0.67. The microbial communities in GAC and ceramic media
were characterized by the species diversity (Shannon diversity index) of 4.0 and 2.3,
respectively, where 227 OTUs were observed in GAC and 150 OTUs in ceramic media.
GAC has an array of different bacterial genera including Corynebacterium(13.1%),
Acidovorax (10.2%), Staphylococcuq4.5%), Serratia (3.8%), Arthrobacter (2.8%),
Dietzia (2.9%), Lactobacillus (2.9%), Paracoccus(2.4%), and Turicibacter (2.6%).
However, in the ceramic media, the dominant genera found were Cupriavidus (29.6%),
Arthrobacter (25.4%), Aquabacter(14.4%), Burkholderia (9.5%), Novosphingobium

(4.3%), and Xanthobacte(3.4%).

Enhancement strategies applied in this study included substrate, nutrient, and oxidant
enhancement. Among all the strategies used, nutrient and oxidant enhancement was the
most promising for ceramic-GAC dual media biofiltration. HO, addition improved
salicylic acid removal by 11%, however, no significant differences were observed for
acetaminophen and ibuprofen removal. Nutrient and oxidant enhancement decreased
biofilter EPS production by 18.5% to 19.6%, and 19.9% to 21.4%, respectively that was
reflected by less headloss buildup in the ceramic-GAC biofilter. Substrate enhancement
with ethanol and acetic acid was found ineffective in this study regarding either improved

micropollutants removal or the biofilter hydraulic properties.
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Chapter 1- Introduction

1.1Background

Due to factors such as population growth, groundwater table depletion, climate change,
and saline water intrusion, many communities are struggling to find enough water to meet
their needs. Moreover, standing on the verge of water scarcity issues and the prevalence of
emerging contaminants in natural water, we have a path to addressing those issues in a way
that will also protect the environment. A critically important part of this path is to reuse
more water for potable purposes after removing emerging contaminants and other
pollutants. Therefore, researchers and water treatment plant managers are continually
looking for new treatment strategies and optimization techniques for potable water reuse.
One such strategy is to eliminate contaminants through filtration, allowing indigenous
bacteria in the source water to grow on the filter media. These microorganisms help
improve effluent water quality by increasing organic and inorganic contaminant removal.

The process is known as biological filtration or biofiltration.

In the last few decades, biofiltration has proven to be a promising practice within the water
industry. The potential benefits of biological filtration have led many drinking water
treatment plants to convert their conventional filtration system to a biologically active
system (Upadhyaya et al., 2017). Though biofiltration treatment plants are becoming more
prevalent, the operational practices required to convert to and maintain biologically active
filters still need to be better understood, especially in substrate-limited environments.
However, most of the previous research had focused on the hydraulic characteristics of the
biofilters, design features such as empty bed contact time, media type, media depth,

acclimation, run time, and backwashing processes (Liao et al., 2014; Qi et al., 2019; Selbes
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et al., 2017; Zearley & Summers, 2012). Little study has been conducted on the biofilm
process and the exposed surface area of the biofilm. Surprisingly, diverse microorganisms
populating the filter are rarely curated for specific removal goals. This is complicated by
the growth of different types of microorganisms in different working conditions and
seasons, thus making it hard to generalize the microbial activities in a biofilter (Feng et al.,
2013; Johnson et al., 2018; Liao et al., 2014; Nath & Bhakhar, 2011; Urfer et al., 2010;
Urfer & Huck, 2001). Therefore, finding new operational practices based on the inherent

biofilm mechanisms to improve drinking water quality is always on the horizon.

In conventional practice, turbidity removal and headloss drive the design and operation of
biofiltration for drinking water treatment and reuse applications. Thus, biofilter design
parameters are often limited to media configuration, loading rate, and backwash strategy.
While these parameters can significantly impact biofilter performance, their influence on
improved biological activity is mainly passive. Although the biological removal of
dissolved organic and inorganic contaminants is an anticipated benefit of biofiltration,
common design and operational practice do not seek to enhance the biological activity

responsible for those removal mechanisms.

1.2 Objectives of the Research

This study broadly aimed to identify strategies to enhance the biological activity through
biofilm thickness management in a GAC-ceramic dual media biofilter without
compromising productivity or micropollutant removal performance. The study was
conducted in two phases- (i) bench scale studies, and (ii) pilot scale studies. The first phase
of the study was conducted at bench scale to understand the biodegradation potential and

behavior of selected micropollutants — salicylic acid, acetaminophen, and ibuprofen, by
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bacteria in seasonally collected backwash water from a full-scale biofilter. In this part of
the study, these micropollutants’ concentrations were higher than their environmental
concentrations to effectively track their degradation, using microorganisms collected from
a full scale biofilter. After this study, biodegradation experiments were conducted on the
bench scale to investigate the role of biofilm thickness on the biodegradation of each
selected micropollutant in the environmental concentration range. After the bench-scale
studies, the next part of the study was conducted at pilot scale, where the aim was to
manage and control thick and thin biofilm in a ceramic-GAC dual media biofilter. The
study also aimed to explore several enhancement strategies to improve the biodegradation
or removal of micropollutants in the dual media biofilters. The specific objectives of the

overall studies are listed as follows:

Objective 1: To evaluate biodegradation of salicylic acid, acetaminophen, and ibuprofen

by bacteria collected from a full-scale drinking water biofilters.

Objective 2: To mechanistically understand the role of biofilm thickness on the removal

of slow and readily biodegrading micropollutants.

Objective 3: To assess the potential of ceramic-GAC dual media biofiltration system for
enhanced removal of slow and readily biodegrading micropollutants through biofilm

thickness management.

Objective 4: To identify the impact of enhancement strategies on biofiltration to improve

micropollutants removal using dual media biofilters.

To address Objectives 1 and 2, the research required fundamental investigations at the

bench scale. The experiments focused on proving that (1) selected compounds had enough



biodegradation potential to further continue on the pilot scale studies, (2) growth and
management of biofilm of various thicknesses were possible, and (3) different thickness
biofilms resulted in targeted micropollutants removal. A great deal of time in this stage of
the research focused on micropollutants selection and methods of quantifying biological
performance. After the bench scale studies, the research used biofiltration column studies
to address Objectives 2 and 3, proving the major underlying theory that biological

management of dual media biofiltration column is possible.

1.3 Outline of the Dissertation

The Dissertation is divided into eight chapters, in which Chapter 1 describes the
background and significance of biofiltration for drinking water and water reuse application.
Chapter 2 reviews the literature on design considerations for biofiltration, biofilm
configuration and microbial characteristics in biofilters, major challenges along with

mitigation strategies, and the research

Chapter 3 explains the biodegradation potential and rate of selected micropollutants along
with the relation of biodegradation with other biological characteristics of water. Chapter
4 illustrates a novel study describing the role of biofilm thickness on the biodegradation of
micropollutants. Chapter 5 describes the pilot scale study using ceramic-GAC dual media
biofiltration columns to optimize the micropollutants removal through biofilm thickness
management. Chapter 6 presents the results of several enhancement strategies to improve
micropollutants removal using biofilters. Chapter 7 includes a general discussion on
improved micropollutants removal through biodegradation and biofiltration from bench

scale to pilot scale studies. Chapter 8 summarized the global conclusion of Chapter 3 to



Chapter 6 and recommendations for future research aspects of biofiltration studies for

drinking water and water reuse applications.



Chapter 2: Literature Review

2.1 Introduction

Biofiltration is a pollution control system using a biological filter media which allows the
accumulation of a large population of microorganisms to capture and biologically degrade
pollutants. The filter media is typically sand, granular activated carbon (GAC), anthracite,
or other adsorptive media (Rittmann & Huck, 1989). This treatment system has been used
since the nineteenth century when water utilities in UK, Germany, and other regions in
Western Europe started to treat their surface water (Ellis & Wood, 2009). Even though
during the earlier time, filtration was used by slow sand filters and the objective was to
remove turbidity and pathogenic microorganisms, biological degradation of substances
also happened in these filters. Due to its popularity, it has been successfully used for both

drinking water and wastewater treatment and it is still receiving more interest worldwide.

The important part of the success of biofiltration process is to control and maintain a
healthy biomass on the surface of the filter media. In this process, microorganisms are
gradually developed on the surface of the filter media and form a biological film or layer
which is known as a biofilm. The time for the biofilm development varies from days to
months depending on the organic concentration in water (Liao et al., 2014). Since the
performance of the biofilter largely depends on the microbial activities, a constant source
of substrates (organic substances and nutrients) is required for its consistent and effective
operation. There are three main biological processes that can occur in a biofilter:
attachment of microorganism, growth of microorganism, and decay and detachment of
microorganisms (Korotta-Gamage & Sathasivan, 2017). During biofiltration, influent

water is applied continuously or intermittently over the media, via up flow or downflow.
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In a typical scenario, a biofilter has two or three phases, depending on the feeding strategy:
a solid phase (media), a liquid phase (water), (Y. Cheng et al., 2016). The processes are
usually aerobic, which means that microorganisms require oxygen for their metabolism. In
this case, oxygen is supplied by the natural flow of air through the process or by forced air

supplied by blowers to the biofilm.

Because of its wide range of application, many studies have been done on biofiltration
systems in last few decades (Table 2.1). However, theoretically it is still difficult to explain
the behavior of biofiltration. Additionally, the growth of different types of microorganisms
in different working conditions makes it hard to generalize the microbial activities in a
biofilter. Moreover, the biofilters operated at different filtration rates and influent
characteristics can have diverse efficiencies for different target pollutants. Operational

challenges make research on biofiltration processes essential.

Even though biofiltration technology has existed for decades, it has less acceptance as a
treatment scheme in North America due to public perception and resistance to the
intentional use of microorganisms within water treatment processes. However, the
developments of new regulations and technological inventions are driving more utilities to
consider the use of biofiltration to treat their water. In addition, the design and operation
of biofilters need to be optimized for various contaminants. Given the growing prominence,
a thorough review is needed for researchers and utilities to think about important
parameters and challenges for the successful implementation of biofiltration projects.
Therefore, this chapter provides a state of art review of biofiltration including the
effectiveness of the biofiltration process along with target contaminants, major challenges,

and mitigation strategies to overcome common challenges based on previous research



Table 21 Summary of the past studies on biofiltrationtegswith drinking water and wastewater

Source Treatment Filter Medium Experimental parameter  Major observation
Greenstein et al. Drinking . o 0
[2018] Water Anthracite+GAC Manganese Limited manganese (10%) removal occurred.

Drinking
Yang et al. [2017]  Water & GAC with oxidation  PPCPs PPCPs removed by enhanced biofiltration

Wastewater
Liao et al. [2015] \I?vr;?elimg GAC DOC, DON backwashing procedure affects the contaminant removal
Flemming et al Wastewater GAC EPS Extr_acellular polymerlf_: substances (EPSs) are |_nvolved in both
[2001] detrimental and beneficial consequences of microbial aggregates
Ahmad et al. Drinking Anthracite+sand AOC-P17, AOC-NOX, Backwashing technique and hydraulic transient can affect the
[1998] Water NPOC, turbidity performance of a biofilter.
Boonetal. [1997]  Wastewater Granite, blastfurnace BOD, ammonia, SS Performance a _blofllter_ depen_ds on organic loading rate,

slag temperature, and filter design configuration.
Carlson and Amy Drinking . DOC removal is controlled by biomass. The filter acclimatized at
[1998] Water Anthracite DOC, BDOC higher HLR had a substantially higher cumulative biomass.
Hozalski and Wastewater Glass beads+sand TOC Biomass accumulation is not impaired by backwash with water
Bouwer [1998],
Yang etal. [2001]  Wastewater Plastic media-3 BOD5, SS, NH3-N, Characteristics of filter media are more critical than the flow scheme
g ' different shapes NOs-N, NO2-N, PO4-3  to the biofilter in affecting the performance of the biofilter
Niquette et al  Drinkin Shut down of biofilter promotes anaerobic conditions reducing the
g ' 9 GAC DOC, DO, NHs;, NO, quality of the effluent. The biofilter should be backwashed when
[1998] Water ) o
anaerobic condition occurs.
Servais et al. Drinking GAC DOC, BDOC, NBDOC Removal efficiency of a biofilter depends on EBCT, not on filtration
[1994] Water rate
TOC, BDOC,

Drinking . aldehydes, AOC-NOX, . . . .

Wang et al. [1995] Water Anthracite+sand, THM and TOX GAC contained 3-8 times more biomass than anthracite or sand

formation potential

AOC=Assimilable organic carbon, BODs=Biochemical oxygen demand, SS=suspended solid, DBP=Disinfection by-product, DON= Dissolved Organic

Nitrogen

DOC-=Dissolved organic carbon, DO=Dissolved oxygen, BDOC=Biodegradable dissolved organic carbon,
THMFP=Trihalomethane formation potential, TOXFP=Total organic halide formation potential, HPC=Heterotrophic plate count
NPOC=Non-purgeable organic carbon, HLR=hydraulic loading rate, NOX=Nitrogen oxides, NBDOC=Non-biodegradable dissolved organic carbon



2.2 Design Considerations of Drinking Water Biofiltration

2.2.1Selection of Media

Media commonly used for biofiltration are adsorptive media such as granular activated
carbon (GAC) and non-adsorptive media such as anthracite, Ceramic (expanded ceramics)
and sand (Yapsakli & Cecen, 2010). Among all of these, GAC is widely used in the
drinking water treatment processes due to its higher maximum adsorptive capacity (Basu
et al., 2016). The micropores of GAC (1-100 nm) allow little bio-growth of bacteria
(typically larger than 200 nm); within the pore spaces, however, the irregular GAC surface
is more favorable for bacteria attachment, offering protection against shear stress (Suylen
et al., 2009). Studies found that three to eight times more biomass is accumulated on GAC
than anthracite, primarily due to the increased surface area available for microbial
attachment (LeChevallier et al., 1992). In comparison?, the effective size of sand is
typically smaller than GAC, leading to higher specific surface areas in sand filters (Urfer
et al., 2018). For this reason, the total biomass attached as biofilm may be more favorable
in a sand filter compared to a GAC filter media; however, the unique shape of GAC allows
for substrate to adsorb into macro and micro pores, creating a stored resource of substrate
allowing for the biodegradation of slowly biodegradable substrates. (Nath & Bhakhar,

2011; Scharf et al., 2010).

In general, biofiltration media selection depends upon different site-specific characteristics
such as water quality, operational conditions of the plant, and the target contaminants and
contaminant concentrations. Therefore, for a given biofiltration application, the choice of
the ideal filter media configuration should incorporate other key design parameters such as

empty bed contact time (EBCT), backwash procedures, influent water quality, and the
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contaminant treatment thresholds. Moreover, dual media biofilters with one media as the
base layer and the other as the top layer also change the removal efficiency for
contaminants. In that case, the selection and sequencing of media in the dual system
depends on needs drawn from adsorptive capacities and fluidization characteristics (Najm
et al., 2005). In common practice, a careful evaluation of the bench-scale study followed

by the pilot-scale investigations are required to choose the right filter media.

2.2.2Loading Rate and Empty Bed Contact Time

Hydraulic loading rate (HLR) is a key design parameter for sizing conventional filter
media. HLR is defined as the flow rate applied per unit filter area and measured as depth
of the media by particle diameter of the media. Previous studies identified that a loading
rate less than 5 m/h is ideal for biological filtration to allow for biomass attachment to the
media (Hozalski et al., 1995). This rate also provides enough shear stress to limit excessive
accumulation of biomass on the media to prevent clogging. However, another study found
that excellent particulate filter effluent water quality can be achieved even at high HLRS

(24 m/h) (Edzwald, 2011).

Like HLR, EBCT, which is dependent on both HLR and media depth, is another key design
and operating variable in the biofiltration process. Many earlier studies found proportional
relation between organic matter removal and EBCT (K. H. Carlson & Amy, 1998;
LeChevallier et al., 1992). LeChevallier et al., (1992) reported increases in TOC removal
from approximately 30 to 50% when the EBCT was increased from 5 to 20 min. It is also
observed that there is a linear increase in biodegradable organic compound (BODC)

removal with increasing EBCT between 10 and 30 minutes. However, another study has
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showed that the removal of organic matter is independent of EBCT in the range of 4 to 20

minutes (Hozalski & Bouwer, 2001).

In general, longer contact times are required for the removal of TOC, BDOC, and relatively
slowly biodegradable organic components, compared to the rapidly biodegradable portion
of ozonation by-products and biologically instable compounds. A relatively good removal
of ozonation by-products at EBCTs as short as 2-4 minutes has been reported by (Urfer &
Huck, 2001), while the removal of BDOC, chlorine demand and chlorination by-product
precursors require considerably longer EBCTs. Thus, EBCTs between 4 and 25 minutes
may be optimal depending on the desired goal (S. Zhang & Huck, 1996). (Wert et al., 2009)
studied the impact of EBCT on organic carbon removal with two parallel anthracite/sand
biofilters with EBCT of 3.2 min and 8.3 min, respectively. Both columns demonstrated
similar levels of removal and in both cases, organic carbon removal stabilized at
approximately 60% after 175 days of operation. However, EBCT is particularly important
for biofilter applications targeting trace organic compounds, such as MIB, geosmin,
endocrine disruptors, and pharmaceutically active compounds, which are more recalcitrant
to biodegradation than is typical for biodegradable organic matter (BOM) (Lim et al., 2008;

Westerhoff et al., 2005a).

2.2.3Acclimation Time

Acclimation is the process in which an individual microorganism in the biofilter adjusts to
the changed environment allowing it to maintain steady state biological activity to get
maximum removal across a range of environmental conditions. The time to reach steady

state can vary depending on filter media, feed water characteristics, and temperature (Basu
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et al., 2016). This is a concern during the initial phase of the biofiltration process or after

any sort of process modification, as sudden changes in? organic compounds may occur.

Several past studies reported different acclimation periods under various environmental
and operational conditions. Parameters of greatest interest in the literature to acclimation
include water temperature, filter media, humic content, and substrate availability. Liu et
al. (2001) found that 20 to 40 days was required to reach steady state removal of easily
biodegradable organic matter at 20°C. More time was required for biofilters operated at
low temperature: 80 days with GAC and greater than 140 days with anthracite at lower
temperature. Moreover, the Liu et al (2001) study found that elimination of chlorine in the
backwash water may decrease acclimation time and improve the general robustness of

biofilter, particularly at low temperatures.

Source water characteristics also significantly affect the acclimation period. (Basu et al.,
2016) found that around 16 months of acclimation period is required for waters with a high
humic content. Filter acclimation time also depends on filter media. (Servais et al., 2006)
demonstrated that GAC removes most of the dissolved organic carbon (DOC) through
physical adsorption during 3 month of acclimation period. While targeting trace organic
compounds, the acclimation periods are much longer which strengthen the hypothesis that
acclimation time may promote the growth of microbial population which degrade the trace
organic compounds (Westerhoff et al., 2005). Moreover, recent study by (Greenstein et al.,
2018) found that GAC and anthracite required 113 days and 200 days of acclimation,
respectively, to achieve increased removal of ibuprofen, acetaminophen and other trace
organic compounds. Lastly, addition of nutrient and primary substrates decrease acclimation

time due to increased rates of cell growth (Hozalski & Bouwer, 2001; Lauderdale et al., 2012).

12



2.2 .4Filter Depth

Filter depth plays an important role for contaminant removal during biofiltration. (Urfer &
Huck, 2001) found that increased filter depth caused decreases of biomass throughout the
filter, with most of the removal happening in the top portion of the filter media. Similar
results have also been shown by Qi et al. (2019) whereby microbial diversity of the biofilm
also decreased with increasing carbon filter depths. Another study measured higher ATP
in the top X% of the filter bed than in the lower X% of the filter. this result proved the
presence of higher bacterial activity and accumulation near the filter inlet (\Velten et al.,
2011). However, the extent to which the entire media depth contributes to removals

depends on biofilter operational conditions (Urfer & Huck, 2001).

2.2.5Backwash System

Backwashing procedures to control the accumulation of large particulates, colloidal
materials, and biofilms are critical for long term performance of the biofilters (Bouwer &
Crowe, 2018; Chipps et al., 1995). Due to the accumulation of biomass, biofilters
experience a rapid increase in head loss. Usually, backwashing procedures, to include bed
fluidization and air-scouring, provide sufficient media cleaning to mitigate rapid head loss
build-up. However, previous research showed that the biomass is attached to the media
with a greater force than a nonbiological particle (Ahmad & Amirtharajah, 1998). Ahmad
and Amirtharajah (1998) revealed that optimized procedures to remove nonbiological
materials with or without air scour may not lead to a major loss of biomass attached to the
media. Moreover, another study concluded that the best technique to remove particles is
the combination of the use of air and water at sub-fluidization velocities (Amirtharajah,

1993).
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2.2.6Water Temperature

Temperature is considered as an important factor in biofiltration due to its effect on
bacterial growth. Bacterial growth approximately doubles with every 10° C increase, and
nutritional requirements and activity of bacteria vary significantly with temperature
(Madigan, T. M., Martinko, M. J. Bender, K. S., Buckley, H. D., Stahl, 2014). Therefore,
it is expected that initial biofilm development and steady-state biodegradable organic
matter (BOM) removal may be enhanced at high temperatures. Even though literature
regarding BOM removal performance at low temperatures is very limited, previous
research observed increased BOM removal at higher temperatures (Prévost et al., 1991;
Servais et al., 1992). Similar conclusions were made for aldehyde removals also. Another
study found that, for anthracite-sand filters, the time required to achieve steady-state
removal of glyoxal was shorter at water temperatures between 20-25°C than 10-13°C (Moll
et al., 1999). Temperature has also been shown to impact microbial community structure
as well. Higher temperatures favor the growth of Gram-positive bacteria and sulfate-
reducing bacteria while Gram-negative and microeukaryotes preferred lower temperatures

(Johnson et al., 2018).

2.3Removal of Contaminants by Biofiltration

2.3.1Removal of Trace Organic Micropollutants

Biofiltration is an effective treatment process for removing micropollutants from drinking
water (Bertelkamp et al., 2016; Summers et al., 2014). However, their control and
operations are still like a black box and more research needs to be done to get the

mechanistic idea. Generally, micropollutants are removed by secondary substrate

14



utilization or co-metabolism. Some researchers found that drinking water biofilters
biodegrade algal metabolites, such as 2-methylisoborneol, geosmin, and microcystins
(Doederer et al., 2018; Hallé et al., 2015). Biofilters have also been shown to biodegrade
endocrine disrupting compounds (EDCs) from the wastewater (Greenstein et al., 2018; X.
Li et al., 2015). Moreover, some herbicides are removed in biofiltration and the main
removal mechanism is related to biodegradation (Summers et al., 2014). Other studies have
investigated the relation between micropollutant removal and feedwater composition
(Onesios-Barry et al., 2014), primary substrate concentrations (Onesios-Barry et al., 2014),
and microbial community structure such as the role of nitrifiers (Onesios & Bouwer, 2012).
Moreover, the removal of several micropollutants were shown to be positively related with
contact time during slow sand filtration of wastewater. Similarly, a study also showed that
the micropollutant removal is dependent on contact time in bench-scale sand columns
simulating drinking water biofiltration (Zearley & Summers, 2012). Another study found
a significant positive relation between micropollutant removal rates with carbon loading
rates (Sharif et al., 2014). These findings reveal that past research has heavily focused on

the association of contact time with micropollutant removal.

2.3.2Removal of PPCPs

Recent research found that pharmaceuticals and personal care products (PPCPs) can be
removed by enhanced biofiltration process. Enhanced biofiltration is the combination of
pre-oxidation followed by biological filtration. The pre-oxidation not only removes a
portion of the contaminant but is also expected to break large compounds into smaller
compounds so that the bacteria can easily use those as food sources. This decomposition

of larger molecules into their constituent components is especially applicable in the case
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of recalcitrant PPCPs (Y. Yang et al., 2017). Many PPCPs are larger compounds and are
difficult to remove from the wastewater. In that case, the combination of oxidation and
biofiltration could be ideal for their removal (I. Kim et al., 2009). Research has concluded
that using O3/H20, and UV/H,0; beneficial to enhance biological biofiltration. In addition
to this PPCPs removal, a reduction in disinfectant byproduct (DBP) was also observed

using this enhanced biofiltration process.

2.4Major Challenges in Biofiltration

2.4.1Headloss Buildup in Biofilters

Biofilm accumulation over a period of operation may increase the head loss in biofilters
due to clogging of media. A major increase in head loss has been observed in a biological
GAC/sand filter backwashed without air-scour after a period of three months (Terry &
Summers, 2018). Another study found that the head loss build-up rate in a biological filter
during a filter run was substantially faster than in two other non-biological filters
(Goldgrabe et al., 1993). Moreover, it was found that air scour backwashing can overcome
the increase of head loss in repeated filter runs and the performance is better than using

water wash without air-scour (Ahmad & Amirtharajah, 1998).

2.4.2EPS Production in Biofilters

Another challenge in biofiltration is the presence of extracellular polymeric substance
(EPS). Over time, biofilter void space becomes occupied by particulates and biofilm. And
that biofilm is predominately EPS. EPS occupies 100 times more void space than bacteria
in clogged biofilters and is the primary contributor to biofilter clogging (Lauderdale et al.,

2012). The study shows that, biological material reduced the pore space of a clogged
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biofilter by 7 to 13%, whereas pore space reduction due to particle deposition was not
greater than 7% (Mauclaire et al., 2004). The volume of microbial cells did not exceed
0.2% of the pore volume, which indicates that extracellular biological materials play a
significantly larger role in filter clogging than do the microbial cells themselves. Other
studies have suggested that the proportion of EPS in biofilms can be as high as 90% of the
total organic matter (P. H. Nielsen et al., 1997). EPS also accelerates the accumulation of
minerals into the biofilm, which may also adversely affect the biofilter production and
further increase clogging. EPS may also cause microbial influenced corrosion (H. C.
Flemming & Wingender, 2001). Another study found that the interaction and accumulation
of Fe and other metals in EPS present in distribution pipes can increase the kinetics of

metal corrosion (Beech et al., 1998).

2.5Biofilter Head Loss Mitigation Strategies

2.5.1Substrate-Enhancement

Increasing the concentration of primary substrate in a biological treatment application may
increase the rate of recalcitrant and trace organic compound degradation through secondary
substrate metabolism or co-metabolism. However, specific substrates, such as molasses,
yielded immediate negative impacts on biofilter performance (Mariakakis et al., 2012). The
substrate-enhanced biofilters yielded 25 to 150% higher terminal head loss than the control
biofilter (Zappia et al., 2007). However, if there is excessive head loss, sustainable filter

runs are not achieved with any substrate tested (Lauderdale et al., 2012).
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2.5.2Nutrient Enhancement

Biofilter performance can also be improved by nutrient enhancement. Nutrient
enhancement has a two benefit under nutrient limited conditions: firstly, it can increase
biofilter biological activity, both increased biomass and substrate utilization, which could
lead to improved water treatment performance, and secondly, it can inhibit EPS production
which may improve biofilter hydraulic performance (X. Li et al., 2010; Nishijima et al.,
1997; Sang et al., 2003). The transition from a phosphorus and nitrogen limitation to a
biodegradable carbon limitation is the driver behind these benefits. As the carbon substrate
becomes limited with nutrient supplementation, microbial cells utilize more carbon for cell
synthesis and energy production instead of producing the EPS (Lauderdale et al., 2012).
Studies have shown that nutrient supplementation can increase microbial concentrations
and may enhance the ability of bacteria to degrade contaminants (Juhna & Rubulis, 2004).
Furthermore, the decreased biofilter EPS creates a biofilm structure that may be more

susceptible for removal through filter backwashing.

2.5.30xidant Augmentation with Peroxide

Another approach for enhancing biological activity and performance of biofiltration is
oxidant augmentation with peroxide. Hydrogen peroxide provides bacteria with an
additional source of dissolved oxygen. It also induces certain microbial communities in the
bioreactor to express peroxidase-family oxidoreductase enzymes such as peroxidase which
eventually catalyze the oxidation of organics present in the biofilter feed (Pardieck et al.,
1992). A study found that a wide variety of carbon substrates are oxidized in microbial
cells by peroxidase family oxidoreductase enzymes (Schumb, 2005). When peroxidase and

hydrogen peroxide are added to water containing these compounds, the enzyme undergoes
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a catalytic cycle that leads to the release of free radicals (Urfer & Huck, 1997). These
radicals undergo various reactions. Free radicals may participate in the oxidation of
recalcitrant organic compounds. EPS may also be degraded through direct oxidation by
hydrogen peroxide or by free radicals produced through oxdioreductive enzyme activation
(Graham, 1999). One of the major considerations for using hydrogen peroxide as a catalyst
for enzyme stimulation is its potential toxicity towards bacteria. According to the study,
hydrogen peroxide concentrations in the 10 to 2000 mg/L range inhibit bacterial growth at
room temperatures, while higher concentrations destroy the organisms (Schumb, 2005).
However, another showed that hydrogen peroxide residuals of less than 1 mg/L did not
lead to an appreciable inhibition of substrate utilization in a biological filter (Urfer & Huck,
1997). As a summary, it can be said that peroxides may operate within a biofilm, degrading
EPS, while refraining bacteria that can express these enzymes (Christensen et al., 1990).
Therefore, hydrogen peroxide supplementation can be an effective approach to improve

water and wastewater treatment and hydraulic performance in a biofilter.
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Chapter 3 - Biodegradation of Salicylic Acid, Acetaminophen and I buprofen by

Bacteria Collected from aFull-scaleDrinking Water Biofilter

3.1Introduction

The presence of micropollutants in watersheds is of growing concern, especially in
drinking water and water reuse systems. Among these wide range of micropollutants,
pharmaceuticals are a serious problem. Many studies have confirmed the presence of
pharmaceuticals in municipal wastewater effluents, thereby being a contributing source of
contamination in water bodies (Pl6sz et al., 2010; Ternes et al., 2002). Even at very low
concentrations in water bodies, they have become the pollutants of emerging concern due
to their potential to reach drinking water and associated risks to human health from
exposure to trace concentrations via drinking-water (Reis etal., 2019; Y. Yang et al., 2017).
It is noted that neither statutory maximum limits nor pharmaceutical guidelines are present
worldwide for pharmaceutical compounds in drinking water or reclaimed water (Delgado
etal., 2012). Sufficient knowledge about their toxic effects in water is also not well known
(Andreozzi et al., 2005). Although no specific discharge standards of these pharmaceutical
compounds have been set in the USA, the United States Food and Drug Administration
(USFDA) requires US applicants to provide an Environmental Impact Assessment (EIA)
report when the concentrations of these pharmaceuticals in the water environments are
greater than 1 ug/L (USFDA, 1998). The European Union has set a threshold value of 0.01
ug/L based on the predicted environmental concentrations or on measured pharmaceutical
concentrations in the environment (Lockwood et al., 2016). Even with low concentrations,
pharmaceuticals are persistent and bioactive; they are not completely biodegradable nor

completely removed with conventional treatment technologies (De Souza et al., 2018;
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Licona et al., 2018). This is because the conventional water treatment plants are not
equipped to remove pharmaceuticals from water. In fact, some pharmaceuticals may
become more dangerous due to an enzyme reaction or interaction with bacteria during
conventional treatment (Afonso-Olivares et al., 2017; Y. Yang et al., 2017). Moreover, due
to their complex and diversified structure, variable bonding and solubility, and the presence
of various functional groups, it is very difficult to identify their biodegradation nature
(Hassani et al., 2017; Paiva et al., 2018). Therefore, the degradation of these compounds
using traditional and advanced water treatment techniques is an expanding field of

research.

Conventional biological treatment facilities are primarily concerned with total organic
carbon and natural organic matter (NOM) removal. One of the major drawbacks of
conventional drinking water treatments is it cannot efficiently remove pharmaceuticals
when applied to surface water (Adams et al., 2002; Ternes et al., 2002; Westerhoff et al.,
2005). These systems, including biofiltration, have demonstrated varying removal rates
for pharmaceuticals, ranging from less than 20% to greater than 90% (Fu et al., 2019;
Greenstein et al., 2018; Zearley & Summers, 2012) where biodegradation processes can
greatly affect the concentrations of compounds. The degradation processes are heavily
influenced by the molecular structures of the compounds (Westerhoff et al., 2005) and
several environmental factors such as bacterial communities, pH, and temperature
(Giaramida et al., 2013; Kirisits et al., 2019; Young et al., 2005). Another limitation is
pharmaceuticals can inhibit microbial activities resulting in their incomplete removal
(Adams et al., 2002; Rivera-Utrilla et al., 2013). Moreover, for biofiltration, the efficiency

of this process is dependent on the biological nature of the filter media such as, granular
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activated carbon, anthracite and sand (Urfer et al., 1997). Most previous research analyzed
the biodegradation of these pollutants using a single compound and focused on degradation
by specific bacterial strains (Kruglova et al., 2014; Rocheleau et al., 2019; Silva et al.,
2007; Wu et al., 2012) or by the activated sludge systems (Escola Casas et al., 2015;
Kruglova et al., 2014; B. Li & Zhang, 2010; Roh et al., 2009; Zwiener & Frimmel, 2003).
Therefore, to understand the consequences of pharmaceuticals polluting the environment,
it is imperative to know the fate of these drugs, and this includes knowing whether they are
biodegradable by bacteria present in the conventional drinking water treatment process and

to what extent.

In an installed drinking water biofilter, the biological activity is a function of the bacteria
present in the biofilter. Biodegradation is a very important property in biofilters since both
the concentration and toxic effect of contaminants is reduced with higher biodegradation
rate (Jgrgensen, 2008). Therefore, the determination of biodegradation rate of biofilter
materials allows to know the actual biofiltration capacity and to anticipate the behavior of
the biofilter. However, there are very few studies on biodegradation of pharmaceuticals by
bacteria typically found in biofilters. Lautenschlager et al., (2014) studied the role of
indigenous bacterial communities in drinking water biofilters and found that their variable
nature influences effluent quality in the full-scale treatment plant. However, Lauderdale
et al., (2012) introduced engineered biofiltration through nutrient and peroxide dosing that
increases microbial activity and pollutant biodegradation. Therefore, the preference
between indigenous microbes and well acclimatized or engineered consortia largely
depends on several factors such as operational conditions and nutrient addition (X. Liu et

al., 2001; Urfer et al., 1997). Moreover, like other biological processes, biodegradation is
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dependent on weather conditions and seasons since bacterial activity changes with
temperature and other environmental conditions (Yadav et al., 2012). Therefore, changes
of the bacterial nature or activity with respect to different seasons and, hence, their effect
on the overall biodegradation process is a challenge to the drinking water treatment

facilities.

As biofiltration is increasingly added to conventional drinking water treatment schemes,
key aspects determining operational and design parameters can still undergo optimization
and improve efficiency. This research focuses on degradation of key substrates by bacteria
source coming from the full-scale biofilter and the seasonal impacts on the degradation
efficiency. The study also focuses on relation of extracellular polymeric substances (EPS)
and adenosine tri phosphate (ATP) with the overall biodegradation. Previous studies found
that microbial activity determines the EPS secretion which is related to the pollutant
degradation properties (Keithley & Kirisits, 2018; Xiao et al., 2017). EPS is an essential
component of biofilms promoting surface attachment and maintaining structural stability
of biofilms (Flemming et al., 2000). Thus, it provides a competitive advantage to all
organisms present in the system. EPS related to microbial metabolism is hypothesized to
be more meaningful to microbial degradation related studies, and can affect various
physicochemical characteristics of biodegradation and microbial growth (Decho, 2013;
Sheng et al., 2010). ATP is another important parameter in the biodegradation study. As
the keystone of metabolic activity, most of the energy for pollutant biodegradation by
bacteria is stored and transmitted via ATP. ATP is produced as microbiological food is
consumed and is subsequently utilized for cell maintenance as well as the synthesis of new

cells (Whalen et al., 2006). Although ATP detection is being used more frequently as an
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easy and rapid method to quantify viable biomass, there is little information on the
relationship of ATP levels to biodegradation parameters and performance (Pharand et al.,
2014). Therefore, it is indispensable to better understand the process of ATP synthesis for

better operational performance during biodegradation.

The novelty of this study focuses on understanding the biodegradation of selected
pharmaceuticals - acetaminophen, and ibuprofen - as compared to a low molecular weight
(LMW) organic acid, salicylic acid, by bacteria in the seasonally collected backwash water
at a full-scale biofilter. These target pharmaceutical compounds are fairly mobile in water
and represent a range of diverse structures and physicochemical properties. Ibuprofen and
acetaminophen belong to the anti-inflammatory and analgesic groups of pharmaceuticals
and are among the most commonly used of all medications in the world and, consequently,
also among the most frequently found drugs in treatment effluents and natural waters.
Salicylic acid, represents the low molecular weight organic matter typically present in the
influent water applied to a biofilter after a pre-ozonation process and is, therefore expected
to be present at higher concentrations than ibuprofen and acetaminophen which have been
widely detected in the environment (K’oreje et al., 2020). Salicylic acid is also a common
topical medication used globally and could be present in lower concentration than used in
this research; however, our primary purpose in using salicylic acid was as an NOM
surrogate (Alfredo, 2012). Using EPS and ATP production kinetics, we address the
fundamental basis for successful biodegradation, which can play an important role in
determining the operational conditions necessary to enhance pollutant removal through
biofiltration. Taking into these considerations, the primary objective of this study was to

investigate the biodegradation of salicylic acid, acetaminophen, ibuprofen by bacteria
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present in the drinking water biofilter collected at different seasons throughout the year. In
addition to it, the role of EPS and ATP on biodegradation process was also discussed.

Finally, the correlation among ATP, OUR, EPS, Protein and Polysaccharide was evaluated.

3.2 Materials and Methods

Three contaminants - salicylic acid, acetaminophen, and ibuprofen- were selected as the
target compounds for all experiments. These compounds were chosen due to the growing
occurrence of each in water bodies, consideration of acetaminophen and ibuprofen as
micropollutants, and the higher-concentration NOM surrogate salicylic acid. Moreover,
they are the compounds with low sorption capacity to biomass, therefore,
biotransformation is the primary removal mechanism during their removal (de Andrade et
al., 2018; Delgado et al., 2012; Ferchichi & Dhaouadi, 2016; Lawal & Moodley, 2017). As
detailed later, a preliminary adsorption study with virgin granular activated carbon also
showed a very low sorption of these target compounds. The chemical properties of these
three compounds are shown in Table 3.1. To evaluate bacterial degradation in water
systems, backwash water from a local, full-scale drinking water treatment biofilter was
collected as the bacteria source. Backwash water was collected throughout four different
seasons- summer, early fall, late fall, and winter where the ambient temperature was 32-33
°C, 27-28 °C, 21-22 °C and 7-8 °C, respectively. The bench-scale degradation experiments
were conducted with backwash water immediately after the collection. Prior to each
experiment, the backwash water collected from the full-scale biofilter were kept inside the
lab for 1 h with continuous aeration to acclimate the bacteria to the lab temperature. Then
the backwash water with acclimated bacteria was injected to the reactors containing

specific substrate in each reactor.

25



9¢

Table 31 Main chemical poperties of the target compounds

Chemical Molecular  Solubility
Compounds IUPAC Name Molecular Structure Weight (mg/L at log Kew pKa
Formula °
(g/mol) 25 °C)
(@] OH
Salicylic Acid  2-hydroxybenzoic acid C7Hs03 OH 138.12 2240 2.26 2.97
H
N
Acetaminophen  N-(4-hydroxyphenyl) acetamide CsHgNO; /©/ Y 151.16 14000 0.46 9.38
0
HO
CHj
Ibuprofen 2-[4-(2-methylpropyl) phenyl] propanoic acid  Ci3H10: CHj COOH  206.28 21 3.97 5.3

H3C




3.2.1Sorption Experiment of Target Compounds

A series of 250 mL Erlenmeyer flasks containing 100 mL of solution with target
compounds- salicylic acid (100 mg/L), acetaminophen (10 mg/L) and ibuprofen (10 mg/L)
and 0.5 g virgin granular activated carbon dosage were used in the adsorption experiments.
An orbital shaker (VEVOR, Model SPXZ-001) was used to agitate the flasks at a constant
speed of 150 rpm at room temperature (23 £1 °C), for 80 hrs. During the scheduled
agitation time, the mixture was extracted and filtered through Whatman’s glass microfiber
filters paper (GF/C). GC-MS (Shimadzu QP-2010 SE) with AOC 20i auto injector was
used to analyze the filtrate for residual target compound concentration in mg/L. Throughout

the experiment pH was between 7.28 to 7.39.

Studies found only 1.7% removal of salicylic acid through sorption after 80 h whereas at
the same period, 3.1% and 2.9% removal happened for acetaminophen and ibuprofen,

respectively (Table 3.2).
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Table 32 Salicylic acid, acetaminophen, and ibuprofen sanptfficiency on granular
activated carbon

Time (h) Salicylic Acid, Acetaminophen Ibuprofen
Co =100 mg/L Co=10 mg/L Co =10 mg/L
C/Co (%)
0 100.0 100.0 100.0
5 100.0 99.8 100.0
10 100.0 99.5 99.8
24 99.7 98.8 99.3
28 99.5 98.6 98.9
32 99.4 98.5 98.7
48 99.1 98.1 98.3
52 98.9 98.0 98.1
56 98.8 97.9 98.0
72 98.5 97.1 97.8
76 98.4 97.0 97.4
80 98.3 96.9 97.1
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3.2.2Experimental Setup

Biodegradation batch experiments were carried out in three 1 L glass jars (reactors) filled
with pure water and placed on the magnetic stir plate at 25 °C and at 750 rpm. The
contaminants - salicylic acid, acetaminophen, and ibuprofen were spiked to each reactor at
a concentration of 100 mg/L, 10 mg/L, and 10 mg/L, respectively. The pretreatment
procedures for sample analysis and batch experiment initialization are described in Section
3.2.7. The concentration differences are intentionally highlighting magnitude differences
expected between readily available, LMW organic acids present post pre-ozonation
preceding many installed biofilters and the micropollutant targets. The concentrations of
these micropollutants are often at ng/L or pg/L in nature, however, in this study we used
higher concentration to effectively track the degradation study using microorganisms
collected from an operating biofilter. This also helps to understand the biodegradation from
the extremes of non-substrate limiting conditions (when growth rate is high there is an
availability of excess amounts of food) to the substrate limiting concentration that
eventually tells which contaminant is readily biodegradable and which one is slow

biodegradable.

The reactors were mixed continuously to ensure all the contaminants were completely
dissolved. 200 mL of backwash water was added to each reactor as microbial seed. The
contaminants (substrates) were used as sole carbon and energy sources. The pH of the
reactors was maintained at 7.3 £ 0.2. Another 1 L glass jar with same concentration of
salicylic acid, acetaminophen, and ibuprofen dissolved in ultrapure water (in the absence
of backwash water) was used as a control in each set of experiment. In this abiotic control

experiments, the concentrations of target compounds remained relatively constant over the
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entire experimental period. Therefore, abiotic losses were insignificant during the study.
Moreover, the constant concentration of dissolved oxygen indicated that there was no
biological growth or activity in the reactor. Furthermore, Onesios et al., (2009 and Patel et
al., (2019) found that biodegradation was mainly responsible for the observed decreases in
pharmaceuticals concentrations in the reactors. The schematic of the experimental setup of
each reactor is shown in Figure 3.1. The samples were collected from the reactors with 1
to 2-h intervals for the analysis. The overall approach of the bench-scale experiments is

summarized in Table 3.3.

800 mL of Pure Water

Spiked with targeted Addition of 200 ml
substrate Backwash Water

e Sampling for OUR
° measurement
o o
Lhracclimation | © ° o
o ° e ° |time e ° o
o — o — o
Mggnetlc C; . ° °° . ° : . ° Sampling for other
Stir Plate R ° ° parameters
\ © °
> 2 > : L e )

Aerobic: DO > 5 mg/L End of acclimation

Mixing speed: 750 rpm

Figure 3.1 Schematics of each bench-scale experiment conducted to evaluate aerobic
biodegradation of salicylic acid, acetaminophen, and ibuprofen, separately
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Table 33 Experimental design of the biodegradation of salicylic acid, acetaminophen, and ibuprofen

Lab
Batch Experiment  Environmental . Initial Duration of Backwash Temperature
Reactor Time Temperature Substrate Studied Concentration  Experiment Water during
Temperature 4
Experiment
(Season) (°C) (mg/L) (h) (°0) (°0)
Reactor 1 ~ Summer 32-33 Salicylic Acid 100 27 32.4 23.6
Early Fall 27-28 Salicylic Acid 100 50 27.1 23.4
Late Fall 21-22 Salicylic Acid 100 60 21.2 24.1
Winter 7-8 Salicylic Acid 100 65 8.1 24.3
Reactor 2 Summer 32-33 Acetaminophen 10 200 32.4 23.6
Early Fall 27-28 Acetaminophen 10 220 27.1 23.4
Late Fall 21-22 Acetaminophen 10 220 21.2 24.1
Winter 7-8 Acetaminophen 10 220 8.1 24.3
Reactor 3 Summer 32-33 Ibuprofen 10 200 324 23.6
Early Fall 27-28 Ibuprofen 10 230 27.1 23.4
Late Fall 21-22 Ibuprofen 10 230 21.2 24.1
Winter 7-8 Ibuprofen 10 230 8.1 24.3




3.2.30xygen Uptake Rate Measurement

To determine bacterial biological activity during substrate consumption, the oxygen uptake
rate (OUR) was monitored throughout the experiment. In this study, OUR was measured
in a 300 mL biochemical oxygen demand (BOD) bottle using a self-stirring DO membrane
probe and laboratory DO meter (Accumet XL 60, Fisher Scientific). At first, the BOD
bottle was filled with the grab sample from the reactor. The membrane probe was inserted
to close the bottle and sealed up so that no air intrusion happened. The DO was recorded
every second. The slope was calculated between DO of 4.5 to 3.5 mg O./L with
corresponding time and considered as OUR in mg Oz/L/h. Using an open, continuously
mixed reactor, the DO remained steady between 4.5 to 6.5 mg OJ/L throughout the
degradation experiments. The decrease of DO was observed at the last stage of the

degradation experiment due to microbial activity.

3.2.4EPS measurement

The EPS was measured for collected samples from batch experiments. A heat extraction
method by Hasan, (2017) and Fish et al., (2016) was modified to extract the EPS from the
reactor solution. A volume (40 mL) of the fresh sample was centrifuged at 40009 for 5 min.
After discarding the supernatant, the pellet was then resuspended in 10 mL of heated (60
~C) phosphate buffer solution (PBS). The PBS solution consisted of 2 mM (0.328 g/L)
NazPOs, 4 MM KH2PO4 (0.544 g/L), 9 mM NaCl (0.525 g/L), and 1 mM KCI (0.074 g/L).
The PBS solution’s pH was adjusted to 7.2 and it was kept at 60 C before EPS extraction
for resuspension. After resuspension of pellet in 10 mL PBS, the sample was immediately

vortexed for 1 minute and then centrifuged at 4000 g for 10 min. The supernatant was
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considered the loosely bound (LB) EPS. The remaining pellet was again resuspended in 10
mL of PBS solution and digested for 30 min at 60 C. After digestion, the sample was
centrifuged at 4000 g for 15 min. After this final centrifugation, the supernatant of the
sample was considered the tightly bound (TB) EPS. The COD of the supernatant after LB-
EPS and TB-EPS extraction was measured as mg COD/L and then corrected by dividing
the ratio of the volume of sample over the volume of PBS solution (40 mL/10 mL = 4.0).
The summation of LB-EPS and TB-EPS provided the total EPS and calculated as
mg CODJ/L. Later, the values were standardized by bacterial optical density (OD600) and

presented as mg COD/L-OD (Evans, 2013; Pérez-Ramos et al., 2017).

Proteins and polysaccharides were also measured for the same samples collected during
the biodegradation experiments. Protein was measured according to the modified Lowry
method using bovine serum albumin (BSA) as a standard (Lowry et al., 1951). Modified
Lowry Protein assay and diluted Folin (1:1 with deionized water) reagent were used during
the analysis. Soluble polysaccharides were measured as described by (Dubois et al., 1956)
using D-Glucose as a standard. Both protein and polysaccharide were also standardized

with OD600 and presented as mg/L-OD.

3.2.5ATP Measurement

The ATP analyses were conducted using the LuminUItra Quench-Gone Aqueous (QGA)
test kit. The QGA test kit was based on the premise that ATP is a direct and interference-
free indicator of total active biomass. ATP was measured using the firefly luciferase assay,
where a sample containing ATP was introduced to a solution containing the enzyme
Luciferase to produce light. The light was detected in a luminometer as Relative Light

Units (RLU).
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50 mL water samples were collected, filtered, and analyzed following the QGA
manufacturer’s protocols. RLU were measured using a Kikkoman C-100 LumiTester
(Tokyo, Japan). Duplicate samples were run for each sample set. After this filtration-based
analysis, cellular ATP was measured to analyze ATP from living cells only and is reported

as pg ATP/mL.
3.2.6Chemicals and Analytical Measurement

Salicylic acid (P99%), acetaminophen (P99%), ibuprofen sodium (P98%), and methanol
were purchased in the highest available grades and used as received. Salicylic acid,
acetaminophen, and ibuprofen concentrations were analyzed by GC-MS (Shimadzu QP-
2010 SE, USA) with AOC 20i (Shimadzu, USA) auto injector. Samples (2 uL) were
injected in splitless mode at 250°C using the auto injector. Chromatographic separation
was performed using the fused silica capillary column Rxi-624Sil MS (30 m x 0.25 mm
I.D. x 1.4 pm film thickness; Shimadzu, USA). Samples (2 pL) were injected in splitless
mode at the capillary temperature of 250°C using the auto injector. The mobile phase
consists of a methanol with 0.1% formic acid and ultrapure water with 0.1% formic acid.
Intermediates during acetaminophen and ibuprofen biodegradation were also identified by
GC-MS. The carrier gas was ultrapure helium (99.99%) in constant-flow mode (1.3 mL
mint). The GC oven temperature was held at 70 °C for 2 min, then programmed at 10°C
min’t to 250 °C which was held isothermally for 5 min. All the compounds eluted within

20 min. The temperatures of the injection port and interface were 250°C and 260°C,
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respectively. The helium head pressure in the injection port was initially set at 120 kPa for
1 min, and then programmed to 190 kPa at the rate of 10 kPa/min. The flow rate of carrier
gas was kept at about 1.7 mL/min (87 cm/s). The MS was operated in electron ionization
mode (ionization energy of 70 eV) using full scan acquisition (mass range m/z 40-550).
The ion source temperature was 230°C with solvent delay of 3.7 min. Retention times, the
m/z peaks and ionization mode chosen for the target compounds are presented in the

supplementary material (Table 3.4).

Table 34 Target compounds with molecular weight, accurate mass, retention times and
ionization mode used for quantification

Compound Molecular Accurate Retention time  lonization
Weight (g/mol) mass, m/z (min) mode

Salicylic Acid 138.12 137 4.95 Negative

Acetaminophen 151.16 146.13 8.86 Positive

Ibuprofen 206.28 160 12.7 Negative

A HACH Model DR 5000 (HACH, Loveland, CO, USA) UV visible spectrophotometer
was used for determining bacterial optical density at 600 nm. Total suspended solids (TSS)
were measured by following the Standard Methods of 2540 D (APHA, 2011). The total
and soluble COD were measured and analyzed using HACH test kits and a HACH DR
5000 spectrophotometer. pH and conductivity were measured using Fisher Scientific
(USA) Accumet XL600 benchtop pH/Conductivity Meter with the Accumet pH and EC

electrode. Accuracy and resolution of all analytical measurements are shown in Table 3.5.
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Table 35 Accuracy and resolution of all analytical measurements

Instrument Model Accuracy Resolution
GC-MS Shimadzu QP-2010 SE, UsA ~ QAVQC 2 M (FWHM)

Function

0 -
Spectrophotometer HACH DR 500 ;b/g at0.50-2.0 0.1 nm
Accumet XL600 benchtop

pH Meter pH/Conductivity Meter +0.002 0.001
Conductivity Accumet XL600 benchtop 0
Meter pH/Conductivity Meter % FS 0.01

0.1 +1 least 0.01 mg/L
DO Meter Accumet XL 60 significant (0.1 mbar) 0.1

digit % saturation

3.2.7Pretreatment procedures for biodegradation batch experiment initialization

Each individual compound was prepared as a stock solution in methanol and frozen at -
20 C until needed. For salicylic acid, 1000 mg/L mixture was prepared in methanol and
before each batch experiment, 100 mL of the mixture was added to 1 L glass reactor and
allowed to evaporate until dry. After evaporation, 800 mL of pure water was added to each
reactor and placed on a stir plate for 1 hour to re-dissolve the compounds. The batch
experiments were initiated by adding 200 mL of backwash water as a source of bacteria to
each of the flasks, which yielded a target initial concentration of salicylic acid of 100 mg/L.
For acetaminophen and ibuprofen, 100 mg/L stock solution was prepared in methanol. All
other procedures are same as salicylic acid and therefore, the target initial concentration of

these compounds in the reactors were 10 mg/L.
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3.3 Results and Discussion
3.3.1Backwash Water Characteristics at Different Periods

Biofilter backwash water was collected in four different time periods over the year (see
Table 3.6 for initial characterizations) where temperature was the main varying parameter.
It is noted that, the ambient temperature of summer, early fall, late fall, and winter was 32-
33°C, 27-28 °C, 21-22 °C and 7-8 °C, respectively. As expected, water temperatures of the
collected backwash water were highest during the summer and lowest during the winter

resulting a temperature range of 8.1-32.4°C. Moreover, Nishijima et al., (1998) showed

the seasonal temperature changes from 5~C to 30*C throughout the year. After collection,
all backwash water was allowed to acclimate, and all biodegradation experiments were
conducted at room temperature. The pH of the backwash water ranged between 7.2 © 0.1
to 7.5 ° 0.2 depending on the season. These values support the previous finding with the
pH range of 7 to 7.5 (Fu et al., 2019; Ikhlef & Basu, 2017; X. Liu et al., 2001). Summer
(32-33 °C) backwash water had the highest total and soluble COD and the values decreased
in early fall (27-28 °C) and late fall (21-22 °C) reaching a minimum in the winter (7-8 °C);
however, the difference of COD was not statistically significant. TSS concentrations
varied seasonally from 170 mg/L to 210 mg/L d. The differences in the values of CODs
and TSS in the biofilter backwash water is due to the sloughing of biofilms and residual
organic matter after the biofiltration which are influenced by several factors including
seasonal water temperature variations, influent of biofilters, the frequency and types of
backwashing, contact time, hydraulic loading rate, and types of filter media (Huck, 2000;

X. Liuetal., 2001; B. Ma et al., 2020; Urfer et al., 1997).
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Table 36 Backwash water characteristics

Parameter Unit Summer Early Fall  Late Fall Winter
Temperature  °C 32.4 27.1 21.2 8.1

pH - 75%£0.2 7.3+£0.1 75+£0.1 7.2+0.1
Conductivity — pS/cm 512+8 601 £ 12 580+ 5 555+ 10
Total COD mg/L 710+ 35 660 = 20 675+ 18 510+ 25
Soluble COD mg/L 365 + 15 346 + 11 328 + 16 310+ 12
TSS mg/L 210+ 20 190 + 20 205+ 15 170+ 10

3.3.2Variation of Microbial Degradation

As mentioned before, three sets of batch experiments were conducted in parallel at four
different seasons to assess the biodegradation of each target substrate. For all experiments,
the concentrations of salicylic acid, acetaminophen, and ibuprofen in the controls remained
constant throughout the duration of all the experiments. Final pH values during each batch
experiment were 7.3° 0.3. Kinetic results of the biodegradation experiments are shown in
(Table 3.7). Figure 3.2 shows the substrate concentration (Figure 3.2a), corresponding
OUR (Figure 3.2b), and bacterial optical density OD600 (Figure 3.2c) over time for the
degradation of salicylic acid. In Figure 3.2a, the concentration of salicylic acid approached
zero in 27 hto 66 h depending on the season, with degradation the fastest using the summer
(32-33 °C) backwash water microbial seed. Moreover, Figure 3.2¢c shows that OD600 was
much higher in the summer (32-33 °C) than the other seasons indicating the bacterial
quantity were the highest in the summer. The rate slowed as the seasons change from early
fall to late fall and finally is the slowest using bacteria collected in the winter. However, in
all cases, 100% of salicylic acid was removed through biodegradation. Bacterial optical
density results from Figure 3.2c shows that cells were on exponential phase at that time.

This can be explained by cells that are already preactivated and are capable of degrading
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the substrates faster than cells on lag and stationary state. The OUR at that intermediate
stage was higher, which strengthen this reasoning of increased microbial activity (Silva et
al., 2007). However, after the highest degradation rates were observed during the
intermediate stage, both the degradation rate and OUR decreased due to the higher cellular
densities, and thus, resulted in lower salicylic acid degradation (Bechor et al., 2002; Hasan,
Alfredo, DeBarbadillo, et al., 2019). The production of toxic intermediates from the
salicylic acid biodegradation are possible where higher cell concentrations could degrade
more salicylic acid, producing higher quantities of the possible toxic intermediate that
could inhibit degradation of the remaining substrate concentration. Moreover, previous
studies found that during biodegradation of salicylic acid, Catechol is formed as an
intermediate which further cleaves via the meta-pathway (by cathecol-2,3-dioxygenase) or
the ortho-pathway (by cathecol-1,2,-dioxygenase) (Filonov et al., 2000). However, the
remaining expected intermediates are completely converted into CO2 and H20 (Garza-
Campos et al., 2016). In this study, Biodegradation of salicylic acid was relatively fast (26-
66 h for 100% removal from 100 mg/L) indicating that potentially formed intermediates

had little effect on overall biodegradation.
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Table 3.7 Kinetic coefficients obtained from biodegradation of salicylic acid,
acetaminophen, and ibuprofen

Compounds pKa LogKow Ks Kbio
mg/L mg/L/h
Summer 5.25 3.57
Salicylic Acid 2,97 206  EarlyFall 6.38 1.99
Late Fall 8.85 1.66
Winter 8.99 1.54
Summer 0.97 0.051
Acetaminophen 9.38 0.46 Early Fall 0.95 0.041
Late Fall 0.52 0.036
Winter 0.37 0.031
Summer 0.46 0.022
Ibuprofen 5.3 3.97 Early Fall 0.23 0.02
Late Fall 0.24 0.017
Winter 0.17 0.015
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Figure 3.2 a) Concentration profile of salicylic acid with corresponding b) oxygen uptake

rate and c) optical density during bench scale study

Figure 3.3 represents the results from the degradation of acetaminophen. From Figure 3.3a,
it is clear that, unlike salicylic acid, acetaminophen degradation showed a slower
degradation rate requiring 225 h for 85-92% acetaminophen removal. The slower
degradation is attributable to the complex structure and biodegradable nature of
acetaminophen. Acetaminophen consists of a benzene ring core substituted by one

hydroxyl group and the nitrogen atom of an amide group in the para (1,4) pattern (Bales et
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al., 1985). It is noted that, at neutral pH, acetaminophen exists entirely in neutral form (pKa
of 9.38) and possesses very low hydrophobicity (log Kow 0.46) (Lin et al., 2010). Moreover,
other studies reported that acetaminophen engaged in few hydrophobic interactions,
resulting in lower biodegradation rates (W. J. Lee et al., 2020; Lorphensri et al., 2006) with
100% biodegradation not achieved (Lam et al., 2004; Yamamoto et al., 2009). When
comparing previous studies with our results (Table 3.8), it is evident that microbial seed

harvested from a drinking water biofilter causes slower biodegradation of acetaminophen.

Table 38 Summary results from biodegradation of salicylic acid, acetaminophen, and

ibuprofen
Compounds Time Removal Comment on
h % biodegradation
Salicylic Acid 27-66 100+ 0 Fast biodegradation
Acetaminophen 225 89+3 Slow biodegradation
Ibuprofen 230 45+5 Slow biodegradation
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Figure 3.3 a) Concentration profile of acetaminophen with corresponding b) oxygen
uptake rate and c) optical density during bench scale study

Like salicylic acid, the degradation rate of acetaminophen slowed as the seasons progressed
from summer (32-33 °C) to winter (7-8 °C). The degradation rate found in summer is 0.051
mg/L/h while 0.031 mg/L/h in winter (Table 3.7). Previous research also found slower
biodegradation of acetaminophen starting from 0.013 mg/L/h to 0.325 mg/L/h (Akay &
Tezel, 2020; L. Yang et al., 2008). Regardless of the season, the OUR of the degradation

experiments gradually increased with time and, after reaching the maximum value at
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approximately 80 h, decreased over time (Figure 3.3b). Higher OUR values correspond to
higher bacterial activity, supported by Figure 3.3c which shows high bacterial growth
during that corresponding time period. During the last stage of degradation, a brown
colorization of the water inside the reactor was observed, suggesting the formation and/or
accumulation of degradation intermediates (Villota et al., 2016; Zur et al., 2018). It is
noted that, a significant drop of OD600 after 140 h was observed during acetaminophen
biodegradation (Figure 3.3c). Further analysis with the collected samples from the reactors
revealed the formation of p-aminophenol and hydroquinone. These reactions occurred with
water as a solvent and with the presence of oxygen. As acetaminophen degraded, the
concentration of p-aminophenol and hydroquinone increased, observable in Figure 3.5a,
which presents the relationship between the degradation of acetaminophen and the
resulting introduction of these two intermediates. p-aminophenol quickly disappeared as
the colored compound appeared around 200 h of the experiment; however, hydroguinone
continuously increased until 175 h of the experiment when it finally decreased gradually.
Due to the simple structure of p-aminophenol, it is logical that it degraded quickly, and
converted into another intermediate, hydroquinone. Moreover, Zhang et al., (2013) and Zur
et al.,, (2018) proposed a degradation pathway that is the initial decarboxylation of
paracetamol forming to p-aminophenol, in which amino group is later replaced by the
hydroxyl group which finally results in hydroguinone formation. Similarly, hydroquinone
was also further metabolized which was due to the oxidative ring opening resulting in loss
of chromophoric structure (Zur et al., 2018). Therefore, based on the results, the possible
biodegradation pathways could be- acetaminophen to p-aminophenol, then to

hydroquinone formation. However, given enough time, acetaminophen is biodegraded and
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removed from the system. In most described cases, it has the potential for elimination by

conversion to innocuous end products such as CO2 and H20 (Chen et al., 2010; Wu et al.,

2012).

The results from the ibuprofen biodegradation experiments are illustrated in Figure 3.4.
Figure 3.4a shows that ibuprofen degradation was much slower requiring 230 h for only
approximately 50% removal. The flat line in the end of the degradation graph means
increasing the operational time of the batch reactor did not result in significant increases in
removal. It is possible that this slower biodegradation was due to the high branched
structure and having the presence of substitutions at the para position of the aromatic ring;
therefore, ibuprofen has high biodegradation resistance (Saeid et al., 2020). Moreover,
similar to cyclic compounds less susceptible to biodegradation than the aliphatic
compounds, ibuprofen being a polycyclic aromatic compound can be less vulnerable to
biodegradation than monocyclic ones (Marchlewicz et al., 2017). Complex carbon chains
can cause interference in promoting access to bacterial enzymes which eventually affect
the biodegradation of ibuprofen (Musson et al., 2010). Figure 3.4b shows that in all the
batch experiments, the OUR during ibuprofen biodegradation increased gradually and
corresponded to unlimited heterotrophic growth of bacteria for varying periods of time, as
depicted in Figure 3.4c. As the batch experiment progressed OUR decreased suddenly due
to the declining concentration of substrates in the batch reactor. At this level, oxygen
respiration was dominated by biomass which is released by hydrolysis. The intermediate
species 2-hydroxy ibuprofen was detected during the biodegradation experiments of
ibuprofen and shown in Figure 3.5b. The concentration of 2-hydroxy ibuprofen was

inversely related to the concentration of ibuprofen in the reactor, demonstrating 2-hydroxy
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ibuprofen is an important intermediate. It is noted that the derivatives of ibuprofen are
characterized by higher toxicity than the parent compound which can possibly affect
further biodegradation of ibuprofen (Murdoch & Hay, 2015; Quintana et al., 2005; Zwiener
et al., 2002). Along with 2-hydroxy ibuprofen, previous research found other derivatives
such as carboxy-ibuprofen, and carboxy hydratropic acid (Ferrando-Climent et al., 2012;
Zwiener et al., 2002), iso-butylcatechol, 5-formyl-2-hydroxy-7-methylocta-2,4-dienoic
acid, and 2- hydroxy-5-isobutylhexa-2,4-dienedioic acid (Murdoch & Hay, 2005). Most of
these are suggested as toxic intermediates (Parolini et al., 2011). Kayani et al., (2009)
observed that these intermediates inhibit bacterial cell division which subsequently slow
the biodegradation. However, none of these could be detected in our biodegradation
studies as microbial concentrations were still stable and not in declining stage even after
140 h (Figure 3.4c). It may indicate either a different degradation pathway producing 2-
hydroxy ibuprofen, or that some of those intermediates might be produced after 230 h of
biodegradation, or that a complete mineralization to CO2 and H2O can happen without the
accumulation of any other intermediates except 2-hydroxy ibuprofen (Langenhoff et al.,

2013).

46



Ibuprofen (mg/L)

a)

—=— Summer
—e— Early Fall
—a— Late Fall
—v— Winter

—
0 20 40
4.0

r~ 117171771 17T 71T
60 80 100 120 140 160 180 200 220 240
Time (h)

3.5-
3.0
2.5
2.0
1.5
1.0
0.5
0.0-

—=— Summer

—e— Early Fall
—— Late Fall

—v— Winter

Oxygen Uptake Rate (mg/L/h)

(=)
~

————
0 20 40
0.35

60 80 100 120 140 160 180 200 220 240
Time (h)

; 030
0.25-
0.20-
0.15

—— Winter

Optical Density, OD,
o
i
o
|

—=— Summer
—e— Early Fall
—— Late Fall

—
c) 0 20 40

Figure 3.4 a) Concentration profile of ibuprofen with corresponding b) oxygen uptake

rate and c) optical

Previous research found that salicylic acid has a negative impact on the initial acclimation
of bacterial species, but not on its final bacterial activity and assimilation rate (Combarros
etal., 2016). In this study, bacteria from the backwash water were acclimatized by salicylic
acid for 1 h prior to start the salicylic acid biodegradation which could overcome the initial
negative impact on bacterial acclimation. However, high concentrations of ibuprofen and
acetaminophen have the ability to inhibit bacteria growth by causing potential antibacterial

effect on isolated strains of bacteria (Hussein & AL-Janabi, 2010). Studies found that

r~ 117171771 17T 71T
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Time (h)

density during bench scale study
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ibuprofen exhibited inhibitory effects on bacterial growth at higher concentrations
(Mandell & Coleman, 2002; V. G. Nielsen & Webster, 1987). Similarly, significant
inhibition was seen at 20-25 mg/L of acetaminophen, but not at lower or higher
concentrations (Hasan et al., 2019a; Hasan et al., 2019b; Mandell & Coleman, 2002).
Therefore, based on previous research, initial concentration of 10 mg/L for both
acetaminophen and ibuprofen were unlikely to cause inhibitory effects on overall

biodegradation.
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Figure 3.5 Formation of biodegradation intermediates of a) acetaminophen and b)
ibuprofen

Bacterial diversity might cause changes to bacterial activity and hence vary the
biodegradation rates of the substances. Kelly et al., (2014) found that the abundance of
bacteria during the summer months was higher than that observed during the winter
months, similar to the higher COD and TSS in the summer backwash samples as compared
to the winter (Table 3). The backwash water temperature in our samples ranged from 8.1
°Cto 32.4 °C from winter (ambient temperature of 7-8 °C) to summer (ambient temperature
of 32-33 °C), respectively. Hou et al., (2018) observed that seasonal variations in bacterial
community are complex, indicating that seasonality is a driver of bacterial community

structure changes in water samples. However, Chen et al., (2017) observed no clear
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difference in the seasonal microbial abundance and diversity in collected drinking water
samples. According to Y. Chen et al., (2017), the bacterial communities present throughout
all seasons included Proteobacteria Bacteroidetes Nitrospirag Acidobacteria and
VerrucomicrobiaMoreover, relative abundance study of bacterial phyla at various seasons
throughout the year found Proteobacteriaas the dominant phylum suggesting the
biodegradation is always possible and the results can be reproducible with the biofilter
backwash water (Pinto et al., 2012). Studies done by Li et al., (2017) found that the
bacterial community structures at a specific season were relatively stable, unless there are
great variations of source water quality. However, future research might include
phylogenetic analyses of bacteria in backwash water to better determine the role of specific

bacteria on biodegradation during different seasons.

3.3.3ATP and EPS during Biodegradation

ATP transports chemical energy within cells for metabolism and act as an energy source
of biological reactions, motility and cell division. EPS production is closely linked to the
ability to form biofilms. Therefore, considering the importance of microbial activity on
biodegradation process, ATP and EPS were investigated. As shown in Figure 3.6, ATP
during salicylic acid biodegradation increased early and reached a maximum (1357
pg ATP/mL) after 20 h followed by a sharp decrease. Like salicylic acid, both
acetaminophen and ibuprofen showed ATP increasing from the beginning but at a slower
rate; however, towards the end of the experiments, ATP showed a slower decrease for both

acetaminophen and ibuprofen.
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ATP is a microbial activity indicator along with substrate degradation and other essential
physiological process (Cui et al., 2018; Maksimova & Demakov, 2014; Matsumura et al.,
2011). The increase of ATP during biodegradation of all three substrates can be explained
by these phenomena where bacterial growth was increasing along with the activity.
However, due to the steady or decreasing trend of microbial concentrations (Figure 3.2-c,
3.3-c, 3.4-c) at the later portion of the batch experiment, the microbial activity decreased,

hence, ATP also decreased.

As major components of biofilm, EPS acts as a glue, aiding the adhesion of cell surface
and increases bacterial protection against adverse environment. Flemming et al. (2016)
showed that nutrients and other molecules can be trapped by sorption to EPS molecules

which also enhances the ability of the biofilm to survive desiccation. Saravanan et al.
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(2008) showed a positive correlation between biofilm formation and EPS production. The
same study also showed that thick biofilms produced maximum amount of EPS. As integral
parts of EPS, protein and polysaccharides also contribute to the formation of biofilms.
Protein serves as a carbon and energy source for the biofilm (Czaczyk & Myszka, 2007;
Marvasi et al., 2010) and polysaccharides are responsible for both adhesion and cohesion
interactions. EPS also acts as a surface active agent, increasing access to specific enzymes,
thereby affecting biodegradation (Pacwa-Ptociniczak et al., 2011). Normalizing the results
by OD 600, Figure 3.7a illustrates two distinctive phases during salicylic acid degradation.
In the first phase, EPS, protein, and polysaccharides all increased over time. Later, in the
second phase, they rapidly decreased. Figure 3.7b represents the results from
acetaminophen which shows similar trend like salicylic acid. EPS in this case increased
from 139 mg COD/L-OD to 362 mg COD/L-OD in 100 h and then decreased to 126 mg/L-
OD at the end of the experiment. Protein and polysaccharide followed the similar trend.
The increasing trend during ibuprofen biodegradation (Figure 3.7c) lasted much longer,

however, by the end, EPS, protein, polysaccharide all decreased.
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During biodegradation of all three substrates, EPS material, protein, and polysaccharides
are trapped inside the bacterial cells (Zhang & Bishop, 2003). Then as the time passed,
those concentrations increased which indicate that the microorganisms produced EPS
contents while biodegrading the substrates during metabolism, and as major components
of EPS, both protein and polysaccharides also increased (Liu et al., 2021; Sheng et al.,
2010; Siddharth et al., 2021). At the intermediate stage of biodegradation, microorganisms
grew and became stressed due to a lack of nutrients/substrates as food. In that stressed
situation they secret more EPS (Lauderdale et al., 2012). Later, the bacteria utilized the
newly produced EPS that are excreted by the other bacteria for metabolic activity and

hence, the EPS, protein and polysaccharide gradually decreased (Zhang & Bishop, 2003).
3.3.4Relationship among ATP, OUR, EPS, Protein and Polysaccharide

Apart from the biodegradation behavior, correlations were established on the experimental
data and are shown in Figure 3.8. Fitting a linear regression to the data, the coefficients of
determination were calculated for all the relationships. Studies find that ATP was
correlated with OUR with R? = 0.897, 0.886 and 0.923 for salicylic acid, acetaminophen,
and ibuprofen, respectively (Figure 3.8a). It is noted that, ATP is considered the indicator
for microbial activity and OUR also increases with the increase of the activity, further
supported by a strong correlation between these two parameters. Generally, measuring
OUR requires continuous monitoring to prevent error due to bubble formations on the
probe; however, ATP was rapid, cost-effective, and easy for both water and biofilm
samples. Therefore, this relation suggests that ATP as an OUR surrogate is more

convenient to monitor and is a promising operational parameter.
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Results show that ATP also had strong correlations with EPS, protein, and polysaccharide
production (Figure 3.8b-d). In all cases, the R? value was greater than 0.85. Previous studies
by Jiang & Liu (2010) found similar positive correlation of ATP with the protein content.
ATP provides energy directly for EPS synthesis and secretion, therefore, less ATP in the
system causes less amount of EPS (Al-Kharusi et al., 2016; Tan et al., 2014). ATP can be
used as an indicator of cell lysis since the ATP molecules can leak through as the membrane
becomes permeable (Azeredo et al., 2003). As described in previous studies, ATP provides
energy for EPS synthesis and secretion processes and is the main matrix for microbial
enrichment (Shi et al., 2017). When ATP production is disrupted, EPS decreases sharply
(Jiang & Liu, 2010). More importantly, lots of enzymes related to pollutant degradation
are also dependent on ATP; thereby resulting in a positive correlation with EPS, protein,

and polysaccharide concentrations.

The correlation of ATP with OUR, and EPS, protein, and polysaccharide production can
help for process modelling validation and calibration. Moreover, these parameters are
related to operational conditions such as empty bed contact time, flow rate, backwashing,
and temperature (Liu et al., 2017; Urfer et al., 1997). Previous studies demonstrated the
possibility of using ATP concentrations as a surrogate to measure active biomass formation
in a biofilter (Nemani et al., 2016; Pharand et al., 2014; Siembida-Ldsch et al., 2015); this
highlights the need for a measurement of ATP that can reflect biofilter performance in
terms of metabolic activity. Moreover, Lauderdale et al. (2012) observed that increased
pollutant removal is positively related to increased ATP. The same author also observed
that decreases in EPS most likely resulted in decreases in biofilter head loss, ultimately

increasing pollutant removal efficiency. This is further supported by the findings of Li et
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al. (2016) whom demonstrated increased EPS, protein, and polysaccharide contents
corresponded to decreased empty bed contact times. Therefore, the correlations among
ATP, OUR, and EPS, protein, and polysaccharide production in our study provide
comprehensive insights into operational conditions, necessary for the full-scale operators

to optimize biofiltration at their utilities.

The results from this study support our hypothesis that it is possible to develop a new type
of “enhanced” biofiltration in the pilot scale and full-scale drinking water treatment. Each
of the target pollutant shows varying rate of biodegradation which reveals the possibility
of promoting both fast and slow biodegradation simultaneously on dual media biofilter
where fast biodegradation of a particular contaminant happens on one filter media (like
granular activated carbon) and slow biodegradation on another filter media like Ceramic
(expanded clay). Therefore, in practical cases, dual media biofiltration columns can more
effectively manage pollutant removal through the promoted growth of microorganisms
with vastly different substrate (carbon-based) consumption. Moreover, considering
biodegradation-based treatment technology as less expensive and less energy intensive, the
knowledge from this study can also be helpful for the developing countries where wide

varieties of pollutants can be removed in an economical way.

3.4 Conclusions

These batch reactor biodegradation experiments provide fundamental information on the
general potential for the degradation of pharmaceutical compounds (acetaminophen and
ibuprofen) and a surrogate LMW organic acid (salicylic acid) under different
environmental conditions by using bacteria source that are usually present in the full-scale

biofilter. The results show biodegradation occurring for all three compounds with different
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degradation rates, with the LMW organic degrading the fastest as expected. The difference
in degradation rates highlight the potential competition that will exist within a single
biofiltration system, potentially leading to even less pharmaceutical degradation unless
conventional biofilters are redesigned to account for the degradation kinetics demonstrated
in this research. Moreover, EPS production and changes in ATP during biodegradation
provides the necessary information for future biofiltration treatment systems approaches

that attempt to control biofilm growth for better pollutant removal.
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Chapter 4- Significance of HalfSaturation Coefficient and Biofilm Thickness on the

Removal d Slow and Readily Biodegrading Micropollutants

4.1 Introduction

Global climate change and the worsening drought in many parts of the world are increasing
the reliance on water reuse. However, the presence of micropollutants in the watershed and
recycled water is raising concerns about existing practices and impeding new water
recycling projects. As effluent regulations are becoming more stringent and the full-scale
water reuse plant deal with the micropollutants with low substrate concentrations, there is
a growing interest in understanding the values of half-saturation constants (Ks) for different
micropollutants. It is noted that Ks is defined by the Monod equation, which is widely
accepted as a simple and accurate representation of microbial growth and substrate removal
kinetics (Okpokwasili & Nweke, 2006). Ks is the substrate concentration at which the
growth rate corresponds to half the maximum specific growth rate. The influence of
micropollutants concentration on specific growth rates from non-substrate limiting
conditions (maximum growth rate) to zero growth (when the substrate concentration is
zero) can be described by the Monod’s equation using only two parameters: the maximum
specific growth rate, pmax, and Ks. At low substrate concentration, growth kinetics become
substrate-limited, and Ks is the main parameter influencing the growth rate. As the
micropollutants are present at low substrate concentrations in water, the role of Ksin

removing those micropollutants is critical.

In the low substrate concentration, diffusion limitation arises readily in biofilm systems,
limiting biofilm’s effectiveness (Stewart, 2003). However, the diffusion limitation

becomes more severe with the growing thickness of biofilms resulting in higher residual
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micropollutants in the effluent (Torresi et al., 2016, 2017). Therefore, the role of biofilm
thickness in the water system plays an important role the micropollutants removal. In the
diffusion-limiting situation, the first-order reaction rate within a biofilm is much lower at
lower solute concentrations, whereas micropollutants removal in biofilms is mass transport
limited. As a result, micropollutants removal in a biofilm is primarily governed by biofilm
surface area and flux into the biofilm. In other words, for a given biofilm surface, the more
the micropollutants flux in the biofilm, the better the overall removal will be for a process
rate limited by diffusion. Moreover, for diffusion, increased micropollutant concentrations
cause biofilm density to decrease, resulting in greater diffusivity (Beyenal &

Lewandowski, 2000).

To predict the fate of micropollutants during biofilm-based treatment and model the impact
of biofilm thickness on biodegradation, kinetic parameters, including Ks, are needed. It is
noted that Ks plays a vital role in defining the concentration at which the kinetic rate will
become substrate (here micropollutants)- limited to half of the maximum rate. At substrate
concentrations lower than Ks, there is a linear dependency of the specific growth rate on
the substrate concentration, where the growth rate shows first-order kinetics. In other
words, the selection of Ks can significantly impact the overall biodegradation rate at low
substrate concentrations. Much research has been focused on the maximum growth rate in
the Monod equation, which can be measured using simple laboratory experiments by
ensuring substrate is in excess. Still, little attention has been given to the Ks. Although Ks
is usually assumed as a constant and is rarely measured, several researchers claimed that
Ks is not constant (Lobry et al., 1992) and is affected by many factors such as diffusion,

mass transfer, and biology (Arnaldos et al., 2015). Some studies determined biodegradation
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rate constants for a wide range of micropollutants (Abegglen et al., 2009; Urase & Kikuta,
2005). Further investigations were conducted through modeling to classify micropollutants
based on their biodegradability. However, those were in the wastewater systems (Abegglen
et al., 2009; Joss et al., 2006). There is a lack of research to conduct similar studies in the
drinking water treatment systems where the micropollutants concentrations are below Ks
limited by diffusion. Hence, investigating the role of Ks in describing the diffusion
limitation on micropollutants biodegradation and the impact of biofilm thickness in
drinking water and water reuse systems is an expanding field of research. Our previous
studies found the mechanistic understanding of slow and fast biodegrading
micropollutants, whereas salicylic acid was found to be biodegraded fast and
acetaminophen and ibuprofen to be biodegraded slowly (Hasan et al., 2021). These findings
led us to investigate the role of biofilm thickness and half saturation coefficient on their
biodegradation behavior in a similar biological environment.

The study also focuses on the impact of biofilm thickness on extracellular polymeric
substances (EPS) and adenosine triphosphate (ATP). Biofilms being sessile microbial
communities, maintain high biomass by fixing cells on the carrier through secreting EPS
by cells (Wen et al., 2020). EPS comprises proteins, polysaccharides, and humic substances
(Sheng et al., 2010). During extraction by centrifugation, EPS that remains in the
supernatant is known as soluble EPS, and those that form pellets are known as bound EPS
(X.-M. Liu et al., 2010). However, bound EPS is explained by a two-layer model- the inner
layer with a definite shape is tightly bound EPS (TB-EPS), whereas the outer layer is loose
and dispersible is loosely bound EPS (LB EPS). Previous studies showed the impact of

biofilm microbial activity on EPS secretion, which eventually influences micropollutant
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biodegradation (Melo et al., 2022; Zhou et al., 2022). Like EPS, biofilm ATP is another
critical parameter to characterize the biofilm. Previous studies found that ATP can
stimulate bacterial adhesion in the biofilms through increased cell lysis to protect bacteria
from adverse conditions (Xi & Wu, 2010). Although EPS and ATP are more frequently
used to explain the microbial activity, there is little information on the relationship between
biofilm EPS and ATP with biofilm thickness. Therefore, it is indispensable to understand
how biofilm EPS and ATP change with biofilm thicknesses.

In addition to the role of Ks and biofilm thickness, the microbial community can also impact
the biological activity within the biofilms. Previous studies identified bacteria capable of
biodegrading organic carbon in drinking water treatment and water reuse facilities (Chung
etal., 2008; Douterelo et al., 2013; Homme & Sharp, 2013; Pinto et al., 2012). Some studies
showed bacterial community structures that are involved in reducing micropollutants in the
water systems (Das et al., 2012; Livermore et al., 2013; Pinto et al., 2012). Although
researchers have proposed relationships between microbial activity and the biodegradation
of micropollutants, more research is needed to identify taxonomic groups associated with
micropollutants’ biodegradation in the diffusion limiting zone. Moreover, to the best of our
knowledge, there are no studies of the microbial communities in the biofilms that
biodegrade specific readily and slow biodegrading micropollutants.  Therefore,
micropollutants biodegradation as a water treatment process could potentially be advanced
by exploration of the bacterial community structure in the biofilms formed by bacteria
biodegrading readily and slow degrading micropollutants.

In this study, an in-depth analysis of the Ks concept has been carried out, focusing on the

different biofilm thicknesses that affect its observed value. By structuring the factors
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influencing Ks, light has been shed on some of the apparent inconsistencies in the literature.
Additionally, the differences among target micropollutants-salicylic acid, acetaminophen,
and ibuprofen that affect Ks have been discussed. It was found from the previous research
that salicylic acid shows a readily biodegradable nature, whereas both acetaminophen and
ibuprofen reflect slow biodegradation. Hence, the overall objective of this study was 1) to
determine Ks of readily and slow biodegradable micropollutants that can describe the
impact of diffusion limitation on the biodegradation rate, 2) to show the impact of biofilm
thickness on the overall biodegradation, and 3) to evaluate the biological characteristics of
the biofilms in terms of EPS and ATP along with the shift of microbial community due to

individual micropollutant biodegradation.

4.2 Materials and Methods

4.2.1Bacterial Source and Biofilm Culture

Backwash water from a local, full-scale drinking water treatment biofilter was collected as
the bacteria source to conduct the biodegradation studies. The collected backwash water
containing bacteria was kept inside the lab for 1 h with continuous aeration to acclimatize
the bacteria with the lab temperature. Then the backwash water with acclimatized bacteria
was placed in three 1 L glass jars (reactors) and fed with each of three substrates - salicylic
acid (in reactor 1), acetaminophen (in reactor 2), and ibuprofen (in reactor 3). The reactors
were placed on the magnetic stir plate at 25 °C at 750 rpm and spiked with selected
micropollutants on a regular basis to ensure the growth of enough biomass. The chemical
properties and the biodegradation kinetics of these three micropollutants were explained in

our previous studies (Hasan et al., 2021).
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4.2.2Batch Experimental Setup

Nine sets of batch experiments were performed at different biofilm thicknesses with the
bacteria grown in the reactors- three sets of experiments for each micropollutant. 0.2 pm
nitrocellulose filter membranes (FS MCE, 25 MM, Merck Millipore) were used to produce
and grow the biofilms on it. 30 ml of homogeneously mixed liquor from salicylic acid fed
reactor (reactor 1) was filtered through each of 8 filter membranes to form salicylic acid
degrading biofilm layers denoted as Zx. Then 120 ml (4 times more volume than the first
one) of the same slurry was filtered through each of 2 filter membranes which were denoted
as Zsx, and finally, 240 ml (8 times more volume than the first one) of the slurry was filtered
through 1 filter membrane denoted as Zgx. Hence, the total amount of biomass on each of
the three sets of filter membranes (eight Zx, two Zsx, and one Zgx) was the same. Following
the same procedure, three sets of biomass layers were formed using acetaminophen
degrading bacteria (from reactor 2), and three sets more using ibuprofen degrading bacteria
(from reactor 3). The schematic of the overall procedure is illustrated in the Appendix
(Figure Al). Biomass on the filter membranes was fed with the respective target
micropollutants to ensure the growth of biofilms. Upon the formation of biofilm layers, the
three sets of filter membranes for each micropollutant were submerged into three 50 ml
plastic vials filled with water containing each micropollutant to conduct the biodegradation
experiments. The initial concentration was 10 pg/L for salicylic acid and 1 ug/L for
acetaminophen and ibuprofen. Samples were collected from each vial across the

experiment at different time points to measure the concentration of micropollutants.
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4.2.30ptical Coherence Tomography (OCT) for Biofilm Thickness Measurement

The biofilm was grown on the surface of the 0.2 um nitrocellulose membrane and was
placed in the well plate with the transparent cover prior to the biodegradation experiment.
The biofilm thickness was then observed by the optical coherence tomography (OCT)
named a Ganymede Il (Thorlabs Inc.) Spectral Domain system. OCT is an imaging
technique that uses low-coherence light to capture 2D and 3D images from within optical
scattering media. It can provide high resolution cross-sectional images of biofilms in
situ and in real-time. In our studies, biofilms were imaged by a white light beam with a 930
nm center wavelength and refractive index of 1.33. The imaging frequency was 30 kHz
with a sensitivity of 101 dB. Thorlabs LSMO03 objective scan lens provided a maximum
scan area of 100 mm2. Images were created by the OCT software (Thorlmage OCT 4.1)
using 32-bit data and processed using Mathworks (MATLAB). OCT images were
processed using the software Imagel (https://imagej.nih.gov/ij/). Five representative
images of each sample were selected to quantify the biofilm thickness, and the average
biofilm thickness was calculated. The location on the filter membrane where the height of

biofilms was less than 5 pum was considered the absence of biofilms.

4.2.4Scanning Electron Microscopy (SEM) Analysis for Biofilm Morphology

A helpful technique to visualize biofilms is Scanning Electron Microscopy (SEM) which
is used to obtain 3D images of the surface of biofilms on surfaces. In this study, the
structures of biofilms were examined by the Field Emission Scanning Electron Microscope
(FEI Teneo LV SEM) instrument. The biofilm samples were first processed before image

analysis. To prevent charging, the samples on the membrane were coated with 2 nm Pt/Pd
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thin film. The samples were then placed on standard EM stubs coated with double-sided,
carbon black sticky tabs (Ted Pella). Multiple magnification levels ranging from 1000X to

10,000X with accelerating voltages of 2 kV were used during imaging.

4.2 5Determination of Half Saturation Coefficient

The individual micropollutant concentration data from each experiment were analyzed
using a modified version of the method suggested by Smith et al. (1998). This modification
was first proposed by Shaw et al. (2013), where local slope weighting factors were not used
to improve the significance of data at the lowest slope, ultimately reducing errors during
Ks calculation. Our hypothesis is to show diffusion limitations, and we evaluate diffusion
at the end of the reaction, that is the Ks region, where the ‘limiting’ bulk substrate
concentration drives reaction rates. Hence, this Ks shows up as a curvature under substrate-
limited conditions where diffusion limitation prevails. Ks was calculated using the two
portions of the biodegradation profile. The first portion was at a higher substrate
concentration to calculate maximum growth rate rmax; the latter portion was at a lower
substrate concentration to estimate Ks. The solver function was used to minimize the

overall sum of errors using least square analysis.

4.2.6EPS measurement

The EPS was measured for biofilms from each batch experiment. Immediately after the
target micropollutant concentration in the solution drops to zero using different biofilm
thicknesses, the biomass was scraped from the filters using a sterile spatula and suspended
in the solution. A heat extraction method by Hasan et al. (2021) and Fish et al. (2016) was

modified to extract the EPS from the reactor solution. A volume (40 mL) of the fresh
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sample was centrifuged at 4000g for 5 min. After discarding the supernatant, the pellet was
resuspended in 10 mL of heated (60 C) phosphate buffer solution (PBS). The PBS solution
consisted of 2 mM (0.328 g/L) NazPOs, 4 mM KH2PO4 (0.544 g/L), 9 mM NaCl (0.525
g/L), and 1 mM KCI (0.074 g/L). The PBS solution’s pH was adjusted to 7 and kept at 60
~C before EPS extraction for resuspension. After resuspension of the pellet in 10 mL PBS,
the sample was immediately vortexed for 1 minute and then centrifuged at 4000 g for 10
min. The supernatant was considered the loosely bound (LB) EPS. The remaining pellet
was resuspended in 10 mL of PBS solution and digested for 30 min at 60 C. After
digestion, the sample was centrifuged at 4000 g for 15 min. After this final centrifugation,
the supernatant of the sample was considered the tightly bound (TB) EPS. After LB-EPS
and TB-EPS extraction, the COD of the supernatant was measured as mg COD/L and then
corrected by dividing the sample volume over two PBS solutions ion (40 mL/10 mL =4.0).
The summation of LB-EPS and TB-EPS provided the total EPS and was calculated as
mg CODI/L. Later, the values were standardized by bacterial optical density (OD600) and

presented as mg COD/L-OD (Evans, 2013; Pérez-Ramos et al., 2017).

Proteins and polysaccharides were also measured for the same samples collected during
the biodegradation experiments. Protein was measured according to the modified Lowry
method using bovine serum albumin (BSA) as a standard (Lowry et al., 1951). Modified
Lowry Protein assay and diluted Folin (1:1 with deionized water) reagent were used during
the analysis. Soluble polysaccharides were measured as described by (Dubois et al., 1956)
using D-Glucose as a standard. Both protein and polysaccharide were also standardized

with OD600 and presented as mg/L-OD.
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4.2.7TATP Measurement

Immediately after the complete biodegradation of all targeted micropollutants, the
concentrations of ATP in biofilms were measured using the LuminUItra Quench-Gone
Agqueous (QGA) test kit (Luminultra Technologies, Ltd.). All assays were performed
according to the manufacturer’s instructions. RLU was measured using a Kikkoman C-100
LumiTester (Tokyo, Japan). Duplicate samples were run for each sample set. After this
filtration-based analysis, cellular ATP was calculated to analyze ATP from living cells only
and is reported as pg ATP/mL. A more detailed procedure is explained in the previous

studies by Hasan et al. (2021).

4.2.8Chemicals and AnalyticalMeasurement

Salicylic acid (P99%), acetaminophen (P99%), ibuprofen sodium (P98%), and methanol
were purchased in the highest available grades and used as received. Salicylic acid,
acetaminophen, and ibuprofen concentrations were analyzed by GC-MS (Shimadzu QP-
2010 SE, USA) with AOC 20i (Shimadzu, USA) auto injector. Our previous studies
described the analytical methods' details (Hasan et al., 2021). A HACH Model DR 5000
(HACH, Loveland, CO, USA) UV visible spectrophotometer was used for determining
bacterial optical density at 600 nm. The COD was also measured and analyzed using
HACH test kits and a HACH DR 5000 spectrophotometer. pH was measured using Fisher
Scientific (USA) Accumet XL600 benchtop pH/Conductivity Meter with the Accumet pH

and EC electrode.
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4.2.9DNA Analysis Method

16S + 18S Sequencing

The 16S rRNA gene is PCR-amplified and sequenced to identify bacteria and quantify the
percent relative abundance of each identified bacteria. The 16s rRNA genes are PCR-
amplified using the 515F/806R primers. PCR is completed using the HotStarTaq Plus
Master Mix Kit (Qiagen, USA) under the following conditions: 95°C for 5 minutes,
followed by 30-35 cycles of 95°C for 30 seconds, 53°C for 40 seconds, and 72°C for 1
minute, after which a final elongation step at 72°C for 10 minutes is completed. The
amplified DNA from each sample is loaded onto a 2% agarose gel to verify the
presence/absence and determine the relative strength of DNA amplification. Samples are
pooled in equal proportions based on their molecular weight and DNA concentrations.
Pooled samples are purified using calibrated SPRI beads, and then the pooled and purified

DNA is used to prepare an lllumina DNA library.

Sequencing is performed on the Illumina NovaSeq sequencing platform following the
manufacturer’s guidelines. Sequence data is processed using a proprietary analysis
pipeline, where sequences <150bp are removed, and sequences with ambiguous base calls
are removed. Sequences are filtered using a maximum expected error threshold of 1.0 and
dereplicated. The dereplicated or unique sequences are denoised; unique sequences with
sequencing and/or PCR point errors are identified and removed, followed by chimera
removal; thereby providing a denoised sequence or zOTU. Final zOTUs are taxonomically
classified using BLASTn against a curated database derived from NCBI

(www.ncbi.nlm.nih.gov).
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Quantitation

Real-time PCR (gPCR) was used to detect and quantify copies of the targeted gene per
sample. The Bac2F/Bac2R and universal SSUF/SSUR primer-pairs are used to target
prokaryotic (bacteria and archaea) and eukaryotic microorganisms (fungi, algae, amoeba,
etc.), respectively. gPCR of prokaryotic organisms is completed using the Tagman
Universal PCR Master Mix (Applied Biosystems) with 1 ul of template DNA as input onto
the StepOne Plus Real-Time PCR System (Applied Biosystems). DNA from E. coli is used
as a standard. qPCR of eukaryotic organisms is completed using the PowerUpTM SYBR®
Green Master Mix (Applied Biosystems) with 1 ul of template DNA as input onto the
StepOne Plus Real-Time PCR System (Applied Biosystems). DNA from Saccharomyces
cerevisiae is used as a standard. The estimated quantity of gene copies per sample volume
for each identified prokaryote group is estimated by multiplying the quantity of prokaryotes
by the percentage relative abundance of each identified prokaryote group. The respective
quantity of gene copies per sample volume for each identified eukaryote group is estimated
by multiplying the quantity of eukaryotes by the percentage relative abundance of each

identified eukaryote group.

4 .3Results and Discussion

4.3.10ptical Coherence Tomography Images and Surface Morphology of Biofilms

Membrane biofilms are self-assembled structures, while biofilm layers mainly result from
biomass accumulation on the membrane surface. In our study, different amount (X, 4X,
and 8X) of biomass has been filtered on the filter membrane allowing biofilms to grow at
different thicknesses. OCT observation was used to monitor the biofilm thickness change

on those filter membranes. During filtration of suspended biomass, an increase in hydraulic
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resistance happens due to the micro-scale reorganization of biomass (McCarthy et al.,
1999). Overall, a rough, heterogeneous biofilm layer with different heights was visualized
on the membrane surface. It is noted that different heights of the biofilm layer represent
different thicknesses, which are highlighted in yellow in Figure 4.1. Based on OCT
analyses, the average thickness of biofilms for Zx, Zax, and Zsx formed by salicylic acid
degrading bacteria was 23.1 = 8.3, 87.0 £ 14.1, and 154.8 £ 22.1 um, respectively (Figure
4.1a, b, ¢, OCT). For acetaminophen degrading biofilms, the average thickness for Zx, Zx,
and Zgx was 19.2 £ 5.1, 71.1 £ 9.8, and 158.9 £ 26.2 um, respectively (Figure 4.1d, e, f,
OCT), whereas, for ibuprofen degrading biofilms, the thickness was 29.6 + 4.7, 69.1 +
25.8, and 187.9 + 53.1 um, respectively (Figure 4.1g, h, i, OCT). The biofilm layer
appeared rough in our study, and no significant local detachments happened during the
experiments. Moreover, less biofilm thickness is linked to a decrease in roughness. It
results in forming a homogeneous biofilm (Tang et al., 2021) which can be visualized in
Figure 4.1a, d, f (OCT). However, thick biofilms are characterized by reduced pore volume
due to more biomass compaction than thinner biofilms, which eventually increases biofilm

stiffness (Laspidou et al. 2014).

The corresponding scanning electron microscopy (SEM) morphological views of the
biofilms at different thicknesses are shown side by side in Figure 4.1. SEM images revealed
extensive microbial colonization, and this observation was consistent throughout
micropollutant degrading biofilms. As expected, biofilms Zx (Figure 4.1 a,d,g SEM)
contained fewer cells than Zsx (Figure 4.1 b,e,h SEM) and Zsx (Figure 4.1 c,f,i SEM),
whereas Zgx contained the densest biomass. This finding support previous studies that

biofilm density increases with biofilm thickness (Emanuelsson & Livingston, 2004). It is

70



noteworthy that biofilm layers from three different micropollutant degradation showed
different structural morphologies. Specifically, salicylic acid degrading biofilms showed
curled-like filamentous shapes intertwining with each other, whereas filamentous along
with circular shape structure was observed in acetaminophen and ibuprofen degrading
biofilms. Although the latter two micropollutant degrading biofilms exhibited similar
shapes, the distribution is different, with acetaminophen degrading biofilms containing
more circular shapes than the ibuprofen ones. Moreover, Zsx biofilms for ibuprofen are
denser than Zgx for salicylic acid and acetaminophen. The SEM images indicated that three
different micropollutants degrading biofilm exhibited significantly different surface
morphologies. The surface morphology of biofilms found in this study is similar to biofilms
on drinking water membranes reported by other researchers (X. Cheng et al., 2019; W. Yu
et al., 2019). The specific microbial community in those biofilms will be explained later in

this article.
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Figure 4.1 Visual representation of the thickness of the biofilm layer at the end of the experiment based on the OCT and SEM
observations for (a-c) salicylic acid (SA), (d-f) acetaminophen (ACT), and (g-i) ibuprofen (IB) degrading biofilms. Scale bars in OCT
and SEM images are 200 and 20 um, respectively.



4.3.2Micropollutants Biodegradation Results with Different Biofilm Thickness

Different biodegradation rates were observed for the micropollutants studied in the total 44
h batch experiments, with salicylic acid biodegrading at a faster rate, whereas
acetaminophen and ibuprofen at a slower pace (Figure 4.2). No loss of micropollutants was
observed in the controls with no biofilm. One order higher concentration of salicylic acid
than acetaminophen and ibuprofen is due to the faster biodegradation of salicylic acid,
which was shown in the previous literature by Hasan et al. (2021). The relative
biodegradability of these three micropollutants is also consistent with the earlier studies by
Hasan et al. (2021). Figure 4.2a shows that the thinnest (Zx =19.2 + 5.1 pum) biofilms
achieved 100% salicylic acid removal from 10 pg/L in 8 hours, whereas the thickest (Zsx)
one required 13.25 hours. Like salicylic acid, acetaminophen and ibuprofen were
biodegraded faster by the thinnest (Zx) biofilms than the thickest (Zsx) one. For
acetaminophen, complete biodegradation required 14 hours and 9 hours by the thickest and
thinnest biofilms, respectively (Figure 4.2b). Moreover, the thickest and thinnest biofilms
completely degraded ibuprofen at 17.25 hours and 10.75 hours, respectively (Figure 4.2c).
It is noted that, in this study with all three micropollutants, the differences in removal rates
were more prominent at the end of the reaction period, strengthening the hypothesis that
the substrate removal was diffusion-limited and not biomass limited. Hence, the limiting
bulk substrate concentration drives the reaction rates and causes thin biofilms to biodegrade
the micropollutants faster. In other words, with substrate concentration closer to the half-
saturation coefficient, diffusion limitation has more influence on reaction kinetics, and the
overall kinetics is more like the half-saturation kinetics. Therefore, the predicted kinetic

behavior changes with increasing biofilm thickness which can be explained by diffusion
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limitation. For diffusion, biofilm density decreases with the increase of substrate
concentrations resulting in greater diffusivity (Beyenal & Lewandowski, 2000). Moreover,
recent studies found that biofilms with less thickness might contain more active biomass
(Hermansson et al., 2022). In contrast, thicker biofilms are most likely diffusion-limiting
and stratified, where substrates diffusing into biofilms are utilized by the outer layers of
biofilms (Greenman et al., 2021). This results in starvation for the inner biofilms due to
less substrate availability, making them inactive. Therefore, thin biofilms with more active

biomass show faster biodegradation.

A biomass-limited region and a diffusion-limited region — are the two regions where the
contaminants in water biodegrade. In the diffusion-limited region, micropollutant
concentration increases with increasing biofilm thickness. Martin et al. (2013) showed that
to maintain high pollutant removal, biofilms need to be thick enough to avoid biomass
limitation and thin enough to prevent excessive mass transfer. Moreover, Sperling (2007)
found that there can be diffusion limitations of the substrate into biofilms for thicker
biofilms. In addition, the internal biofilm layers have substrate deficiencies for thicker
biofilms which eventually reduce the biological activity. At some point, the biomass can
be dislodged from the attached medium. According to Rittmann & McCarty (2001), thick
biofilms are dominated by inert biomass, whereas thin biofilms contain more active
biomass, which strengthens our results showing faster biodegradation by thin biofilms. All
these studies support our experimental results that thin biofilms cause more rapid
biodegradation than thick one. Moreover, these results strengthen our hypothesis that

micropollutants may need very thin biofilms since they are not too limited by biomass.
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Figure 4.2 Biodegradation of a) salicylic acid, b) acetaminophen, and c) ibuprofen by
different biofilm thickness (Zx < Zx < Zsx)

4.3.3Half-Saturation Coefficients for Micropollutants Biodegradation at Different

Biofilm Thickness

Figure 4.3 shows the model data fit for biodegradation of the target micropollutants-

salicylic acid, acetaminophen, and ibuprofen using three different biofilm thicknesses. The

data were best fitted with the model proposed by Smith et al. (1998) and modified by Shaw

et al. (2013). For salicylic acid, Ks values using Zx, Zax, and Zgx biofilm thickness were

2.16 pg/L, 4.12 pg/L, and 6.68 pg/L, respectively. Similar trends are found for

acetaminophen and ibuprofen biodegradation as well. This relationship is shown in Figure

4.4, where the Ks value increases with the increase of biofilm thickness for all three
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micropollutants. This strengthens our hypothesis that the Ks can be lowered by making the
biofilm thinner. This can be achieved by increasing a biofilm’s surface area to grow,
allowing the biomass to spread over a larger surface area. In this experiment, the amount
of total biomass is identical in all biofilms, whether thick or thin. In contrast, the surface
area is larger (more filter membrane area) for thin biofilms than the thick ones.

Based on the results, we suggest that readily biodegradable micropollutants may need very
thin biofilms since they are not too limited by biomass. Moreover, a thin biofilm can be
included to remove constituents that may be present at low concentrations and overcome
diffusion limitations. Such thin biofilms may need to be more actively managed. In
contrast, diffusion can become a significant limitation when operating at thicker biofilms
than optimal. Based on Fick's law of diffusion, when biofilm has enough area or volume
to overcome biomass limitation, overall degradation rates can decrease rapidly with biofilm
thickness. The result also suggests that slow-degrading micropollutants are more likely to
be biomass limited and will need a longer time. The first-order growth rates can be lower
depending on the position of the organisms in a substrate-limited biofilm. Minimum time
requirements correspond to these maximum growth rates and are typically a reciprocal of
these rates. For unregulated or self-regulated biofilm, the biofilm thickness can depend on
the biofilm's mass needed to maintain a minimum bulk effluent constituent concentration,
which can be approximately Ks. As the constituent concentration goes lower than Ks, the
rates decrease to the extent that the size of the reactor that is needed becomes unreasonably
large. Thus, the point of minimum diffusion limitation is approximately the Ks for self-

regulated biofilms.
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Figure 4.3 Model fit using biodegradation results separately to calculate half saturation
coefficient
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4.3.4Effect of Biofilm Thickness on Biofilm Biology

After the targeted micropollutants concentration becomes zero in the reactor, the biofilms
in the filter membrane from that reactor were collected immediately to extract EPS
following the methodology mentioned earlier. Figure 4.5 illustrates the variation of EPS
fractions in the biofilms at different thicknesses in terms of soluble, loosely bound (LB),
and tightly bound (TB) EPS. As shown in Figure 4.5, the values of TB EPS in terms of
COD, protein, and polysaccharide in the thick biofilm were much higher than those of the
thin biofilm. These results are similar to all the target micropollutants- salicylic acid,
acetaminophen, and ibuprofen degrading biofilms. Specifically, for salicylic acid
degrading biofilms, total (including soluble, LB and TB) EPS COD, protein, and
polysaccharides for the thickest biofilm (Zgx) is 58.9 mg/L-OD, 29.6 mg/L-OD, and 12.8

mg/L-OD, respectively, which are 56.2, 1.12 and 64.1 times more than those for the
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thinnest biofilm (Zx). The results for acetaminophen and ibuprofen show a similar pattern;
however, the EPS contents are higher than those for salicylic acid. The soluble portion of
EPS is significantly lower in all experiments and does not show any difference at different
biofilm thicknesses. However, unlike EPS protein, less EPS COD is observed at all three
biofilm thicknesses. Moreover, soluble polysaccharides are observed in only salicylic acid
degrading biofilms. Previous studies by Hasan et al. (2021) and Lauderdale et al. (2012)
found that bacteria secret more EPS in stressed conditions due to a lack of substrates as
food. In this study, comparatively less EPS production has been observed during salicylic
acid biodegradation at different biofilm thicknesses (Figure 4.5a) compared to those during
acetaminophen (Figure 4.5b) and ibuprofen (Figure 4.5c) biodegradation. It is noted that
the initial salicylic acid concentration was 10 pg/L which is 10 times higher than the
concentration of acetaminophen and ibuprofen (1 upg/L). This higher concentration of
salicylic acid might cause less stress for bacteria, producing less EPS.

The contents of LB EPS and TB EPS are significantly influenced by biofilm thickness. The
higher contents of LB-EPS and TB-EPS in thick biofilms than those in thin biofilms imply
that the microbial cell in thick biofilms could produce more EPS than that in thin biofilm
systems. Moreover, there is a link between the EPS concentration and the biofilm
density. The greater the biofilm density, the higher the secretion of EPS by the organism
(Ahimou et al., 2007). In this study, the thin and thick biofilm have the same biomass, but
the thick biofilm has less surface area, making the biofilm denser. In addition, previous
studies found that formed biofilm could regulate EPS, the main part of cells and biofilm
matrix, to alter substrate balance and surface characters (Wen et al., 2020). It is noted that

all the biofilms with varying thicknesses had the same concentration of micropollutants
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available in the system. This caused the thick biofilms to be more stressed, which
ultimately caused more EPS secretion- both TB EPS and LB EPS.

The existing literature on biofilm thickness and EPS can not specify a clear relationship
between them. Some studies focused on EPS distribution by biofilm growth and structure
(X.-M. Liu et al., 2010; S. Wang et al., 2020). However, no studies show the relationship
between biofilm thickness and EPS production. Although Suarez et al. (2019) found that
EPS influences microbial community structure, information on the role of EPS in biofilm
thickness is limited. Our results show that the EPS concentration profile, in terms of COD,
protein, and polysaccharide, is related to the biofilm thickness in the water reuse system,
which is further advancement from previous studies that found that EPS affected biofilm
cohesion (Allison et al., 1998; Tijhuis et al., 1995). Among the three main components, TB
EPS appeared to be strongly influenced by the biofilm thickness, whereas LB EPS was less
affected. The values of soluble EPS protein and polysaccharide portion in all experiments
were negligible enough to show any changes. However, the soluble EPS in terms of COD
had less values, and still, no well-defined changes were demonstrated in different
thicknesses. This is the first report on the soluble, LB, and TB EPS concentration profiles
with varying biofilm thicknesses. Our results suggest that biofilm thickness plays a vital

role in the bound portion of the EPS content of a biofilm.
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4 .3.5Biofilm ATP correlated with biofilm thickness

Figure 4.6 shows that the thickness of biofilms impacted biofilm ATP values during
individual biodegradation of all three micropollutants investigated. The average ATP
concentration at salicylic acid degrading biofilms was 98+3, 11316, and 12446 pg/mL for
biofilms with Zx, Zx, and Zgx thickness, respectively. For acetaminophen degrading
biofilms, ATP was 736, 8317, and 98+3 pg/mL for biofilms with Zx, Zax, and Zsx
thickness, respectively. Similar ATP values have been reported for ibuprofen degrading

biofilms. In all cases, a higher ATP concentration has been observed at lower biofilm
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thickness. Moreover, salicylic acid degrading biofilm shows higher ATP values than
acetaminophen and ibuprofen.

ATP is an accurate and reliable method of measuring active biomass concentration along
with substrate degradation and other essential physiological processes (Cui et al., 2018;
Maksimova & Demakov, 2014). Salgar-Chaparro et al. (2020) found that the ATP content
of biofilms depends on bacterial activity, whereas actively growing cells have a higher
ATP content than stressed and inactive cells. Hence, the low ATP value in the thick biofilm
is due to the inactive biomass in the inner layer of the film, which typically contains far
less ATP than aerobic organisms in the outer layer. Comparatively higher ATP values in
salicylic acid degrading biofilms are due to the fast degradation of salicylic acid. The past
study by Hasan et al. (2021) investigated the biodegradation nature of salicylic acid,
acetaminophen, and ibuprofen, where salicylic acid was found to biodegrade faster
compared to acetaminophen and ibuprofen. The same study also found the correlation
between ATP and biodegradation rates. This explains the higher ATP content in salicylic

acid degrading biofilms in this study.
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4.3.6Microbial Diversity and Composition Across Biofilms

The 16S rRNA gene was PCR amplified and sequenced to identify bacteria and quantify
the percent relative abundance of each identified bacteria to understand how specific
micropollutants shaped the microbial community during the batch experiments.
Immediately after the targeted micropollutants concentration drops to zero, Zax biofilm
from each micropollutant was analyzed for microbial diversity, quantity, and composition.
The 16S rRNA gene sequencing showed that most microbial community changes occurred
in targeted micropollutant degrading biofilm. The microbial communities in the biofilms
from the batch experiments were quite diverse. The biofilm was characterized by a sharp
increase in species diversity (Shannon diversity index) compared to the source backwash

water (Figure 4.7a). Regarding observed taxonomic units (OTUs), 47 OTUs were observed

83




in the backwash water. In the salicylic acid, acetaminophen, and ibuprofen degrading
biofilms, observed OTUs were 144, 135, and 137, respectively (Figure 4.7b). The higher
unique OTUs in biofilms compared to the backwash water explain the higher diversity.
Despite the different micropollutants, the total OTUs in the three different biofilms were
similar, demonstrating that the community was similar in different biofilms. Hence, it can
be concluded that the microbial community difference caused by attached media is more

than that caused by various micropollutants.
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The major bacterial taxa present in the backwash water samples and different
micropollutants degrading biofilms are shown in Figure 4.8. 100% of all OTUs were
identified at the phylum, class, order, family, and genus levels which are shown in detail
in the Appendix (Table Al). Figure 4.8a shows that the bacterial communities in backwash
water were absolutely dominated by Firmicutes, comprising 98.9% of OTUs and only 0.9%
of Proteobacteria. It is noted that the bacterial community composition in full-scale biofilter
effluent and backwash water samples varied at different sampling seasons. Li et al. (2017)

found that the predominant phyla in the drinking water biofiltration plant are
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Proteobacteria, Actinobacteria, and Firmicutes, depending on seasonal changes. In our
studies, the abundance of Firmicutes dramatically decreased in experimental biofilms,
resulting in the absolute predominance of Proteobacteria, which accounts for 88.1%,
96.1%, and 65.2% in salicylic acid, acetaminophen, and ibuprofen degrading biofilms,
respectively. The next most abundant phylum was Bacteroidetes (4.6% in salicylic acid,
1.5% in acetaminophen, and 30.6% in ibuprofen degrading biofilms). These results are
consistent with the phyla commonly reported in drinking water biofilters (de Vera & Wert,
2019; Lautenschlager et al., 2014; Pinto et al., 2012). However, the studies revealed a more
significant shift of microbial communities from backwash water to experimental biofilms.
At the class level (Figure 4.8b), Bacilli had the highest relative abundance (98.9%) in the
backwash water seed, while Betaproteobacteria showed the most dominant class in
salicylic acid and ibuprofen degrading biofilms with 71.6% and 55.85%, respectively. In
contrast, acetaminophen degrading biofilms had Gammaproteobacteria as the most
prevalent class, with 63.15%. However, the second most abundant bacterial class is
different in salicylic acid (14.52% Alphaproteobacteria), acetaminophen (25.15%
Betaproteobacteria), and ibuprofen (29.19% Chitinophagia) degrading biofilms.
Betaproteobacteria prefers to grow in nutrient-rich environments (Newton et al., 2011),
whereas Alphaproteobacteria has its competitive advantages of existing under low nutrient
availability and be capable of degrading complex organic compounds (Eiler et al., 2003;
Kristine Michelle L. Hutalle-Schmelzer et al., 2010). Although Gammaproteobacteria was
only abundant in acetaminophen-degrading biofilms, it might get attention due to its high
resistance to adverse conditions (Belila et al., 2016; Pang et al., 2016; Stanish et al., 2016).

Previous studies found the release of a toxic intermediate during acetaminophen
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biodegradation which explains the abundance of Gammaproteobacteria (Hasan et al., 2021;
Zur et al., 2018). Proteobacteria, the dominant phylum in all the biofilms, is the most
common bacteria in freshwater lakes. Hence, the abundance of proteobacteria in all
micropollutants degrading biofilms demonstrates their co-existence in the natural water
systems with micropollutants.

Despite the dominance of Proteobacteria, substantial differences were seen at the genus
level bacterial communities at individual micropollutant degrading biofilms. Bacillus has
the most abundance in the backwash water seed, with an absolute dominance of 98.2%.
However, specific genera were most abundant within certain experimental biofilms. For
example, Pseudomonasvas present in high proportions (62.9%) in acetaminophen
degrading biofilms samples (Figure 4.8c), whereas, in salicylic acid and ibuprofen
degrading biofilms, the relative abundance of Pseudomonasvas negligible. Other taxa
detected at high relative abundances in acetaminophen degrading biofilms included
Rhodoferax(10.9 %) and Polaromonas(8.1 %). In contrast, salicylic acid degrading
biofilms had three major dominant genera, including Rhodoferax21.7%), Polaromonas
(21.4%), and Undibacterium(16.6%). However, ibuprofen degrading biofilms showed
Sediminilacteriumas the most abundant genus comprising 28.5% of total species, which
was not found in salicylic acid and acetaminophen degrading biofilms. Moreover, other
major genera that was detected at a high relative abundance in the acetaminophen
degrading biofilms are Methylibium(5%), Methylophilus(5.5%), Methylotenera(7.2%),
and Polaromonagq7%). These results demonstrate that despite the shifts in the microbial
community, the removal of micropollutants is still governed by the overall biofilm

thickness, as shown in Figure 4.2.
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4.4 Conclusion

This study found that micropollutants need very thin biofilms to be biodegraded faster since
they are not biomass limited. The differences in the biodegradation rates were more
prominent at the end of the reaction period, strengthening the hypothesis that the
micropollutants’ removal was diffusion-limited and not biomass limited. Hence, the
limiting bulk substrate concentration is driving the reaction rates. It was found that higher
loading rates can create thicker biofilms and vice versa. Moreover, slow degrading
micropollutants might need longer retention time in the full-scale treatment. K affects
biodegradation rates at low substrate concentrations that frequently occur in full-scale
treatment, particularly in water reuse facilities or facilities that are expected to meet
increasingly stringent discharge standards. The results show microbial communities shift
in the biofilms formed by individual micropollutant degrading bacteria. Moreover, the
relation of biofilm thickness with biofilm EPS and ATP during biodegradation provides
the necessary information for future biofiltration treatment systems to better control biofilm

growth for improved performances.
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Chapter 5- Potential of Ceramic Media on GAGCeramic Dual Media Biofiltration

for Enhanced Removal of Fast and Slow Degrading Micropollutants

5.1Introduction

The increasing worldwide water cycle contamination with thousands of microconstituents
is one of the current critical environmental problems. Being bio-reactive and persistent in
the water systems, those microconstituents cause several health problems even at very low
concentrations (Etchepare & van der Hoek, 2015; X. Y. Ma et al., 2018). When granular
activated carbon (GAC) is biologically active, organic microconstituent removal
efficiencies can change over time due to a decreasing adsorption capacity of the media,
increasing head loss, and media saturation with organic matter. Most of these limitations
are related to the benefit of the biofilter: the biofilm development on the filter media.
Although many studies have been done on biofiltration systems in the last few decades, it
is still difficult to explain the behavior of biofiltration. Most of those studies focused on
the hydraulic design characteristics of the biofilter: empty bed contact time (EBCT), media
type, media depth, acclimation, run time, and backwashing procedures. The growth of
different types of microorganisms in different working conditions makes it hard to
generalize the microbial activities in a biofilter, complicated by the influences of filtration

rates and influent characteristics.

The development of biofilms, their structural properties such as thickness, and their
respective role in pollutant removal are still an expanding field of research. It has been
hypothesized that biofilm thickness can potentially impact biofilm structure and activity.
Previous studies found that the diffusive transport of substrates from the bulk liquid into

the biofilm is the major rate-limiting process (Gapes & Keller, 2009; Piculell et al., 2016),
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eventually creating substrate gradients through the biofilm (Stewart & Franklin, 2008).
Therefore, a thick biofilm results in greater concentration gradients throughout the biofilm,
likely leading to a more heterogeneous and biodiverse biofilm. Knowledge regarding the
control of biofilm thickness through operational parameters is essential for the effective
design and operation of biofiltration facilities. This research will explore the strategy of
controlling the growth and thickness of biofilms by optimizing design parameters on dual

media biofilters to ultimately improve the removal efficiency of organic micropollutants.

5.2 Materials and Methodology

5.2.1Biofiltration Column Configuration and Ope ration

Biologically active GAC media and Ceramic (expanded clay) are used as filter media for
this research. GAC media was sampled from a full-scale drinking water biofiltration plant
in Fairfax County, VA in April 2021 and shipped to the lab. The virgin Ceramic media
(commercial name-Ceralite) was obtained directly from the manufacturer (Wateropolis,
OH) and was submerged into the backwash water collected from the same full-scale
biofiltration plant for 2 weeks. The experiments were conducted with three sets of
transparent columns (inner diameter of 3 inches and height of 6 ft) running in parallel. Each
set consists of top and bottom portions with a 3’ height each. Ceramic and GAC media
were uniformly packed into the top and bottom portions of each column set, making
Ceramic-GAC dual media columns. All the filters had the same design except for the depth
of the individual filter media. Column 1 has 8” Ceramic on the top portion and 16” GAC
at the bottom. Column 2 has 16” Ceramic and 16” GAC, whereas Column 3 has 24”
Ceramic and 8” GAC. There are separate sampling ports for collecting media with the same

intervals as the water sampling ports for all three columns. The filter media were fed with
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the influent by peristaltic pumps from 30 gallons polyethylene (PE) feed barrel. An ozone
contactor was used to apply ozone to the feed barrel with a specific dosage. Teflon-coated
PE tubing connects the feed barrels to the biofilters. There is a separate port for each top
and bottom media in every column for backwashing and air-scouring. The schematic of the
column configuration is illustrated in Figure 5.1. The experiments were conducted with all
three dual media Ceramic-GAC columns running parallel. The design and operation of the
columns in terms of the type and bed height of the media, feedwater characteristics,
hydraulics, and backwash frequencies were selected to mimic as closely as possible the

full-scale biofiltration processes.

BF 1 BF 2 BF 3
[ 5
Ceralite 8” 16 247
) GAC 24" 167 8
Feed Pump & Height 6’ E b
Flow Meter s o
) Dia 3” &)
‘~ Media Collection Port
/ Liquid Collection Port
Ozone
Micropollutant || Pretreatment
Dose
) DOC 0
De lonized Addition =
Water &)
Backwash
Water
Feed tank Tank \
0 )

To Drain \
Figure 5.1 Schematic of the biological filtration system showing the media and effluent
sampling ports.

5.2.2Source waters

The source water feed for each column consisted of deionized water supplemented with
target micropollutants (MPs)- salicylic acid, acetaminophen, and ibuprofen. The previous

study by Hasan et al. (2021) found that the biodegradation of these three organic

91



microconstituents was possible with different biodegradation rates by the bacteria from
backwash seed collected from a full-scale biofiltration plant at different seasons. These
compounds were chosen due to their predominant occurrence in water bodies, their
consideration as micropollutants, and their different water partitioning behavior. DOC in
influent varied from 2.9 to 3.1 mg/L during the study, while DO and turbidity ranged
between 7.9 —8.7 mg/L and 0.53-0.78 NTU, respectively. DOC was added to the influent
tank in the form of D-Glucose. Moreover, to mimic the full-scale treatment systems,
CaCOs and MgCOs were supplemented to the feed water to ensure 80.5+ 6.8 mg/L
alkalinity and 55.5 * 5.4 hardness. Depending on the experimental strategies, ozone was
applied to the feed water tank at varying dosages. Influent feed water and biofilter effluent
had pH values in the neutral pH range for the study, with averages of 7.2 (£ 0.4). The use
of pre-ozonation had minimal effect on pH.

5.2.3Experimental Design and Sampling

This study was split into four phases, including a trial phase. The trial phase ran for 120
days on three dual-media biofilters in parallel with varying MPs concentration with EBCT
10 mins and 15 mins. The experiments were conducted with and without DOC and O3
addition targeting to achieve the steady state condition of the performance and to make the
Ceramic biologically stable and active. Following the trial phase, Phase 2 ran with different
initial concentrations of MPs with a target to investigate the impact of initial MPs
concentrations on the removal efficiencies. Phase 3 ran with different EBCT to identify the
optimum time for better removal using the Ceramic-GAC dual media and see how the
removal changes with the change of the media ratio. The role of ozone dose was assessed

in Phase 4, targeting to identify the optimum O3z dose for increased removal efficiency.
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During each phase, fluid backwashing occurred in GAC, and air scouring occurred in
Ceramic media). Air scouring on Ceramic occurred more frequently than effluent
backwashing on Ceramic, allowing thin biofilms to grow on the Ceramic and thick biofilm
to grow on GAC. The details of each phase with other operational parameters are shown
in Table 5.1. Effluent and influent water samples were collected daily during Phases 2, 3,
and 4. Media samples were collected from 5-10 cm below the top of both biofilters once
per week to measure ATP and EPS. On the day of backwashing and air scouring, water

and media samples were collected just before the backwashing and air scouring.
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Table 5.1 Experimental plan, filter run time, and corresponding operational parameters (each trial run includes three dual media
biofilters with variable depth of media)

Phase Filter Influent  Initial Concentration EBCT Ozone DOC Backwashing Purpose
Run Temperature (Mg/L) (min) Pretreatment (mg/L)
Time (®) (mg/L)
(days)
Phase 1 120 18.9+0.9 SA 100, 10, 1; ACT 10 0 0 Fluid Backwash (on GAC) Achieving Steady State
(Startup Phase) 77 50,10,1;1B50,10,1 15 1.5 3 = 25 days Condition
5 SA 10(|)g; f(\)(éT 100; 15 15 3
Phase 2 Role of MPs initial
, 5 SA500; ACT 50, 1B ¢ 15 3 Air Scouring (on Ceramic)  concentrations on
(Variable 19.4+05 50 ' = 6 days; Fluid Backwash | by Cerami
initial 4+0. . . = 6 days; Fluid Backwash  removal by Ceramic
. 5 SA100; ACT10; 1B ¢ 15 3 (on GAC) =12 days  and GAC using variable
concentration) 10 . |
epth
5 SA10; ACT1;IB1 15 15 3
10 5 15 3
5 10 1.5 3
. . . Choosing optimum
Phase 3 5 Al . 15 1.5 3 Air Scouring (on Ceramic) .
(Variable ; 19.2+04 SA=10; f‘fT =L 1B 20 L5 3 = 5 days; Fluid Backwash Es;;gg g?;r;]/?(l; Z?}'{Tg
EBCT) - (on GAC) = 10 days GAC depth
5 25 1.5 3
5 30 15 3
5 15 0 3
5 15 0.5 3
Phase 4 5 i . 15 1 3 Air Scouring (on Ceramic)  Choosing optimum
(Variable O, 195+05 >A=10 f‘cl:T =L 1B = 5 days; Fluid Backwash ozone dose for varying
dose) 5 - 15 15 3 (on GAC) = 10 days media depth
5 15 2 3
5 15 2.5 3




5.2.4Backwash Strategies

During the Phase 1, GAC was backwashed once in 25 days, whereas no air scouring was
done for Ceramic to facilitate the biomass growth. Once the Ceramic and GAC filters were
acclimated and biologically active (>100 ng ATP/g media), all filters were subsequently
backwashed and air scoured. During the experiments, more frequent air scouring was done
to the top Ceramic media, while less frequent backwashing was done to the bottom GAC
media to facilitate the formation of thin and thick biofilms on Ceramic and GAC media,
respectively. GAC (bottom media) in each biofilter column was backwashed for 15 mins
by pumping their own effluent upflow to achieve a 25% bed expansion. Air scouring was
applied to the Ceramic media in each biofilter for 10 mins. The backwashing and air
scouring frequency is shown in Table 1. Filters operated at EBCT of 15 mins during Phase
2 were backwashed every 12 days, and air scoured every 6 days. Subsequent phases (3 and
4) compared filters operated at varying EBCTs and Oz doses where GAC was backwashed
every 10 days and Ceramic was air scoured every 5 days. This ensured that the impacts of
varying EBCT and Os doses were evaluated independently. It was found that GAC run
times beyond 15 days caused higher turbidity in the effluent.

5.2.5Analytical Methods

All the target micropollutants are measured with GC-MS (Shimadzu QP 2010-SE) as
descrived by Hasan et al. (2021). To measure the dissolved organic carbon (DOC), the
samples were first flitered through 0.45um syringe filter and then the filtratea were
analysed using HACH Organic Carbon kits as described in Method 10129. A DR 5000

Spectrophotometer (HACH) was used for measuring DOC with stored program (427
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Organic Carbon LR). Turbidity of the samples was measured using Hach Model 2100N
Laboratory Turbidity Meter.

Biological filter media samples (both Ceramic and GAC) were collected from the top 5-10
cm layer of the biofilters to measure ATP and EPS. ATP was normalized to the weight of
the filter media (ng ATP/g media) and analyzed using a LuminUItra Deposit Surface
Analysis Kit (DSA-100C, Luminultra Technologies, Ltd.). All assays were performed
according to the manufacturer’s instructions. To measure EPS of the filter media, the heat
extraction method by Hasan et al. (2021) and Fish et al. (2016) was modified to extract
the EPS from the samples. Two grams of sample were suspended in 10 mL of phosphate
buffer solution (PBS) and vortexed vigorously for 1 minute to dislodge the biofilm from
the media. The PBS solution consisted of 2mM (0.328 g/L) NasPOas, 4 MM KH2PO4 (0.544
g/L), 9 mM NaCl (0.525 g¢g/L), and 1 mM KCI (0.074 g/L). The suspension was then
centrifuged at 40009 for 5 min. After discarding the supernatant, the pellet was resuspended
in 10 mL of heated (60 C) PBS. The PBS solution’s pH was adjusted to 7 and kept at 60
~C before EPS extraction for resuspension. After resuspension of the pellet in 10 mL PBS,
the sample was immediately vortexed for 1 minute and then centrifuged at 4000 g for 10
min. The supernatant was considered the loosely bound (LB) EPS. The remaining pellet
was resuspended in 10 mL of PBS solution and digested for 30 min at 60 C. After
digestion, the sample was centrifuged at 4000 g for 15 min. After this final centrifugation,
the supernatant of the sample was considered the tightly bound (TB) EPS. The summation
of LB-EPS and TB-EPS provided the total EPS and normalized with total solids (TS) as

mg COD/g TS.
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Proteins and polysaccharides were also measured from the same extracted EPS samples of
the biofilter media. Protein was measured according to the modified Lowry method using
bovine serum albumin (BSA) as a standard (Lowry et al., 1951). Modified Lowry Protein
assay and diluted Folin (1:1 with deionized water) reagent were used during the analysis.
Soluble polysaccharides were measured as described by (Dubois et al., 1956) using D-
Glucose as a standard. Both proteins and polysaccharides were normalized with total solids
(TS).

In this study, the structures of the surface morphology and biofilms attachment on the filter
media were examined by the Field Emission Scanning Electron Microscope (FEI Teneo
LV SEM) instrument. The biofilter samples were placed on standard EM stubs coated with
double-sided, carbon black sticky tabs (Ted Pella). Multiple magnification levels ranging
from 1000X to 10,000X with accelerating voltages of 2 kV were used during imaging.

5.2.6Microbial Characterization

The biofilter samples were collected from the top 5-10 cm layer of the biofilters for
microbial community analyses. 2 gm of biofilter media was submerged into 50 mL of
deionized water and mixed thoroughly with 700 rpm on a magnetic stir plate for 2 hours.
The suspension was then vortexed for 2 minutes to dislodge the biofilm from the media
followed by the separation from the filter media. The suspension was filtered through
sterile 0.22 um filters and the filter membranes with collected biomass were stored at —80
°C before the microbial analysis.

The 16S rRNA gene is PCR-amplified and sequenced to identify bacteria and quantify the percent

relative abundance of each identified bacteria using the 515F/806R primers. PCR is completed

using the HotStarTaq Plus Master Mix Kit (Qiagen, USA) under the following conditions: 95°C
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for 5 minutes, followed by 30-35 cycles of 95°C for 30 seconds, 53°C for 40 seconds, and 72°C
for 1 minute, after which a final elongation step at 72°C for 10 minutes is completed. The amplified
DNA from each sample is loaded onto a 2% agarose gel to verify the presence/absence and
determine the relative strength of DNA amplification. Samples are pooled in equal proportions
based on their molecular weight and DNA concentrations. Pooled samples are purified using
calibrated SPRI beads, and then the pooled and purified DNA is used to prepare an lllumina DNA

library.

Sequencing is performed on the Illumina NovaSeq sequencing platform following the
manufacturer’s guidelines. Sequence data is processed using a proprietary analysis pipeline, where
sequences <150bp are removed, and sequences with ambiguous base calls are removed. Sequences
are filtered using a maximum expected error threshold of 1.0 and dereplicated. The dereplicated or
unique sequences are denoised; unique sequences with sequencing and/or PCR point errors are
identified and removed, followed by chimera removal; thereby providing a denoised sequence or
zOTU. Final zOTUs are taxonomically classified using BLASTn against a curated database derived

from NCBI (www.nchi.nlm.nih.gov).

5.3 Results and Discussion

5.3.1Biological Characteristics ofCeramic and GAC Media

5.3.1.1Adenosine Triphosphate (ATP)

ATP was measured throughout our study to provide an estimate of active microbial
biomass on the filter media. Velten et al. (2011) used biofilter ATP as a surrogate to
quantify the biofilter active biomass. During acclimation phase, our main goal was to make
both Ceramic and GAC media biologically active in all three parallel biofilters. In our

study, the biologically operated GAC filter had ATP levels significantly higher than its
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Ceramic counterpart (Figure 5.2). This higher ATP concentration is expected since
exhausted GAC had been used in our study which was already biologically active while
Ceramic was gradually becoming active over the time from its virgin condition. The
Ceramic media became biologically active (ATP> 100 ng/g media) within 110 days of
filter operation. The GAC filter reached the minimum biological filtration threshold of 100
ng ATP/g media from the beginning which was collected as exhausted from the full-scale
biofiltration plant. The threshold value of 100 ng ATP/g was obtained from Pharand et al.
(2014) who established this benchmark concentration of 100 ng ATP/g after reviewing

sixteen published studies, which values was further supported by Sharma et al. (2018).
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Figure 5.2 ATP concentrations for GAC and Ceramic with run times

At the end of the acclimation phase (day 210 from the beginning of the filter run),
biological activity along the filter depths was investigated by measuring ATP of the
biofilter media from several depths of three parallel Ceramic-GAC columns. The ATP
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studies were conducted at three different experimental conditions: 1) without DOC
supplements and without Oz pretreatment. 2) with DOC supplements, but without O3
pretreatment, and 3) with DOC supplement and with O3 pretreatment. The concentrations
of ATP as a function of filter depth are shown in Figure 5.3 where 5.3a, b, and c represent
the results from biofilter column 1 (8” Ceramic+ 24”’GAC), 2 (16” Ceramic+ 16”’GAC),
and 3 (24” Ceramic+ 8”GAC), respectively. As seen in the figure, the top portion of both
Ceramic and GAC showed higher ATP values suggesting that the top layer is more
biologically active compared to the bottom ones. This finding is similar to study done by
Pharand et al. (2014) in full-scale and by Rahman (2013) in pilot-scale anthracite-sand dual
media biofilter. Moreover, investigations using phospholipid analysis revealed that
biological activity decreased with increase of filter bed depth (Emelko et al., 2006; Hallé,
2009; Huck et al., 2000.; Persson et al., 2007; Urfer & Huck, 2001). However, to our
knowledge, ours is the first study that found the similar ATP profile across the depth of
Ceramic media suggesting that this decreasing trend of ATP across the filter depth might
be similar to biofilter media irrespective of types. However, that trend might be different
if other factors such as, temperature, chlorine or ozone contained backwash, etc. For
instance, increasing ATP concentrations throughout the pilot-scale anthracite—sand filters,
with elevated ATP in the middle of the biofilter at low temperatures was reported by Hallé,
(2009). Moreover, Urfer et al. (1997) reported low concentrations of biomass at the surface

of biofilters caused by the presence of residual ozone in the influent of biofilters.
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Figure 5.3 also shows the highest ATP concentrations in both Ceramic and GAC while
operated with DOC supplementation and Os pretreatment. ATP concentrations were lower
while operated without Oz pretreatment but with DOC addition. This suggests that Os
pretreatment can have a positive impact on the biological activity of the biofilters. This
finding supports the previous studies that showed pre ozonation could to accelerate
biomass formation and reduce acclimation time (Ohkouchi et al., 2011). Moreover,
comparing the ATP concentrations with and without DOC addition also suggest the
positive impact of DOC on the acceleration of biological activity of the filter media. The
study by Korotta-Gamage & Sathasivan (2017) also concluded that the presence of organic
carbon in the source water causes the change of ATP in the biofilters. In all cases, the
higher ATP concentration in GAC compared to Ceramic is because of higher biomass
attachment on GAC due to its higher surface roughness (Dussert & Tramposch, 1997)
supporting our hypothesis that thick biofilms can grow on GAC while thin biofilms on

Ceramic.

5.3.1.2 Scanning ElectronMicroscopy (SEM)

SEM image of Ceramic (Figure 5.4a) showed a highly porous texture with larger surface
area, whereas image of GAC showed rough and zigzag texture (Figure 5.4b). The
formation of biofilm is also different on Ceramic and GAC media. A thin layer of biofilm
was observed on ceramic media along with the formation of colonies of round bacteria
(Figure 5.4c). In contrast, a thick biofilm was attached to the GAC media (Figure 5.4d).
Similar biofilms were also observe in the previous study done by Sharma et al. (2018).
Thin biofilm on the ceramic media might be due to the larger surface area which allows
biofilms to spread. On the other hand, rugged topography of GAC might cause thicker
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biofilm layers compared to the ceramic media. Percival et al. (1999) previously reported
that increased surface roughness can enhance biofilm attachment and subsequent
colonization. Moreover, from the very beginning of our experiments, our approach was to
perform air scouring on ceramic media more frequently, while backwashing was performed
on GAC in aless frequent manner facilitating thin biofilm to grow on the top ceramic media
and thick biofilms on the bottom GAC media. Therefore, biofilm formation in varying
thickness at the ceramic media and GAC supports our hypothesis that backwashing, and
air scouring frequency might be a viable strategy to control biofilm thickness considering
that the surface topography is also a governing factor. The growth of specific bacteria in

the media was explained in the late section of this article.
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Figure 5.4 Scanning Electron Microscopic (SEM) images of filter media surface
topography (a, b) without biofilm formation and (c, d) with biofilm formation
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5.3.2Micropollutants Removal at Varying Initial Co ncentrations

After the start-up phase, the biofilters showed a steady removal where all variables
remained unchanged. When the steady state was reached, Phase 2 was started where the
experimental dual media columns with varying ceramic and GAC depth were fed with
influent with step wisely decreased initial concentration of micropollutants. The
experiments were started with feedwater contained 1000 pg/L salicylic acid, 100 pg/L
acetaminophen and 100 pg/L ibuprofen followed by half, tenth and hundred times less
concentration in the subsequent experiments. Removal percentage of targeted
micropollutants by three biofilter columns with varying proportion of ceramic media and
GAC are shown in Figure 5.5. Overall, each micropollutant had an increased percent
removal with decreased initial concentrations. Salicylic acid as a fast-degrading
micropollutant showed overall higher percent removal compared to slow degrading
acetaminophen and ibuprofen. The lowest initial concentration in this study was 10 pg/L
for salicylic acid and 1 pg/L for both acetaminophen and ibuprofen. At this initial
concentrations, salicylic acid removal was between 87.2% and 94.1%, acetaminophen
removal percentage varies between 74.3% and 86.9%, and ibuprofen removal was between
63.9% and 70.2% depending on without DOC supplementation, with DOC
supplementation, and with both DOC supplementation and O3 pretreatment. Overall, ozone
pretreatment significantly increased the percent removal of all three micropollutants.
Moreover, DOC supplementation in the feedwater also shows higher percent removal

compared to without DOC supplementation.

Salicylic acid influent concentration was around 10 times higher than acetaminophen and

ibuprofen due to its fast biodegrading nature found in our previous study (Hasan et al.,
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2021) which led this study to investigate the removal of fast degrading micropollutants in
the top ceramic media and slow degrading micropollutants in the bottom GAC media. The
study found the correlation of micropollutants removal with the influent concentration,
suggesting that the removal of pharmaceuticals might be dependent on concentration. The
results found in this study is similar to other studies that found a negative correlation
between influent concentration and the percent removal of micropollutants (Onesios-Barry
etal., 2014; Y. Wang et al., 2020). The initial concentration chosen for this study was based
on our previous studies where we investigated the individual biodegradation rate for each
target micropollutants and calculated the half saturation coefficient (Ks). When
micropollutants concentrations were lower than the half saturation coefficient (Ks), initial
degradation rate often showed a linear correlation with initial concentration, and can be
fitted with linear regression as well as Michaelis-Menten kinetics (Svendsen et al., 2020).
In this study, the percent removal was not significant when the initial concentration
proceeds from 1 to 10 ug/L, suggesting the prevalence of diffusion limitation condition
close to or below the threshold half saturation concentration. The lower percent removal
at higher initial concentration in this study highlight the importance of the studies at
environmentally relevant concentrations. Moreover, small changes of percent removal
while initial concentration was lower, suggests that concentration effects mostly occur at
concentrations above half saturation values of each micropollutant. The past study suggests
the presence of mass-transfer limitations at low concentrations of pollutants (Torresi et al.,
2017). It has also been shown from another research that mass-transfer can be the limiting
factor for the biodegradation of pollutants at low concentrations (Ehrl et al., 2019) (E, with

10-12 pg/L as a minimum substrate concentration which is sufficient for the cell’s energy
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demand (Kundu et al., 2019). Another hypothesis to explain the lower micropollutants
removal at higher initial concentrations might be related to the toxicity due to the decrease

in protein content that they measured at higher concentrations (Onesios-Barry et al., 2014).

The increased micropollutants removal in all dual media biofilter columns at 3 mg/L DOC
supplementation to the influent was due to the possibility of co-metabolism, in which the
bacteria in the biofilters used DOC as main source for carbon and energy. It is noted that,
micropollutants in most natural waters are present at ng/L or pug/L concentrations and they
are mostly biodegraded as secondary substrates. Therefore, biofiltration system that is
designed to biodegrade micropollutants require the primary substrate (Lauderdale et al.,
2012). Previous studies found that micropollutants removal can be increased with increase
of primary substrate concentration. Increasing the concentration of primary substrate may
increase the rate of trace organic compound degradation (Luo et al., 2014) and decrease
bacterial acclimation time requirements (J. C. Brown & Lauderdale, 2006). Furthermore,
it can enhance the removal rate of slowly degradable organic material (Hozalski & Bouwer,
2001). However, for effective biodegradation to occur, the concentrations of primary and
secondary substrates must be balanced because high secondary substrate concentrations
combined with low primary substrate concentrations can lead to decreased degradation due
to lack of carbon and energy sources and/or toxicity of secondary substrate (Robinson,
2015). In our study, DOC was added to the influent when initial concentrations of salicylic
acid, acetaminophen and ibuprofen are 10, 1 ug/L, and 1 pg/L, respectively. Previous
studies suggested co-metabolism as the main mechanism for biodegradation when the
concentration of micropollutants is low (< 10 pg/L) (Kassotaki et al., 2016; Muller et al.,

2013; Nguyen et al., 2019; T. Ternes & Joss, 2006; L. Zhang et al., 2019). The increased
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removal while adding ozone in our study was well expected since Oz converts a portion of
organic compound to easily biodegradable carbon and support biomass growth in the
biofilter (K. Carlson & Amy, 1997; Wert et al., 2008). Previous studies also suggested that
applying Oz in the biofiltration systems effectively increases the removal of organic

compounds (Hooper et al., 2020; Snyder et al., 2007; Sundaram et al., 2020).
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5.3.3Impact of Empty Bed Contact Time (EBCT) on Micropollutants Removal

Empty bed contact time (EBCT) is a key design and operating variable in the biofiltration
process which is a measure of the amount of time that the water is in contact with the media.

The three biofilter columns with ceramic media and GAC ratios of 3:1, 1:1 and 1:3 were
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investigated with EBCTs of 5, 10, 15, 20, 25 and 30 minutes. The results regarding the
removal of target micropollutants in these biofilters are shown in Figure 5.6. The study
found that, there were significant differences in the % removal of salicylic acid,
acetaminophen, and ibuprofen at different EBCTs. Among all three biofilter columns, for
a specific EBCT, column 1 (8” ceramic media and 24” GAC) achieved highest removal
whereas the lowest removal was observed in column 3 (24 ceramic media and 8” GAC).
This would imply that the removal efficiency by GAC is better that ceramic media. This
comparison is easily understandable if we can look at column 1 with 16” GAC and 16”
ceramic media. Equal amount of ceramic media removes salicylic Acid around half of that
GAC removes, acetaminophen around 20% of that GAC removes, and ibuprofen around
30-45% of that GAC removes. However, the individual removal efficiency by ceramic
media can be improved by increasing its depth. Overall, the results imply that EBCT
influences contaminant removal. The variability in % removal is high for 5-, 10-, and 15-
minute EBCT groups. However, after 25 minutes of EBCT, the % removal had not
increased significantly. In summary, the results showed that considerably higher %
removal of salicylic acid and ibuprofen was obtained from the Ceramic media compared

to acetaminophen.

Earlier studies found proportional relation between organic matter removal and EBCT (K.
Carlson & Amy, 1997; LeChevallier et al., 1992). LeChevallier et al. (1992) reported
increases in organic carbon removal from approximately 30 to 50% when the EBCT was
increased from 5 to 20 min. It is also observed that there is a linear increase in
biodegradable organic compound removal with increasing EBCT between 10 and 30

minutes (Servais et al., 1992). However, another study has showed that the removal of
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organic matter is independent of EBCT in the range of 4 to 20 minutes might be due to the
acclimation of the biofilter (Hozalski & Bouwer, 2001). In general, longer contact times
are required for the removal of DOC and relatively slowly biodegradable organic
components, compared to the rapidly biodegradable portion of ozonation by-products.
EBCTs between 4 and 25 minutes may be optimal depending on the desired goal (S. Zhang
& Huck, 1996) which supports the results in our study. Usually, longer EBCT in biofilters
enhance the biodegradation of organic matter contributing to lower DOC concentration in
the filter effluent. (LeChevallier et al., 1992) found 6% increase of TOC removal when
EBCT increased from 5 mins to 10 mins. In our study, we saw similar increase of DOC
removal with increase of EBCT until 20 mins, however, no significant DOC removal was
achieved when EBCT was above 20 mins (Figure 6d). Wert et al. (2009) studied the impact
of EBCT on organic carbon removal with two parallel anthracite/sand biofilters with EBCT
of 3.2 min and 8.3 min, respectively. Both columns demonstrated similar levels of removal
and in both cases, organic carbon removal stabilized at approximately 60% after 175 days
of operation. However, EBCT is particularly important for biofilter applications targeting
trace organic compounds which are more recalcitrant to biodegradation than is typical for
biodegradable organic matter (Lim et al., 2008; Westerhoff et al., 2005) that also support

our results of micropollutants and DOC removal.
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Figure 5.6 Impact of EBCT on the removal of a) salicylic acid, b) acetaminophen, and c)
ibuprofen

5.3.4Effect on Ozone Dose on Micropollutants removal

To determine suitable ozone doses to examine for micropollutants removal, the biofilters
were run with varying ozone dosage in the Phase 4 of the study and the removal of targeted
micropollutants and DOC were monitored throughout the experiment. During the first 5
days of this phase, ozone was not applied. Then in the next 5 days, the ozone was added
such a way that ozone to DOC ratio is 0.17. The dose was increased to 0.33, 0.50, 0.67 and

0.83 after 5 days of filter run for each dose. The percent removal of micropollutants and
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DOC throughout this phase is shown in Figure 5.7. Maximum salicylic acid was removed
in the biofilter column 1 with 8” ceramic media and 24” GAC, whereas the lowest removal
was seen in the column 2 with 24” ceramic media and 8” GAC (Figure 7a). Similar, results
are also seen for the removal of acetaminophen (Figure 7b), ibuprofen (Figure 7c) and
DOC (Figure 7d). The results in this phase of the study also confirmed that increasing
ozone dose provided increased removal of salicylic acid, acetaminophen, ibuprofen, and
DOC. Salicylic acid removal without Oz addition was 71.4%, 65.2%, and 59.1% from
column 1, 2 and 3, respectively. The removal increased by 8% to 12% when O3 dose is
increased until Oz to DOC ratio is 0.5. However, increasing ozone to DOC ratio from 0.5
to 0.67 and finally to 0.83 did not result in significant increase (only 1% to 2%) of salicylic
acid removal. This compound is known as readily biodegradable (Hasan et al., 2021)
suggesting most percent removal achieved at and below Oz to DOC ratio of 0.5. For the
removal of acetaminophen and ibuprofen, similar trend regarding the increase of percent
removal was found. Until Os to ration of 0.5, the rate of increase of percent removal is
faster than that for the ratio above 0.5. Although DOC removal was much lower compared
to the micropollutants, the percent DOC removal continued to increase consistently with
increase of O3 to DOC ratio even after Oz to DOC ratio of 0.5.

DOC was divided into biodegradable and nonbiodegradable fractions. During this phase of
the study, the DOC in the influent tank was maintained 3 mg/L as a form of glucose. The
percent increase of the micropollutants and DOC with Oz dose indicates that O3 oxidizes
micropollutants and organics into smaller organics that are more biodegradable. A
schematic of mechanisms of ozone application in biofiltration is illustrated in Figure 8.

Moreover, ozonation process adds extra oxygen to the biofilter that improves the biological
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activity of the biofilter bacteria which eventually enhance the biodegradation of the
pollutants. The previous literature also suggests that ozone-biofiltration effectively remove
micropollutants and organic matter (Arnold et al., 2018; C. O. Lee et al., 2012; Snyder et
al., 2007). Generally, ozonation alone may effectively treat compounds containing amine
groups, phenolic groups, and unsaturated carbon structures. Other studies also shows that
ozonation is an effective pre-treatment option for biofiltration, as many micropollutants
and pharmaceuticals may be removed through biotransformation (Greenstein et al., 2018;
Snyder et al., 2007; Zearley & Summers, 2012). Moreover, another study reported
micropollutants removal during ozone biofiltration and developed predictive models
(Hollender et al., 2009). Comparisons of results from this study to earlier studies concluded
that micropollutants found in ozonated effluent are often reported as post-ozonation

residual (Bourgin et al., 2018; Sun et al., 2019).
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Micropollutant &
DOC Reduction
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Figure 5.7 Schematic of the benefits of ozone during biofiltration process.
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Figure 5.8 Impact of Ozone dose on the removal of a) salicylic acid, b) acetaminophen,

and c) ibuprofen

5.3.5Effluent Turbidity

The influent turbidity levels varied between 0.24 and 0.33 NTU throughout the

all the three biofilters showed reduced turbidity to below

experiments. Most of the time

0.20 NTU. It was anticipated that the higher effluent turbidity was due to the accumulated

the values dropped to the reduced level after the

biomass in the filter media. However

, the turbidity showed a consistent

backwash and air scouring of the media. Over the time

reduction in all three biofilters. The turbidity profile with time is shown in Figure 5.9. It is

113



noted that, GAC has smaller effective size compared to the ceramic media, hence GAC
might outperform the ceramic media in terms of turbidity removal. However, the
combination of ceramic media and GAC in our experiments showed a consistent and low
effluent turbidity confirming the potential of dual media regarding both micropollutants

and turbidity removal.
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Figure 59 Biofilter effluent turbidity values from the experimental columns

5.3.6Microbial Community Analysis

The results of the 16S rRNA gene sequencing showed significant differences in bacterial
community occurred in both filter media. The microbial communities in GAC and ceramic
media were characterized by the species diversity (Shannon diversity index) of 4.0 and 2.3,
respectively. Regarding observed taxonomic units (OTUs), 227 OTUs were observed in
GAC and 150 OTUs in ceramic media. The higher unique OTUs in the GAC compared to

the ceramic media explain the higher diversity. The percent abundance and diversity of
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indigenous bacteria in both GAC and ceramic media were investigated and showed in
Figure 5.10. GAC media was dominated by Firmicutes (33.3%), Proteobacteria (30.68%)
and Actinobacteria (28.39%), consistent with the phyla commonly reported in drinking
water systems (Lautenschlager et al., 2014; Q. Lietal., 2017; Pinto et al., 2012). The higher
abundance of Firmicutes on GAC is consistent with the previous study by Hasan et al.,
(2021) where 98% of Firmicutes were found in the backwash water from the full-scale
GAC biofilter. It is noted that the exhausted GAC media in our study was collected from
the same full-scale biofilter which can justify the abundance of Firmicutes. However, the
lower percentage of Actinobacteria in our study compared to the previous studies is due to
its highly susceptible nature to ozone as found by de Vera & Wert, (2019). The same study
also found that ozone could change the substrate being utilized by Actinobacteria
ultimately causing to its decreased abundance. Along with the three most dominant phyla
mentioned above, lower abundance of Bacteroidetes (3.66%) and Chloroflexi (2.08%)
were also found in the GAC media in our study. In contrast, ceramic media was mostly
dominated by Proteobacteria (68.96%) and Actinobacteria (27.23%), whereas unlike GAC,
a low percentage of Firmicutes (2.67%) was present. The difference in microbial
abundance is due to the different surface roughness of ceramic media and the frequency of
air scoring compared to the GAC. To the best of our knowledge, this is the first study
investigating the microbial community analysis in the ceramic media biofilter, therefore
further investigation needs to be done to understand the factors affecting the microbial
abundance in ceramic media. The different relative abundance of specific microbial
communities on GAC and ceramic media may be due to different detachment from the

media biofilms. It is also possible that the composition of the microbial community changes
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with biofilter depth, as previously observed by Moll et al., (1998). However, this
explanation is less likely in the current study, as the GAC and ceramic media were regularly
backwashed, so mixing of the microbial community should occur. Although we were able
to characterize differences in microbial communities in biofilms on GAC and ceramic
media, the reasons for these changes and the role of specific bacteria during biofiltration
remain to be elucidated.

The taxonomic analysis of the metagenomic reads identified dominant bacterial genera in
the communities on GAC and ceramic media. Figure 5.10b shows that GAC has an array
of different bacterial genera including Corynebacterium(13.1%), Acidovorax(10.2%),
Staphylococcus (4.5%), Serratia (3.8%), Arthrobacter (2.8%), Dietzia (2.9%),
Lactobacillus(2.9%), Paracoccug2.4%), and Turicibacter(2.6%). Although Acidovorax
and Corynebacteriunvere found to be two most abundant along with other mentioned
genera on GAC, there are a few more genera found in a very lower percentage but
comprised 38.5% collectively. This suggests that GAC media was enriched with a wide
variety of bacteria. However, in the ceramic media, the dominant genera found were
Cupriavidus(29.6%), Arthrobacter(25.4%), Aquabacte (14.4%), Burkholderia(9.5%),
Novosphingobiung4.3%), and Xanthobacter(3.4%). A possible reason for the higher
diversity in the bacterial communities in GAC, when compared to communities in the
ceramic media, may be the substantially longer time these GAC have been in use. Over
time, bacterial communities within biofilms may diversify due to a maturating of
established biofilm. A reasonable explanation was that the community structure was
governed by broader environmental conditions (T.-S. Kim et al., 2013; Zwirglmaier et al.,

2015). Moreover, previous studies suggest that the microbial community structure in
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biofilter shifts and it is shaped by environmental factors such as nutrients availability,
changing redox and physicochemical conditions (Lautenschlager et al., 2014; Q. Li et al.,
2017; Pinto et al., 2012). Therefore, specific studies are needed to produce a clear view of
the microbial community within a dual-media biofiltration with variable environmental and

operational conditions.
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5.4 Conclusions

The percent removal in this study proved the hypothesis that it is possible to remove fast
degrading micropollutant (i.e., salicylic acid) by thin biofilms on Ceramic media and slow
degrading micropollutants (i.e., acetaminophen, ibuprofen) by thick biofilms on GAC. This
study focuses on understanding the biofilm thickness control strategy in a mechanistic way
to ultimately improve the overall removal efficiency of micropollutants and other emerging

contaminants to ensure safe and potable water in water reuse applications.
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Chapter 6- Impact of Enhancement Strategies on Biofiltration Performanceo

Improve Micropollutants Removal using DuatMedia Biofilter Introduction

The acceptance and use of biofiltration are gaining momentum in the drinking water and
water reuse industry. While many studies have been done on biofiltration systems in the
last few decades, most focus on the hydraulic characteristics of the biofilter. Design
features such as empty bed contact time, media type, media depth, acclimation, run time,
and backwashing processes are the focus of prominent biofiltration research. Reducing
head loss to increase filter runtime is a continued research theme, which has led to the
implementation of oxidant application, dual media filter beds, air scouring as
improvements to the biofiltration process, and several enhancement strategies.
Surprisingly, diverse microorganisms populating the filter are rarely curated for specific
removal goals. This is complicated by the growth of different types of microorganisms in
different working conditions and seasons, thus making it hard to generalize the microbial
activities in a biofilter. However, we hypothesize biofiltration is best optimized at the

biofilm scale.

Previous results support our hypothesis that it is possible to develop a new type of
“enhanced” biofiltration. This research questions if targeted substrate removal is possible
through biofilm thickness management associated with several enhancement strategies in
drinking water and water reuse system. In the first phase of this study, biodegradation of
three organic micropollutants (acetaminophen, salicylic acid, and ibuprofen) were
examined by GAC-Ceramic dual media biofiltration column with variable operational
conditions. These compounds were chosen due to their predominant occurrence in water

bodies, their consideration as micropollutants, and their different water partitioning

119



behavior. Dual media biofiltration column experiments resulted in varying removal

efficiencies for the different compounds.

The next stage of that study was to enhance the biofiltration performance in the dual media
biofilters targeting multiple water quality objectives while maintaining hydraulic
performance. These benefits can be achieved simultaneously by providing specific
conditions that promote biological activity without compromising the biological activity of
the filter media. The study presented in this chapter includes an evaluation of enhancement
strategies of biofiltration application for drinking water and water reuse application. The
overall objective of this study was to perform a holistic optimization of the Ceramic-GAC
dual media biofiltration columns to (1) enhance biofilter performance, and (2) understand
how the biofiltration process can be most efficiently integrated with upstream enhancement
strategies for better micropollutants removal. To meet these objectives, the following
hypotheses were developed when designing the biofiltration experiments:

91 Hypothesis 1- Augmentation with substrates. Since micropollutants are present at
ng/L or pg/L concentrations in natural water, they likely are biodegraded as
secondary substrates that require the presence of a primary substrate. Thus,
augmentation with the additional primary substrate might increase the
biodegradation of micropollutants.

1 Hypothesis 2- Nutrient supplementation. Based on historical water quality data,
nutrient such as nitrogen and phosphorus supplementation might improve biofilter

performance.
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1 Hypothesis 3- Oxidant pretreatment. Upstream peroxide addition and pre-
chlorination would improve biofilter hydraulic properties without affecting

micropollutants removal.

6.1 Materials and Methods

6.1.1Experimental Setup

The column set-up consisted of three parallel cylindrical columns (inner diameter of 3
inches and height of 6 ft) filled with ceramic media (Ceralite from Wateropolis) on the top
and GAC at the bottom. This setup is the same as described previously in Chapter 5, where
Column 1 has 8” Ceramic on the top portion and 16” GAC at the bottom; Column 2 has
16” Ceramic and 16” GAC; and Column 3 has 24” Ceramic and 8” GAC. The concentration
of salicylic acid, acetaminophen, and ibuprofen in the influent tank was kept as 10 pg/L, 1
Mg/L and 1 pg/L, respectively, whereas EBCT was 15 minutes for all columns.
Descriptions of the biofiltration columns configuration, general processes, and protocol
information are provided in the Methodology section of Chapter 5. All the biofilters were
operated to simulate the full-scale applications. This enhancement study was split into four

phases in six weeks. Each phase is described below:

6.1.1.1Phase 1: Control Study Without Enhancement

The first phase is the control phase where no enhancement was applied. The experiments
were conducted with influent DOC concentration of 3 mg/L. This phase ran for 10 days on

three dual-media biofilters in parallel with EBCT 15 mins.
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6.1.1.2Phase 2: Substrate Enhancement Studies

Because micropollutants are present at ng/L or ug/L concentrations in most natural waters,
they likely are biodegraded as secondary substrates. Therefore, biological treatment
processes are designed to biodegrade these compounds in the presence of a primary
substrate (Lauderdale et al. 2007). This led us to add additional substrates along with DOC
in the experimental phase expecting to increase the rate of micropollutant degradation.
Following the first phase, Phase 2 ran with substrate enhancement strategies with a target
to investigate the impact of substrate addition on the removal efficiencies. Two different

substrates acetic acid and ethanol were added separately.
6.1.1.3Phase 3: Nutrient Enhancement Studies

Phase 3 investigates the role of nutrient enhancement on the MPs removal. In this phase,
the experiments were conducted with two scenarios where N:P ratios were 20:1 and 60:1.
Amino acid and phosphoric acid were used as the nitrogen and phosphorus source,
respectively. For 20:1 of N:P, 0.5 mg/L-N (Amino Acid) and 0.025 mg/L—P (Phosphoric
Acid) were added to the influent, whereas, 1.5 mg/L-N (Amino Acid) and 0.025 mg/L-P
(Phosphoric Acid) were added to ensure N:P ratio of 60:1. Nutrients and 3 mg/L of DOC
as D-Glucose were added directly into the influent feed tank. As a point of interest, the
DOC contribution of the nutrients was determined for each mixture at bench-scale over
several incremental concentrations (1, 2, 3, 4, and 5 mg/L of each supplement were

analyzed), where amino acids contributed 0.29 + 0.05 mg/L of DOC.
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6.1.1.4Phase 4: Oxidant Enhancement Studies

The role of oxidant enhancement was assessed in Phase 4 using two oxidant- hydrogen
peroxide (H20) and chlorine (Cl2), separately. Peroxide was added with a dose of 0.5
mg/L, however in the later parts of this phase, several other dosages such as 0.25 mg/L,
0.75 mg/L and 1 mg/L were also added. During enhancement studies with CI2, 0.25 mg/L

Cl> dose was applied to the influent tank.

In all phases, fluid backwashing occurred in GAC and air scouring occurred in Cerlaite
media). Air scouring on Ceramic was occurred more frequently than effluent backwashing
on Ceramic allowing thin biofilms to grow on the Ceramic and thick biofilm to grow on
GAC. The details of each phase of the enhancement strategies with other operational
parameters are shown in Table 6.1. Effluent and influent water samples were collected
every day during all phases. Media samples were collected from 5-10 cm below the top of
both biofilter twice per week to measure ATP and EPS. On the day of backwashing and air
scouring, water and media samples were collected just before the backwashing and air

scouring.
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Table 6.1 Details of the experimental phases

Experimental Enhancement Strategies Empty Bed DOC
Phase Strategies Contact (mg/L)
Time
Phase 1. Without 15 min 3
Enhancement
Phase 2: Substrate Acetic Acid Addition of Acetic Acid at a target of 1 mg/L as Carbon 15 min 3
Enhancement Enhanced Biofilter
Ethanol Enhanced Addition of Ethanol at a target of 1 mg/L as Carbon 15 min 3
Biofilter
Phase 3: Nutrient  N:P = 20:1 Addition of 0.5 mg/L-N (Amino Acid) + 0.025 mg/L-P 15 min 3
Enhancement Enhanced Biofilter (Phosphoric Acid) to the influent
N:P = 60:1 Addition of 1.5 mg/L-N (Amino Acid) + 0.025 mg/L-P 15 min 3
Enhanced Biofilter (Phosphoric Acid) to the influent
Phase 4: Oxidant H202 Enhanced Addition of H202 with a dose of 0.5 mg/L; 3 days per 15 min 3
Enhancement Biofilter dose (Hydrogen peroxide, 35 wt.% solutions in water,
Thermo Scientific™)
Cl2 Enhanced Addition of Cl, at 0.25 mg/L dose to the influent 15 min 3

Biofilter

(Lovibond™ Total Chlorine Powder Packs™)




6.1.2Backwash Protocol

The backwash protocol for the column experiment was designed to mimic that of the full-
scale system. A backwash was performed manually based on runtime and head loss limits.
Peristaltic pumps were used to perform fluid backwash to the bottom GAC media whereas,
air scour was performed on the top ceramic media by the direct air outlet through tubing
system for each biofiltration column. It is noted that one biofilter could be backwashed at
a time. The backwash and air scouring strategy provided consistent head loss profiles under
control and enhanced biofilter conditions.

6.1.3Sampling Plan

Water quality parameters, including MPs, DOC, UV254, pH, and turbidity were monitored
on individual filter effluent and their corresponding influent following substrate, nutrient
and oxidant addition. Media samples were collected from the top 5-10 cm layer of the
biofilters to measure ATP and EPS. Water samples were collected every day whereas
media samples were collected twice per week.

6.1.4Analytical Methods

Biological filter media samples (both Ceramic and GAC) were collected from the top 5-10
cm layer of the biofilters to measure ATP and EPS. ATP was normalized to the weight of
the filter media (ng ATP/g media) and analyzed using a LuminUItra Deposit Surface
Analysis Kit (DSA-100C, Luminultra Technologies, Ltd.). All assays were performed
according to the manufacturer’s instructions. To measure EPS of the filter media, the heat
extraction method by Hasan et al. (2021) and Fish et al. (2016) was modified to extract
the EPS from the samples. 2 grams of media sample added to a 15 mL conical tube followed

by suspension in 10 mL of phosphate buffer solution (PBS) and vortexed vigorously for 1
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minute to dislodge the biofilm from the media. The PBS solution consisted of 2 mM (0.328
/L) NasPOs, 4 mM KH2PO4 (0.544 g/L), 9 mM NaCl (0.525 g/L), and 1 mM KCI (0.074
g/L). The suspension was then centrifuged at 4000g for 5 min. After discarding the
supernatant, the pellet was resuspended in 10 mL of heated (60 C) PBS. The PBS
solution’s pH was adjusted to 7 and kept at 60 C before EPS extraction for resuspension.
After resuspension of the pellet in 10 mL PBS, the sample was immediately vortexed for
1 minute and then centrifuged at 4000 g for 10 min. The supernatant was considered the
loosely bound (LB) EPS. The remaining pellet was resuspended in 10 mL of PBS solution
and digested for 30 min at 60 C. After digestion, the sample was centrifuged at 4000 g for
15 min. After this final centrifugation, the supernatant of the sample was considered the
tightly bound (TB) EPS. The supernatant containing the EPS was filtered through a 0.45-
mm nylon filter. The summation of LB-EPS and TB-EPS provided the total EPS and
normalized with total solids (TS) as mg COD/g TS.

Proteins and polysaccharides were also measured from the same extracted EPS samples of
the biofilter media. Protein was measured according to the modified Lowry method using
bovine serum albumin (BSA) as a standard (Lowry et al., 1951). Modified Lowry Protein
assay and diluted Folin (1:1 with deionized water) reagent were used during the analysis.
Soluble polysaccharides were measured as described by (Dubois et al., 1956) using D-
Glucose as a standard. Both proteins and polysaccharides were normalized with total solids
(TS).

The dry weight of the filter solids (filter media plus any additional solids captured in the

filter media) was measured via TS analysis following the Standard Method. The filter
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solids in the pellet after the centrifugation step were transferred to an aluminum dish, dried

overnight in a 104 °C oven, and then weighed.

6.2 Results and Discussion

6.2.1Effect of Enhancement Strategies on Micropollutants Removal

The percent removal of targeted MPs- salicylic acid, acetaminophen, and ibuprofen by all
the enhancement strategies are shown in Figure 6.1. Interestingly, there is no visible change
in percent removal of MPs during by the enhancement strategies. For all MPs, column 1
with 24” GAC and 8” Ceramic media shows highest removal efficiency. Figure 6.1a shows
that salicylic acid removal was achieved around 79-81%, 71-72.5%, and 65-66.5% in
column 1 (24” GAC + 8” CER), column 1 (24” GAC + 8” CER), and column 1 (24” GAC
+ 8” CER), respectively. While compared with the control biofilter, there is no significant
change of salicylic acid removal. Acetaminophen (Figure 6.1b) and ibuprofen (Figure 6.1c)
removal was much lower compared to salicylic acid, however similar to salicylic acid
removal, both MPs shown no visible change of percent removal by the enhancement
options compared to the control experiment. Based on this study, it can be concluded that
substrate and nutrient enhancement might not be the obvious options to improve MPs
removal. It is noted that, although peroxide and chlorine addition did not improve MPs
removal, ozone pretreatment significantly increased the percent removal of MPs as

described in Chapter 5.

Previous studies found that oxidant and nutrient supplementation can influence biofilter
hydraulics and microbial communities (Keithley & Kirisits, 2019), however, no clear

findings were shown in terms of influence on MPs removal. In another study, it was found
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that the biologically active zone in the biofilter can be shifted by oxidant pretreatment
which can influence the removal of organic matter and turbidity as compared to biofilters
with no oxidant addition (de Vera et al., 2019). Brown & Lauderdale (2006) found that
substrate addition can decrease acclimation time requirements and enhance the robustness
of the biofiltration system. Moreover, Hozalski & Bouwer (2001) concluded that it can also
enhance the removal rate of slowly degradable organic pollutants. However, more studies
need to be done to further investigate the influence of supplementation of specific nutrients

and oxidants on micropollutants removal.
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Figure 6.1 Effect of Different Enhancement Strategies on a) Salicylic Acid, b)
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Ceramic media, respectively.
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6.2.2Effect of Per-oxide Addition on Micropollutants Removal

MPs removal was observed after adding peroxide at different dosages at 0.25 mg/L, 0.5
mg/L, 0.75 mg/L and 1 mg/L and the results are illustrated in figure 6.2. Salicylic acid
removal was increased with increase of peroxide dose (Figure 6.2a). Compared to the
control study, around 11% more removal was achieved by adding 1 mg/L of H2O>. For the
other dosages lower than 1 mg/L, the increase of removal was much less. However, Figure
6.2b and 6.2c show no significant differences in percent removal of acetaminophen and

ibuprofen at different peroxide dosages in three sets of biofilter columns with respect to

the control.
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Ceramic media, respectively.
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6.2.3Effect of Enhancement Strategies on EPS Production

The effect of substrate, nutrients, and oxidant enhancement on biofilter EPS production (in
the form of COD, protein, and polysaccharide) is shown in Figure 6.3. Substrate
enhancement with both acetic acid and ethanol appeared to increase EPS COD, protein and
polysaccharide concentrations individually. This findings are supported by the previous
studies where substrates supplementation increased the EPS production in nutrient limited
conditions (Lauderdale et al., 2012). Figure 6.3 also shows that nutrient supplementation
(N:P of 20:1 and 60:1) decreased the biofilter EPS contents significantly. It is noted that
previous researchers applied nutrient supplementation in biofiltration to improve the
biological activity in biofilters (Granger et al., 2014; Lauderdale et al., 2012; Sang et al.,
2003; X. Yu et al., 2003). Their findings suggested that a certain carbon and nutrient ratio
should be maintained to satisfy the bacterial growth requirement in the biofilter. Previous
study concluded that amino acids are biodegraded easily and can improve the microbial
growth in the biofilter (van der Kooij & Hijnen, 1988). Therefore, amino acids could be a

viable option as a nutrient supplement.

The results also show that biofilter media EPS was lowest for the peroxide and chlorine
enhanced biofilter, relative to the control biofilter. Baig et al. (2018) also revealed that
oxidant pretreatment reduces the biofilter EPS which might be a key reason to control
biomass. Moreover, other study reported 52% reduction of EPS on the biofilter after adding
1 mg/L peroxide (Azzeh et al., 2015). In our study, nutrient enhanced biofilter also shows
much less EPS concentration. This results are consistent with the previous study by that
reported less EPS concentration in the biofilter when the nutrients requirement were

satisfied (Lauderdale et al., 2012). Further research under highly controlled conditions is
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necessary to draw conclusions on the impact of peroxide and chlorine supplementation on

biofilter EPS concentrations.
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Figure 6.3 Effect of Different Enhancement Strategies on Biofilter EPS Production

6.2.4Effect of Enhancement Strategies on Head loss Buildup

Biofilter headloss profiles for each filter column during different enhancement strategies

are presented in Figure 6.4. For the same biofilter media (ceramic media and GAC),

headloss formation in the different columns was similar, although the filter depths are

different. On average, headloss development in the ceramic media was much lower

compared to GAC. While comparing filter run times to reach terminal headloss, it is
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estimated that ceramic media can operate around 2 times longer than GAC which could
translate into potential savings in terms of lower energy and water requirements. It is noted
that, during this enhancement studies, air scouring (on ceramic media) and backwashing
(on GAC) were applied at turbidity breakthrough (>0.1 NTU), therefore, overall lower
headloss was observed. Figure 6.4 also shows that the enhancement strategies significantly
affected the headloss buildup. The decreased headloss was found in the nutrient-enhanced
and oxidant enhanced ceramic media and GAC relative to the scenario where no
enhancement was used. Hence, nutrient supplementation and low pre-chlorine dose (~0.25
mg/L free residual CI2) and peroxide can be considered for improving biofilter hydraulics.
However, substrate-enhanced filter media show higher headloss buildup. It is noted that

the headloss buildup pattern in the biofilter is quite similar to the pattern of biofilter EPS.
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Figure 6.4 Headloss buildup on GAC and Ceramic during enhancement studies

132



6.2.5Effect of Enhancement Strategies on Biofilter ATP

ATP concentrations in the ceramic media and GAC were monitored during all
enhancement studies. In general, ATP concentrations were similar in each scenario to all
GAC and ceramic media columns irrespective of the filter depth. However, different
enhancement strategies influenced the ATP concentrations which can be visualized in
Figure 6.5. The nutrient enhanced ceramic media showed much higher ATP concentrations
relative to the ceramic media without any enhancement, while in nutrient enhanced GAC,
also shows higher ATP concentrations. It might suggest that nutrient supplementation can
enhance microbial metabolic activity. ATP concentration was not significantly different in
the substrate enhanced biofilters. Peroxide and chlorine enhanced ceramic and GAC media

shows slightly higher ATP concentration.
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6.3 Conclusions

The goal of this study was to shift an industry accepted paradigm for ensuring improved
biofiltration through several enhancement strategies. Among all the strategies applied,
nutrient enhancement and oxidant pretreatment shows the most promising for ceramic-
GAC dual media biofiltration. However, substrate-enhancement was found ineffective in
our study in terms of either improved micropollutants removal or the biofilter hydraulic
properties. Although, oxidant enhancement strategy showed some benefits to improve filter
hydraulic performance, utility specific cost-benefit analysis should be conducted before the

full-scale implementation.
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Chapter 7 - Discussion

This chapter discusses the potential of emerging contaminants removal through
biodegradation, the influence of biofilm thickness on the overall biodegradation rate, and
the application of this biodegradation in the ceramic-GAC dual media biofiltration columns
through biofilm thickness management strategies. In addition, a potential of enhancement

strategies for the removal of micropollutants through biofiltration is also discussed.

7.1 Selectionof fast andslow biodegrading pollutants for removal throughdual media

biofiltration

Potable water reuse has high potential to overcome the global water scarcity happening in
several parts of the world including the US. One of the challenges for potable water reuse
is the presence of micropollutants in the natural water and the wastewater effluents.
Removal of these micropollutants from water using biological processes is comparatively
economical. However, these biological processes cannot biodegrade a wide range of
micropollutants including pharmaceuticals, since they have a diverse chemistry which
make them readily or poorly biodegradable. Removing both the readily and poorly
biodegradable micropollutants in a single biological system like biofiltration is a big
challenge, since they are not designed to remove these pollutants. One of the strategies
within the existing biological process could be dual media biofiltration where readily
degrading micropollutants can be removed in one media, and slow degrading
micropollutants are removed in the other media. To do that, it’s crucial to identify which

micropollutants are readily biodegradable and which are slowly biodegradable.
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To assess the biodegradability and biodegradation rate of micropollutants, it is practical to
use higher concentration to clearly track the degradation with enough time. This also helps
to understand the biodegradation from the extremes of non-substrate limiting conditions to
the substrate limiting concentration that eventually demonstrates which contaminant is
readily biodegradable and which one is slowly biodegradable. Moreover, it is helpful to
study the sorption capacity of micropollutants to confirm those micropollutants could
mainly be removed by biodegradation, not by adsorption. The lower sorption results
confirm the high biodegradation potential of the compounds. Since the bacterial
community and activity is greatly influenced by different seasonal temperatures, the
biodegradation study needs to be conducted with the bacteria sources collected on a
seasonal basis, expecting highest biodegradation rate in the summer and the lowest in the

winter.

Being a low molecular weight (LMW) organic acid, salicylic acid is expected to biodegrade
faster compared to chemically complex compounds. Moreover, faster biodegradation
nature of salicylic acid makes this compound to be considered as a readily biodegradable
micropollutant. In contrast, both acetaminophen and ibuprofen have slower biodegradation
rates due to the complex or branched structure. Usually, polycyclic aromatic compounds
can be less vulnerable to biodegradation than monocyclic ones (Marchlewicz et al., 2017).
Moreover, the production of higher quantities of toxic intermediates could inhibit

degradation in the latter part of biodegradation.
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7.20xygen uptake rate (OUR) and bacterial optical densities for indication of

biodegradation

To have a clear idea of biodegradation, oxygen uptake rate (OUR) can be monitored during
the biodegradation studies. Higher OUR represents higher biological activity which can
lead to higher biodegradation rate. During biodegradation, OUR increases gradually and
then decreases, due to the declining concentration of substrates in the batch reactor. At this
level, oxygen respiration is dominated by biomass which is released by hydrolysis

(Kappeler & Gujer, 1992).

The OUR at that intermediate stage of biodegradation is typically higher, which is due to
the increased microbial activity (Silva et al., 2007). However, after achieving the highest
degradation rates at the intermediate stage, biodegradation rate decreases along with OUR
due to the higher cellular densities (Bechor et al., 2002; Hasan, Alfredo, DeBarbadillo, et
al., 2019). Therefore, it is also recommended to measure OD600 during the biodegradation
studies to confirm the bacterial densities at different stages of biodegradation studies to get
a better idea of the overall biodegradation of micropollutants. During the initial phase of
biodegradation experiment, OD600 increases sharply indicating that cells are on the
exponential phase. This can be explained by cells that are already preactivated and are
capable of degrading the substrates faster than cells on lag and stationary state. In the later

stage, a drop of OD600 can be observed.
7.3 Adenosinetri -phosphate(ATP) as thesurrogate of OUR
Considering the importance of microbial activity on biodegradation process, adenosine tri-

phosphate (ATP) is useful to provide a mechanistic understanding of the process. ATP
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during biodegradation increases early and reaches a maximum followed by a sharp or
gradual decrease. The initial rate increase of ATP can be either fast or slow depending on
the biodegradation rate of micropollutants. For example, salicylic acid biodegradation
shows sharp ATP increase at the beginning, whereas both acetaminophen and ibuprofen
show ATP increasing from the beginning at a slower rate. The increase of ATP during
biodegradation micropollutants can be explained by the phenomena where bacterial growth
is increasing along with the activity. However, due to the steady or decreasing trend of
microbial concentrations at the later portion of the biodegradation batch experiments, the
microbial activity decreases, hence, ATP also decreases. This trend is quite similar to OUR
profile during biodegradation of the micropollutants. ATP is considered the indicator for
microbial activity, whereas OUR increases with the increase of the activity. Therefore, a
strong correlation (R? = 0.88) exists between ATP and OUR. OUR measurement during
biodegradation study requires continuous monitoring to prevent error due to bubble
formations on the probe; however, ATP measurement is a rapid, cost-effective, and easy
process. Therefore, the strong relation suggests ATP as the OUR surrogate which is more

convenient to monitor and is a promising operational parameter.

7.4 Correlation among ATP, EPS,protein and polysaccharideduring biodegradation

of micropollutants

ATP provides energy directly for extra cellular polymeric substances (EPS) synthesis and
secretion, therefore, less ATP in the system causes less amount of EPS (Al-Kharusi et al.,
2016; Tan et al., 2014). When ATP production is disrupted, EPS decreases sharply (Jiang
& Liu, 2010). More importantly, lots of enzymes related to pollutant degradation are also

dependent on ATP; thereby resulting in a positive correlation with EPS as well as its
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protein, and polysaccharide components. Results in this study showing the strong positive
correlation of ATP with EPS, protein, and polysaccharide (R? >0.85) production provides
an insight to further propose a universal biodegradation mechanism that can addressed by

investigating any of those parameters.
7.5Biofilm thicknessinfluences thebiodegradation of micropollutants

Being present at a very low concentration in the water systems, diffusion limitation arises
in the biodegradation of micropollutants. This diffusion limitation becomes more severe
with the growing thickness of biofilms that ultimately results in higher residual
micropollutants after the biological treatment (Torresi et al., 2016, 2017). Therefore,
biofilm thickness in the water system plays an important role for the removal of
micropollutants, either readily biodegradable such as salicylic acid or slowly biodegradable
such as acetaminophen and ibuprofen. Faster biodegradation of salicylic acid,
acetaminophen and ibuprofen by thin biofilms compared to the thick ones suggests the
potential of overall biodegradation improvement through biofilm thickness control
strategies in the biofiltration systems. Thicker biofilms are most likely diffusion limiting
and stratified, where substrates diffusing into biofilms are utilized by the outer layers of
biofilms (Greenman et al., 2021). This results in starvation for the inner biofilms due to
less substrate availability, making them inactive. Therefore, thin biofilms with more active

biomass achieve faster biodegradation.
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7.6 Half saturation coefficient (Ks) as agoverning factor for the biofilm thickness

impact on thebiodegradation

In this study, the prominent differences in biodegradation rates by biofilms with varied
thicknesses at the end of the reaction period confirms that the micropollutants
biodegradattion is diffusion-limited and not biomass limited. Hence, the limiting bulk
substrate concentration drives the reaction rates and causes thin biofilms to biodegrade the
micropollutants faster. In other words, with substrate concentration closer to the half-
saturation coefficient (Ks), diffusion limitation has more influence on reaction kinetics, and
the overall kinetics is more like the half-saturation kinetics. The increased Ks value with
the increase of biofilm thickness in this study indicates that Ks value can be lowered by
making the biofilm thinner. This can be achieved by increasing biofilm’s surface area to
grow, allowing the biomass to spread over a larger surface area. Based on the results,
readily biodegradable micropollutants may need very thin biofilms since they are not too
limited by biomass. Moreover, a thin biofilm can be included to remove constituents that
may be present at low concentrations and overcome diffusion limitations. Such thin
biofilms may need to be more actively managed. In contrast, diffusion can become a
significant limitation when operating at thicker biofilms than optimal. Based on Fick's law
of diffusion, when biofilm has enough area or volume to overcome biomass limitation,
overall degradation rates can decrease rapidly with biofilm thickness. The result also
suggests that slow degrading micropollutants are more likely to be biomass limited and

might need a longer time.
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7.7 Biofilm thicknessinfluences thebiofilm biology

The values of EPS in terms of COD, protein, and polysaccharide in the thick biofilms were
much higher than those of the thin biofilms. Generally, bacteria secret more EPS in stressed
conditions due to a lack of substrates as food. In the thick biofilms, the internal biofilm
layers have substrate deficiencies which eventually put stresses on the bacteria to release
more EPS. This reasoning can Dbe strengthened by the results in this study where
comparatively less EPS production was observed in biodegradation starting with high
initial salicylic acid concentration (10 pg/L) compared to low initial acetaminophen and
ibyprofen concentrations (1 pg/L). Moreover, the lower ATP concentration at thicker
biofilms provides a new insight to understand the inherent mechanisms of biodegradation.
ATP content of biofilms depends on bacterial activity, whereas actively growing cells have
a higher ATP content than stressed and inactive cells. Hence, the low ATP value in the
thick biofilm is due to the inactive biomass in the inner layer of the film, which typically

contains far less amount of ATP than aerobic organisms in the outer layer.

7.8 Biofilm thicknessreshapes thenicrobial diversity and composition

The 16S rRNA gene sequencing results showed that microbial communities in the biofilms
with specific micropollutants biodegrading bacteria are quite diverse. However, despite the
different micropollutants, the total OTUs in the three different biofilms are similar,

demonstrating that the community was similar in different biofilms.

In this study, Firmicutes were most abundant in the source bacteria feed which dramatically
decreased in experimental biofilms, resulting in the absolute predominance of

Proteobacteria in the experimental biofilms. The next most abundant phylum was
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Bacteroidetes. These results are consistent with the phyla commonly reported in drinking
water biofilters (de Vera & Wert, 2019; Lautenschlager et al., 2014; Pinto et al., 2012).
However, the studies revealed a more significant shift of microbial communities from

backwash water to experimental biofilms.

At the class level, Bacilli had the highest relative abundance (98.9%) in the backwash water
seed, while Betaproteobacteria showed the most dominant class in salicylic acid and
ibuprofen degrading biofilms with 71.6% and 55.85%, respectively. In contrast,
acetaminophen degrading biofilms had Gamma Proteobacteria as the most prevalent class,
with 63.15%. The abundance of proteobacteria in all micropollutants degrading biofilms
demonstrates their co-existence in the natural water systems with micropollutants. Despite
the dominance of Proteobacteria, substantial differences were seen at the genus level
bacterial communities at individual micropollutant degrading biofilms. Bacillus has the
most abundance in the backwash water seed, with an absolute dominance of 98.2%.
However, specific genera were most abundant within certain experimental biofilms. For
example, Pseudomonas was present in high proportions (62.9%) in acetaminophen
degrading biofilms samples, whereas, in salicylic acid and ibuprofen degrading biofilms,
the relative abundance of Pseudomonas was negligible. These results demonstrate that
despite the shifts in the microbial community, the removal of micropollutants might still

be governed by the overall biofilm thickness.
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7.9Thin and thick biofilm can bemanaged throughair scoring and backwashing in

the ceramicGAC dual mediabiofiltration columns

Following the proof-of-concept study of the impact of biofilm thickness on the
biodegradation of micropollutants, a major challenge was how to transfer this biofilm
thickness knowledge to the biofiltration columns. Unlike on filter membrane, the thickness
of the biofilms cannot be easily controlled in the biofilter. However, ceramic media and
granular activated carbon (GAC) have some distinctive surface topography that has the
potential to grow thin and thick biofilms separately with some operational strategies. It is
proven that thick biofilms are formed on GAC due to the rugged topography. Moreover,
according to the recent study, thin biofilms can be formed on the ceramic media due to the
larger surface area which allows biofilms to spread. Therefore, this study focused on using
ceramic-GAC dual media biofiltration columns where ceramic media was used as the top
of GAC followed by frequent air scouring on ceramic media and less frequent backwashing
on GAC. This backwashing and air scouring strategy in this study was able to form thin
biofilms on the top ceramic media and thick biofilms on the bottom GAC media which
were supported by the scanning electron microscopy (SEM) and optical coherence

tomographic (OCT) images.

7.10 Readily and sow biodegrading micropollutants can be removed by

simultaneously formedthin and thick biofilms

The steady removal of readily (salicylic acid) and slow (acetaminophen and ibuprofen)
biodegrading micropollutants in the ceramic-GAC dual media columns showed the
potential of biofilm thickness management in the dual-media biofiltration systems.

Salicylic acid as a readily degrading micropollutants showed overall higher percent
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removal compared to slow degrading acetaminophen and ibuprofen. Ceramic media

performed better for the removal of salicylic acid,

Equal amount of ceramic media removes salicylic Acid around half of that GAC removes,
acetaminophen around 20% of that GAC removes, and ibuprofen around 30-45% of that
GAC removes. However, the individual removal efficiency by ceramic media can be
improved by increasing its depth. In summary, the results showed that considerably higher
% removal of salicylic acid and ibuprofen was obtained from the ceramic media compared
to acetaminophen. Moreover, the increased removal with lower initial concentrations of
micropollutants showed the potential of dual-media ceramic-GAC biofiltration for
drinking water and water reuse where the concentrations are very low. The higher
micropollutants removal with 3 mg/L DOC supplementation to the influent was due to the
possibility of co-metabolism, in which the bacteria in the biofilters used DOC as main
source for carbon and energy. Better removal also achieved while adding ozone was well
expected since ozone converts a portion of organic compound to easily biodegradable
carbon and support biomass growth in the biofilter (K. Carlson & Amy, 1997; Wert et al.,
2008). Empty bed contact time (EBCT) which is a measure of the amount of time that the
water is in contact with the media was found to be a key design and operating variable in

the biofiltration process.

7.11 Microbial community structure varies in ceramic and GACmedia

The higher diversity index and unique OTUs in the GAC compared to the ceramic media
explain more diverse microbial communities in GAC. The different relative abundance of
specific microbial communities on GAC and ceramic media may be due to different

detachment from the media biofilms, different surface roughness and possible due to more
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frequent air scouring in the ceramic media and less frequent backwashing in GAC.
Although the composition of the microbial community changes with biofilter depth, as
previously observed by Moll et al., (1998), this explanation is less likely in the current
study, as the GAC and ceramic media were regularly backwashed, so mixing of the
microbial community should occur. Another explanation might be the substantially longer
time GAC have been in use, therefore, the community structure could be governed by
broader environmental conditions (T.-S. Kim et al., 2013; Zwirglmaier et al., 2015). Over
time, bacterial communities within biofilms may diversify due to a maturating of
established biofilm. Moreover, previous studies suggest that the microbial community
structure in biofilter shifts and it is shaped by environmental factors such as nutrients
availability, changing redox and physicochemical conditions (Lautenschlager et al., 2014;

Q. Lietal., 2017; Pinto et al., 2012).

7.12 Enhancement strategies mostly benefit biofilter backwashing rather than

improving micropollutants removal

Among the enhancement strategies applied, nutrient enhancement and oxidant-
enhancement showed the most promise for dual-media biofilter applications. Substrate-
enhancement proved to be ineffective at providing either improved micropollutants
removal or biofilter hydraulic operation. The oxidant-enhancement strategies with both
peroxide and chlorine reduced biofilter headloss buildup and EPS production and
ultimately improved filter hydraulic performance without compromising biological
activity. The benefits of the nutrient enhancement strategy also included lower terminal
headloss and less EPS production in the biofilters. Therefore, nutrient enhancement

strategies may be applicable to any utility with existing or planned biofiltration facilities.
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However, micropollutants removal using oxidant and nutrient enhancement did not show

any improvement.

Therefore, it can be inferred that the enhancement strategies mostly influence the biofilter
hydraulic properties which is benefitted to lower backwashing and air souring without

visible impact on the micropollutants removal.

146



Chapter 8 — Conclusions

This chapter discusses the final conclusions of four different objectives studied in the
previous Chapters (Chapter 3 to 6). The recommendations of future research on

biofiltration systems are also proposed at the end of the chapter.

8.1 Conclusions of specific objectives achieved in this study

Objective 1Biodegradation ofsalicylic acid, acetaminophen, andbuprofen by Bacteria

collected from afull-scaledrinking water biofilter

The study focused on understanding the biodegradation of selected pharmaceutical
compounds — salicylic acid, acetaminophen, and ibuprofen by bacteria in the seasonally
collected backwash water at a full-scale biofilter. The results showed that biodegradation
occurred for all three compounds with different degradation rates, with salicylic acid
degrading the fastest. The difference in degradation rates highlighted the potential
competition that would exist within a single biofiltration system, potentially leading to even
less pharmaceutical degradation unless conventional biofilters are redesigned to account
for the degradation kinetics demonstrated in this research. During the initial stage of
biodegradation of all three pharmaceuticals, ATP concentrations were increased in the
study that can be explained by the phenomena where bacterial growth was increasing as
referred by the increasing OD600 values. However, at the later portion of the
biodegradation experiment, the microbial activity decreased, hence, ATP also decreased.
This trend of ATP concentration during biodegradation of all selected compounds were
similar to OUR profile in this study that suggested ATP as an OUR surrogate considering

the fact that ATP is more convenient to monitor and is a promising operational parameter.
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Moreover, in the first phase of biodegradation of the selected pharmaceuticals, EPS,
protein, and polysaccharides all increased over time. Later, in the second phase, they
rapidly decreased. Results also showed that ATP had strong correlations with EPS, protein,
and polysaccharide production that provided comprehensive insights into operational

conditions, necessary for the full-scale operators to optimize biofiltration at their utilities.

Objective 2:Mechanisticunderstanding @& the role of biofilm thickness on theemoval

of slow andreadilybiodegradingmicropollutants

This novel study investigated the impact of biofilm thickness on biodegradation of selected
micropollutants, and kinetic parameters including Ks. Studies found that the selected
micropollutants were biodegraded faster by the thinnest (19.2 ~ 29.6 um) biofilms than the
thickest (154.8 ~ 187.9 um) one. The differences in removal rates were more prominent at
the end of the reaction period, proving that the substrate removal was diffusion-limited and
not biomass limited. The study also found increased Ks value with the increase of biofilm
thickness for all three micropollutants which confirmed that the Ks can be lowered by
making the biofilm thinner. The values of EPS in terms of COD, protein, and
polysaccharide in the thick biofilms were much higher than those of the thin biofilms.
These results were similar to all the target micropollutants- salicylic acid, acetaminophen,
and ibuprofen degrading biofilms. Moreover, a higher ATP concentration was observed at
higher biofilm thickness in all experiments. The higher unique OTUs in the specific
selected pharmaceuticals degrading biofilms were observed compared to the source
backwash water. In the salicylic acid, acetaminophen, and ibuprofen degrading biofilms,
observed OTUs were 144, 135, and 137, respectively, where source backwash water had

47 OTUs. From microbial community analysis, Pseudomonas was found at the highest
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proportions (62.9%) in acetaminophen degrading biofilms where other taxa detected at
high relative abundances included Rhodoferax (10.9 %) and Polaromonas (8.1 %).
Salicylic acid degrading biofilms had three major dominant genera, including Rhodoferax
(21.7%), Polaromonas (21.4%), and Undibacterium (16.6%). However, ibuprofen
degrading biofilms showed Sediminibacterium as the most abundant genus comprising
28.5% of total species, whereas other major genera were Methylibium (5%), Methylophilus

(5.5%), Methylotenera (7.2%), and Polaromonas (7%).

Objective 3: Potential oteramicGAC dual media biofiltration system forenhanced
removal ofsow and readily biodegrading micropollutants through biofilm thickness

management

This study explored the strategy of controlling growth and thickness of biofilms on
ceramic-GAC dual media biofiltration columns by optimizing design parameters to
ultimately improve the removal efficiency of organic micropollutants. Frequent air
scouring on the top ceramic filter media and less frequent backwashing on the bottom GAC
media facilitates the presence of thin biofilms in the ceramic filter and thick biofilms GAC.
Compared between two media in this dual media system, GAC outperformed ceramic
media in terms of selected micropollutants and DOC removal. The study also found the
highest ATP concentrations in both ceramic and GAC while operated with DOC
supplementation and Os pretreatment. Overall, ozone pretreatment and DOC
supplementation significantly increased the percent removal of all three micropollutants
with an optimum Oz to DOC ratio of 0.5 to 0.67. Moreover, EBCTs had significant
influences in the percent removal of salicylic acid, acetaminophen, and ibuprofen where

optimum EBCTs in this study was at 15 minutes. However, each micropollutant studied
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had an increased percent removal with decreased initial concentrations. Furthermore,
higher diversity in the bacterial communities was found in GAC, when compared to

communities found in the ceramic media.

Objective 4: Impact oenhancementstrategies onbiofiltration performance toimprove

micropollutantsremoval usingdual mediabiofilter

This study investigated the impact of the enhancement strategies on the improvement of
ceramic-GAC dual media biofiltration for drinking water and water reuse application. The
study found no significant changes in percent removal of selected micropollutants by the
enhancement strategies. However, substrate enhancement with both acetic acid and ethanol
appeared to increase EPS COD, protein and polysaccharide concentrations in the biofilter
media. Headloss formation in the same biofilter media (ceramic media and GAC) in
different columns was similar, although the filter depths are different. However, on
average, headloss development in the ceramic media was much lower compared to GAC.
Moreover, the nutrient enhanced ceramic media and GAC showed much less EPS (in COD,
protein and polysaccharide) and higher ATP concentrations relative to the ceramic media
without any enhancement, ATP concentration was not significantly different in the
substrate enhanced biofilters. Peroxide and chlorine enhanced ceramic and GAC media

showed slightly higher ATP concentrations.

8.2 Future Research

Although this work provided important insight on the application of ceramic-GAC dual
media biofiltration to enhance removal of micropollutants, it revealed several knowledge

gaps and hence the following future works are recommended:
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Investigation on the formation of disinfection byproducts (DBPs) from Ceramic
and GAC media during the biofilm management along with the potential
mechanisms to minimize the formation.

Future experiments to manage thin biofilms on other filter media through air
scouring and backwashing and propose a universal biofilms management protocol.
Fundamental research on sequencing to better understand the microbial community
attached on the media, particularly to understand which species are dominant
during various operational conditions and enhancement strategies, so that we may
better understand the impacts of those strategies on specific species.

To provide a better picture of the ceramic-GAC dual media biofiltration, dissolved
oxygen (DO) should be measured in the future study to understand the redox
conditions inside the biofilters.

Considering the competitive and inhibitory effects of different substrates,
influent with a wide range of micropollutants is recommended for future studies.
Moreover, to identify biofilter enhancement strategies for sustainable and
reliable treatment goals, the study should be extended using multiple source

water qualities.
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Figure Al: Schematic of the approach of biofilm thickness experiments
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Table Al: Microbial Community Analysis from GAC and Ceramic Media

Phylum Class Order Family Genus IDENTITY GAC Cera
mic
Firmicutes Clostridia Eubacteriales Oscillospiraceae Acetivibrio Acetivibrio 0.000 0.046
0% 3%
Proteobact Alphaproteoba Rhodospirillal Acetobacteraceae Acetobacter Acetobacter 0.000 0.207
eria cteria es 0% 9%
Tenericute Mollicutes Acholeplasma Acholeplasmataceae Acholeplasma | Acholeplasma 0.000 0.001
S tales 0% 3%
Tenericute Mollicutes Acholeplasma Acholeplasmataceae Acholeplasmataceae 0.000 0.005
S tales 0% 0%
Proteobact Betaproteobac Burkholderial Alcaligenaceae Achromobacte| Achromobacter 0.000 0.992
eria teria es r 0% 0%
Firmicutes Negativicutes Acidaminococ Acidaminococcaceae Acidaminococg Acidaminococcus 0.000 0.007
cales us 0% 5%
Actinobact Acidimicrobii Acidimicrobia Acidimicrobiales 0.000 0.006
eria a les 0% 3%
Actinobact Acidimicrobii Acidimicrobiia 0.427 0.000
eria a 7% 0%
Proteobact Acidithiobacil Acidithiobacil Acidithiobacillaceae Acidithiobacill Acidithiobacillus 0.919 0.010
eria lia lales us 6% 0%
Actinobact Actinomycetia Acidothermale Acidothermaceae Acidothermaceae 0.000 0.002
eria S 0% 5%
Proteobact Betaproteobac Burkholderial Comamonadaceae Acidovorax Acidovorax 10.17 0.136
eria teria es 73% 5%
Proteobact Betaproteobac Burkholderial Alcaligenaceae Advenella Advenella 0.000 0.021
eria teria es 0% 3%
Firmicutes Bacilli Lactobacillale Aerococcaceae Aerococcus Aerococcus 0.132 0.008
) 6% 8%
Firmicutes Bacilli Lactobacillale Lactobacillales Aerosphaera Aerosphaera 0.000 0.067
S 0% 6%
Proteobact Alphaproteoba Hyphomicrobi Rhizobiaceae Agrobacterium| Agrobacterium 0.000 0.048
eria cteria ales 0% 8%
Proteobact Betaproteobac Burkholderial Comamonadaceae Alicycliphilus Alicycliphilus 0.023 0.013
eria teria es 5% 8%
Firmicutes Clostridia Eubacteriales Eubacteriaceae Alkalibaculum Alkalibaculum 0.000 0.001
0% 3%




86T

Firmicutes Erysipelotrichi Erysipelotrich Erysipelotrichaceae Allobaculum Allobaculum 0.117 0.000
a ales 6% 0%

Proteobact Alphaproteoba Alphaproteobacteria 0.198 0.000
eria cteria 9% 0%
Proteobact Alphaproteoba Rhodobacteral Rhodobacteraceae Amaricoccus Amaricoccus 0.265 0.000
eria cteria es 2% 0%
Firmicutes Bacilli Bacillales Paenibacillaceae Ammoniphilus |  Ammoniphilus 0.263 0.000
0% 0%

Firmicutes Tissierellia Tissierellales Peptoniphilaceae Anaerococcus | Anaerococcus 0.588 0.006
1% 3%

Proteobact Deltaproteoba Myxococcales Anaeromyxobacteraceae Anaeromyxobacteraceae 0.207 0.000
eria cteria 4% 0%
Firmicutes Clostridia Eubacteriales Lachnospiraceae Anaerostipes Anaerostipes 0.000 0.001
0% 3%

Firmicutes Clostridia Eubacteriales Eubacteriales Family Xiii. Anaerovorax Anaerovorax 0.040 0.000
Incertae Sedis 6% 0%

Proteobact Alphaproteoba Hyphomicrobi Xanthobacteraceae Ancylobacter Ancylobacter 0.000 0.002
eria cteria ales 0% 5%
Cyanobact Cyanobacteria Chroococcales Aphanothecaceae Aphanothecaceae 0.128 0.000
eria 3% 0%
Proteobact Alphaproteoba Hyphomicrobi Hyphomicrobiaceae Aquabacter Aquabacter 0.000 14.39
eria cteria ales 0% 84%
Proteobact Betaproteobac Burkholderial Burkholderiales Aquabacterium| Aquabacterium 1.178 0.008
eria teria es 3% 8%
Euryarcha Archaeoglobi Archaeoglobal Archaeoglobaceae Archaeoglobus| Archaeoglobus 0.316 0.056
eota es 5% 4%
Proteobact Deltaproteoba Myxococcales Archangiaceae Archangium Archangium 0.000 0.007
eria cteria 0% 5%
Actinobact Actinomycetia Micrococcales Micrococcaceae Arthrobacter Arthrobacter 2.829 25.38
eria 3% 89%
Firmicutes Bacilli Lactobacillale Carnobacteriaceae Atopostipes Atopostipes 0.571 0.000
S 0% 0%

Proteobact Betaproteobac Rhodocyclales Azonexaceae Azonexaceae 0.006 0.002
eria teria 4% 5%
Proteobact Betaproteobac Rhodocyclales Rhodocyclaceae Azospira Azospira 0.000 0.001
eria teria 0% 3%
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Proteobact Alphaproteoba | Rhodospirillal Azospirillaceae Azospirillum Azospirillum 0.000 0.055
eria cteria es 0% 1%
Proteobact Betaproteobac Rhodocyclales Rhodocyclaceae Azovibrio Azovibrio 0.000 0.001
eria teria 0% 3%
Firmicutes Bacilli Bacillales Bacillales 0.104 0.001

8% 3%
Firmicutes Bacilli Bacillales Bacillaceae Bacillus Bacillus 1.804 0.379

9% 5%
Bacteroide Bacteroidia Bacteroidales Bacteroidaceae Bacteroidaceae 0.307 0.010
tes 9% 0%
Bacteroide Bacteroidia Bacteroidales Bacteroidales 0.645 0.023
tes 8% 8%
Bacteroide Bacteroidia Bacteroidales Bacteroidaceae Bacteroides Bacteroides 0.000 0.020
tes 0% 0%
Bacteroide Bacteroidia Bacteroidia 0.000 0.002
tes 0% 5%
Actinobact Actinomycetia Bifidobacteria Bifidobacteriaceae Bifidobacteriu Bifidobacterium 0.000 0.006
eria les m 0% 3%
Acidobact Blastocatellia Blastocatellale Blastocatellaceae Blastocatellaceae 0.000 0.075
eria S 0% 1%
Proteobact Alphaproteoba Hyphomicrobi Blastochloridaceae Blastochloridaceae 0.000 0.045
eria cteria ales 0% 1%
Proteobact Alphaproteoba | Sphingomona Sphingomonadaceae Blastomonas Blastomonas 0.000 0.068
eria cteria dales 0% 9%
Proteobact Alphaproteoba Hyphomicrobi Boseaceae Bosea Bosea 0.000 0.056
eria cteria ales 0% 4%
Actinobact Actinomycetia Micrococcales Dermabacteraceae Brachybacteri Brachybacterium 0.680 0.012
eria um 1% 5%
Proteobact Betaproteobac Burkholderial Comamonadaceae Brachymonas Brachymonas 0.000 0.002
eria teria es 0% 5%
Spirochaet Spirochaetia Brachyspirales Brachyspiraceae Brachyspira Brachyspira 0.355 0.053
es 0% 9%
Proteobact Alphaproteoba | Caulobacteral Caulobacteraceae Brevundimona| Brevundimonas 0.000 0.022
eria cteria es S 0% 5%
Proteobact Betaproteobac Burkholderial Burkholderiaceae Burkholderia Burkholderia 0.002 9.526
eria teria es 1% 3%
Proteobact Betaproteobac Burkholderial Burkholderiaceae Burkholderiaceae 0.000 0.057
eria teria es 0% 6%
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Actinobact Acidimicrobii Acidimicrobia Microthrixaceae Candidatus Candidatus Microthrix 0.224 0.000
eria a les Microthrix 5% 0%
Proteobact Betaproteobac Nitrosomonad Gallionellaceae Candidatus Candidatus Nitrotoga 0.000 0.001
eria teria ales Nitrotoga 0% 3%
Proteobact Betaproteobac Burkholderial Alcaligenaceae Castellaniella Castellaniella 0.139 0.000
eria teria es 0% 0%
Proteobact Alphaproteoba | Caulobacteral Caulobacteraceae Caulobacter Caulobacter 0.331 0.305
eria cteria es 5% 6%
Proteobact Gammaproteo Enterobacteral Enterobacteriaceae Cedecea Cedecea 0.006 0.000
eria bacteria es 4% 0%
Actinobact Actinomycetia Micrococcales Cellulomonadaceae Cellulomonas Cellulomonas 0.002 0.248
eria 1% 0%
Bacteroide Chitinophagia Chitinophagal Chitinophagaceae Chitinophagaceae 0.000 0.486
tes es 0% 0%
Bacteroide Chitinophagia Chitinophagal Chitinophagales 0.000 0.005
tes es 0% 0%
Cyanobact Cyanobacteria Chroococcales Chroococcales 0.391 0.001
eria 4% 3%
Bacteroide Flavobacteriia Flavobacterial Weeksellaceae Chryseobacteri Chryseobacterium 0.432 0.000
tes es um 0% 0%
Proteobact Gammaproteo Enterobacteral Enterobacteriaceae Citrobacter Citrobacter 0.348 0.002
eria bacteria es 6% 5%
Firmicutes Tissierellia Tissierellia Clostridiales Family Xi. Clostridiales Family Xi. 0.000 0.002
Incertae Sedis Incertae Sedis 0% 5%

Firmicutes Clostridia Eubacteriales Clostridiaceae Clostridium Clostridium 1.764 0.125
3% 2%

Proteobact Betaproteobac Burkholderial Comamonadaceae Comamonas Comamonas 0.139 0.008
eria teria es 0% 8%
Actinobact Thermoleophil Solirubrobacte Conexibacteraceae Conexibacteraceae 0.568 0.000
eria ia rales 9% 0%
Actinobact Actinomycetia Corynebacteri Corynebacteriaceae Corynebacteri Corynebacterium 13.11 0.409
eria ales um 56% 6%
Proteobact Betaproteobac Burkholderial Burkholderiaceae Cupriavidus Cupriavidus 0.147 29.64
eria teria es 6% 61%
Proteobact Betaproteobac Burkholderial Comamonadaceae Curvibacter Curvibacter 0.000 0.003
eria teria es 0% 8%
Proteobact Alphaproteoba Hyphomicrobi Brucellaceae Daeguia Daeguia 0.096 0.000
eria cteria ales 2% 0%
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Proteobact Betaproteobac Rhodocyclales Azonexaceae Dechloromona| Dechloromonas 0.000 0.048
eria teria S 0% 8%
Chloroflex Dehalococcoi Dehalococcoi Dehalococcoidia 0.000 0.005
i dia dia 0% 0%
Proteobact Deltaproteoba Deltaproteoba Deltaproteobacteria Deltaproteobacteria 0.000 0.096
eria cteria cteria 0% 4%
Proteobact Deltaproteoba Desulfovibrio Desulfomicrobiaceae Desulfomicrob | Desulfomicrobium 0.288 0.002
eria cteria nales ium 7% 5%
Firmicutes Negativicutes Selenomonada Sporomusaceae Desulfosporom| Desulfosporomusa 0.000 0.002
les usa 0% 5%

Proteobact Deltaproteoba Desulfovibrio Desulfovibrionaceae Desulfovibrionaceae 0.000 0.011
eria cteria nales 0% 3%
Proteobact Alphaproteoba Hyphomicrobi Devosiaceae Devosia Devosia 0.000 0.043
eria cteria ales 0% 8%
Actinobact Actinomycetia Corynebacteri Dietziaceae Dietzia Dietzia 2.925 0.026
eria ales 5% 3%
Firmicutes Bacilli Lactobacillale Carnobacteriaceae Dolosigranulu Dolosigranulum 0.404 0.011
s m 2% 3%

Firmicutes Clostridia Eubacteriales Lachnospiraceae Dorea Dorea 0.002 0.005
1% 0%

Bacteroide Bacteroidia Bacteroidales Dysgonomonadaceae Dysgonomonadaceae 0.000 0.026
tes 0% 3%
Proteobact Gammaproteo Chromatiales Ectothiorhodospiraceae Ectothiorhodospiraceae 0.220 0.000
eria bacteria 3% 0%
Proteobact Gammaproteo Cellvibrionale Cellvibrionaceae Eionea Eionea 0.000 0.017
eria bacteria ) 0% 5%
Bacteroide Flavobacteriia Flavobacterial Weeksellaceae Elizabethkingi Elizabethkingia 0.823 0.031
tes es a 3% 3%
Actinobact Actinomycetia Micrococcales Micrococcaceae Enteractinococ| Enteractinococcus 0.000 0.002
eria Ccus 0% 5%
Proteobact Gammaproteo Enterobacteral Enterobacterales 0.004 0.000
eria bacteria es 3% 0%
Proteobact Gammaproteo Enterobacteral Enterobacteriaceae Enterobacteriaceae 0.002 0.000
eria bacteria es 1% 0%
Firmicutes Bacilli Lactobacillale Enterococcaceae Enterococcus Enterococcus 0.004 0.192
s 3% 9%

Firmicutes Erysipelotrichi Erysipelotrich Erysipelotrichaceae Erysipelothrix Erysipelothrix 0.000 0.002
a ales 0% 5%
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Firmicutes Erysipelotrichi Erysipelotrich Erysipelotrichaceae Erysipelotrichaceae 0.333 0.002
a ales 6% 5%

Firmicutes Erysipelotrichi Erysipelotrich Erysipelotrichales 0.000 0.006
a ales 0% 3%

Firmicutes Clostridia Eubacteriales Eubacteriaceae Eubacteriaceae 0.346 0.000
4% 0%

Firmicutes Clostridia Eubacteriales Eubacteriales 1.032 0.035
9% 1%

Firmicutes Clostridia Eubacteriales Eubacteriales Eubacteriales 0.284 0.000
4% 0%

Firmicutes Clostridia Eubacteriales Eubacteriales Family Xii. Eubacteriales Family Xii. 0.000 0.003
Incertae Sedis Incertae Sedis 0% 8%

Firmicutes Clostridia Eubacteriales Eubacteriales Family Xiii. Eubacteriales Family Xiii. 0.547 0.003
Incertae Sedis Incertae Sedis 5% 8%

Firmicutes Clostridia Eubacteriales Eubacteriaceae Eubacterium Eubacterium 0.359 0.002
3% 5%

Firmicutes Bacilli Lactobacillale Aerococcaceae Facklamia Facklamia 0.194 0.010
s 6% 0%

Firmicutes Clostridia Eubacteriales Oscillospiraceae Faecalibacteri Faecalibacterium 0.211 0.000
um 7% 0%

Proteobact Gammaproteo Thiotrichales Fastidiosibacteraceae Fastidiosibacteraceae 0.000 0.005
eria bacteria 0% 0%
Firmicutes Tissierellia Tissierellales Peptoniphilaceae Finegoldia Finegoldia 0.053 0.010
5% 0%

Actinobact Actinomycetia Actinomycetal Actinomycetaceae Flaviflexus Flaviflexus 0.213 0.000
eria es 9% 0%
Bacteroide Flavobacteriia Flavobacterial Flavobacteriaceae Flavobacteriaceae 0.000 0.003
tes es 0% 8%
Bacteroide Flavobacteriia Flavobacterial Flavobacteriales 0.245 0.003
tes es 9% 8%
Actinobact Actinomycetia Micrococcales Microbacteriaceae Frigoribacteri Frigoribacterium 0.000 0.513
eria um 0% 5%
Fusobacter Fusobacteriia Fusobacteriale Fusobacteriaceae Fusobacterium| Fusobacterium 0.000 0.007
ia S 0% 5%
Planctomy Planctomyceti Gemmatales Gemmataceae Gemmataceae 0.000 0.003
cetes a 0% 8%
Proteobact Alphaproteoba Rhodobacteral Rhodobacteraceae Gemmobacter | Gemmobacter 0.002 0.000
eria cteria es 1% 0%
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Proteobact Alphaproteoba Rhodobacteral Rhodobacteraceae Haematobacte| Haematobacter 0.243 0.000
eria cteria es r 8% 0%
Actinobact Actinomycetia Micrococcales Ruaniaceae Haloactinobac | Haloactinobacterium 0.265 0.000
eria terium 2% 0%
Proteobact Betaproteobac Burkholderial Oxalobacteraceae Herbaspirillum | Herbaspirillum 0.000 0.127
eria teria es 0% 8%
Actinobact Actinomycetia Micrococcales Microbacteriaceae Herbiconiux Herbiconiux 0.000 0.020
eria 0% 0%
Firmicutes Clostridia Eubacteriales Lachnospiraceae Hespellia Hespellia 0.000 0.002
0% 5%

Proteobact Betaproteobac Burkholderial Comamonadaceae Hydrogenopha| Hydrogenophaga 0.004 0.007
eria teria es ga 3% 5%
Bacteroide Cytophagia Cytophagales Hymenobacteraceae Hymenobacteraceae 0.064 0.000
tes 2% 0%
Proteobact Alphaproteoba Hyphomicrobi Hyphomicrobiaceae Hyphomicrobiaceae 0.000 0.502
eria cteria ales 0% 2%
Proteobact Alphaproteoba Hyphomicrobi Hyphomicrobiaceae Hyphomicrobi Hyphomicrobium 0.000 0.349
eria cteria ales um 0% 4%
Proteobact Gammaproteo Alteromonada Idiomarinaceae Idiomarina Idiomarina 0.000 0.006
eria bacteria les 0% 3%
Firmicutes Clostridia Eubacteriales Peptostreptococcaceae Intestinibacter Intestinibacter 0.316 0.000
5% 0%

Firmicutes Clostridia Eubacteriales Eubacteriales Intestinimonas| Intestinimonas 0.220 0.006
3% 3%

Planctomy Planctomyceti Isosphaerales Isosphaeraceae Isosphaeraceae 0.154 0.000
cetes a 0% 0%
Planctomy Planctomyceti Isosphaerales Isosphaerales 0.162 0.162
cetes a 5% 8%
Actinobact Actinomycetia Micrococcales Intrasporangiaceae Janibacter Janibacter 0.077 0.011
eria 0% 3%
Firmicutes Bacilli Lactobacillale Carnobacteriaceae Jeotgalibaca Jeotgalibaca 0.002 0.000
s 1% 0%

Firmicutes Bacilli Bacillales Staphylococcaceae Jeotgalicoccus| Jeotgalicoccus 1.007 0.001
3% 3%

Firmicutes Clostridia Eubacteriales Lachnospiraceae Johnsonella Johnsonella 0.106 0.000
9% 0%

Proteobact Gammaproteo Enterobacteral Enterobacteriaceae Klebsiella Klebsiella 0.006 0.001
eria bacteria es 4% 3%
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Actinobact Actinomycetia Micrococcales Intrasporangiaceae Knoellia Knoellia 0.307 0.008
eria 9% 8%
Actinobact Actinomycetia Micrococcales Micrococcaceae Kocuria Kocuria 0.201 0.017
eria 0% 5%
Proteobact Gammaproteo Gammaproteo Gammaproteobacteria Koukoulia Koukoulia 0.000 0.012
eria bacteria bacteria 0% 5%
Actinobact Actinomycetia Micrococcales Intrasporangiaceae Kribbia Kribbia 0.000 0.001
eria 0% 3%
Firmicutes Bacilli Bacillales Planococcaceae Kurthia Kurthia 0.055 0.015
6% 0%

Firmicutes Clostridia Eubacteriales Lachnospiraceae Lachnoclostrid| Lachnoclostridium 1.943 0.467
ium 9% 2%

Firmicutes Clostridia Eubacteriales Lachnospiraceae Lachnospiraceae 0.070 0.028
6% 8%

Firmicutes Bacilli Lactobacillale Lactobacillaceae Lactobacillus Lactobacillus 2.908 0.006
) 4% 3%

Firmicutes Bacilli Lactobacillale Streptococcaceae Lactococcus Lactococcus 0.588 0.003
s 1% 8%

Firmicutes Clostridia Eubacteriales Clostridiaceae Lactonifactor Lactonifactor 0.000 0.006
0% 3%

Proteobact Betaproteobac Burkholderial Burkholderiaceae Lautropia Lautropia 0.012 0.002
eria teria es 8% 5%
Proteobact Gammaproteo Legionellales Legionellaceae Legionella Legionella 0.000 0.351
eria bacteria 0% 9%
Proteobact Gammaproteo Legionellales Legionellales 0.000 0.030
eria bacteria 0% 1%
Actinobact Actinomycetia Micrococcales Microbacteriaceae Leifsonia Leifsonia 0.000 0.035
eria 0% 1%
Proteobact Betaproteobac Burkholderial Burkholderiales Leptothrix Leptothrix 0.000 0.001
eria teria es 0% 3%
Actinobact Actinomycetia Micrococcales Microbacteriaceae Leucobacter Leucobacter 0.363 0.000
eria 6% 0%
Firmicutes Bacilli Lactobacillale Lactobacillaceae Leuconostoc Leuconostoc 0.397 0.001
s 8% 3%

Bacteroide Saprospiria Saprospirales Lewinellaceae Lewinellaceae 0.000 0.007
tes 0% 5%
Proteobact Betaproteobac Burkholderial Comamonadaceae Limnohabitans| Limnohabitans 0.089 0.003
eria teria es 8% 8%
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Proteobact Gammaproteo Xanthomonad Xanthomonadaceae Luteimonas Luteimonas 0.019 0.005
eria bacteria ales 2% 0%
Firmicutes Bacilli Bacillales Bacillaceae Lysinibacillus Lysinibacillus 0.006 0.000

4% 0%
Proteobact Gammaproteo Xanthomonad Xanthomonadaceae Lysobacter Lysobacter 0.000 0.008
eria bacteria ales 0% 8%
Bacteroide Bacteroidia Marinilabiliale Marinilabiliaceae Marinilabiliaceae 0.641 0.000
tes S 6% 0%
Bacteroide Bacteroidia Marinilabiliale Marinilabiliales 0.000 0.013
tes S 0% 8%
Proteobact Gammaproteo Oceanospirilla Oceanospirillaceae Marinobacteri Marinobacterium 0.000 0.003
eria bacteria les um 0% 8%
Proteobact Gammaproteo Oceanospirilla Oceanospirillaceae Marinospirillu Marinospirillum 0.213 0.040
eria bacteria les m 9% 1%
Actinobact Actinomycetia Propionibacter Nocardioidaceae Marmoricola Marmoricola 0.000 0.353
eria iales 0% 2%
Proteobact Betaproteobac Burkholderial Oxalobacteraceae Massilia Massilia 0.000 0.160
eria teria es 0% 3%
Proteobact Alphaproteoba Hyphomicrobi Phyllobacteriaceae Mesorhizobiu Mesorhizobium 0.000 0.005
eria cteria ales m 0% 0%
Euryarcha Methanobacte Methanobacte Methanobacteriaceae Methanobrevib| Methanobrevibacter 0.374 0.002
eota ria riales acter 2% 5%
Euryarcha Methanomicro Methanomicro Methanomicrobiaceae Methanoculleu| Methanoculleus 0.000 0.002
eota bia biales S 0% 5%
Proteobact Betaproteobac Burkholderial Burkholderiales Methylibium Methylibium 0.000 0.052
eria teria es 0% 6%
Proteobact Alphaproteoba Hyphomicrobi Methylobacteriaceae Methylobacteri| Methylobacterium 0.000 0.776
eria cteria ales um 0% 5%
Proteobact Alphaproteoba Hyphomicrobi Methylocystaceae Methylocystis Methylocystis 0.000 0.006
eria cteria ales 0% 3%
Proteobact Betaproteobac Burkholderial Burkholderiales Mitsuaria Mitsuaria 0.017 0.000
eria teria es 1% 0%
Actinobact Actinomycetia Geodermatoph Geodermatophilaceae Modestobacter| Modestobacter 0.168 0.002
eria ilales 9% 5%
Actinobact Actinomycetia Corynebacteri Mycobacteriaceae Mycobacteriu Mycobacterium 0.526 0.003
eria ales m 1% 8%
Proteobact Betaproteobac Neisseriales Neisseriaceae Neisseriaceae 1.387 0.007
eria teria 9% 5%
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Actinobact Actinomycetia Micrococcales Micrococcaceae Nesterenkonia| Nesterenkonia 0.926 0.012
eria 0% 5%
Proteobact Alphaproteoba Hyphomicrobi Phyllobacteriaceae Nitratireductor |  Nitratireductor 0.000 0.003
eria cteria ales 0% 8%
Actinobact Actinomycetia Propionibacter Nocardioidaceae Nocardioides Nocardioides 0.600 0.002
eria iales 9% 5%
Proteobact Alphaproteoba Hyphomicrobi Hyphomicrobiales Nordella Nordella 0.000 0.096
eria cteria ales 0% 4%
Proteobact Alphaproteoba | Sphingomona Sphingomonadaceae Novosphingobi| Novosphingobium 0.000 4.341
eria cteria dales um 0% 1%
Proteobact Alphaproteoba Hyphomicrobi Brucellaceae Ochrobactrum | Ochrobactrum 0.787 0.002
eria cteria ales 0% 5%
Lentisphae Oligosphaeria Oligosphaeral Oligosphaerales 0.000 0.003
rae es 0% 8%
Actinobact Actinomycetia Micrococcales Ornithinimicrobiaceae Ornithinimicro Ornithinimicrobium 0.757 0.008
eria bium 0% 8%
Firmicutes Clostridia Eubacteriales Oscillospiraceae Oscillospiraceae 0.393 0.026
5% 3%

Proteobact Betaproteobac Burkholderial Comamonadaceae Ottowia Ottowia 0.718 0.001
eria teria es 5% 3%
Firmicutes Bacilli Bacillales Paenibacillaceae Oxalophagus Oxalophagus 0.008 0.000
6% 0%

Firmicutes Bacilli Bacillales Paenibacillaceae Paenibacillus Paenibacillus 0.000 0.648
0% 8%

Proteobact Gammaproteo Enterobacteral Erwiniaceae Pantoea Pantoea 0.273 0.022
eria bacteria es 7% 5%
Bacteroide Bacteroidia Bacteroidales Tannerellaceae Parabacteroid Parabacteroides 0.429 0.000
tes es 8% 0%
Chlamydia Chlamydiia Parachlamydia Parachlamydiaceae Parachlamydiaceae 0.000 0.006
e les 0% 3%
Proteobact Alphaproteoba Rhodobacteral Rhodobacteraceae Paracoccus Paracoccus 2.365 0.033
eria cteria es 2% 8%
Proteobact Betaproteobac Burkholderial Alcaligenaceae Parapusillimo Parapusillimonas 0.000 0.025
eria teria es nas 0% 0%
Proteobact Betaproteobac Burkholderial Comamonadaceae Pelomonas Pelomonas 0.543 0.003
eria teria es 2% 8%
Firmicutes Clostridia Eubacteriales Peptostreptococcaceae Peptoclostridiu| Peptoclostridium 1.045 0.043
m 7% 8%
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Firmicutes Clostridia Eubacteriales Peptococcaceae Peptococcaceae 0.000 0.002
0% 5%

Firmicutes Tissierellia Tissierellales Peptoniphilaceae Peptoniphilaceae 0.198 0.000
9% 0%

Firmicutes Tissierellia Tissierellales Peptoniphilaceae Peptoniphilus Peptoniphilus 0.406 0.001
3% 3%

Firmicutes Clostridia Eubacteriales Peptostreptococcaceae Peptostreptococcaceae 0.547 0.000
5% 0%

Bacteroide Bacteroidia Bacteroidales Dysgonomonadaceae Petrimonas Petrimonas 0.000 0.011
tes 0% 3%
Proteobact Alphaproteoba Caulobacteral Caulobacteraceae Phenylobacteri| Phenylobacterium 0.000 0.149
eria cteria es um 0% 0%
Planctomy Planctomyceti Pirellulales Pirellulales 0.000 0.002
cetes a 0% 5%
Proteobact Betaproteobac Burkholderial Burkholderiales Piscinibacter Piscinibacter 0.000 0.013
eria teria es 0% 8%
Planctomy Planctomyceti Planctomycetia 0.000 0.030
cetes a 0% 1%
Firmicutes Bacilli Bacillales Planococcaceae Planococcus Planococcus 0.748 0.002
5% 5%

Firmicutes Bacilli Bacillales Planococcaceae Planomicrobiu | Planomicrobium 1.411 0.006
m 4% 3%

Proteobact Betaproteobac Burkholderial Comamonadaceae Polaromonas Polaromonas 0.000 0.001
eria teria es 0% 3%
Proteobact Deltaproteoba Myxococcales Polyangiaceae Polyangiaceae 0.000 0.003
eria cteria 0% 8%
Proteobact Betaproteobac Neisseriales Neisseriaceae Prolinoborus Prolinoborus 0.059 0.028
eria teria 9% 8%
Actinobact Actinomycetia Propionibacter Propionibacteriaceae Propionibacter| Propionibacterium 0.737 0.007
eria iales ium 8% 5%
Firmicutes Clostridia Eubacteriales Clostridiaceae Proteiniclastic Proteiniclasticum 0.000 0.001
um 0% 3%

Proteobact Gammaproteo Enterobacteral Morganellaceae Proteus Proteus 0.000 0.002
eria bacteria es 0% 5%
Proteobact Alphaproteoba Hyphomicrobi Xanthobacteraceae Pseudolabrys Pseudolabrys 0.000 0.205
eria cteria ales 0% 4%
Proteobact Gammaproteo Pseudomonad Pseudomonadaceae Pseudomonadaceae 0.032 0.000
eria bacteria ales 1% 0%
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Proteobact Gammaproteo Pseudomonad Pseudomonadaceae Pseudomonas| Pseudomonas 0.438 0.023
eria bacteria ales 4% 8%
Actinobact Actinomycetia Pseudonocardi Pseudonocardiaceae Pseudonocardi| Pseudonocardia 1.191 0.001
eria ales a 2% 3%
Proteobact Gammaproteo Xanthomonad Xanthomonadaceae Pseudoxantho | Pseudoxanthomonas 0.404 0.000
eria bacteria ales monas 2% 0%
Proteobact Betaproteobac Burkholderial Alcaligenaceae Pusillimonas Pusillimonas 0.000 0.001
eria teria es 0% 3%
Proteobact Betaproteobac Burkholderial Burkholderiaceae Ralstonia Ralstonia 0.000 0.651
eria teria es 0% 3%
Proteobact Gammaproteo Enterobacteral Enterobacteriaceae Raoultella Raoultella 0.021 0.006
eria bacteria es 4% 3%
Proteobact Alphaproteoba Hyphomicrobi Reyranellaceae Reyranella Reyranella 0.000 0.011
eria cteria ales 0% 3%
Proteobact Betaproteobac Burkholderial Burkholderiales Rhizobacter Rhizobacter 0.000 0.238
eria teria es 0% 0%
Proteobact Alphaproteoba Hyphomicrobi Rhizobiaceae Rhizobium Rhizobium 0.000 0.750
eria cteria ales 0% 2%
Proteobact Alphaproteoba Rhodobacteral Rhodobacteraceae Rhodobacteraceae 0.491 0.000
eria cteria es 9% 0%
Actinobact Actinomycetia Corynebacteri Nocardiaceae Rhodococcus Rhodococcus 0.000 0.018
eria ales 0% 8%
Proteobact Betaproteobac Burkholderial Comamonadaceae Rhodoferax Rhodoferax 0.113 0.031
eria teria es 3% 3%
Proteobact Alphaproteoba Rhodospirillal Acetobacteraceae Rhodopila Rhodopila 0.000 0.026
eria cteria es 0% 3%
Proteobact Alphaproteoba Hyphomicrobi Hyphomicrobiaceae Rhodoplanes Rhodoplanes 0.297 0.040
eria cteria ales 3% 1%
Proteobact Alphaproteoba Rhodospirillal Rhodospirillales 0.459 0.000
eria cteria es 8% 0%
Proteobact Alphaproteoba Hyphomicrobi Rhodovibrionaceae Rhodovibrionaceae 0.000 0.002
eria cteria ales 0% 5%
Proteobact Alphaproteoba Rhodobacteral Rhodobacteraceae Rhodovulum Rhodovulum 0.836 0.000
eria cteria es 2% 0%
Firmicutes Clostridia Eubacteriales Lachnospiraceae Roseburia Roseburia 0.000 0.001

0% 3%
Proteobact Alphaproteoba Rhodospirillal Acetobacteraceae Roseomonas Roseomonas 0.273 0.030
eria cteria es 7% 1%
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Actinobact Actinomycetia Micrococcales Micrococcaceae Rothia Rothia 0.750 0.001
eria 6% 3%
Firmicutes Clostridia Eubacteriales Oscillospiraceae Ruminococcus| Ruminococcus 0.250 0.006
2% 3%

Bacteroide Bacteroidia Bacteroidales Rikenellaceae Ruminofilibact | Ruminofilibacter 0.000 0.013
tes er 0% 8%
Actinobact Actinomycetia Pseudonocardi Pseudonocardiaceae Saccharopolys| Saccharopolyspora 0.104 0.003
eria ales pora 8% 8%
Proteobact Alphaproteoba Hyphomicrobi Salinarimonadaceae Salinarimonas | Salinarimonas 0.000 0.005
eria cteria ales 0% 0%
Actinobact Actinomycetia Micrococcales Microbacteriaceae Salinibacteriu Salinibacterium 0.000 0.101
eria m 0% 5%
Firmicutes Bacilli Bacillales Staphylococcaceae Salinicoccus Salinicoccus 1.603 0.025
9% 0%

Proteobact Gammaproteo Enterobacteral Enterobacteriaceae Salmonella Salmonella 0.006 0.000
eria bacteria es 4% 0%
Firmicutes Clostridia Eubacteriales Clostridiaceae Sarcina Sarcina 0.000 0.001
0% 3%

Planctomy Planctomyceti Planctomyceta Planctomycetaceae Schlesneria Schlesneria 0.000 0.001
cetes a les 0% 3%
Firmicutes Tissierellia Tissierellia Clostridiales Family Xi. Sedimentibactq Sedimentibacter 0.000 0.003
Incertae Sedis r 0% 8%

Firmicutes Negativicutes Selenomonada Selenomonadales 0.000 0.052
les 0% 6%

Proteobact Gammaproteo Enterobacteral Yersiniaceae Serratia Serratia 3.768 0.076
eria bacteria es 1% 4%
Proteobact Gammaproteo Alteromonada Shewanellaceae Shewanella Shewanella 0.000 0.003
eria bacteria les 0% 8%
Proteobact Gammaproteo Enterobacteral Enterobacteriaceae Shigella Shigella 0.156 0.012
eria bacteria es 1% 5%
Proteobact Betaproteobac Nitrosomonad Gallionellaceae Sideroxydans Sideroxydans 0.000 0.042
eria teria ales 0% 6%
Firmicutes Bacilli Bacillales Planococcaceae Solibacillus Solibacillus 0.442 0.085
7% 2%

Acidobact Acidobacteriia Bryobacterale Solibacteraceae Solibacteraceae 0.000 0.006
eria S 0% 3%
Chloroflex Thermomicro Sphaerobacter Sphaerobacteraceae Sphaerobacter| Sphaerobacter 1.024 0.010
i bia ales 4% 0%
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Chloroflex Thermomicro Sphaerobacter Sphaerobacteraceae Sphaerobacteraceae 0.220 0.003
i bia ales 3% 8%
Chloroflex Thermomicro Sphaerobacter Sphaerobacterales 0.836 0.000
i bia ales 2% 0%
Bacteroide Sphingobacter Sphingobacter Sphingobacteriaceae Sphingobacteriaceae 0.002 0.000
tes iia iales 1% 0%
Bacteroide Sphingobacter Sphingobacter Sphingobacteriales 0.064 0.007
tes iia iales 2% 5%
Bacteroide Sphingobacter Sphingobacteriia 0.000 0.006
tes iia 0% 3%
Proteobact Alphaproteoba Sphingomona Sphingomonadaceae Sphingomicrob|  Sphingomicrobium 0.000 0.002
eria cteria dales ium 0% 5%
Proteobact Alphaproteoba Sphingomona Sphingomonadaceae Sphingomonadaceae 0.077 0.041
eria cteria dales 0% 3%
Proteobact Alphaproteoba Sphingomona Sphingomonadaceae Sphingomonas| Sphingomonas 0.951 0.125
eria cteria dales 6% 2%
Proteobact Alphaproteoba Sphingomona Sphingomonadaceae Sphingopyxis Sphingopyxis 0.000 0.048
eria cteria dales 0% 8%
Firmicutes Negativicutes Selenomonada Sporomusaceae Sporomusaceae 0.000 0.052
les 0% 6%

Firmicutes Bacilli Bacillales Staphylococcaceae Staphylococcu| Staphylococcus 4516 0.091
S 6% 4%

Proteobact Gammaproteo Xanthomonad Xanthomonadaceae Stenotrophomqg  Stenotrophomonas 0.000 0.012
eria bacteria ales nas 0% 5%
Firmicutes Bacilli Lactobacillale Streptococcaceae Streptococcus |  Streptococcus 1.518 0.007
S 4% 5%

Actinobact Actinomycetia Streptomyceta Streptomycetaceae Streptomyces Streptomyces 0.425 0.000
eria les 6% 0%
Proteobact Gammaproteo Aeromonadale Succinivibrionaceae Succinivibrio Succinivibrio 0.092 0.000
eria bacteria S 0% 0%
Cyanobact Cyanobacteria Synechococca Synechococcales 0.000 0.023
eria les 0% 8%
Synergistet Synergistia Synergistales Synergistales 0.000 0.001
es 0% 3%
Proteobact Betaproteobac Burkholderial Burkholderiales Tepidimonas Tepidimonas 0.179 0.008
eria teria es 6% 8%
Proteobact Acidithiobacil Acidithiobacil Thermithiobacillaceae Thermithiobacillaceae 0.000 0.031
eria lia lales 0% 3%
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Firmicutes Bacilli Bacillales Thermoactinomycetaceae Thermoactino Thermoactinomyces 0.226 0.000
myces 7% 0%

Proteobact Gammaproteo Xanthomonad Xanthomonadaceae Thermomonas| Thermomonas 0.301 0.000
eria bacteria ales 5% 0%
Proteobact Gammaproteo Chromatiales Thioalkalispiraceae Thioalkalispiraceae 0.322 0.000
eria bacteria 9% 0%
Firmicutes Tissierellia Tissierellales Tissierellaceae Tissierellaceae 0.000 0.001
0% 3%

Firmicutes Tissierellia Tissierellales Tissierellales 0.000 0.007
0% 5%

Firmicutes Bacilli Lactobacillale Carnobacteriaceae Trichococcus Trichococcus 0.588 0.007
) 1% 5%

Firmicutes Erysipelotrichi Erysipelotrich Turicibacteraceae Turicibacter Turicibacter 2.611 0.041
a ales 2% 3%

Firmicutes Negativicutes Veillonellales Veillonellaceae Veillonella Veillonella 0.000 0.070
0% 1%

Firmicutes Negativicutes Veillonellales Veillonellaceae Veillonellaceae 0.000 0.002
0% 5%

Verrucomi Verrucomicro Verrucomicro Verrucomicrobiales 0.004 0.000
crobia biae biales 3% 0%
Proteobact Gammaproteo Vibrionales Vibrionaceae Vibrio Vibrio 0.000 0.037
eria bacteria 0% 6%
Firmicutes Bacilli Bacillales Planococcaceae Viridibacillus Viridibacillus 0.000 0.007
0% 5%

Proteobact Alphaproteoba Maricaulales Maricaulaceae Woodsholea Woodsholea 0.000 0.005
eria cteria 0% 0%
Proteobact Alphaproteoba Hyphomicrobi Xanthobacteraceae Xanthobacter Xanthobacter 0.000 3.409
eria cteria ales 0% 2%
Actinobact Actinomycetia Micrococcales Promicromonosporaceae Xylanimicrobi Xylanimicrobium 0.000 0.001
eria um 0% 3%
Proteobact Betaproteobac Burkholderial Burkholderiales Xylophilus Xylophilus 0.000 0.008
eria teria es 0% 8%
Proteobact Gammaproteo Enterobacteral Yersiniaceae Yersiniaceae 0.010 0.000
eria bacteria es 7% 0%




