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Abstract

Reports of the deleterious impacts of microconstituents in the environment
have raised concerns in the scientific and lay communities in recent years.
Pharmaceuticals (PhACs) are a group of microconstituents of particular concern
considering the importance of these chemicals in improving quality of life and the
consistent increase in their use. The vast majority of PhACs are synthetic chemicals,
making them particularly recalcitrant in the environment. Wastewater treatment plants
(WWTPs) provide a direct route for PhACs to enter the environment. While WWTPs are
not currently designed to treat PhACs, recent studies have documented attenuation and
degradation of these compounds within the treatment process. This research is
motived by those studies which suggest that operation of biological treatment
processes at solids retention times typically used for nitrification are recommended to
achieve effective PhAC removal. The overall objective of this research was to evaluate
the role of sorption and nitrification processes in PhAC biodegradation during biological
wastewater treatment.

The central hypothesis of this research, in relation to the synergy between
nitrification and PhAC biodegradation, is that PhAC biodegradation, when it occurs
concurrent with nitrification, is a result of cometabolism by ammonia oxidizing bacteria.
This hypothesis was evaluated by integrating laboratory-scale experiments with
mathematical modeling. Results from batch experiments evaluating the biodegradation

of the beta-blockers atenolol (ATN), metoprolol (MET) and sotalol (SOT) suggest that, of
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this group of structurally similar PhACs, only ATN was biodegraded during nitrification.
The biodegradation of ATN was linked to the activity of ammonia oxidizing bacteria
(AOB) and heterotrophs, but not nitrite oxidizing bacteria (NOB). To describe the
biodegradation of ATN a cometabolic process-based (CPB) model was developed. The
CPB model links ATN cometabolism to ammonia oxidizing bacteria (AOB) within the ASM
framework. Transformation coefficients fitted to the ATN biodegradation data describe
rates of cometabolism under AOB growth and non-growth conditions. Furthermore,
ATN was observed to inhibit AOB growth; which was described using a competitive
inhibition coefficient. Results from batch experiments with naproxen (NAP) suggest that
the CPB model holds more general utility to describe cometabolic biodegradation of
PhACs by AOB.

The influence of AOB and NOB biokinetic parameters on the ATN
biodegradation and competitive inhibition coefficients was evaluated using novel
application of elasticities integrated with application of the generalized likelihood
uncertainty estimation (GLUE) technique. Results suggest that the growth-related
coefficient for cometabolic biodegradation of ATN is relatively insensitive to variation in
ammonia and nitrite oxidizing biokinetic parameters. In contrast, the non-growth
related coefficient describing ATN biodegradation by AOB appears to be sensitive to the
maximum specific growth rate of ammonia oxidizing bacteria. Application of elasticities
suggests that seasonal temperature variations may be an important factor in
pharmaceutical biodegradation during biological wastewater treatment.

PhAC sorption is explored in this research through mathematical modeling. The
central hypothesis is that predictive models describing PhAC sorption based upon

octanol-water partitioning, as is conventionally done for environmental pollutants, are
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incapable of describing PhAC sorption during biological wastewater treatment. Rather
poly-parameter modeling capturing the disparate interactions between the biosolids
surface and PhACs are needed. Results suggest that log Kow alone is unable to
effectively describe the sorption of PhACs. Polyparameter models are significantly more
effective, with the charge of the dominant species at the reactor conditions being the
most important single predictor of PhAC sorption.

Future research directed towards understanding the relationship between PhAC
properties and biodegradation is recommended. Such research may provide an
opportunity to begin the process of developing predictive models to assess the PhAC
fate in WWTPs as part of the PhAC development process based on its chemometric
properties. Additional research aimed at understanding the mechanism of PhAC

biodegradation by heterotrophs in mixed populations in WWTPs is also recommended.
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Chapterl. Introduction

I.1. Pharmaceuticals in the Environment

In recent years, the environmental impact of microconstituents® has received
significant attention across the engineering, science, and lay communities (Daughton
and Ternes, 2000; Kolpin et al., 2002; Associated-Press, 2008). In a landmark national
reconnaissance study, the United States Geological Survey measured the prevalence of
95 microconstituents in 139 surface water bodies across the United States (Kolpin et al.,
2002). There has since been a rapidly increasing number of studies of microconstituents
in surface and ground waters, including drinking water sources around the world
(Metcalfe et al., 2003b; Tixier et al., 2003; Drillia et al., 2005; Zimmerman, 2005; Ternes,
2007; Siemens et al., 2008; Li et al., 2012). It is important to note here that research
documenting the occurrence of chemicals now included in the growing list of
microconstituents in natural environments is not new in the scientific community; they
have been an environmental engineering challenge for over three decades (Keith, 1976;
Hignite and Azarnoff, 1977; Bouwer et al.,, 1984; Richardson and Bowron, 1985;
Knackmuss, 1996; Halling-Sgrensen et al., 1998). However, it is only in recent years that
managing the potential ecotoxicoloical risks posed by the more than 3,000
microconstituents has come to the forefront of environmental science and engineering

(Daughton and Ternes, 1999; Kolpin et al., 2002).

! The term microconstituents here is intended to be consistent with the definition
proposed by the Water Environment Federation (WEF): Natural and manmade substances,
including elements and inorganic and organic chemicals, detected within water and the
environment, for which a prudent course of action is suggested for the continued assessment of
the potential effect on human health and the environment WEF (2007). Microconstituents
Glossary. Alexandria, VA, Water Environment Federation.
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To date no data have been published on any adverse effects of
microconstituents on humans through environmental exposure. Assessments of the
human health risks due to microconstituents through drinking water and fish
consumption suggest margins of safety of greater than 100 (Cunningham et al., 2009;
Bruce et al., 2010; Kumar et al., 2010). There is, however, an increasing body of
evidence that suggests chronic exposure, even at extremely low concentrations could
have adverse effects on ecosystems, such as impaired embryo development, modified
feeding behavior, suppression of algae growth and reduction in algal respiration rates
(Cleuvers, 2004; Kostich and Lazorchak, 2008; Quinn et al., 2009; Rossi-Marshall et al.,
2013). While some of these effects are reversible, other anatomical, physiological, and
genetic alterations are permanent (Larsen, 2009). Thus, the challenge of assessing,
understanding, and mitigating the deleterious influence of microconstituents on the
environment is one of the great challenges facing the environmental engineering and
science community (Schwarzenbach et al., 2006).

The environmental effects of pharmaceuticals (PhACs) as microconstituents are
particularly concerning. PhACs are typically designed to target biologically active
organisms (Danish-Environmental-Protection-Agency, 2002; Boxall, 2004; Boxall et al.,
2012), warranting concerns related to environmental exposure to PhACs. Although the
reported environmental concentrations of PhACs are low (nanogram per liter to
microgram per liter levels), studies suggest these compounds can be highly recalcitrant
and persist in the environment for months to years (Andreozzi et al., 2003; Monteiro
and Boxall, 2009 and 2010). That notwithstanding, PhACs are essential to modern

society —to eradicate and control disease and improve the quality of life.
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There is an extensive body of knowledge evaluating the benefits and risks of
PhAC to humans. However, until recently, there has been relatively little research
directed towards understanding the ecotoxicological impacts of PhACs. Studies
evaluating chronic exposure to PhACs at microgram per liter levels report decreased
embryo hatching, reduced growth rate in fish and impacts on endocrine system activity
in aquatic species (Massarsky et al., 2011; Ings et al., 2012). Management of PhAC
discharges into the environment through regulation and enhancement of treatment
processes could alleviate such deleterious effects on aquatic organisms.

Wastewater treatment plants (WWTP) effluents are a significant point source of
PhACs into the environment. In fact, PhACs have been found at high frequencies in
WWTP effluents and receiving waters downstream of WWTP effluent discharge points
(Kolpin et al., 2002; Metcalfe et al., 2003a; Castiglioni et al., 2006; Ternes et al., 2007
Sui et al., 2011). Current WWTP effluent quality requirements (e.g., BODs, TSS, TN, and
TP) are largely focused on mitigating the impact of nutrient discharges on the
environment and may be insufficient to address PhAC reductions. An exclusive focus on
nutrient removal without addressing the potential environmental risks posed by PhACs
and the other over 3,000 microconstituents is not an environmentally sustainable
proposition.

Interestingly however, incomplete removal PhACs in WWTPs has been reported
in numerous WWTPs. Furthermore, some studies have linked removal of PhACs to
operation at solids retention times (SRTs) typically associated with biological nutrient
removal (Clara et al., 2005; Oppenheimer et al., 2007). Consequently, effluent quality
targets for low nitrogen and phosphorus levels may provide an opportunity to address

some of the emerging concerns related to the environmental impact of PhACs, and
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microconstituents more generally. Few studies, however, have attempted to elucidate
the biochemical processes responsible for PhAC degradation. Therefore, there is a
critical need for mechanistic research that elucidates processes that degrade or remove
PhACs during biological nutrient removal. This need is particularly urgent given the
explosion in development and use of PhACs not only in the developed, but also in
developing countries, over the last thirty years (Robinson et al., 2007).

The goal of this research is to evaluate the potential synergy between biological
nutrient removal processes and PhAC attenuation. Experiments and modeling in this
research are focused on assessing the role of nitrification processes, specifically
ammonia oxidation, in PhAC biodegradation. The application of a cometabolic model to
describe PhAC biodegradation during ammonia oxidation is explored. It is anticipated
that experimental and modeling results will help fill knowledge gaps related to
predicting PhAC biodegradation during biological nutrient removal. Also included in this
body of research is a critical evaluation of PhAC attenuation in biological wastewater
treatment processes. Peer reviewed studies from the literature are utilized to assess
the role of sorption and biodegradation in PhAC attenuation across multiple WWTPs,
processes and unit operations. Results from this assessment may have relevance for the

wastewater treatment design and operations community of practice.
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I.2. Dissertation Organization

This dissertation is organized into ten chapters including this introduction. A
review of the literature related to nitrification and cometabolic biodegradation
processes is provided in Chapter Il. A critical review of studies evaluating the removal,
biodegradation and sorption of PhACs during biological wastewater treatment is
presented in Chapter Ill. The specific objectives and hypotheses evaluated in this
research and presented in Chapter IV. Details related to experimental and
mathematical modeling methods employed in this research are provided in Chapter V.
The development and assessment of predictive models to describe PhAC sorption during
biological wastewater treatment is explored in Chapter VI. The development and
implementation of a cometabolic process based model to describe PhAC biodegradation
by ammonia oxidizing bacteria, using a set of beta-blockers as a test case, is presented
in Chapter VII. An evaluation of the Generalized Likelihood Uncertainty Assessment
(GLUE) methodology to develop confidence and prediction intervals when modeling
nitrification coupled with pharmaceutical biodegradation is explored in Chapter VIII.
Subsequent testing and evaluation of the cometabolic process based model developed
in this research is discussed in Chapter IX using naproxen as a model PhAC. Finally a
synthesis of conclusions and recommendations for further research are presented in

Chapter X.



Chapter II. Literature Review of Nitrification

and Cometabolic Biodegradation

IL.1. Nitrification in Wastewater Treatment

IL.1.1. Nitrogen Management and Wastewater Treatment

Management of the nitrogen cycle and more specifically reduction of
nitrogenous discharges into the environment are significant challenges faced by the
environmental engineering/science community (National Academy of Engineering,
2010). Consequently, nitrogen management features prominently in the design and
operation of modern wastewater treatment plants (WWTPs) (Gujer, 2010). Influents to
WWTPs largely consist of nitrogen in the form of organic nitrogen and ammonia
(collectively Total Kjedahl Nitrogen, TKN). WWTPs convert TKN into inorganic nitrogen
species (nitrite and nitrate) and nitrogen gas through a combination of aerobic and
anaerobic biological processes. The conventional processes utilized to achieve this are
ammonification (conversion of organic nitrogen to ammonia), nitrification (conversion
of ammonia nitrogen to inorganic nitrogen) and denitrification (Degrémont S.A., 1991;
Grady et al., 1999; Metcalf & Eddy et al., 2003; Chapra, 2008). Conventional biological
nitrification in WWTPs typically occurs in two steps with the involvement of two
bacterial consortia — ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria
(NOB) — in an aerobic environment. In recent years research has been conducted to
evaluate the mechanisms of nitrous oxide (N,O) production during nitrification given the
role of N,0 as a greenhouse gas (USEPA, 2009; Ahn et al., 2010). Increased attention is

also being been paid to alternate nitrification processes which result in significant
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energy savings such as aerobic ammonium oxidation (Anammox) (Mulder et al., 1995;
van Loosdrecht, 2008; van der Star et al.,, 2011). The focus in this research is on

conventional biological nitrification.

IL.1.2. Ammonia Oxidation & AOB

Oxidation of ammonia to nitrite by AOB proceeds through a multistep process
involving the oxidation of ammonia to hydroxylamine catalyzed by ammonia
monooxygenase (AMO) followed by oxidation of hydroxylamine to nitrite catalyzed by
hydroxylamine oxidoreductase (HAO) as illustrated in Figure 1l-1 (Arp and Stein, 2003).
AOB are autotrophic in aerobic environments, deriving energy from ammonia oxidation
and carbon from inorganic sources (Prosser, 1989). In the first step, ammonia (NHs),
rather than ammonium (NH,"), is oxidized to hydroxylamine by membrane bound AMO
enzyme (Suzuki et al., 1974) with molecular oxygen providing the reducing power (see
Equation II-1). In the second step, hydroxylamine is oxidized to nitrite by HAO, using
oxygen derived from water for reducing power as shown in Equation Il-2 (Prosser, 1989;

Hooper et al., 1995).

AMO

NH; + O, + 2H" + 2¢’ —» NH,0H + H,0 AG =-120 kJ/mol (1I-1)
HAO + ;

NH,OH + H,0 —>» HNO,; + 4H"+4e” AG=-114 ki/mol(ll-2)
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Figure II-1: Enzyme systems involved in ammonia oxidation by AOB and nitrite oxidation by
AOB Processes in Aerobic Environments [Adapted from (Arp et al., 2002)]
I1.1.2.1. Ammonia Monooxygenase (AMO)

AMO, both membrane bound and in soluble form, is capable of oxidizing
ammonia to hydroxylamine (Gilch et al., 2009). However, it is not known whether the
oxidation of ammonia occurs on the periplasmic or cytoplasmic side of the membrane.
Researchers have hypothesized that it would be advantageous for the bacteria if the
oxidation occurs in the periplasm thereby ensuring no hydroxylamine (which is toxic to
the bacteria) exists in the cytoplasm (Arp and Stein, 2003).

Known substrates and inhibitors of AMO are non-polar compounds suggesting
that the active site of AMO is hydrophobic (Hooper et al., 1997). AMO demonstrates a
broad substrate specificity with an ability to oxidize a wide range of organic compounds
(Keener and Arp, 1994; Arp et al., 2001; Batt et al., 2006; Khunjar et al., 2011; Taher and
Chandran, 2013), suggesting it may be relevant in the oxidation of some PhACs.
Inhibition of AMO by copper chelators (Hooper and Terry, 1973) and activation of AMO
by copper (II) (Ensign et al., 1993) suggest that copper plays an integral role in the

enzymatic mechanism of AMO. Electron paramagnetic resonance (EPR) spectroscopy
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and inactivation studies with nitrapyrin suggest that iron (ll) is present in the enzymatic
pocket (Zahn et al., 1996). AMO in pure cultures of N.Europaea spp. shows irreversible
product toxicity with increasing nitrite concentrations. For example, the reduction in
NH," oxidizing activity is approximately 15% and 55% at 0.5 mM and 20 mM NO,,
respectively (Stein and Arp, 1998).
I1.1.2.2. Hydroxylamine Oxidoreductase (HAO)

HAO is an abundant periplasmic protein. Crystallographic studies suggest that
HAO is trimer shaped, like a head of garlic (Igarashi et al., 1997). Sequencing of the
genome of Nitrosomonas Europaea (N.Europaea spp.), the most widely studied model
AOB, indicates there are multiple copies of the genes encoding for both AMO and HAO
(Chain et al., 2003). Interestingly, the multiple copies of these two gene clusters are
within proximity of each other. HAO is critical for electron and proton transport as part
of the energy metabolism (i.e., nitrification process) in AOB. Two of the four electrons
produced from oxidation of HAO mediated hydroxylamine oxidation are required for
AMO function, while two others are used for ATP synthesis within the cell (Hooper et al.,

1997).

I1.1.3. Nitrite Oxidation & NOB
Nitrite oxidation is catalyzed by nitrite oxidoreductase (NXR) (Spieck et al.,
1996). NOB are facultative chemolithoautotrophs responsible for the oxidation of
nitrite to nitrate (Equation II-3).
NXR
NO, + 0.50, — NO; AG =-54 ki/mol (II-3)
To date, four genera of NOB have been identified: Nitrospira, Nitrobacter, Nitrosococcus

and Nitrospina (Teske et al., 1994). Molecular analyses of bacterial cultures have shown

that Nitrospira like bacteria are the dominant NOB species in WWTPs (Juretschko et al.,
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1998; Okabe et al., 1999; Daims et al., 2001). This has been attributed to two primary
factors: (i) the typically low nitrite concentrations in biological treatment processes in
WWTPs and (ii) that Nitrospira are K-strategists whereas Nitrobacter are r-strategists
(Schramm et al., 1999; Schramm et al., 2000). K-strategists have high substrate affinities
and typically lower maximum specific growth rates than r-strategists (Andrews and
Harris, 1986; Schramm et al.,, 1999). The enzyme responsible for nitrite oxidation is

nitrite oxidoreductase (NXR).

I1.1.3.1. Nitrite Oxidoreductase (NXR)

NXR is both a membrane bound enzyme responsible for the oxidation of nitrite
to nitrate. Crystallographic studies and genome sequence of the nitrite oxidizing
bacteria Nitrobacter Winogradsky (N.Winogradsky spp.) indicate that NXR consists of
two subunits alpha (large) and beta (small) encoded by nxrA and nxrB, respectively
(Spieck et al., 1996; Starkenburg et al., 2006). The NXR enzyme encoding complex also
consists of one additional upstream gene (Starkenburg et al., 2006) which is predicted to
encode c-type cytochromes previously found in enzyme purification and evaluation
studies (Tanaka et al., 1983; Sundermeyer-klinger et al., 1984). In the downstream
section of the NXR cluster are genes which provide denitrification (i.e., nitrate
reduction) capabilities to nitrite oxidizing bacteria and a nitrite/nitrate transporter. The
alpha-subunit of the enzyme, consisting of the nitrite-substrate binding site, contains
zinc, molybdenum, iron and copper. The beta subunit, consisting of multiple iron-sulfur
centers, is responsible of electron transport between NXR and the electron transport

chain.

10
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I1.1.4. Modeling Nitrification in Wastewater Treatment

Modeling of nitrification in wastewater treatment is carried out at the process-
scale rather than the enzyme-scale. The solutes accounted for in nitrification models
are ammonia-nitrogen (Syy), nitrite- nitrogen (Syo,) and nitrate- nitrogen (Syos). AOB are
modeled as a single biomass unit, rather than modeling the AMO and HAO enzyme
systems and similarly, NOB are modeled rather than NXR.

The Activated Sludge Models (ASM) framework established by the International
Water Association (IWA) (Henze et al., 2000), is extensively used to model biological
processes in WWTPs. Since the publication of the IWA task group’s work on developing
a unified modeling framework for wastewater professionals, numerous authors have
adapted and extended the ASM models to include a wide array of processes. A detailed
review of all upgrades to the ASM modeling framework is outside the scope of this
research. For the purposes of this research, extensions related to implementation of a
two-step nitrification process model (rate equations and parameters) and critical
aspects in their development are described in this section.
I1.1.4.1. Modeling AOB Growth

The growth of AOB is modeled using Monod kinetics with ammonia nitrogen as
the primary substrate. The effect of reactor dissolved oxygen (DO) on AOB growth is
also incorporated through the use of a Monod saturation function as a switching
function as shown in EquationslIl-4 and 1I-5 (Henze et al.,, 2000). While other
formulations for AOB growth have previously been proposed by researchers (e.g., first
order model proposed by Balakrishnan and Eckenfelder (1969)), the saturation kinetics
model for AOB growth is well established in environmental engineering (Orhon and

Artan, 1994; Grady et al., 1999; Metcalf & Eddy et al., 2003).

11
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St So
Hyop = /'IMAX,AOB( (11-4)
KNH + SNH KO,AOB + SO
Swu So
_ b (11-5)
V408 |:uMAX,AOB[KNH 1S, [KO,AOB TS, :l AOB

Reported values for AOB growth biokinetic parameters are shown in Table II-1.
Measured values for Lyaxaos vary from 0.24+0.12 d? (Chandran et al., 2005) to 1.6 d?
(Munz et al., 2011a) (see Table II-1) with lower values typically associated with longer
SRT (Munz et al., 2011a). Values of Kyy and Ko range from 0.14 to 1.0 mg-NL™ and 0.34 —
0.8 mgL™, respectively. Careful attention must be paid to reactor operating conditions

when utilizing these AOB biokinetic parameters.

12
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Table II-1: Reported literature values for nitrifier and AOB growth related biokinetic parameters

- - K K Expt. Temp.
Reference d* d* nH O/A08 Comments
LLMAX,NITRIFIERS (d) P«MAX,AOB( ) (mg N/L) (mg 02/L) (OC)

Henze et al. (1987) 0.80 1.0 0.40 20 ASM1 model (IWA task group)

0.3 1.0 0.40 10 ASM1 model (IWA task group)

1.00 1.0 0.50 20 ASM2 & ASM2d models (IWA task group)
Henze et al. (1995)
Henze et al. (1999) 035 1.0 0.50 10 ASM2 & ASM2d models (IWA task group)
Henze et al. (2000) 1.0 1.0 0.50 20 ASM3 model (IWA task group)

0.35 1.0 0.50 10 ASM3 model (IWA task group)
Koch et al. (2000) 1.3+0.4 1.0 0.50 20

0.24+0.12 0.58+0.29
Chandran et al. (2005) 0.48+0.07 0.58+0.15 N.R 25
1.2+0.02 0.44+0.095
Vadivelu et al. (2006) 1.03+0.17 N.R N.R 30 Enriched Nitrosomonas culture
Experiments at room temperature
+ -
Ahn et al. (2008) 1.08+1.03 0.74 22-25 Ko values from Guisasola et al. (2005)
0.73+0.70 Under DO limitation conditions
) Andrews model for dependence on free

Jubany etal. (2008); 1.21 0.74 25 ammonia (FA); Inhibition of growth by free

Jubany et al. (2009)

nitrous acid (FNA).

13
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Table II-1: Reported literature values for nitrifier and AOB growth related biokinetic parameters

- - K K Expt. Temp.
Reference d* d* nH O/A08 Comments
LLMAX,NITRIFIERS (d) P«MAX,AOB( ) (mg N/L) (mg 02/L) (OC)
. o
Kaelin et al. (2009) 0.8-1.1 0.14+0.07 | 0.79+0.08 20 Experiments at 14 & 20 °C, but values
reported at 20°C

0.49+0.08

0.35+0.07 N.R N.R 20 MBR process, SRT=20d
Munz et al. (2010) 0.45+0.04 N.R N.R 20 Suspended growth process, SRT=20d

0.72+0.2 N.R N.R 20 Suspended growth process, SRT=8d

0.80-1.2 N.R 0.34 20 AE SBR, SRT=2-5d
Munz et al. (2011a)

0.8-1.6 N.R 0.40 20 AE/AX alternating SBR, SRT=2-5d

Notes:
1. N.R. — Not Reported

14
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I1.1.4.2. Modeling AOB Decay

Aerobic decay of AOB is modeled as first order relative to the AOB
concentration. A saturation function is used to lower the effective decay rate at low DO
concentration in a fashion similar to modification of the AOB growth rate (Manser et al.,
2006; Munz et al., 2011b). In the original ASM model — ASM1 — the decay rate of AOB
was considered to be independent of DO and first order as a function of biomass
concentration. The IWA task group did note however that this modeling approach for
decay was selected for its simplicity and utility but did not necessarily capture the
mechanistic processes involved in biomass decay. The task group further acknowledged
that additional research was needed to evaluate the impact of environmental conditions
on the biomass decay rate (Henze et al., 1987).

The decay rate of AOB (bagg) and nitrifiers (byr) is lower under anoxic conditions
than aerobic conditions (Siegrist et al., 1999; Manser et al., 2006; Munz et al., 2011b).
Siegrist et al. (1999) proposed two critical modifications to the nitrifier decay process
rate equation in the ASM1 model. A rate modification parameter (nurax) was
incorporated to lower the base nitrifier decay rate under anoxic conditions (byr.ax) and
two switching functions were included to reduce the aerobic decay rate (byr.ac) as the
DO is lowered and increase the anoxic decay rate (byrax) as the DO is lowered
(Equation 11-6). Siegrist et al. (1999) proposed a value of 0.333 for (1aos-ax) and 0.50 for
Ko,aos. Slower nitrifier decay rate under anoxic conditions was confirmed by Lee and

Oleszkiewicz (2003) who found that byrax/bnir-ae = 0.36.
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Rate equations for nitrifier decay rates proposed by Siegrist et al. (1999)

S K,
nir-pecay = Owir |:[K 0 j + N vir-ax [K oML DECil:S j:lXMT (11-6)
0

O,NIT-DECAY + S() O,NIT-DECAY

This formulation for nitrifier decay proposed by Siegrist et al. (1999) does not
differentiate between the decay rates of AOB and NOB. This shortcoming was
addressed by Manser et al. (2006), who extended the ASM3 model to include separate
process equations for growth and decay of AOB and NOB. Two separate processes were
proposed for AOB decay under aerobic and anoxic conditions. Under aerobic
conditions, the AOB decay rate (raos-pecav.ae) Was considered proportional to the biomass
concentration and a saturation function was used to reduce the decay rate at lower DO
conditions (Equation 1I-7). Under anoxic conditions (Equation II-8), an inverse saturation
function was used to model the impact of DO on the anoxic decay rate (raos-pecavax). In
addition, nitrate was considered inhibitory to endogenous respiration of AOB and its
effect is captured using an additional saturation function to reduce the base anoxic
decay rate. This use of separate process rate equations for aerobic and anoxic decay
allows for dissolved oxygen to be seamlessly modeled as being used during aerobic
decay but not during anoxic decay.

Rate equations for AOB decay rates under aerobic and anoxic conditions proposed by

Manser et al. (2006):

S
_ 0
! 40B-DECAYAE _bAOB,AE % g X 108 (11-7)
0,408-DECAY TR0
—b Ko, 108-pECay Sros X (11-8)
rA()B—DECAY,AX T YAOB,AX K S K S AOB
0,AOB-DECAY + 0] NO3 + NO3
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lacopozzi et al. (2007) proposed a comprehensive update to the ASM3 model to include
a two-step nitrification and denitrification of both nitrate and nitrite. Aerobic AOB
decay was described using a process identical to Manser et al. (2006) (Equation I1-9).
Anoxic decay, however, was modeled as being inhibited by nitrite ( Equation 11-10),
rather than nitrate as previously proposed by Manser et al. (2006). The experimental
evidence used to develop this equation are not described by the authors, rather it is
attributed to previous work from the same research group (Marsili-Libelli et al., 2001).
These details are also not provided in the previous paper. The half saturation value of
oxygen with respect to AOB decay proposed by Henze et al. (2000) from the initial ASM3
formulation was used by the authors. The base aerobic and anoxic specific decay rates
for AOB - set equal in this work - are attributed to the previously noted work of
Marsili-Libeli et. al, 2001.

Rate equations for AOB decay rates under aerobic and anoxic conditions proposed by

lacopozzi et al. (2007):

S
_ 0
! 40B-DECAYAE _bAOB,AE % g X 108 (11-9)
0,408-DECAY TR0
K S
rA()B DECAY ,AX = bA()B AX 0.408 A0 XAOB (”-10)
h ’ ’ K +S K., +S
0,AOB-DECAY o) NO2 NO2

Ahn et al. (2008) and Jubany et al. (2009) applied the aerobic formulation
proposed by Manser et al. (2006) to model AOB decay in aerobic reactors under DO
limited conditions. This approach is acceptable if the system under consideration is
operated at aerobic oxidative conditions and the DO is higher than Ko aos. At DO levels
at or lower than Kq aos, Use of these models results is large changes in baos ae With small

changes in DO.
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Hiatt and Grady (2008) elected to update ASM1, rather than ASM3, as previously done
by lacopozzi et al. (2007). AOB decay in the updated model proposed by Hiatt and
Grady (2008) was assumed to be independent of DO concentration and first-order with
respect to the AOB concentration. Kaelin et al. (2009) used the complete formulation
proposed by Manser et al. (2006) to modify the ASM3 model framework proposed by
the IWA Task Group. In the proposed revision to ASM3, the ratio of the anoxic specific
decay rate to the aerobic specific decay rate (Naos.ax = baosax/baos,ac) Was set to 0.10.
Munz et al. (2011b) evaluated the decay rate of AOB in a lab scale SBR and
proposed a model where the specific decay rate approaches a minimum value (baop an)
when the DO equals zero mg/L (Equation II-11). The value of Koaos reported by the
authors (1.6 mg-0,/L) is higher than that proposed by previous researchers. And,
because of the additive formulation, the specific decay rate at high DO levels is higher
than that proposed by previous authors (see Figure 1I-2).
Rate equations for AOB decay rates under aerobic and anoxic conditions proposed by

Munz et al. (2011b):

S
T108-pECAY AE = |:bAOB,AE [ﬁj + bAOB,AN :IXAOB (11-11)
o

0,A0B

Review of the proposed models and parameters for AOB decay in a two-step
nitrification model indicates a wide variation in AOB decay rates, particularly under

aerobic conditions (Figure 11-2).
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Figure II-2: AOB decay rates as a function of dissolved oxygen levels
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Table II-2: Nitrifier and AOB Decay Rates

b b K Expt.
Condition Reference NITRITIERS e OAOBDECAY | Temp. | Comments
(d”) (d”) (mg0/t) | "or?
Aerobic Henze et al. (2000) 0.15 ASM models (IWA task group)
. 0.19 £ 0.05 12
Siegrist et. al., 1999 0.5
0.21 £ 0.05 20
+ T
Lee and Olesewicz, 2003 0.153 £ 0.022 20 Non inhibited SBR
0.152 £ 0.042 20 Inhibited SBR
Batch experiments with biomass from
0.15+0.02 0.5 20 suspended growth CAS system. Ko from Koch et.
Manser et. al., 2006 al., 2000
Batch experiments with biomass from MBR. Kg
+
0.14£0.02 0.5 20 from Koch et. al., 2000
. baos from Marsili-Libeli et. al, 2001. Ko from
lacopozzi et. al., 2007 0.061 0.5 Henze et. al., 2000
Ahn et. al., 2008 032034 |0.74 room | Suspended growth CAS system
temp Ko from Guisasola et. al., 2005
Hiatt & Grady, 2008 0.096 N/A 20 ggly model where decay rate is independent of
Kaeilin et. al., 2009 0.15 0.80 20 baos from Manser et. al., 2006
Suspended growth CAS system
Jubany et. al., 2009 0.20 0.74 25 K from Guisasola et. al., 2005
Munz et. al., 2011a 0.40 1.6 35 Lab scale SBR

nb: baogay = 0.031 # 0.006 d™*
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Table II-2: Nitrifier and AOB Decay Rates

b b K Expt.
c d-t- R f NITR_IFIERS A_OB 0,AOB-DECAY T . c t
ondition eference (d?) (d?) (mg 0,/L) ;e:g)p omments
Anoxic 0.10+0.05 12
Siegrist et. al., 1999
(AX) 0.10 £ 0.05 20
Batch experiments with biomass from
0.015 £ 0.004 20 suspended growth CAS system. Ko from Koch et.
Manser et. al., 2006 al., 2000
Batch experiments with biomass from MBR. Kg
+
0.01£0.003 20 from Koch et. al., 2000
. baos from Marsili-Libeli et. al, 2001
lacopozzi et. al., 2007 0.061 0.5 KO from Henze et. al., 2000
Ahn et. al., 2008 0.90 0.2 0.74 room Sus.pended growth CAS system. Kq from
temp Guisasola et. al., 2005
Kaeilin et. al., 2009 0.015 0.80 20 baos,ax calculated using haog ax (0.10)
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11.1.4.3. Modeling NOB Growth

As previously noted, nitrification was originally modeled as a single step process
in the ASM model framework (Henze et al.,, 1987) even though the biochemistry of
nitrification was well known at the time. Chandran and Smets (2000) compared the
original 1-step nitrification with a new 2-step nitrification model for batch experiments.
NOB growth was modeled using Monod kinetics with nitrite as the substrate
(Equation 11-12). It is interesting to note that DO — which is included in growth models
for NOB by other researchers - is not included in the formulation proposed by Chandran
and Smets (2000) because batch experiments carried out by the authors is at DO
concentrations significantly higher than the half saturation value.

Rate equations for NOB growth rate developed by Chandran and Smets (2000):

S
Tnos-crowrs™ ,UMAX,NOBH#HX NOB (n-12)
No2 TN

Marsili-Libelli et al. (2001) modified the ASM2d model to include two steps for
nitrification in order to model an SBR. NOB growth was modeled using saturation
functions for nitrite and oxygen. An inhibition function was used to model the effect of
ammonia on NOB growth (Equation 1I-13) based on experimental evidence presented by
Andreottola et al. (1997).

Rate equations for NOB growth rate evaluated by (Marsili-Libelli et al., 2001):

Sno So Ko
. ) _ i X (”'13)
NoB-GrowtH = Maax, N()B|:[ Kronnos +Svor \ Konos + S0 N Kun +Sur NOB

Hiatt and Grady (2008) modeled NOB growth occurring autotrophically using nitrite as

well as mixotrophically using readily biodegradable COD. It is important to note that

Hiatt and Grady (2008) use free nitrous acid (FNA) as the substrate for autotrophic
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growth rather than nitrite as typically used by other researchers. The primary
motivation for this modification by the researchers was that the intended use of this
model is for systems with high nitrogen levels. FNA is considered inhibitory to NOB and
the authors use the Andrews equation (Andrews, 1968) to model this inhibition
(Equation 1I-14).  FNA is calculated as a function of the nitrite concentration,
temperature and pH as shown in Equation [I-15. Ammonia inhibition to NOB growth is
also incorporated into this model; however, free ammonia (FA) is considered inhibitory
rather than total ammonia-nitrogen. FA is calculated as a function of the total
ammonia-nitrogen concentration and the system pH (Equation II-16).

Rate equations for NOB growth rate proposed by Hiatt and Grady (2008)

— SFNA So K],FA be (n-14)
T'no-Growrr = Muax,.NoB 3 1% 5 X 15 NOB
Ky + Sy + 20 o,NoB TR0 154 TRy
1FNA
1
Spva = SN02{(e[2,300(273+9)] )+10pH:| (11-15)

107"

SFA = SNH
(6[6’34%27%9)} J +1071

(11-16)

I1.1.4.4. Modeling NOB Decay
Decay of NOB is modeled as first order relative to the NOB concentration. A saturation
function is used to lower the effective decay rate at low DO concentration in a fashion

similar to modification of AOB decay rate. Nowak et al. (1995) proposed a dual equation
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formulation, with separate decay equations for aerobic and anoxic/anaerobic conditions
(Equations 11-17 and 11-18). lacopozzi et al. (2007) proposed a similar formulation,
however, anoxic decay of NOB was linked to nitrate concentration (Syo3) in addition to
the dissolved oxygen concentration (Equations [I-19 and [1-20). Note that this is
analogous to the AOB decay equations developed by the researchers. One drawback of
such dual equation formulations is the decision of what is considered anoxic condition
versus aerobic condition. For example, when the dissolved oxygen is 0.5 mg/L — use of
the aerobic equation proposed by Nowak et al. (1995) results in a specific decay rate
(bnos) of 0.11 d'l, whereas use of the anoxic equation under the same conditions results
in bnos = of 0.27 d ™

Rate equations for NOB decay rates under aerobic and anoxic conditions proposed by

Nowak et al. (1995):

S
— 0
TNOB-DECAYAE _bNOEAE 1% S Xvos (11-17)
o.NoB-DECAY T R0
K
0,NOB—DECAY )
YnoB-pECAY, AX = bNOB,AX 1% S Xyos (11-18)
o.NoB-pECAY T 90

Rate equations for NOB decay rates under aerobic and anoxic conditions proposed by

lacopozzi et al. (2007):

S
_ o
rNOB—DECA),’AE_bNOEAE % g Xvos (11-19)
o.nos-pECAY TR0
b K(),N()B—DECAY SN()3 X (1-20)
rN()B—DECAY,AX — YNOB,AX K S K S NOB
O,NOB-DECAY + 0] NO3 + NO3
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Ahn et al. (2008) and Jubany et al. (2009) have proposed models where the decay rate
of NOB is zero when the dissolved oxygen equals zero (Equation 11-21). Interestingly, the
value of bynogar proposed by the separate references are significantly different —
0.75+0.8 d* and 0.17 d™* for Ahn et al. (2008) and Jubany et al. (2009), respectively.
However both use a half saturation oxygen concentration (Konospecay) Of 1.75 mg-N/L,
based on Guisasola et al. (2005).

Rate equations for NOB decay rates under aerobic and anoxic conditions proposed by

Ahn et al. (2008) and Jubany et al. (2009):

K

oNoB-DECAY T So

So
YNOB-DECAYAE = bNO&AE( X vos (11-21)

The model proposed by Munz et al. (2011b) for NOB decay, Equation 11-22, incorporates
the effect of DO proposed by previous researchers, but uses a baseline decay rate under
anaerobic conditions (byosan) When the DO equals 0 mg/L. This framework assumes
that the decay of NOB is not influenced by the nitrate concentration (Syos).

Rate equations for NOB decay rates under aerobic and anoxic conditions proposed by

Munz et al. (2011b):

S
TNoB-pDECAY,AE = bN()B,AE —C +bA()B,AN XN()B (”'22)
K(),A()B + SO
I1.1.4.5. Modeling Ammonia, Nitrite and Nitrate
Ammonia is oxidized to nitrite by AOB and consumed as a nutrient by both AOB and
NOB. Nitrite is produced as a result of AOB growth and consumed through NOB growth.

Nitrate is produced through NOB growth.
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IL.2. Cometabolic Biodegradation of Environmental Pollutants

I1.2.1. Introduction to Cometabolic Biodegradation

Bacteria possess enzymes which are able to degrade certain compounds
without using them as either a source of energy or as a growth substrate. Fortuitous
transformation of a compound through this mechanism is considered cometabolic
biodegradation (Criddle, 1993). Extensive research has been conducted evaluating
cometabolic transformations of organic compounds over the last 40 years. Horvath
(1972) identified twenty different bacterial species and a similar number of organic
compounds which are cometabolically degraded. Since then, a number of authors have
identified cometabolic degradation of environmentally relevant pollutants ranging from
chlorinated and aromatic organic compounds (Alvarez-Cohen and McCarty, 1991,
Criddle, 1993; Keener and Arp, 1994; Kocamemi and Cecen, 2005 and 2007 and 2009
and 2010b and a) to endocrine disrupting compounds (Skotnicka-Pitak et al., 2009). The
majority of research related to environmental applications and implications of
cometabolic biological processes is related to the fate of chlorinated solvents in the
environment. Alvarez-Cohen and Speitel (2001) reviewed the range of kinetic models
developed and used in environmental engineering. Cometabolic biodegradation during
nitrification is typically attributed to AOB, which have been shown to catalyze oxidation
of a wide array of aliphatic, aromatic and chlorinated organic substrates (Keener and
Arp, 1994; Hooper et al., 1995; Kocamemi and Cecen, 2005 and 2009 and 2010b and a)
and endocrine disrupting compounds (Gaulke et al., 2009; Skotnicka-Pitak et al., 2009).
This ability to cometabolically biodegrade a wide range of organic compounds has been

attributed to the lack of substrate specificity of AMO.
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I1.2.2. Cometabolic Biodegradation During Biomass Growth

Consumption of the primary growth or energy substrate is typically modeled
using Monod kinetics to describe the growth of the biomass and consumption of the
substrate. A critical assumption of this modeling approach is that biomass growth
depends on the concentration of the substrate. In the case of cometabolic
biodegradation, where the degradation of the compound under consideration occurs
fortuitously and does not contribute to growth, this assumption is invalid.

An alternate formulation for biomass growth independent of substrate
concentration can be developed using a logistic model for biomass growth and
saturation kinetics to describe degradation of the cometabolically degraded compound
(Schmidt et al., 1985). The primary advantage of using the logistic function to describe
biomass growth, rather than a Monod function, is the ability to obtain a closed form
analytical solution to the growth equation. A limitation of this approach for wastewater
treatment plant modeling is the need to define a maximum carrying capacity for
biomass in the reactor (Xwax), particularly considering the dynamic nature of the
wastewater treatment plant. Using the base-model shown in Equation 1I-23 (in Table
[1-3), Schmidt et al. (1985) derived limiting cases based on the biomass concentration
and cometabolic substrate concentration.

Researching the cometabolic degradation of chlorinated solvents (TCE) by
methanotrophs, Strand et al. (1990) hypothesized that the chlorinated solvent
competed with the primary substrate (methane) for catalytic sites on
methane monooxygenase (MMO). To model the process, the authors assumed Monod
kinetics for degradation of both the growth substrate (methane) and the chloroethene

(TCE). However, the half saturation value for TCE was modified assuming competitive
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inhibition (Bailey and Ollis, 1986) by the growth substrate (methane) (see Equation II-24
in Table II-3). The impact of starvation conditions was also evaluated by the authors.
Early in the starvation process — the degradation rate was first order but the rate
dropped sharply after approximately 65 hours of starvation. No model was proposed by
the authors for the cometabolic degradation of TCE during endogenous
respiration/biomass decay.

A model for cometabolism coupled with competitive inhibition was also
evaluated by Semprini and McCarty (1991 and 1992) for subsurface biodegradation of
chlorinated aliphatics by methanotrophs. A salient modification of the classical
competitive inhibition model was the inclusion of a decay function to capture the
attenuation in cometabolic transformations of chlorinated aliphatics by methanotrophs
(Equation 11-25 in Table 1I-3). The model proposed Semprini and McCarty (1992) also
explicitly incorporated the need for aerobic conditions for the cometabolic process. This
model is an early adopter of the biomass decay (and resulting reduction in enzyme
activity) within the context of cometabolism. The fraction of biomass active for
cometabolism (F,) is considered 1.0 when biomass is growing and decays exponentially
once growth is complete (Equation 11-26 in Table II-3).

The degradation of the cometabolic substrate can also be linked to the
consumption of the growth substrate using the transformation capacity approach
described by Criddle (1993), where the transformation capacity (T¢) is defined as the
mass of non-growth compound transformed per unit mass of growth (or energy)
substrate consumed during growth. In addition, Criddle (1993) noted that it is
conceivable that the bacteria have the capability to degrade the non-growth compound

in the absence of the growth substrate (i.e., during endogenous respiration/decay)
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which is discussed in more detail in the next section. These two concepts are coupled in
the model proposed by Criddle (1993) for the cometabolic degradation of a compound
during bacterial growth (Equation II-27 in Table 1I-3). The model as presented, is only
relevant in systems where the nongrowth compound is not inhibitory — with competitive
inhibition between the growth substrate and the cometabolic substrate the half
saturation for the cometabolic substrate to be modified (Chang and Criddle, 1997).

A noncompetitive model was used by Keenan et al. (1994) to model the
degradation of TCE in the presence of a mixed consortium of growing propane oxidizers
(Equation 11-28 in Table 1I-3). The presence of propane does not impact the half
saturation value of TCE, but the maximum specific rate of cometabolic substrate
degradation is impacted by the growth substrate.

The research described thus far was developed through studies using suspended
mixed or axenic cultures. It is thought that the same treatment may not be appropriate
for biofilms considering the potential mass transfer limitations of the film, the changing
redox conditions within the film and the presence of extracellular polymeric substances
containing active enzymes on the outside of the film (Wilderer and Characklis, 1989).
Arcangeli and Arvin (1997) researched cometabolic biodegradation of TCE in fixed film
systems with toluene oxidizing mixed cultures and evaluated a degradation model
hypothesizing that (i) toluene and TCE are cross-competitive and (ii) a minimum
concentration of toluene (and consequently biomass growth) is required for
cometabolic degradation of TCE (Arcangeli et al., 1995; Arcangeli and Arvin, 1997).
While the model proposed by the authors (Equation 11-29 in Table 1I-3) is framed in
terms of the need for the growth substrate to provide reducing equivalents for the

cometabolic process to continue, it is effectively equivalent to noting that cometabolic
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degradation only occurs when biomass is growing. For biofilm systems however,
monitoring the growth rate of biomass is significantly more challenging than for
suspended growth system — it may therefore be advantageous to link degradation of the

cometabolic substrate to the growth substrate.
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Table 11-3: Models for cometabolic degradation during biomass growth

Reference Model
. _, S Xy
Schmidt et al. (1985) di Kot Se [ Ko =X, | (11-23)
XO
_ dj;c‘ — kC SC X
Strand et al. (1990) {Kc(l +I~§Gﬂ+ S, (11-24)
G
s, Sec S
—— ke { s }(FAX) (11-25)
Semprini and McCarty (K(? (1 ¥ S"D +S. 0 €
(1992) G
dF
L, (11-26)
Chang and Criddle — =€ = (T.q, +kc)( ¢ J (11-27)
(1997) dt K. +S.
ds, S
Keenan et al. (1994) - dtc =k, . X (11-28)
(K. +S, )[1 +Gj
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I1.2.3. Cometabolic Biodegradation during Endogenous
Respiration/Decay

Enzymes with low substrate specificity responsible for catabolism of the primary
substrate and degradation of the cometabolic substrate may retain activity after the
primary substrate is depleted, with the reductant(s) required to catalyze reactions
obtained from internal storage polymers (e.g., poly hydroxybutyrate, PHB) (Alvarez-
Cohen and Speitel, 2001). Consequently, cometabolic biodegradation may continue
after bacterial growth is complete and the bacterial maintenance or endogenous
respiration has commenced. The use of typical saturation kinetics to model this
cometabolic process results in errors in parameter estimates since these models do not
account for a loss in the ability of the biomass to degrade the cometabolic substrate
(Criddle, 1993).

Early models accounting for this effect of reduced biomass/enzyme activity
were developed through studies of cometabolic biodegradation of chlorinated organic
compounds. The coupled Monod-logistic model developed by Schmidt et. al, 1985 (see
Equation II-23 in Table 1I-3) can be easily extended to conditions where no biomass
growth occurs (i.e., the biomass concentration is at the carrying capacity) and X = Xyax
(Schmidt et al., 1985). Results from experiments with methylotrophic bacteria noted
that both the rate and extent of 1,1-dichloroethane (DCA) production from degradation
of 1,1,1-trichloroethane (TCA) was linked to the concentration of TCA at the end of the
biomass exponential growth phase (Galli and McCarty, 1989). The work of Galli and
McCarty (1989) was the first to suggest that the decrease in cometabolic transformation
over time - in the absence of growth substrate - resulted from a decrease in the

transformation capacity (equivalent to a reduction in enzyme activity or biomass decay).
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The model proposed by Galli and McCarty (Equation I1-30 in Table 1I-4) was the first to
incorporate a reduction in the cometabolic degradation rate resulting from biomass
decay.

A critical assumption in the models proposed by phase (Galli and McCarty, 1989)
and Schmidt et al. (1985) is that the cometabolic substrate does not impact biomass
decay. With certain compounds however, the cometabolic substrate is toxic to the
biomass and as a result, the activity of the decaying cells appears to decrease over time
in proportion to the mass of the cometabolic substrate biodegraded (Alvarez-Cohen and
McCarty, 1991). The novel aspect in this formulation (Equation Il-31 in Table 1lI-4)
presented by Alvarez-Cohen and McCarty (1991) is the definition of a Transformation
Capacity (T¢) due to the toxic effect of the cometabolic substrate which limits the
amount of the cometabolic substrate which can be biodegraded/transformed by a given
guantity of biomass. While this model does incorporate potential toxic effects of the
cometabolic substrate on the biomass it is not suitable for systems where the
cometabolic substrate might itself be toxic to the biomass. Implicit in the model is the
assumption that the cometabolic substrate is biodegraded (T¢), but that the cometabolic
substrate diminishes the ability of the biomass to degrade it due to competitive
inhibition of the biomass growth (Alvarez-Cohen and McCarty, 1991).

A similar approach based on a transformation capacity was implemented by
Saez and Rittmann (1991) to model biodegradation of 4-chlorophenol by P.Putida spp.
A salient difference between the models proposed by Saez and Rittmann (1991)
(Equation 11-32 in Table 1I-4) and Alvarez-Cohen and McCarty (1991) is the interaction
between the cometabolic substrate and biomass. The model proposed by Saez and

Rittmann (1991) is predicated on the concept that biodegradation of the cometabolic
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substrate requires electrons which are supplied by the autooxidation of biomass (i.e.,
endogenous respiration) but the decay of biomass is not impacted by the cometabolic
substrate as proposed by Alvarez-Cohen and McCarty (1991). Thus, for cometabolic
substrate which are not inhibitory to the biomass the model proposed proposed by Saez
and Rittmann (1991) may be particularly useful.

Chang and Alvarez-Cohen (1995) developed a mechanistic model to describe the
cometabolic degradation process which integrates biomass growth, decay, potential
inhibition and/or toxicity of the cometabolic substrate and NAD(P)H (i.e., reducing
power) limitations for the enzyme (Equation 11-33 in Table 1I-4). During biomass growth,
the reductant required for enzyme operation is typically obtained from degradation of
the primary growth substrate. During endogenous respiration, reductant may be
supplied endogenously by autoxidation or from an exogenous reductant source. The
models incorporate competitive inhibition of degradation of the cometabolic substrate
by the presence of the primary growth substrate. In the absence of the growth
substrate (Sg=0) or when the concentration of the growth substrate is substantially
lower than the half saturation concentration (Sg << Kg), the competitive inhibition is
alleviated. In this case, the degradation of the cometabolic substrate assumes a Monod

kinetics dependence on the cometabolic substrate and reductant concentration.
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Table 11-4: Models for cometabolic degradation in the absence of biomass growth

Reference Model
Gilli and McCarty _dSe _ Sc v o (11:30)
(1989) dt SC Kc + Sc END-GR
Alvarez-Cohen and _dS. _ Se (1 .
McCa rty (1991): 7 - kc[mj{)(awpck [FC (SC,ENLLGR Sc )j:| (||-31)
Saez and Rittmann ds, Yy

— =T.\X e 11-32
(1991) dt C( END—-GR ) ( )
Chang and Alvarez- _dSe _ i R Sc b (11-33)
Cohen (1995) dt | K,+R w125 ), s

C KG C

I1.2.4. Integrating Cometabolic Processes in Wastewater Treatment
Process Models

The ASM framework) (Henze et al., 2000) is almost universally used to model
wastewater treatment processes. Growth and decay processes for biomass consortia
are treated separately as described previously for AOB and NOB. Integration of
cometabolic biodegradation of a particular substrate within this framework may be
effectively achieved using models described in Sections 2.2 — 2.3, where biodegradation

of the cometabolic substrate during biomass growth and endogenous respiration/decay.
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Chapter IIl. Pharmaceutical Removal, Sorption

and Biodegradation during Wastewater Treatment

IIL.1. Introduction

Wastewater treatment plants (WWTPs) provide a direct route for PhACs to
enter the environment (see Figure IlI-1). While WWTPs are not currently designed to
treat PhACs, recent studies have documented attenuation and degradation of these
compounds within the treatment processes (Andreozzi et al., 2003; Bendz et al., 2005;
Chefetz et al., 2008; Onesios et al., 2009; Jelic et al., 2012; Siegrist and Joss, 2012).
Attenuation mechanisms for PhACs in WWTPs include sorption, biodegradation (partial
or complete mineralization), chemical (i.e., abiotic) oxidation, photodegradation,
volatilization, and physical filtration (i.e., size exclusion) (Ternes et al., 2004b). Each of
these mechanisms is not relevant throughout a WWTP; size exclusion filtration, for
example, is irrelevant in the preliminary or primary treatment processes of a WWTP. A
summary of the potential relevant processes in each stage of wastewater treatment is
provided in Table IlI-1. In conventional WWTPs, the majority of PhAC removal occurs in
the biological treatment process. Primary treatment offers minimal removal of these
compounds. In advanced WWTPs, where reverse osmosis, ozonation or advanced
oxidation processes may be utilized, these tertiary treatment processes provide an

extremely high degree of PhAC attenuation (Snyder et al., 2006).
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Figure Ill-1: Tracing the fate of PhACs from production to the environment. WWTPs are a critical point of entry of PhACs into the environment affecting
surface and groundwater sources, in addition to farming through land applied biosolids (figure adapted from Halling-Sgrensen et al. (1998); Heberer (2002).
Note that this figure illustrates the fate and transport pathways for PhACs and not concentration or mass loadings. Dilution of WWTP effluent flows play an
important role in determining the environmental concentration of PhACs.
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Table IlI-1: Relevant Removal Mechanisms for PhACs in WWTP Processes

Removal Mechanism T:;T:\Zﬂ 'II'3r :’;:ﬁ:?‘lt T::ar::*zxt Disinfection
sorption ++ + + -
biodegradation - ++ - -
abiotic oxidation - - - +
photodegradation + - - +
volatilization - + - -
size exclusion filtration - - ++3 -

! Relative importance of mechanisms shown using - (not important), + (potentially important), ++ (important).

? Assumes primary treatment operated with a low sludge blanket and negligible biological treatment in primary

treatment process.

*Size exclusion filtration (SEF) is only relevant in WWTPs where reverse osmosis is included as part of tertiary
treatment (e.g., WWTPs designed for high quality reuse applications). SEF is not relevant in WWTPs employing
membranes having pore sizes larger than those found in reverse osmosis membranes (e.g., ultrafiltration and

microfiltration).
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III.2. PhAC Removal in Primary Wastewater Treatment Processes

Primary treatment processes are designed for the removal of large particles in
the influent that are able to settle through zone settling (Metcalf & Eddy et al., 2003).
Conventional primary treatment processes rely on gravity settling of such particles.
Enhanced primary treatment (or Chemically Enhanced Primary Treatment) additionally
incorporates chemicals, specifically a coagulant (e.g., aluminum sulfate) with or without
a polymer (e.g., high molecular weight polyacrylamides) to enhance the solids removal
efficiency and in certain applications, remove specific wastewater pollutants such as
phosphorus and metals (WEF, 2005).

A limited number of studies have evaluated the removal of PhACs and personal
care products (PCPs) in primary treatment wastewater processes. More studies have
focused on the fate of PhACs and PCPs in primary treatment systems in water treatment
plants (e.g., Adams et al., 2002; Westerhoff et al., 2005; Stackelberg et al., 2007). The
removal of PhACs in both conventional and enhanced primary treatment is extremely
variable, ranging from less than 1% total removal to greater than 90% (Carballa et al.,
2005; Suarez et al., 2009; Zorita et al., 2009). Sorption is thought to be the dominant
mechanism for PhAC attenuation in primary treatment (Carballa et al.,, 2005;
Stackelberg et al., 2007) with lipophilic compounds removed to a greater extent. The
addition of a coagulant in bench tests improves the removal of PhACs and PCPs (Carballa

et al., 2005).
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IIL.3. PhAC Removal during Biological Treatment

PhAC removal during biological wastewater treatment has been studied at a
range of scales from lab-scale systems to full-scale WWTPs in recent years (Jelic et al.,
2011; Kraigher and Mandic-Mulec, 2011; Majewsky et al., 2011; Prasse et al., 2011;
Camacho-Munoz et al., 2012; Helbling et al., 2012; Suarez et al., 2012; Fernandez-
Fontaina et al., 2013). Consequently, there is a growing database of information
regarding PhAC removal using different treatment process conditions (e.g., aerobic and
anoxic reactors), operating conditions (e.g., SRT, MLSS, HRT) and unit operations (e.g.,
activated sludge, MBRs). In recent years, there have been reviews of PhAC removal
through wastewater treatment processes as part of a broader survey of a wider set of
microconstituents (Kagle et al., 2009; Onesios et al., 2009; Oulton et al., 2010). In
addition, the United States EPA has compiled a comprehensive database of
microconstituent removal for a wide range of treatment process and full-scale systems
in both water and wastewater treatment plants and experimental systems (United
States Environmental Protection Agency, 2010).

A consistent theme across individual studies and broader reviews is the
significant variability observed in PhAC removal during biological treatment. The
reported PhAC removals from 293 data for 51 PhACs (Figure llI-2, see Appendix A for
study details) demonstrate the significant variability in PhAC removal from 0% (e.g., with
carbamazepine) to almost complete removal e.g., for naproxen (NAP), acetaminophen
(ACM) and ibuprofen (IBP). It is important to note that one PhAC may be represented

multiple times in Figure 1lI-2. Median removal for this set of 51 PhACs is 47%.
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Figure 11I-2: Aggregate distribution of reported PhAC removal in full scale and bench scale studies. Full scale studies include suspended growth and
membrane bioreactor processes. Data is comprised of 293 data points for 51 PhACs. Note that one PhAC may be represented multiple times in this
aggregate data set. Shown for reference are 25", 50™ (median) and 75" percentile removals.
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The extent of PhAC removal in biological treatment systems is reported to
depend on a number of factors, including unit operation type (e.g., suspended growth
vs. fixed film) and configuration, mixed liquor concentration, solids retention time (SRT),
hydraulic retention time (HRT) and PhAC properties (Ternes et al., 2004b; Joss et al.,
2006; Stephenson and Oppenheimer, 2007; Oulton et al., 2010). The influence of these

variables on PhAC removal is explored here.

II1.3.1. PhAC Removal and SRT

The importance of SRT as a design/operational variable influencing the removal
of PhACs, and microconstituents more widely, has received significant attention in
recent years. Early work by researchers as part of the European Union’s Poseidon
project indicated improved PhAC removal in WWTPs operated at long SRTs (= 8-10 days)
(Kreuzinger et al., 2004; Ternes et al., 2004b; Clara et al., 2005a; Joss et al., 2006).
Numerous research studies have since suggested and/or observed a link between PhAC
removal and SRT in WWTPs. Suarez et al. (2012), for example, suggested that the
removal of SMX increased from 38% to 63 - 70% when the SRT of a suspended growth
MLE pilot process was increased from <20 to >40 d. Importantly however, the authors
reported that increasing SRT had no impact of removals of CBZ, DZP, DCF, FLX, NAP, CIT,
TMP and ERY. Schroder et al. (2012), studying PhAC removal in two parallel MBRs
operating at SRTs of 15 and 30 d, reported improved removal rates for ROX, SMX and
TMP with no improvements for ACM, NAP and KET. Increased PhAC removal at longer
SRTs has been attributed by Gobel et al. (2007) to wider bacterial biodiversity in the
activated sludge system. Reif et al. (2008) suggested that enhanced PhAC removal is a

result of the presence of slow growing bacteria at longer SRTs which are critical to the
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PhAC degradation/removal. Strenn and coworkers have suggested that lower removal
rates of DCF with increasing SRT of the biological treatment process is related to the
sorption of DCF to biomass rather than biodegradation due to its hydrophobicity (log
Kow = 4.51) (Clara et al., 2003; Kreuzinger et al., 2004; Strenn et al., 2004).

Despite the attention given to the possible link between SRT and PhAC removal,
the correlation is not accepted by all researchers. Majewsky et al. (2011) argued that
long SRTs would reduce the removal efficiency of SMX and DCF as attenuation results
primarily due to heterorophic bacteria (HET) and an increase in SRT would decrease the
active HET. Furthermore, several studies have reported that certain PhACs, such as
carbamazepine (CBZ) and diclofenac (DCF) are poorly removed even at very long SRTs in
both suspended growth and MBR systems (Clara et al., 2005a; Nakada et al., 2006;
Radjenovic et al., 2007; Xue et al., 2010; Majewsky et al., 2011).

Clara et al. (2005a) and Stephenson and Oppenheimer (2007) suggested the
utility of a critical SRT, defined as minimum SRT which provides a predetermined
removal of the PhAC, to classify the removal of PhACs. While there may be debate
related to what such a predetermined level should be such an approach provides a
uniform basis to evaluate PhAC attenuation. In addition, the use of SRT as a master
control-variable for PhAC removal is attractive to the WWTP design and operations
community as it provides a specific and achievable target. One drawback of this
approach from an environmental impact standpoint is that it fails to account for the
potential impact of biodegradation metabolites produced in the treatment processes.
This may prove particularly important considering studies which have shown increasing
ecotoxicity along degradation pathways (Isidori et al., 2005). Further, while this

approach provides a measure for the extent of attenuation of the parent PhAC and
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minimum SRT required to achieve the removal benchmark, it provides limited process
design relevant information (e.g., process configuration, redox conditions, degradation
rate).

The observed impact of SRT on removal of PhACs in suspended growth systems
(included in the studies in Appendix A) is shown in Figure IlI-3. The data include a
diverse set of WWTPs including MLE, A20 and high rate systems. Reported operating
SRTs were classified into one of seven SRT categories (<5 days, 5-10 days, 10-15 days,
15-20 days, 20-25 days, 25-30 days and >30days). There are a total of 14 PhACs for
which a comparison of removal between suspended growth systems operated at <5
days and 5-10d is possible. To compare removals for PhAC in WWTPs operated at
10-15d, 15-20d and 20-25d with <5d there are a total of 19, 14 and 5PhACs available,
respectively. No data were available in this data set for longer SRTs. Analyses of these
data shows that there are a set of PhACs which are effectively removed even in WWTPs
operated at SRTs < 5d (NAP, IBP, ACM). There are a set of PhACs whose removal is
greatly increased with increasing SRT. Interestingly, there are a set of PhACs for which
increasing the SRT appears to have little to no impact, and in certain cases even a

detrimental impact, on removal (e.g., DCF, RAN).
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Figure 11I-3: PhAC removal of PhACs in suspended growth systems operated at an SRT of less
than 5 days compared with removal in suspended growth systems operated at longer SRTs.
Data shown are average* of reported removals for PhACs. Also shown for reference are lines
at 1:0.50, 1:0.75, 1:1, 1:2, 1:3 and 1:4.

*For removals at <5d SRT (i.e., x-axis data): n=1 for all PhACs except MET (n=2). For removals
at 5-10d SRT: n=1 for 8 PhACs, n=2 for 6 PhACs (ATN, DCF, KET, MFA, NAP, SOT). For removals
at 10-15d SRT: n = 1 for 6 PhACs (GLC, IBP, IDM, MFA, OFL, PPZ), n = 2 for 7 PhACs (ACM, BZF,
CBZ, ERY, KET, PRA, RAN), n = 3 for 5 PhACs (DCF, MET, NAP, SMX, SOT) and n = 4 for 1 PhAC
(ATN). For removals at 15-20d SRT: n = 1 for 4 PhACs (BZF, MET, PRA, RAN), n = 2 for 8 PhACs
(BIS, CBZ, CLA, DCF, KET, NAP, PRI, SOT) and n = 3 for 1 PhAC (ATN). For removal at 20-25d: n =
1 for 1 PhAC (SMX), n = 2 for 3 PhACs (IBP, KET, NAP), n = 3 for 1 PhAC (DCF).
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II1.3.2. Comparison of PhAC Removal in MBR and Suspended Growth
Processes

Membrane bioreactors (MBRs) have gained popularity in recent decades as an
attractive treatment process for biological treatment processes given the ability to
produce high quality effluents with small footprints. A number of recent publications
have evaluated PhAC removal in MBRs (Kimura et al., 2005; Radjenovic et al., 2007; Reif
et al., 2008; Tambosi et al., 2010; Xue et al., 2010; Tadkaew et al., 2011; Schroder et al.,
2012) or experimentally compared PhAC removal between suspended growth (SG)
systems and MBRs (e.g., Clara et al., 2004; Clara et al., 2005b; Bernhard et al., 2006; De
Wever et al., 2007; Radjenovic et al., 2009; Sipma et al., 2010; Sui et al., 2011;
Fernandez-Fontaina et al., 2013). Results to date provide a diverse range of opinions
regarding the benefits of MBRs versus SG systems for PhAC removal. Kimura et al.
(2005) , Radjenovic et al. (2009), Sui et al. (2011) and Schroder et al. (2012) among
others have reported high removal rates (>80%) for PhACs such as NAP, ACM and TMP
and suggest that MBRs in general tend to outperform SG processes. (Cirja et al., 2008)
compared the removal of 23 PhACs and EDCs in SG and MBR processes and concluded
that there was no significant difference in performance. A similar conclusion was
reached by Sipma et al. (2010) who compared the average removals of 30 different
PhACs in SG and MBR processes from thirteen different studies.

Evaluation of aggregate data set - removals for 51 PhACs from a range from
WWTPs — suggests that PhAC removals are highly variable for both suspended growth
and MBR systems (see Figure llI-4). The median removal for this set of PhACs in
suspended growth and MBR processes is 42% and 65%, respectively). This comparison,

however, does not provide an evaluation of the specific benefits of MBRs for PhAC
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removal considering the differences in operating conditions (e.g., SRT and MLSS) which
influence PhAC removal. Comprehensive operating data are not often reported in full-
scale studies making it extremely difficult to find identical operating conditions for
suspended growth and MBR processes. Or, when the data are provided, MBRs are often
operated at significantly higher MLSS and longer SRT than the suspended growth system
making side-by-side comparisons complex (e.g., Bernhard et al., 2006). Therefore, to
facilitate this analysis SRT was used as a surrogate measure for operating conditions.
Reported operating SRTs were classified into one of 7 SRT categories (<5 days,
5-10 days, 10-15days, 15-20 days, 20-25 days, 25-30days and >30days). Shown in
Figure Ill-5 are comparisons of PhAC removals in suspended growth and MBR processes.
Data were only available for 3 different SRT categories: 10-15d (6 data points: ACM,
ATN, CBZ, DCF, NAP, SMX), 15-20d (5 data points: CLA, DCF, KET, MFA, NAP) and 20-
25d (1 data point: DCF). Analysis of the 10-15 d and 15-20 d data indicates that the
process type does not have a statistically significant impact on PhAC removals when
these processes are operated at a similar SRT. Evaluation of these data indicates that
PhACs which are removed to a great extent in suspended growth systems are also
effectively removed in MBRs. MBRs, therefore, offer no significant advantage for PhAC

removal.
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Figure IlI-4: Distribution of PhAC removal in suspended growth and membrane bioreactor processes in full scale WWTPs. There are a total of 259 data
points (suspended growth — 175, membrane bioreactor — 84). Median values for each data set are indicated. Also shown in the distribution of removal for
all data from full scale WWTPs and bench scale studies as a single data set (inset) - there are a total of 293 data points here.
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II1.4. Sorption of PhACs during Biological Treatment

I11.4.1. Review of Data for PhAC Sorption during Biological Treatment

Conventional wisdom suggests sorption of PhACs to biomass during treatment
may be described using a linear, equilibrium isotherm. Use of this approach suggests
that the distribution of a given solute between the aqueous phase and suspended solids
can be described by a single distribution coefficient (Kp). A number of studies employ
this approach for PhACs (see Appendix B for details related to the sorption studies). A
survey of PhAC sorption studies produced 388 measured sorption coefficients (Kp) for 66
PhACs, so it is important to note that that there are multiple data points for most PhACs
considered in this review. For many PhACs, data for the sorption to suspended solids do
not exist or are sparse. Only 66 of over 2,000 FDA approved PhACs have been studied.
While many of these over 2,000 PhACs are used sparingly or in controlled settings, the
pharmaceutical industry regularly ranks (by prescriptions) the top 200 PhACs in two
classes - branded and generic PhACs (e.g., Drug-Topics, 2011a). A comparison of the
PhAC use with sorption studies indicates that sorption data are available for less than
10% of the 231 unique PhACs appearing on the top 200 lists for generic PhACs in 2009
and 2010 (Drug-Topics, 2010 and 2011b).

Sorption data for the 66 PhACs that have been studied are often restricted to a
limited range of experimental conditions. For example, 45 of the 66 PhACs for which
sorption data are available have fewer than five reported K, values. Data from only 13
of the remaining 21 PhACs include multiple measurement techniques (batch versus
continuous) conducted under many experimental conditions (TOC, pH, suspended solids

concentration, etc.). These 13 PhACs are: atenolol (ATN), carbamazepine (CBZ), clofibric
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acid (CLA), diclofenac (DCF), gemfibrozil (GMF), glibenclamide (GLC), ibuprofen (IBP),
ketopofen (KET), metoprolol (MET), naproxen (NAP), propranolol (PRO)
sulfamethaxazole (SMX) and trimethoprim (TMP) (see Table SD-2). While the reason
for an emphasis on these PhACs are unclear, it likely relates to patterns in the
production and use of these PhACs coupled with the development of experimental and
analytical methods.

The majority of PhAC sorption studies employ batch experiments to quantify the
equilibrium distribution of PhACs between the aqueous phase and suspended solids
(Ternes et al., 2004a; Urase and Kikuta, 2005; Maurer et al., 2007; Wick et al., 2009; Xue
et al., 2010; Horsing et al., 2011; Stevens-Garmon et al., 2011). Fewer studies assess
sorption using continuously operating reactors (e.g., Abegglen et al., 2009; Radjenovic et
al., 2009). To assess whether or not the type of experiment - batch wvs.
continuous - influences measurement of Ky we conducted a meta-analysis of reported
sorption coefficients. Our analysis focuses on those PhACs for which there are at least
three K; values reported for both the batch and continous methods. Shown in Figure
[1I-6 are the nine PhACs for which there are sufficient data. Data for the other 57
pharmaceuticals (for which there are Ky measurements) are insufficent for comparison
between experimental methods. Results of the analysis indicate that the type of
experiment for these nine PhACs has no statistically-significant influence on the
reported sorption coefficient (i.e., Mann Whitney test at 95% confidence level).
Though, it should be noted that several PhACs have >1 order-of-magnitude variation in
the reported Kp values, which mask any differences resulting from measurement

technique.
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In the majority of batch studies, biomass is inactivated using either chemical
(mercuric chloride, silver nitrate or sodium azide) or physical means (lyophilization).
Chemical inactivation methods may interact with the PhAC or modify surface
characteristics of the biomass, thereby influencing measured values of Ky (Stevens-
Garmon et al.,, 2011). Maurer et al. (2007) report that addition of silver nitrate to a
filtered (0.45 um filter) WWTP effluent containting MET and ATN decreased aqueous
concentrations by 60% and 75%, respectively. Mercuric chloride was found to decrease
aqueous concentration of ATN and sotalol (SOT) by 20% and 10%, respectively, and
increase aqueous concentrations of MET and PRO by 35% and 15%, respectively. The
influence of chemical inactivation has been specifically explored by Dickenson et al.
(2010) who compared the efficacy of sodium azide (5 g/L), silver nitrate (0.0125g/g-SS)
and azide based cocktail (sodium azide 10 g/L, barium chloride 5mM, and nickel chloride
5mM) in sorption studies using biomass from a nitrification tank at the Colorado School
of Mines — Mines Park WWTP (MLSS = 1,650 mg/L). Sodium azide used alone was the
most effective in inhibiting biomass. Moreover, no reactions between azide and the
selected PhACs (NAP, IBP, CBZ and indolebutyric acid (IBA)) were observed in the
absence of biomass. Silver nitrate was found to be less ineffective for IBP and IBA as
neither PhAC was detected in the system afer 50 hours. In addition, the authors report
observing fine white particulates upon addition of silver nitrate to abiotic control
systems comprising synthetic wastewater. To explore the role of inactivation method
further, we looked across studies to find only three PhACs (ATN, CBZ , and diazepam
(DzP)) for which measured K, can be compared with respect to the method of
inactivation (no inactivation, chemical inactivation and physical inactivation). Data for

the other 63 PhACs were insufficent for comparison between experimental inactivation
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methods. ATN is the only PhAC for which sufficient data are available to statistically
evaluate all three inactivation methods. Results for ATN indicated that there are no
statistical differences between the methods of inactivation (pair wise Mann Whitney
Tests: p>0.05) (Figure llI-7). Results for DZP confirm the observation made with ATN
that there are no statistical differences between reported K, data measured using
physical inactivation and no inactivation (Figure 111-7).

Results for CBZ are illustrative of the difficulties in attempting this sort of
comparison. Results of the pair-wise Mann Whitney test suggest that there is a
statistically significant difference when Ky values are measured using physical
inactivation methods versus when no inactivation is used. However, it is important to
note two critical elements of such comparisons through meta analyses. First, there are
far fewer data collected for each type of inactivation than those collected from studies
not employing inactivation. This is because where inactivation is necessary or desired;
the experimental protocol employed rarely utilizes multiple types of inactivation.
Second, reported Ky values in the absence of inactivation can be highly variable
(spanning nearly four orders of magnitude in the case of CBZ). Variability may result
from differences in the surface characteristics or activity of the biomass employed in

each experiment.
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Figure 1ll-6: Comparison of measured sorption coefficients for atenolol (ATN), carbamazepine (CBZ), diclofenac (DCF), glibenclamide (GLC), gemfibrozil
(GMF), ketoprofen (KET), propranolol (PRO), sulfamethaxazole (SMX) and trimethoprim (TMP) from batch and continuous experiments. Individual data
points shown using small black circles; horizontal line indicates median; mean indicated by large red circle with cross-hairs. Box extents indicate 25" (Q1)
and 75" (Q3) percentile with whiskers extending to upper limit [Q3 + 1.5(Q3-Q1)] and lower limit [Q1 - 1.5(Q3-Q1)]. Also shown are p-value of one-tailed
Mann Whitney test and number of data points from batch [n (batch)] and continuous [n (continuous)] experiments.
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Figure 11I-7: Measured sorption coefficients for atenolol (far left), carbamazepine (middle) and diazepam (right) from batch and continuous experiments
using chemical inactivation (e.g., NaN3) no biomass inactivation, and physical inactivation (e.g., lyophylization). Individual data points shown using small
black circles; horizontal line indicates median; mean indicated by large red circle with cross-hairs. Box extents indicate 25" (Q1) and 75" (Q3) percentile
with whiskers extending to upper limit [Q3 + 1.5(Q3-Q1)] and lower limit [Q1 - 1.5(Q3-Q1)]. Also shown are number of data points (n), median log[Ko(L/g-
SS)] and p-value of one-tailed Mann Whitney test evaluating differences between inactivation methods (note: n/a = not applicable, i/d = insufficient data

available for statistical evaluation).
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I11.4.2. Importance of PhAC Sorption in WWTPs

The importance of PhAC sorption as an attenuation mechanism during biological
treatment processes depends not only the PhAC properties, but also on WWTP
operating parameters (e.g., MLSS and SRT) and the influence of operating parameters
on the sorbent characteristics as previously discussed. In this section we aim to
evaluate the engineering significance of sorption as a pathway for PhAC attenuation. In
view of the relatively weak capabilities of models to predict Ky using PhAC molecular
descriptors and SRT we have elected to assess the implications of sorption based on a
priori knowledge of Kp. That is to say, the inputs to our assessment are Ky and
operational parameters. Thus the approach can be used with measured or estimated
values for Kp. The sorbed fraction under a particular operating condition can be related
to Kp and MLSS using a mass balance by assuming local equilibrium (Schwarzenbach et

al., 2003). This relationship is described in Equations Ill-1 and I1I-2.

M b T = (VAQ S pac )+ (VTOT XW ppac ) (”I_l)
XK,

fPhAC,X =
el ]
Px

where, variables are:

(I11-2)

Mbppac,r = total PhAC mass [Mppacl
Viag = volume of water in reactor [L3AQ]
Vior = total reactor volume B
= mixed liquor (ML) concentration [MM.jL3AQ]
Sppac = soluble PhAC concentration [MphA(JL3AQ]
Wopac = sorbed PhAC concentration [Mphac/ Ml
frracx = sorbed fraction of PhAC [Mphac-sorsen/ Mphac-tot]
Px= mixed liquor density (assumed = p40) M/l
Kp = PhAC sorption coefficient [I3/Mwdd
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Shown in Figure 1lI-8 are the fractions of PhAC mass associated with the suspended
solids as a function of PhAC Ky and MLSS. The shaded bands represent the three types
of systems: membrane bioreactor (MBR), conventional activated sludge (CAS) and
laboratory batch reactors (lab) (respectively, from left to right in Figure IlI-8. As one
may expect, the influence of sorption becomes stronger at higher concentrations of
suspended solids. It is, informative to consider the point at which the PhAC mass is
evenly distributed between the aqueous and solid phases for both CAS and MBR
systems - that is the Ky for which the aqueous and solid phases are equally relevant in
terms of PhAC mass. Take for example, a CAS system operating at 4,000 mg/L MLSS.
PhAC mass is evenly distributed between the aqueous and solid phases for a
Kp =0.25 L/gmiss. For an MBR operating at 10,000 mg/L MLSS the same point occurs at
Ko = 0.099 L/gmiss. This suggests that unlike more traditional, hydrophobic, organic
contaminants for which sorption is a major attenuation mechanism within a plant, PhAC
fate through the treatment process requires careful consideration as the role of
sorption in attenuation may be minor. Given that rates of biodegradation are also likely
to be proportional to the biomass concentration, processes operated at a high MLSS
may have substantial potential for treating PhACs in wastewater. Sorption of PhACs to
activated sludge could conversely make it unavailable for biodegradation. Therefore,
there is a need for research which elucidates the coupled roles of sorption and
biodegradation in PhAC attenuation.

The fraction of PhAC mass associated with the solid phase can be informative,
but PhAC mass removal from the biological treatment process depends on the rate of

sludge wasting. Thus, we consider the fraction of PhAC removed via sludge wasting by
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relating it to typical WWTP design and operating parameters — specifically SRT, MLSS

and HRT as shown in Equation I11-3.

(. 100
SRT

fPhAC—WAS =
o R,
SRT

(I11-3)

where variables are:

fraction of PhAC removed in waste

fPhAC—WAS = aCtived Sl udge (WAS) [MPhAC—WASTED/MPhAC—TOT]
X= mixed liquor (ML) concentration [MM.jL3AQ]

Kp = PhAC sorption coefficient [I3/Mwd

HRT= hydraulic retention time [T]

SRT = solids retention time [T]

Shown in Figure Ill-9 is the fraction of PhAC removed from biological reactors through
the waste activated sludge (WAS) (i.e., fpnacwas). As can be seen in the figure, sludge
wasting is most relevant for PhACs having Kp greater than 1.00 L/g-SS. Note that a
Kp=1.00 L/g-SS corresponds to the 70" percentile value for the data analyzed as part of
this review. Consider that sludge wasting in a conventional activated sludge processes
having a 12 h HRT and operated at a 2 day SRT with 2 g/L MLSS (i.e., X*HRT/SRT = 0.5
gmiss/L) accounts for no greater than 25% of the mass of most PhACs entering the
treatment unit. Removal of PhACs via WAS in this system is greater than 50% only if Kp
> 2.00 L/gmiss - a Kp value which corresponds to the 77t percentile for the data analyzed
as part of this review. Although the high mixed liquor concentration of MBRs may be
advantageous for sorption of PhACs having relatively higher Ky, MBRs are often used in
process configurations with a long SRT (e.g., Ng and Hermanowicz, 2005). Thus, the

benefit of sorption as potential pathway for PhAC removal is often times offset by
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limited sludge wasting. For example, in an MBR operating under typical nitrifying
conditions (SRT = 15d, HRT = 8 h, MLSS =10 g/L - i.e., X¥*HRT/SRT = 0.22 gwss/L), less
than 10% of the mass of most PhACs is removed through sorption to WAS. Results from
these calculations suggest that PhAC attenuation via sorption and wasting has only
limited relevance in most biological treatment systems.

The analyses presented here offer a tool to aid assessment of PhAC removal
under specific operating conditions. It should be noted, however, that these analyses
are highly simplified and do directly consider factors that can influence sorption of
specific PhACs in real systems. When using Figure 11 and 12 it is tempting to associate
one PhAC with a single value of Kp irrespective of the operating conditions. Doing so,
however, assumes that biomass characteristics are the same for all types of operation.
For example the simplified approach assumes that the floc morphology and
characteristics are similar for MBRs and CAS processes, which is rarely seen to be the
case. At short SRTs, MBRs and CAS reactors tend to have similar floc size (mean floc
diameter, dso ca. 80—240 um). As the SRT is increased, MBRs have smaller, more
compact floc compared to CAS processes (Holbrook et al., 2005; Masse et al., 2006).
This may in turn influence the sorption characteristics for PhACs. More importantly,
with extracellular polymeric substances (EPS) playing a critical role in sorption of PhACs
and other microconstituents (Yi and Harper, 2007; Khunjar and Love, 2011), the
differences in bound EPS content between CAS and MBR sludge may also influence the
sorption behavior. Additional research is necessary to link the changes floc morphology

and characteristics of MBRs to sorption of PhACs in these systems.
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Figure IlI-8: Fraction of PhAC sorbed to mixed liquor solids for PhACs with Kp values ranging
from 0.01 to 10 L/g-SS. Lines are shown for different reactor mixed liquor concentrations
(indicated on the plot in g/L). Three data bands are shown for (from left to right): membrane
bioreactors (MLSS = 8.0 — 14.0 g/L), suspended growth/conventional activated sludge systems
(MLSS = 1.5 - 4.0 g/L) and lab scale systems (MLSS = 0.2 — 1.0 g/L).

60



Pharmaceutical Removal, Sorption and Biodegradation during
Wastewater Treatment

0 TN
10: — T 90&
- \
\(f)
]
=
2
= R
£ 107k
Q L
-
Y
L
x
%,
10-2 L ..\4 L Ly L P Ll
102 10 100 10!

Ko (L/Gyiss)

Figure 11I-9: Contour plot showing fraction of PhAC removed from a biological reactor in waste
activated sludge (WAS) based on PhAC K, (x-axis) and operating conditions — MLSS(X), HRT and

SRT (y-axis).
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IIL.5. Biodegradation of PhACs

IIL.5.1. Review of Studies Reporting Biodegradation of PhACs

PhAC biodegradation is typically modeled assuming first-order biodegradation
kinetics with a pseudo first order biodegradation coefficient (kg [L3/MB.OMASS/T]) related
to the biomass concentration in the reactor (typically using either MLSS or MLVSS) as
shown in Equation lll-4 (Urase and Kikuta, 2005; Joss et al., 2006; Maurer et al., 2007,
Fernandez-Fontaina et al., 2012; Helbling et al., 2012; Fernandez-Fontaina et al., 2013;

Pomies et al., 2013).

Ay
dt

= _(kBIOX )SPhAC (1n-4)

A review of recent studies of PhAC biodegradation (see Appendix A for study details)
produced a total of 176 data for kg for 38 PhACs. Five studies - Clara et al. (2005b);
Urase and Kikuta (2005); Joss et al. (2006); Abegglen et al. (2009); Wick et al. (2009) —
account for 80% of the data. The range of these kg data is 0.007 to 173 Lg—SS'ld'l, with
25" percentile, median and 75" percentile values of 0.18, 0.64 and 3.68 Lg-SS'd”,
respectively (Figure 111-10). Out of the 176 data, 70 result from experiments or WWTPs
using MBRs while the remaining 106 are from SG systems and SRT information is
provided for only 86 (47 SG and 39 MBR).

The aggregate data are best described using a 2-parameter log normal
distribution, and although kg for this data set spans over 4 orders of magnitude, 90% of
the data are between 0.1 and 10 Lg-SS*d™. Researchers have suggested categorizing
PhACs based on the measured biodegradation rate coefficients. Joss et al. (2006) for

example, classified the 25 PhACs studied in three categories: no removal (kpi, < 0.1 Lg-SS

'd™h); partial removal (0.1 < ko < 10 Lg-SS*d™) and transformed by more than 90%
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(ksio > 10 Lg-SS*d™").  This approach is useful when considering specific biological
systems, but may lack utility as a general design approach (see Figure llI-11 for PhACs
where five or more kg data are available). With BZF for example, there is a 3-order of
magnitude range in the measured kgo values. Therefore, analyses of the biodegradation
rate coefficients would be required for each biological system unless QSAR/QSBR
techniques can be used to link the biodegradation rate coefficients to biological system
design and/or operating conditions and PhAC properties.

The pseudo-first order approach to modeling PhAC fate during biological
wastewater treatment does not provide a means to link specific biochemical reactions
to PhAC degradation and mineralization in WWTPs. To achieve this consortium-level
approach a model such as the activated sludge models (ASM) framework (Henze et al.,
2000) is required. The ASM model framework is flexible; specific processes can be
added or modified as more knowledge becomes available. Because the ASM models are
based on microbial consortia and their related growth and decay processes, the process
kinetics and conceptual models may be extended beyond engineered WWTPs to the
natural environment (for example, see (Reichert et al., 2001)). Limitations of using the
ASM-framework approach to model PhAC biodegradation include the number of
variables required to completely model the fate of PhACs during wastewater treatment
and the complexity of experiments required to obtain the requisite model parameters.

This approach has been evaluated to a limited extent to describe the fate of
certain PhACs (Plosz et al., 2010) or proposed within the context of potential upgrades
to the ASM modeling framework to model other micropollutants (Peev et al., 2004;
Hiatt and Grady, 2008; Schoenerklee et al., 2009). Peev et al. (2004) used Monod

kinetics to model micropollutant degradation by a fraction of heterotrophs (specialized
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heterotrophs). Pldsz et al. (2010) used the ASM modeling framework to evaluate the
fate of three anitibiotics (sulfamethaxazole, tetracylcine and ciprofloxacin) in batch
experiments using sludge collected from the aerobic reactor of an MLE-process. The
authors considered sorption and biodegradation of the parent PhAC in addition to
formation of the parent PhAC from conjugated or glucorinated species within the
bioreactor. Biodegradation of the PhACs due to heterotrophic versus autotrophic
biomass in the MLE process is not separately incorporated into the model. While this is
a convenient means to evaluate the attenuation of the PhACs, changes in the operating
conditions (e.g., SRT) will inevitably change the biomass composition and potentially the
values of the kinetic coefficients developed using this approach. In effect, while the
authors use the analytical approach proposed in the ASM modeling framework, they do

not take full advantage of the process modeling capabilities it offers.
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Figure 111-10: Distribution of reported pseudo first order degradation rate constants for PhACs (kg o). Data are fit with a 2-parameter log normal distribution.
Distribution parameters (location and scale) are provided in the legend along with number of data (N) , Anderson darling statistic and p-value. Also

provided are 25"‘, 50" and 75" percentile values for LN-2 distribution fit to these data. Note that a single PhAC may be represented by multiple data
points.
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IIL.5.2. Assessing Factors which Influence PhAC Biodegradation Rate
Coefficients

I11.5.2.1. Influence of Process Design and Operating Conditions

When considered independently, no single operations variable (specifically
MLSS/VSS, SRT, redox conditions) is correlated with kgo (in all cases R2<0.15). For
example, shown in Figure 1lI-12 are data for the four PhACs for which there are five or
more corresponding values of kg and SRT — BZF, DCF, IBP and MET. Analysis of these
limited data suggest no general relationship between SRT and PhAC kgo. Increases in
SRT result in diversification of the microbial community within a WWTP (Valentin-Vargas
et al.,, 2012) which could result in enhanced biodegradation options for PhACs.
However, an increase in SRT also results in a decrease in the active biomass fraction in
the mixed liquor which perhaps may counterbalance the increased diversity. Changes in
SRT therefore cannot be used directly to predict kgo. These observations are consistent
with the conflicting data in the literature related to the influence of SRT on
biodegradation and kg (Stasinakis et al., 2010; Majewsky et al., 2011). In fact, given the
lack of a correlation between SRT and PhAC removal (see Section 3.1) or kg, there is no
basis for a generalizable recommendation regarding design SRT as a metric to achieve
PhAC attenuation or degradation during wastewater treatment. This is in contrast to
the widespread use of SRT as an effective guide for WWTP design and operation to
achieve COD or nutrient removal targets.

Comparison of the kg data for SG and MBR systems suggests that SG processes
tend to be more effective for PhAC biodegradation (Figure 111-13). The median values of
ksio for suspended growth and MBR are 1.38 and 1.15 Lg-SS™d™?, respectively. This is in

contrast to the impact that unit operation selection has on PhAC removal as discussed in
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Section 3.2. Considering that SRT has negligible influence on kgo, biosolids
characteristics, resulting from operation in suspended growth systems relative to MBRs,
could play a role in explaining the observed differences in kg data. Sperandio et al.
(2005), for example, have shown that MBRs and activated sludge processes operated at
similar SRTs have distinctly different floc size distributions and EPS concentrations.
Although kg0 values appear to be higher for suspended growth processes based on
these data, it is important to note that MBRs are typically operated at significantly
higher biomass concentrations. A comparison of the effective biodegradation rate
coefficient (i.e., kgioX, using the data shown in Figure I11-13) for suspended growth and
MBR processes operating with MLSS concentrations of 1.5—4 and 8-10 gL,
respectively, indicates that the MBRs are between 3 to 5 times more effective for PhAC

biodegradation than suspended growth processes.
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Figure 111-13: Distribution of reported pseudo first order degradation rate coefficients for PhACs (kg,o) for available data from studies utilizing suspended
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I11.5.2.2. PhAC Properties and Biodegradation

Review of the available data for kg indicates that acidic PhACs tend to have
higher kgo values than those for basic PhACs (Figure IlI-14). The median values for acidic
and basic PhACs are 1.37 and 0.49 Lg-SS™d?, respectively. While the reasons for these
differences have not been explored in the literature, one hypothesis is that differences
in the charge of the dominant species in result in differences in the transport
mechanism for PhACs into bacteria. The acid dissociation coefficient (pKa) values for the
acidic PhACs included in this evaluation ranged from 3 to 6 and between 8 and 14 for
the basic PhACs. Consequently, the dominant species for acidic PhACs (>85%) in typical
biological treatment processes where the pH is ~7-8 are typically negatively charged,
whereas the dominant species for the majority of basic PhACs are uncharged. Note that
the dominant species also plays a significant role in determining the extent of PhAC
sorption during biological wastewater treatment (Sathyamoorthy and Ramsburg, 2013).
Evaluation of the influence of chemometric properties typically used in PhAC design and
development (see Sathyamoorthy and Ramsburg (2013) for details of PhAC properties)
indicates that kg for acidic and basic PhACs are weakly correlated with the fraction of

aromatic carbon atoms and molecular volume, respectively (see Table IlI-2).
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Figure IlI-14: Distribution of reported pseudo first order degradation rate coefficients for PhACs (kg o) for available data for acidic (square with x) and basic
pharmaceuticals (blue triangles). Both data sets are fit with a 2-parameter log normal distribution. Distribution parameters (location and scale) are
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72



Pharmaceutical Removal, Sorption and Biodegradation during
Wastewater Treatment

Table IlI-2: Statistically significant Pearson Correlation Coefficients (R) (i.e., p-value < 0.05)
between kg and PhAC molecular, structural and partitioning properties

Pearson R

Property

Acidic Basic
Molecular Volume MV A® N/S -0.386
Van der Waals Surface Area vdWSA A? N/S N/S
Polar Surface Area TPSA A? N/S N/S
Fraction of Organic Carbon Atoms foc -- -0.334 N/S
Pi Energy PiEnergy N/S N/S
Hydrogen Bond Donors nHBD # N/S N/S
Hydrogen Bond Acceptors nHBA # N/S N/S
Number of Rotatable Bonds nRB # N/S N/S
Octanol-Water Partitioning Coefficient log Kow -- N/S N/S

Note: N/S — Pearson R is not reported because it is not statistically significant (i.e., p > 0.05).
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IIL.6. Nitrification and PhAC Removal

Researchers have begun to study the links between nitrification and PhAC
degradation motivated by observations that PhAC attenuation is enhanced in BNR
processes. While several studies have evaluated PhAC attenuation using biomass from
WWTPs operated at long SRT where nitrification occurred, only few have specifically
addressed the role of nitrification in PhAC removal or biodegradation. Both Batt et al.
(2006) and Tran et al. (2009) compared PhAC removal in the presence and absence of
nitrification using batch systems with nitrification inhibited using allylthiourea (ATU), a
specific inhibitor of ammonia oxidizing bacteria (AOB) (Ginestet et al., 1998). Their
results suggest that the occurrence of nitrification in these experimental systems did
enhance PhAC removals although all the PhACs evaluated were degraded to some
extent even when nitrification was inhibited (Figure IlI-15). The benefits of nitrification
for PhAC degradation have also been demonstrated in flow-through systems operated
under conditions that promote nitrification by Suarez et al. (2010). Their data are,
however, inadequate to conclude that the observed increases in PhAC attenuation at
longer SRTs is a direct result of the activity of nitrifying bacteria. Fernandez-Fontaina et
al. (2012) suggest that PhAC biodegradation rates and extents depends on the specific
nitrification rate (SNR, [mg-N/g-VSSd]). For a set of six PhACs studied by
Fernandez-Fontaina et al. (IBP, NAP, TMP, ERY, ROX, FLX), the specific conversion rate of
PhACs (ug-PhAC/g-VSSd) increased with increasing SNR. It is should be noted that the
pseudo first order biodegradation rate coefficient (kg [Lg-VSS'd™]), increased for only
four of the six PhACs. For ERY and ROX, the kgo data are highly scattered and a negative
correlation with SNR is suggested by the authors (R*=0.028 and 0.118 for ERY and ROX,

respectively).
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Figure IlI-15: Comparison of PhAC removal with nitrification with PhAC removal when
nitrification is inhibited (using ATU) and biomass is inactivated (using NaNs) from Tran et. al.,
2009. Also shown for comparative purposes are reference lines at 10%, 35% and 100%

Measured biodegradation rate coefficients (kgo) from three studies specifically
evaluating PhAC removal under nitrifying conditions is summarized in Figure Ill-16.
There is a large range for the degradation rate constants with ibuprofen being rapidly
degraded in one study (Suarez et al. (2010): kgio,8r = 20 L/g-VSS'd) but much more slowly
in another (Tran et al. (2009): kg0 8 = 3.63 L/g-VSSd). While these data are useful in
providing order of magnitude estimates of the attenuation rates of these PhACs, care
should be exercised to ensure biomass conditions reflect those used in these studies

when using these rate coefficients to predict PhAC biodegradation.
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Figure IlI-16: Biodegradation Rate Constants for PhACs in Nitrifying Systems
[Data from (Batt et al., 2006; Tran et al., 2009; Suarez et al., 2010)]

Recently, it has been suggested that heterotrophic bacteria may have a
significant role in the degradation of microconstituents even at long SRTs while nitrifying
bacteria may play only a minor role (Gaulke et al., 2009; De Gusseme et al., 2011).
Researchers have also suggested that the observed degradation of PhACs and other
micoconstituents may result from abiotic nitration rather than biodegradation during
nitrification (Gaulke et al., 2008; Chiron et al.,, 2010). Abiotic nitration of
pharmaceuticals could result due to attack by nitronium ion (NO,") or by reactive
nitrogen species (RNS) such as such as nitrogen dioxide radicals (NO,®) or peroxynitrate

(ONOQ))in solution. Nitrification, particularly at low dissolved oxygen levels, results in
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the formation of precursors to both NO," and RNS (Arp and Stein, 2003). Chiron et al.
(2010) evaluated the biodegradation of ACM at a relatively high concentration of
100 ug/L in activated sludge using batch experiments designed for nitrification (initial
ammonia nitrogen concentration 10 mg-N/L). The seed sludge was collected from the
second stage of a two-stage WWTP (1% stage: BOD removal, 2" stage: nitrification)
where the second stage was operated at a 16-day SRT, 15-h HRT. The seed sludge was
preconditioned to minimize biodegradable COD. ACM was attenuated in batch
experiments where nitrification occurred and control experiments where nitrification
was inhibited. The biodegradation rate was lower when nitrification was inhibited
however with ACM half lives of 1.77 +0.14 and 2.43 £+ 0.19 days in the nitrification
experiments and nitrification inhibition control, respectively. The results suggest that
heterotrophs in the control reactor degraded the ACM. A similar observation has been
noted by other researchers for ACM and other PhACs (Tran et al., 2009; De Gusseme et
al., 2011). Interestingly, while 3-hydroxy acetaminophen was formed as an
intermediate metabolite in both systems, 3-nitro acetaminophen was only produced in
the nitrification experiment system. Hydroxylation is often reported as a mechanism of
aromatic compound attack in natural and engineered biological systems (Perez and
Barcelo, 2008; Topp et al., 2008), this is however, the first evidence of nitration of PhACs
in activated sludge. Nitration yield of ACM was demonstrated to increase at lower pH
conditions.

Experiments which specifically evaluate the role of nitrification in PhAC removal
and biodegradation suggest that nitrification processes have a role in PhAC
biodegradation. However, the specific pathways of PhAC degradation, whether

cometabolic or nitration, remain unclear and additional research aimed at
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understanding the role of nitrifying bacteria and specific enzyme systems in PhAC
biodegradation is required. While the percentage of nitrifiers (AOB and NOB), even in
second stage separate-sludge nitrification systems may be small, the results to date
suggest that the metabolites produced through the nitrification process are persistent

and may be discharged into the environment in WWTP effluents.

IIL.7. Evaluating the Impact of Pharmaceuticals on the Treatment
Process

The focus of this chapter thus far has been on evaluating the treatability of
PhACs in wastewater treatment processes, however, an equally important aspect is the
impact of PhACs on the bacterial consortia within the wastewater treatment plant.
LC50 levels for carbamazepine (CBZ), diclofenac (DCF) and clofibric acid (CLF) of >81
mg/L, 91.8 mg/L and 11.5 mg/L, respectively have been found using the microtox®
toxicity assay (Ferrari et al., 2003). These levels are significantly higher than typically
reported WWTP influent or effluent levels, suggesting that these PhACs present
minimal, if any, lethal risks to biota in a WWTP. A similar conclusion was reached by
Dokianakis et al. (2004), who evaluated the impact of six PhACs (ofloxacin, propranolol,
clofibrate, carbamazepine, diclofenac and sulfamethoxazole) and the antibacterial agent
triclosan on NOB.

Wang et al. (2008) illustrated that NAP, KET and CBZ have a significant negative
impact on microbial growth at a concentration of 10 uM (approximately 2,000 — 2,500
ug/L for this set of PhACs). CLF at 10 uM did not impact microbial growth. This
concentration range is significantly higher than the typical concentration noted in

WWTP effluents. In their experiments, ethanol was the carbon source (ethanol
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concentration 0.2% v/v, theoretical COD approx. 2,890 mg/L) and ammonium sulfate
was used for the nitrogen source (43 mg-N/L).An increase in the ethanol concentration
to 2% v/v (theoretical COD approx. 28,900 mg/L) was observed to completely mitigate
the impacts of all PhACs on microbial growth. The authors suggested that this is related
to the growth of specific heterotrophic strains at the high COD which might conceal
inhibition of growth of other strains (Wang et al., 2008); however this hypothesis is yet
to be tested. In separate experiments, this research team evaluated the impact of NAP,
KET, CBZ and gemfibrozil (GMF) on a single sludge COD removal/nitrification SBR (Wang
and Gunsch, 2011a). When introduced to the activated sludge individually, none of
these PhACs negatively impacted COD removal or nitrification, even at concentrations as
high as 10 uM. However, the PhACs were observed to negatively impact nitrification
when introduced as mixtures at total PhAC concentrations of 1 uM. A reduction in AOB
diversity was also observed. Collectively, these data suggest that mixture effects are
particularly important when evaluating the ecotoxicological impact of PhACs. The
mechanistic nature of the interaction of the PhACs and the AMO enzyme system or
transport of these compounds into the bacterial cells is not well enough understood to
conclusively state the reason for these differences between two separate mixed
cultures or the mixed culture and pure culture system. It is possible that the diversity of
AOB in the mixed culture provides a set of AOB which are more resistant to PhACs than
N.Europaea. Wang and Gunsch (2011b) showed that exposure to the PhACs at 1 and 10
1M, reduced the percentage of live N.Europaea cells in the pure culture studies.
Acclimation of the biota to PhACs has an impact on extent of nitrification
inhibition. Rantindine (a anti-ulcer diamine, Zantac®) inhibited nitrification by 5.6% at a

concentration of 5 mg/L in a lab-scale SBR operating at a 14 day SRT which has been
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acclimated with the PhAC. Activated sludge from a WWTP which was not exposed to
any RAN exhibited no nitrification inhibition up to concentrations of 10 mg/L (Carucci et
al., 2006). In the same study, atenolol had no impact on nitrification at high nitrification
rates (5.83 and 7.59 mg-NH,-N/g-VSS'h). At a lower ammonia loading rate however
(nitrification rate = 2.91 mg-NH,4-N/g-VSS'h), a 10% inhibition was noted at 10 mg/L ATN.

The inhibition increased to 28.8% at 40 mg/L.

II1.8. Conclusions and Research Needs

Concerns related to the environmental impact of PhACs and other
microconstituents has resulted in a dramatic increase in research related to their fate
and ecotoxicology in engineered and natural environmental systems. Studies of PhAC
fate during biological wastewater treatment indicate that existing infrastructure and
processes are capable of PhAC attenuation through sorption and biodegradation.

Peer reviewed studies assessing PhAC removals have been reviewed in this
chapter. Reported PhAC removals vary over a wide range, even for a single PhAC.
Moreover, removals of a given PhAC or set of PhACs observed at a single WWTP are not
generalizable. A critical review of the observed removals in both SG and MBR processes
suggests that no design or operating parameters (e.g., SRT or MLVSS) are adequate to
explain the variation in PhAC removal data. In fact, SRT, a commonly used parameter
for WWTP design and operations is a poor indicator of PhAC removal performance
across WWTPs. And, targeting a specific SRT to achieve PhAC removal is not a useful
design or operations strategy. While the knowledge related to PhAC fate during
biological wastewater treatment has increased significantly in recent years, there are

still key knowledge gaps which merit further research.
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The sorbed fraction of a PhAC could account of up to 80% of the total PhAC
mass in MBRs. Sorption therefore plays a critical role in determining the fate of several
PhACs. There is however a wide variation in PhAC Kp values, even for a single PhAC,
making it difficult to predict the extent of PhAC sorption a priori. The variation is
unrelated to the experimental protocol or biomass inactivation method in sorption
experiments. Therefore, research exploring whether differences in PhAC properties or
biosolids surface characteristics can be utilized to explain the variation in PhAC sorption
would be beneficial to develop a predictive capability for PhAC sorption during
biological wastewater treatment.

The pseudo-first-order approach (Equation lll-4) is frequently used to model
PhAC degradation despite its lack of mechanistic or process significance. While this
approach is convenient, it is of limited value when comparing PhAC degradation across
unit operations and processes. The main limitation being that it does not link PhAC
degradation with specific biochemical processes. This can be effectively accomplished
by integrating PhAC biodegradation to processes such as biomass growth, decay, COD
removal and nitrification. The ASM framework (Henze et al., 2000) offers a
well-established, flexible modeling framework to accomplish this. Research elucidating
the specific biological processes responsible for PhAC biodegradation and an effective
predictive model to describe the process would be invaluable to the environmental

engineering and science community.
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Chapter IV.  Objectives and Hypotheses

IV.1. Motivation for Research

Modern wastewater treatment plants (WWTPs) are increasingly designed to
meet low nutrient (i.e., nitrogen and phosphorus) discharges to limit eutrophication in
receiving streams. Significant progress has been made; with WWTPs achieving total
nitrogen levels as low as 3 mg-NL™" and phosphorus levels below 0.05 mgL™" (Barnard,
2006; Gujer, 2010). Reducing the influx of anthropogenic microconstituents into the
environment could be an important additional regulatory challenge for environmental
professionals in the future (Schwarzenbach et al., 2006; Daughton, 2010; Gujer, 2010).
In recent years, the ecological effects of microconstituents has been of interest to both
the scientific and lay communities (e.g., Daughton and Ternes, 2000; Kolpin et al., 2002;
Associated-Press, 2008). A few regulatory agencies have even begun the process of
monitoring for selected microconstituents, specifically pharmaceuticals (PhACs) and
personal care products (California Department of Public Health, 2007). However, there
are currently no regulatory requirements to meet effluent standards pertaining to
PhACs.

WWTPs are an important point source of PhACs in the environment.
Incomplete PhAC removal has been reported during biological treatment (Ternes et al.,
2004; Onesios et al., 2009), though such observations are serendipitous as treatment
plant designed is based upon bulk water quality. This research is motivated by an
observed correlation between SRT and PhAC removal - specifically that WWTPs
operated at SRTs to achieve biological nutrient removal demonstrate improved

pharmaceutical (PhAC) attenuation (Clara et al., 2005; Batt et al., 2006; Oppenheimer et

82



Research Objectives and Hypotheses

al., 2007; Tran et al., 2009; Chiron et al., 2010; Suarez et al., 2010; Khunjar et al., 2011;
Fernandez-Fontaina et al., 2012). The goal of this research is to explore the possible
synergy between biological nutrient removal, specifically nitrification, and PhAC

biodegradation.

IV.2. Research Objectives

The overall objective of this research is to evaluate the biodegradation and
sorption of selected PhACs during nitrification. As such, this research aims to separately
evaluate the two mechanisms of PhAC attenuation during biological treatment and
examine the role of ammonia and nitrite oxidizing bacteria within the microbial
consortia routinely used for treatment. Research herein integrates laboratory-scale
experiments with mathematical modeling to meet the specific objectives described

below.

Objective 1: Evaluate whether or not PhAC attenuation and biodegradation
during biological wastewater treatment can be linked to WWTP specific unit
operations, design or operating conditions.

In recent years, PhAC attenuation has been studied at the pilot- and full-scale in
numerous WWTPs and lab-scale systems (Jelic et al., 2011; Kraigher and Mandic-Mulec,
2011; Majewsky et al., 2011; Prasse et al., 2011; Camacho-Munoz et al., 2012; Helbling
et al., 2012; Suarez et al., 2012; Fernandez-Fontaina et al., 2013). While there have
been reviews of PhAC removal as one set of many microconstituents, there are few
studies evaluating the role of biological treatment processes to include process

conditions, unit operations and operating condition coupled with PhAC properties.
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Furthermore, a review of individual studies suggests conflicting conclusions related to
the role of operating conditions based on observations at specific WWTPs. It is
hypothesized that a meta-analysis of PhAC removals reported at individual WWTPs will
enable the distillation and formation of generalizable conclusions and recommendations.
This hypothesis will be tested using PhAC removal and biodegradation data from the
peer-reviewed scientific literature. It is anticipated that this research will provide a
practical basis upon which to build a decision framework for the wastewater treatment
community (e.g., WWTP designers and operators). Note that results from this research
related to this objective have been presented in the form of a literature review in

Chapter lIl.

Objective 2: Examine the factors which influence PhAC sorption to biosolids
during biological wastewater treatment.

A number of bench- and full-scale studies of sorption of PhAC during biological
treatment have concluded that equilibrium sorption may be related to hydrophobicity
and PhACs with high octanol-water partitioning coefficient (Kow) will sorb to a greater
extent to biosolids (Urase and Kikuta, 2005; Stevens-Garmon et al., 2011; Hyland et al.,
2012). Such conclusions suggest that non-specific hydrophobic interactions are the
dominant mechanism of PhAC sorption to biosolids. Given the complex nature of PhACs
however, it is hypothesized that Koy alone is insufficient to predict equilibrium sorption
of PhACs during biological treatment. It is further hypothesized that a multivariate
framework incorporating multiple interactions (e.g., hydrogen bonding and pi-pi

interactions) will enhance the predictive capability for PhAC sorption to biosolids. These
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hypotheses will be tested through an evaluation of the PhAC sorption data available in

peer-reviewed literature sources.

Objective 3: Assess the biodegradation of selected pharmaceuticals during
nitrification.

The interplay between PhAC biodegradation and nitrification processes is
evaluated to elucidate which nitrification step(s) (i.e., ammonia oxidation or nitrite
oxidation) are involved for PhAC biodegradation. The hypothesis evaluated here is that
PhAC biodegradation, when occurring during nitrification, can be linked to ammonia
oxidation activity. This hypothesis is based on evidence that ammonia monooxygenase
(AMO), the enzyme responsible for ammonia oxidation by AOB during nitrification, is
known to catalyze oxidation of a wide array of aliphatic, aromatic and chlorinated
organic substrates (Keener and Arp, 1994; Hooper et al., 1995) and endocrine disrupting
compounds (Gaulke et al., 2009; Skotnicka-Pitak et al., 2009). The ability of AOB to
catalyze non-specific oxidation of several compounds stems from the broad substrate
range of ammonia monooxygenase (AMO) enzyme (Hooper et al., 1997). It is important
to note here that this approach does not assume that all PhACs are biodegraded by
nitrifying organisms. The hypothesis will be tested using a set of structurally and

functionally similar PhACs.

Objective 4: Develop a predictive framework to model PhAC biodegradation
during nitrification.
The ability to predict PhAC biodegradation utilizing process based models will

provide a powerful tool to evaluate PhAC fate and transport in engineered and natural
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systems. To date, the majority of biodegradation models for PhACs in environmental
systems have utilized pseudo-first order kinetics on an aggregate biomass basis in spite
of its lack of mechanistic significance, particularly in complex mixed community
biological reactors (e.g., Urase and Kikuta, 2005; Joss et al., 2006). Here, the objective is
to develop a biomass specific, process-based module for PhAC biodegradation during
nitrification. The hypothesis tested here is that PhAC biodegradation during ammonia
oxidation is a result of cometabolic biodegradation by AMO. This hypothesis is based on
the broad substrate specific of AMO described above and the autotrophic nature of AOB
under aerobic conditions. Existing approaches to model cometabolic biodegradation
(Criddle, 1993; Alvarez-Cohen and Speitel, 2001) will be adapted to model PhAC
biodegradation.

While AOB rely on AMO for ammonia oxidation as part of its energy metabolism
(Arp and Stein, 2003), the cometabolic oxidation of organic compounds by AMO does
not result in energy generation. In fact organic compounds undergoing cometabolic
oxidation may negatively impact ammonia oxidation by competitively binding to the
same catalytic site (Arp et al., 2007) or an allosteric alternate site (Taher and Chandran,
2013) on AMO. Therefore, it is further hypothesized that PhACs which are
cometabolically biodegraded by AMO exert an inhibitory effect on AMO and
consequently reduce the rate of AOB growth. Modifications to the Monod equation,
typically used to describe AOB growth, incorporating inhibition by PhACs, will be tested
(Bailey and Ollis, 1986; Grady et al., 1999). These hypotheses will tested using those

PhACs evaluated under Objective 3.
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Objective 5: Integrate PhAC biodegradation processes into the Activated
Sludge Modeling framework.

The activated sludge model (ASM) framework (Henze et al., 2000) is now a
widely accepted as the standard for modeling and simulating biological treatment
processes in WWTPs. In fact, since the publication of the IWA report on developing a
unified modeling framework for wastewater professionals (Henze et al., 1987; Henze et
al., 2000), the ASM model has been extensively adapted and extended to include a wide
array of processes and even applied to natural systems (Reichert et al., 2001; lacopozzi
et al., 2007; Hiatt and Grady, 2008; Janus and Ulanicki, 2010; Plosz et al., 2012). The
objective here is to integrate PhAC attenuation resulting from cometabolic
biodegradation by AOB (see Objective 4) into process models for WWTPs and surface
water pollutant fate models (Henze et al., 2000; Deksissa et al., 2004; Pauer and Auer,
2009). It is hypothesized this can be achieved through a set of cometabolic
biodegradation coefficients linked to AOB growth. This hypothesis will be tested using
those PhACs evaluated under Objective 3 which are observed to be biodegraded by
AOB. The cometabolic biodegradation coefficients developed in this research cannot be
employed more generally without consideration of their uncertainty and sensitivity to
model inputs. Therefore, sensitivity analyses are conducted to assess the effect of

changes in AOB biokinetic parameters on the cometabolic biodegradation coefficients.
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Chapter V. Materials and Methods

V.1. Materials

Chemicals used for anion standards were purchased from suppliers as noted in
Table V-1 as used as received. Pharmaceuticals (PhACs) for this research were
purchased from suppliers as noted in Table V-2 and used as received. Chemicals used
for HPLC analyses are listed in Table V-3. Chemicals utilized for the synthetic feed for
the lab-scale nitrification enrichment SBR (see details in Section V.2.2) are listed in Table
V-4. Ultrapure water (referred to in the remainder of this chapter as MilliQ water)
(resistivity > 18.2 MQ-cm, TOC < 8 ppm) for this research utilized to make chemical
standards and the requisite solutions for analyses was obtained from a MilliQ Gradient

A-10 system (Millipore, Inc.).
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Table V-1: Chemicals used in multi-anion and individual anion standards

Molecular CAS Item

Name Formula Number L RS Number
Potassium Fisher Chemicals,
Chloride KCl 7447-40-7 Fairlawn, NJ P217-500
Potassium KNO, 7758-00-0 | ACTOs Organics, | 4, 3065000
Nitrite Geel, Belgium
Potassium KNO, 7757-79-1 | Acros Oreanics, | 4, 1155000
Nitrate Geel, Belgium
Potassium Acros Organics
Phosphate KH,PO, 7778-77-0 g' ! 205920025

. Geel, Belgium
(monobasic)
Sodium Fisher Chemicals,
Phosphate Na250s 7757-82-6 Fairlawn, NJ 4151
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Table V-2: Pharmaceuticals purchase for research study

Name Molecular Formula  Supplier CAS Number Manufacturer Item Number Purity
Atenolol (ATN) Ci4H2,N503 Fisher Scientific 29122-68-7 MP Biomedicals 190017 > 99%
. 1 Santa Cruz Santa Cruz
- - > 0,
Metoprolol Acid (MAC) Ci4H,1NO, Biotechnology $6392-14 Biotechnology SC-211903 2 98%
Metoprolol tartarate (MET) (C15H25NO3),:C4HsOs  Sigma Aldrich 56392-17-7 LKT laboratories M1879 > 99%
Naproxen (NAP) C14H1405 Fisher Scientific 22204-53-1 ACROS Organics ICN19024750 > 99%
Si lif
Sotalol Hydrochloride (SOT) CioHaoN2605S.HCI  Sigma Aldrich 959-24-0 ngie'se 5$0278-100MG >99%
1. Metoprolol acid is a metabolite resulting from atenolol and metoprolol hydroxylation
Table V-3: Chemicals used for HPLC mobile phase
Molecul
Name olecuiar Supplier CAS Number Manufacturer Item Number Purity
Formula
HPLC d
Acetonitrile (MeCN) CH5CN Fisher Scientific 75-05-8 Fisher Chemical A998-4 o ggg;ff/)e
= . (o]
Phosphoric acid, 85% w/w (PA)  HsPO, Fisher Scientific 7664-38-2 Fisher Chemical A242-1 Certified ACS

grade
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Table V-4: Chemicals used in Nit-SBR Synthetic Feed

. Molecular CAS ltem SBR Concentration (at
Function Name Manufacturer max. volume)
Formula Number Number
(s/L)
Ammonium Sulfate (NH,),504 7738-20-2 | Fisher Chemicals, 1 \20) 15 2,629
. Fairlawn, NJ
Nitrogen Source
Ammonia-N 557
Phosphorus Source Potassium Phosphate KH,PO, 7778-77-0 | Acros Organics, 205920025 102.5
Geel, Belgium
. . . Fisher Chemicals,
Alkalinity Sodium Bicarbonate NaHCO3 144-55-8 . $233-500 45
Fairlawn, NJ
Micronutrients Magnesium Sulfate MgS0,.7H,0 7487-88-9 124900010 54
Copper (Il) Sulfate CuS0,.5H,0 7758-98-7 Acros Organics 423615000 0.6
Calcium Chloride CaCl,.2H,0 10043-52-4 Geel, Belgium 207780010 54
Cobalt Nitrate Co(NOs3),.6H,0 10141-05-6 423585000 0.6
Zinc Sulfate ZnS0,4.7H,0 7733-02-0 268-500 0.6
Iron (I1) Sulfate FeS0,.7H,0 7782-63-0 | Fisher Chemicals, | 1146-500 0.6
; Fairlawn, NJ
Sodium Molybdate Na(Mo0,).2H,0 7631-95-0 $336-500 0.6
Manganese (Il) Sulfate MnSQO,4.H,0 0.6

1. All chemicals were ACS grade
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V.2. Experimental Methods

V.2.1. Analytical Methods
V.2.1.1. Ammonia-N

Ammonia nitrogen (NHs) concentrations were measured using a colorimetric
assay: HACH method 10031 (HACH Company, 2008) with UV absorbance measured at
655 nm using a Perkin Elmer lambda 25 UV/VIS spectrophotometer. HACH assays were
purchased in boxes of 50-assays per box. One seven point calibration curve was
developed for each box. The method quantification limit for ammonia nitrogen was

0.10 mg N/L.

V.2.1.2. Nitrite and Nitrate

Nitrite (NO,) and nitrate (NO3) concentrations were measured using Dionex
ICS 2000 lon Chromatograph (IC) system equipped with a Dionex AS-50 autosampler.
Isocratic separation was achieved using 32 M KOH mobile phase on a Dionex lonpac AS-
18 (4 x 250 mm) column equipped with a Dionex AG-18 guard column (4 x 250 mm).
Quantification was achieved using a conductivity detector. Samples were introduced
into the IC following centrifugation (11,000 RPM, 10 min) or filtration (0.20 um filter), as
appropriate. A summary of the IC system and analytical protocol is provided in Table
V-5. IC data were analyzed using Chromelean® software (version 6.60 SP3, Dionex
ThermoFisher, Sunnyvale, CA).

An eight point calibration curve using multi-ion standards was developed prior
to each experiment and five of these standards (randomly selected) were measured

every twelve to fifteen experimental samples. Standards of individual solutes were also
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measured prior to each experimental sample set and every twelve to fifteen samples to

verify peak identification. Chemicals used to make anion standards for IC analyses are

listed in Table V-1. All standards were made using MilliQ® water. Method detection

limits for nitrite (NO,) and nitrate (NO3') were 0.10 mg-NL™.

Table V-5: lon Chromatography Method for Detection of Nitrite and Nitrate

Method Overview: Separation Isocratic
Flow rate 1 ml/min
Run Time 14 min
Injected Sample Volume 25 uL

Eluent (isocratic): Concentration 32 mM KOH

Autosampler:

Manufacturer/Model

Dionex/ AS-50

Guard Column:

Manufacturer/Model
Length/Diameter

Particle Size

functional group

Dionex/ lonpac AG-18
50 mm/ 4 mm

13 um

alkanol quaternary

ammonium

Temperature 30°C

Analytical Column: Manufacturer/Model Dionex/ lonpac AS-18
Length/Diameter 250 mm/ 4 mm
Particle Size 7.5um
functional group :lea;;mgrl];quﬁternary
Temperature 30°C

Suppressor: Manufacturer/Model Dionex/ ASRS Ultra Il 4mm
Currrent 75 mA
Detector:

Detector: Type Conductivity
Manufacturer/Model Dionex/057985
Serial No. 04030305
Cell Constant 132.99

93



Materials and Methods

V.2.1.3. Pharmaceutical Analyses

Pharmaceutical concentrations were measured using high performance liquid
chromatography (HPLC) with fluorescence (FLD) or UV detection using an Agilent Series
1100 system equipped with a C-18 column (Phenomenex: Kinetix, 2.1 mm x 150 mm,
100 A). A summary of the HPLC-UV and HPLC-FLD methods developed for this research
is provided in Table V-6. Where FLD was utilized for quantification, optimal FLD
parameters, specifically excitation (Ag) and emission (Agy) wavelengths and
photomultiplier (PMT) gain were determined using fluorescence scans of three separate
PhAC calibration standards (concentration range 10-1,000 ug-PhAC/L). Standards
were prepared as follows. PhAC Neat Stock was made in methanol, typically at a
concentration of 200-250 mg-PhAC/L. A subsequent concentrated standard
(~50,000 — 100,000 pg-PhAC/L) was made using the Neat Stock and MilliQ water ensuring
that the concentrated standard was no greater than 0.50% by mass Neat Stock.
Subsequent diluted standards and feed solutions for sorption and biodegradation
experiments were made using the concentrated standard and MilliQ water. When
analyzing experimental samples, the instrument was calibrated each day of use or every

20 samples (whichever was more frequent) using an eight-point calibration curve.
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Table V-6: HPLC-FLD Methods developed in this research to detect PhACs in
Water/Wastewater

ATN MAC MET NAP SOT
General
Separation Isocratic Isocratic Isocratic Isocratic Isocratic
Flow rate (ml/min) 0.40 0.40 0.40 0.40 0.40
Run time (min) 8 8 8 8 8
Mobile Phase
ACN (%vol.) 5% 5% 12% 45% 5%
0.10% w/v PA (%vol.) 95% 95% 88% 55% 95%
Sample
Injection volume (ulL) 50 50 50 50 50
Column
Temperature (°C) 30 30 30 30 30

Peak Retention Time

(min) 395+0.04 127+0.02 431+0.05 3.92+0.01 2.67+0.05

FLD Parameters
Aex (NM) 235 233 228 230 235

Aem (NM) 314 315 324 356 319

Method Performance - Limits of Detection (mass on column)
in MilliQ (pg) 50 100 100 5 100

In Mixed Liquor (pg) 100 150 150 10 150
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V.2.1.4. Volatile and Suspended Solids

Total suspended solids (TSS) and volatile suspended solids (VSS) were measured
using methods 2540 D and 2540 E of Standards Methods, respectively (APHA et al.,
1999).

V.2.1.5. Microbial Analyses

Biomass DNA was extracted using MOBio Powersoil isolation kits (MOBIO,
Carlsbard, CA) following to the manufacturer’s protocol. Extracted DNA was stored at -
80°C for convenience until further analyses. Quantitative real time polymerase chain
reaction (qPCR) was used to measure the abundance of total bacteria (EUB), AOB and
NOB. AOB abundance was measured using the ammonia monooxygenase subunit A
(amoA) (Rotthauwe et al., 1997; Park et al., 2010). Since there is no single primer/probe
set for all NOB — abundance of both Nitrospira (NOB-Ns) and Nitrobacter (NOB-Nb) were
measured by targeting the 16s rRNA (NOB-Ns Kindaichi et al. (2006); NOB-Nb: Graham
et al. (2007)). EUB abundance was measured using 16s rRNA targeted primers (Ferris et
al., 1996; Park et al., 2010).

The gPCR analyses were conducted using an iQ5 real-time PCR thermal cycler
(BioRad, Hercules, CA) using a SYBR® green chemistry at the Columbia University
Biomolecular Environmental Sciences Laboratory (access and equipment usage courtesy
of Prof. Kartik Chandran). The gPCR reactions were performed in a 25 ulL reaction
mixture with the specific components of the reaction mixture as follows. Mastermix
12.5 pL (iQ SYBR® Green Supermix), forward primer 1.0 pL, reverse primer 1.0 plL,
nuclease free water 9.5uL. Primer sequences used in this research (see Table V-7 for
primer sequence details) were purchased from Invitrogen (Carldbad,CA). Primer stock

solutions used in the qPCR reactions were made at a concentration of 5 uM. The gPCR
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reactions were performed in triplicate for each sample with a set of standards and
no-template controls included in each plate. The standards used in each assay were
generated through serial dilutions of a stock standard of plasmid DNA. The gene copies
concentration of the stock standard (and subsequent serial dilutions) was calculated as

shown in Equation V-1.

copies ng o, g 1 mol—-bp
CGENE—(‘()PIES—D.’VA.STD (Tj = |:CDNA (E) *1x107 (ng):||:660 (m) (V_l)
[6.022)61023( P )}[ ! (cores )}
mol —bp (LAMPLIC()N + Lygeror ) bp

Target gene-copies in each sample were calculated using a standard curve
generated using standards based on the threshold cycle obtained in each PCR as shown

in Equation V-2.

copies j _ [NGC(COPieS) V owa— extracren (,UL)] (V-2)
L [VDNA—PCR.RXN (HL) Vgpipre (L)]

CVSAMPLE —GENE —-COPIES (

The biomass cell concentration in each sample was calculated from the
gene-copies concentration as shown in Equation V-3 using the numbers of gene copies

per cell indicated in Table V-7.

copies
CellS j _ CSAMPLE—GENE—COPIES L

CCELLS —SAMPLE [ L .
copies
CCELL*GENE*COPIES [ J
cell

The biomass concentration was calculated from the cell concentration in each

(V-3)

sample as shown in Equation V-4 using a value of 1.42 for the COD:VSS ratio (fcy) and

the cell mass as indicated in Table V-7.

g-COD cells g-VSS g-COD V-4
X BIOMASS (T) = |:CCELLSSAMPLE (T M BACTERIAL-CELL cell 1.42 g VSS ( )
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Table V-7: 16s rRNA primers for gPCR reactions

Primer Information Cell Gene Copies Information Cell Mass Information
A8t primer ID Sequence (5'-3') Pos Primer Sequence CerLL GENECOPIES poforance Mescterinicetl  peference
’ Reference (copies/cell) (g-VSS/cell)
1055f  ATGGCTGTCGTCAGCT 1055-1070 (Klappenbach et 5
(Ferris et al., 1996) 4.2 al., 2001; Graham 2.8x10° (Ahn et al., 2008)
uB 1392r ACGGGCGGTGTGTAC 1392-1406
et al., 2007)
amoA-1F GGGGTTTCTACTGGTGGT 332-339
OB (Rotthauwe et al., (Norton et al., 13 (Farges et al.,
2.5 1.6x10
amoA-2R  CCCCTCKGSAAAGCCTTCTTC 802-822 1997) 2002) 2012)
moA
NTSPAf  CGCAACCCCTGCTTTCAGT 1081-1099 (Kindaichi et al., (Graham et al.,, 13 (Farges et al.,
1 1.4x10
OB-Ns NTSPAr  CGTTATCCTGGGCAGTCCTT 1128-1147 2006) 2007) 2012)
1198f  ACCCCTAGCAAATCTCAAAAAACCG 1198-1223 (starkenburg et » (Farges et al.,
(Graham et al., 2007) 1 | 1.4x10
OB-Nb 1453  CTTCACCCCAGTCGCTGACC 1423-1443 al., 2006) 2012)
Table V-8: AOB PCR reactions — primer concentrations and thermocycler program
Step Ncvcies, Duration, Temperature (°C)
amoA NOB-Nb NOB-Ns EUB
PCR:
Hotstart 1 cycle of: 2 min, 95 °C 1 cycle of: 5 min, 94 °C 1 cycle of: 2 min, 95 °C 1 cycle of: 3 min, 94 °C
40 cycles of: 40 cycles of: 40 cycles of: 45 cycles of:
Denature 305,94 °C 20,94 °C 155,95 °C 305,94 °C
Anneal 405,57 °C 60,58 °C 60s, 60 °C 455,53 °C
Extension 305,72 °C 405,72 °C 405,72 °C 455,72 °C
Melt Curve 81 cycles of: 55— 95 °C 81 cycles of: 55— 95 °C 81 cycles of: 55-95 °C 81 cycles of: 55— 95 °C
Analysis: hold, 4 °C hold, 4 °C hold, 4 °C hold, 4 °C
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V.2.2. Setup and Operation of Lab Scale Nitrification Enrichment SBR
V.2.2.1. SBR Seeding and Enrichment

The biodegradation and sorption of PhACs in this research was conducted using
seed biomass from a lab-scale nitrification enrichment sequencing batch reactor
operated in the IMPES lab at Tufts University. A simplified process and instrumentation
diagram for the nit-SBR is shown in Figure V-1. The nit-SBRs was seeded on three
separate occasions as detailed in Table V-9.

Taunton WWTP (NPDES Permit MA-0100897) is operated as a single sludge
facility at an SRT of 8—11days, achieving full nitrification. Marlborough Easterly
Wastewater Treatment Facility (WWTF) (NPDES Permit MA-0100498) where the
biological treatment process consists of two separate sludge systems: a secondary
process (short SRT) for BOD removal and a nitrification process (long SRT) to achieve
nitrification. Operations personnel at Marlborough not typically operate the WWTF to
achieve a target SRT, rather to achieve a biomass inventory (targeting a MLSS in the
range of 3,500 — 4,500 mg/L year round).

The enrichment process was begun by concentrating the biomass from the
source treatment plant settling, then decanting the supernatant. A portion of the
supernatant was retained to start up the SBR and the synthetic SBR feed (see
Section V.2.2.2, below) and DIl-water were supplemented to fill the SBR. SBR
performance was regularly monitored based on the specific nitrification rate. Biomass
was not used for batch experiments until the nit-SBR specific nitrification rate was at

least three times greater than that measured at seeding.
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Table V-9: Summary of SBR Seeding in this Research

Date Seed Source Reason for (Re)Seeding

June 2009 Taunton WWTP Starting operation

Marlborough Easterly  Previous SBR failed due to electrical fault resulting

December 2010 WWTF pH ~ 12-13 for extended period of time

Marlborough Easterly  Previous SBR failed due to operational error

July 2012 WWTF resulting in pH ~ 12-13 for extended period of time

V.2.2.2. SBR Feed

To enrich the nit-SBR with a nitrifying population, the nit-SBR was fed with a
synthetic influent consisting of ammonium sulfate, potassium dihydrogen phosphate,
sodium bicarbonate and micronutrients (Table V-4) to promote the growth of AOB and
NOB (Hockenbury and Grady, 1977; Sato et al., 1985; Chandran and Smets, 2000). No
exogenous organic carbon was added to the SBR. Feed stock was stored in a 150 liter
high density polyethylene container (Nalgene) at room temperature. A new batch of

feed stock was made approximately every two - three weeks.
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Figure V-1: Process flow diagram for lab scale nitrification SBR
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V.2.2.3. SBR Operation, Data Acquisition and Control

The nit-SBR was continuously operated using a data acquisition and control
system developed in-house using Labview v.9 (National Instruments, Austin, TX). The
minimum decant and maximum volumes of the SBR were 15L and 38 L, respectively.
The influent was pumped into the SBR during the fill period using a peristaltic pump
(Chem tech, XPV 033 LVLX). The decant was pumped from the SBR during the decant
period using a peristaltic pump (Masterflex, model 7523-60 with
EasyLoad Il 77200-62 head). The contents of the SBR were mixed during the fill and
react phases (IKAWORKS, RW20 Digital).

Dissolved oxygen (DO), pH, temperature and redox-potential (ORP) were
measured and recorded every 10 seconds (Table V-10). SBR aeration during the fill and
react phases was controlled using the DO signal — air was supplied when the DO was
below the Air ON setpoint (2.50 mg/L) and turned off when the DO was above the
Air OFF set point (2.52 mg/L). Aeration was achieved using a positive displacement air
blower (Hiflo, HB 60.) and a 4-inch PolyTetraFluoro Etyhylene (PTFE) fine bubble tube
diffuser for air distribution (provided courtesy of Stamford Scientific International Inc.,
Poughkeepsie, NY). Supplemental alkalinity in the form of 70 g/L sodium hydroxide
(Fisher Chemical, S320-50) was added to the SBR during the fill and react phases when
the measured pH was lower than the Pump ON setpoint (7.60); addition was stopped
when the pH increases above the Pump OFF setpoint (7.61). This control approach
allows the pH in the SBR to be maintained within a narrow range suitable for
nitrification. SBR temperature and ORP were only monitored and not used for control
purposes. All analog signals were transmitted to the data acquisition systems using a

device controller (HACH SC-100, LXV401.52.00002).
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Table V-10: SBR online measurements and control

Measurement Control
Instrument Process Control Setpoints
Manufacturer & Model Objective Target ON OFF
No.

HACH LDO probe Aeration

DO (mg/L) (5790000) Control Blower 2.50 2.52
HACH GLI pHD -

pH (<)  Differential pH digital ?g;at'r'gl'ty Njﬁ“ feed - 60 761
sensor (DPD1P1) pump
HACH GLI pHD

ORP (mV)  Differential ORP digital ~ N/A --
sensor (DRD1P5)

Temp. °c) HACH LDO probe N/A B

(5790000)

V.2.3. Pharmaceutical Sorption Experiments Protocol

Wasted Mixed liquor (WML) from the Nitrification SBR was used for all sorption
experiments. The WML was autoclaved, centrifuged and reconstituted to a suspended
solids concentration of approximately 1,000 mg/L. The actual suspended solids
(X1ss, g/L) and volatile solids concentrations (Xyss, 8/L) were measured in each
experiment. The pH of the reconstituted mixed liquor was corrected to between 7.6

and 7.8 (i.e., within the typical pH range of the nitrification batch experiments).

V.2.3.1 Equilibrium sorption evaluation

Batch sorption experiments were setup in 50 ml foil covered glass vials with
teflon caps for each pharmaceutical at concentrations in the desired range of
concentration. Sorption of the PhAC at each concentration was assessed in triplicate.
Homogenous samples were collected at regular intervals. Equilibrium was considered

to have been achieved when the measured aqueous PhAC concentration of three
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successive samples were the same. Controls were included to ascertain PhAC sorption
to the glass vial and cap liner.

Samples were centrifuged and PhAC concentration in the aqueous phase
(Serac, ug/L) was measured using high performance liquid chromatography (HPLC) with
fluorescence detection (FLD) (for method details, see Section V.2.1.3). The sorbed PhAC
concentration (Wppac, ug-PhAC/g-SS) was calculated as shown in Equation V-5. Sorption
isotherms were developed using the equilibrium sorption data; the sorption coefficient

(Kp) was calculated for each PhAC which sorbs.

W _ (SPhAC,IO B SPhAC,t)
PhAC — X

(V-5)
78S

V.2.4. Pharmaceutical Biodegradation Batch Experiments
V.2.4.1 Batch Experiments Overview

The batch experiments were conducted using a sequential protocol consisting of
up to two separate experiments for each PhAC to evaluate the role of AOB and NOB in
PhAC biodegradation. The first experiment was used to evaluate the occurrence, extent
and kinetics of biodegradation of each PhAC during nitrification and was subsequently
referred to as NIT-EXPTs. The second experiment was used differentiate the role of
ammonia oxidation and nitrite oxidation for PhACs that were observed to degrade in the
NIT-EXPTs and were subsequently referred to as NOX-EXPTs.

The NIT-EXPTs consist of four separate reactors (Table V-11). The four reactors
include two controls and two experimental replicates. A control, Reactor 1, was
included to quantify AOB and NOB kinetics in the absence of the PhAC and a separate

control, Reactor2, was used to assess PhAC biodegradation when nitrification was
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inhibited using allylthiourea (ATU) (Ginestet et al., 1998). The two experimental
reactors were referred to as Reactor 3 and Reactor 4. The NOX-EXPTs consist of three
reactors. Reactor 5 was a control used to evaluate nitrite oxidation kinetics in the
absence of the PhAC, while Reactors 6 and 7 were experimental reactors used to
evaluate PhAC biodegradation under nitrite oxidation conditions. Inhibition of ammonia
oxidation by AOB in Reactors 5—7 was achieved using allylthiourea (ATU) (Ginestet et

al., 1998).
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Table V-11: Experimental protocol for evaluation of biodegradation of each PhAC
during Nitrification

Experiment A Experiment B

Evaluate PhAC biodegradation Evaluate PhAC biodegradation during

. during
PRI e Nitrite Oxidation
Target:
(Ammonia Oxidation Inhibited)
Reactor #1 (Nitrite I?)ex?;:iirotiontrol)
Control # 1 (Nitrification Control)
B, NHa, M B, NO,, M
ATU
Reactor # 2
(Nitrification Inhibition Control)
Control # 2 B, NH4, M,
PhAC,
ATU
Reactor # 3 Reactor #6
(Nitrification Experiment) (Nitrite Oxidation Experiment)
Experiment A B, NH,, M, B, NO,, M,
PhAC PhAC,
ATU
Reactor #4 Reactor #7
(Nitrification Experiment) (Nitrite Oxidation Experiment)
Experiment B B, NH,, M, B, NO,, M,
PhAC PhAC,
ATU
Legend:
B = biomass (from nit-SBR) Nit. = nitrification
NH,4 = ammonium chloride, (ammonia and nitrite oxidation)
NO, = potassium nitrite, Nit-Ox = nitrite oxidation only
HyS = hydroxylamine sulfate Am-Ox = ammonia oxidation only
M = potassium phosphate and Hy-Ox = Hydroxylamine sulfate
micronutrients oxidation only
PhAC = parent pharmaceutical
ATU = allylthiourea

106



Materials and Methods

V.2.4.2. Batch Experiments Protocol

Batch experiments were conducted in 4000 mL glass beakers (Kimble Chase,
14000-4000) (see Figure V-2). Reactor contents were mixed using one inch teflon
coated stir bar (Fisherbrand, 1451360) and magnetic stir plate. Reactor mixing intensity
(stir plate setting) was established based on tracer (sodium chloride) experiments
conducted to evaluate mixing.

Reactor DO was measured regularly during the batch experiment (HACH,
HdQ 40d multi) and adequate aeration was provided to maintain the DO above 4 mg/L
(manual control) utilizing air blowers (Petco, Model 6003) and aeration stones (Petco,
Bubbling Air Stone, SKU no. 1191055). Reactor pH was measured regularly during the
batch experiment (Mettler Toledo, MultiSeven) and maintained in the range of 7.5 - 8.0

(manual control).

V.2.4.3. Biomass for Batch Experiments

Biomass for batch experiments was collected from the nitrification enrichment
SBR. Mixed liquor from the SBR was collected in five hundred milliliter bottle (Nalgene
500 ml) and centrifuged at 5,000 rpm for 15 minutes (Avanti, JA 10). The supernatant
was discarded and the pellet was washed with deionized water and resuspended to a
final volume of four hundred milliliters (400 ml). The washed mixed liquor was
centrifuged at 5,000 rpm for 15 minutes (Avanti, JA 10). The supernatant was discarded
and the pellet was resuspended to a final volume of approximately 400 ml. This
twice-washed, mixed liquor was added to the batch reactor.

The mass of mixed liquor added to the reactor was measured and DI water was

added to the reactor to obtain a final mass (mixed liquor and DI water) of 3,200 g.
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Where an inhibitor or biocide were required (i.e., inhibition control reactors) — the
inhibitor was added to this diluted mixed liquor. The diluted mixed liquor solution was

mixed for two hours prior to commencing the experiment.

V.2.4.4. Feed for Batch Experiment Reactors

Feed stock powder consisting of ammonium chloride, potassium phosphate,
sodium bicarbonate and essential micronutrients (see Table V-12) were added to the
reactor at the same time as the PhAC being investigated. For control reactors, the
inhibitor (allylthiourea (ATU) for nitrification or ammonia oxidation inhibition; sodium

azide (SA) for nitrite oxidation inhibition) was added to the reactor a minimum of two

hours prior to commencing the experiment.

wik ¥ A
Figure V-2: Batch bioreactor experimental setup
Mixed liquor from the SBR was used as biomass seed in the batch experiments
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Table V-12: Feed Composition for Reactors in PhAC Biodegradation Batch Experiments

Nitrification Inhibitor

ATU used only in controls where ammonia oxidation inhibition was targeted

Molecular Target Conc. | CAS Number Manufacturer Item Number
Function Name Formula me/L
Nitrogen Source Ammonium Chloride (NH,)Cl 76.4 12125-02-9 Fisher Chemicals, Fairlawn, NJ A661-500
Phosphorus Source Potassium Phosphate KH,PO,4 6.1 7778-77-0 Acros Organics, Geel, Belgium 205920025
Alkalinity Sodium Bicarbonate NaHCO; 313 144-55-8 Fisher Chemicals, Fairlawn, NJ $233-500
Micronutrients Magnesium Sulfate MgS0,.7H,0 21 7487-88-9 Acros Organics, Geel, Belgium 124900010
Copper (l1) Sulfate CuS0,4.5H,0 2.9 7758-98-7 Acros Organics, Geel, Belgium 423615000
Zinc Sulfate ZnS0,4.7H,0 19 7733-02-0 Fisher Chemicals, Fairlawn, NJ 7268-500
Calcium Chloride CaCl,.2H,0 3.0 10043-52-4 Acros Organics, Geel, Belgium 207780010
Iron (Il) Sulfate FeS0O,.7H,0 28 7782-63-0 Fisher Chemicals, Fairlawn, NJ 1146-500
Cobalt Nitrate Co(NOs;),.6H,0 31 10141-05-6 Acros Organics, Geel, Belgium 423585000
Sodium Molybdate Na(Mo0,).2H,0 3.0 7631-95-0 Fisher Chemicals, Fairlawn, NJ $336-500
Allylthiourea (ATU) C4HsN,S 35.0 109-57-9 Acros Organics, Geel, Belgium 148801000
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V.2.4.5. Batch Experiments - Sampling and Sample Handling

Baseline samples were collected prior to addition of feedstock powder or PhAC.
Samples were collected upon addition of feedstock and PhAC (between 45 — 90 seconds
of addition) and at regular intervals thereafter for the duration of the experiment
(approximately hourly for the first 12 hours and then once every three-four hours).
Samples were collected using a five milliliter syringe (BD syringe, Fisher Scientific).

Samples for VSS/TSS analyses were collected in a 50-ml container weighed and
refrigerated at 4°C for up to 5-days prior to analyses [in accordance with Standard
Methods (APHA et al., 1999)]. Samples used to determine solute concentrations and
microbial analyses were collected in 2-ml centrifuge tubes (Fisherbrand microcentrifuge
tubes), weighed and centrifuged (11,000 RPM, 15 minutes using Thermofisher,
Microlite). The supernatant was used for ammonia, nitrite, nitrate, and PhAC analyses.
The pellet was frozen at -80°C for subsequent DNA extraction and microbial analyses
using quantitative real-time polymerase chain reaction (qPCR). Sample handling

protocols were summarized in the workflow shown in Figure V-3.
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BATCH REACTOR

Ammonia-N Analyses

(VSS, TSS Analyses)

SUPERNATANT

Nitrite-N, Nitrate-N

Analyses

MANUAL SAMPLE
COLLECTION (fflc\gi :Frl;GF 5 Pharmaceutical
(PhAC, N, Biomass i 2500’) Analyses
Analyses) '

Microbial Analyses
i VSS, TSS Analyses

Figure V-3: PhAC Biodegradation Batch Experiments - Overview of Sample Handling and Analytical Protocols
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V.3. Mathematical Modeling Methods

V.3.1. Regression Models to Predict Pharmaceutical Sorption
V.3.1.1. Single Parameter Models Assuming Hydrophobic Partitioning

The ability of log Kow correlations (of the form shown in Equation V-6 to
describe PhAC sorption to MLSS was examined.

logKD,PhAC :alogKOW,PhAC+IB (V-6)

To use the largest possible data set in the assessment, Kp rather than Koc was
considered since the fraction of organic carbon (foc) for suspended solids was not
regularly reported with values of Ky. The existing correlations considered here include
those for sorption of microconstituents and trace organics based upon log Kow (Stevens-
Garmon et al.,, 2011; Hyland et al., 2012), as well as correlations previously developed to
describe the sorption of Ilargely uncharged organic contaminants (e.g.,
microconstituents, pesticides, chlorinated aromatics and PAHs) to activated sludge
(Matter-Miller et al., 1980) and soils (Sabljic et al., 1995; Huuskonen, 2003). The
models developed by Sabljic et al. (1995), Huuskonen (2003), Stevens-Garmon et al.
(2011) and Hyland et al. (2012) describe sorption in terms of log Koc, where Koc defined
in units of L/kg-OC. To show these models with the Ky data, an foc = 0.50 was assumed.
This was consistent with reported foc values for activated sludge that fall within the
range of 0.45 - 0.55 (Dickenson et al., 2010; Ottmar et al., 2010; Hyland et al., 2012).

Also assessed were models for Ky based on the apparent partition coefficients
(D). Correction of Kow to D for monoprotic PhACs was straightforward (Sangster, 1989).
D for multiprotic PhACs was calculated using Marvin 5.6.0.4, 2011, (ChemAxon,

http://www.chemaxon.com). For details on the calculation methods, the reader was
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referred to Viswanadhan et al. (1989); Klopman et al. (1994); Szegezdi and Csizmadia
(2004).
V.3.1.2. Polyparameter Models for Prediction of Kp

Numerous polyparameter models were available in the literature for estimation
of sorption of environmental pollutants derived using structurally derived parameters,
fragment contributions or linear solvation energy relationships (Doucette, 2003). Here
Linear Free Energy Relationships (LFER)s employing Abraham predictors (Abraham,
1993) and polyparameter quantitative structural activity relationship (QSAR) models
were evaluated.

The LFER model employing Abraham predictors (Abraham, 1993) to describe the
sorption of uncharged PhACs was shown in Equation V-7. The predictors used in the
model were as follows: E is the excess molar refraction (cm?/mol), S is the
dipolarity/polarizability, A is the solute hydrogen bond (H-bond) acidity, B is the solute
H-bond basicity and V is the McGowan volume (cm*®/mol) divided by 100. Abraham
predictor values for PhACs were calculated using Absolv module in ACD/Percepta (ACD

Labs, http://www.acdlabs.com/products/percepta/).

log K ppyc =c+eE +5S+ad+bB+vV (V-7)

QSAR models of the general form shown in Equation V-8 were developed
specifically for PhAC sorption during biological wastewater treatment. Predictors in the
QSAR models were selected to describe the variety of possible sorbate-sorbent
interactions (Table V-13) and by the practicability and accessibility of the predictor

within both the environmental engineering and PhAC development communities.
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log K ppac = 2 + a[log Kow prac orlog DPhACJ+ b[(lOgMW orlogMV)]
+ c[log(vdWSA)]+ d[log(TPSA)]+ e(nAroC)+ f(Pi.Energy)
+ g(nHBD)+ h(nHBA)+i(nRB)
+ j(Dom.Species)+ k(a, )+ I(ct_)

(V-8)

Polyparameter QSARs of increasing complexity were systematically developed
by addition of a new predictor to the previously best model until the addition of another
predictor was not statistically significant (i.e., p > 0.05). A leading coefficient (y) was
included in models evaluated — omission of the leading coefficient would imply that the
sorption mechanism can be entirely described by the predictor variables, which has
limited physical meaning. For each model, the statistical significance of predictors was
evaluated at p < 0.05, residuals were checked for homoscedasticity, and
multicollinearity between predictors was evaluated.

V.3.1.3. Model Development and Evaluation

All models were developed and evaluated using Minitab 16.1.1. Models were assessed
using a suite of statistics. The ability of each model to capture the variance in the data
set used to develop the model was evaluated using the correlation coefficient (R?, see
Equation V-28) and adjusted-R? (adj-R%, see Equation V-29). The predictive capability of
models was assessed through predicted-R? (pred-R?) (see Equation V-30) and Nash-

Sutcliffe Efficiency (NSE) (see Equation V-31).
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Table V-13: Molecular descriptors considered as predictor variables in polyparameter QSAR models developed for estimation of pharmaceutical sorption
coefficients

Molecular Descriptor Predictor Comments

Octanol water partitioning coefficient log Kow

Octanol water partitioning coefficients (log Kow) were corrected using reported experimental pH
(Schwarzenbach et al., 2003)

pH corrected octanol water

log D
partitioning coefficient &

log of molecular weight (MW, g/mol) log MW

The MV was selected to increase the sophistication of the molecular size descriptor. Others
have employed McGowan (Abraham, 1993) or the molar volume (Nguyen et al., 2005) as a
measure of solute size.

log of molecular volume (MV, A%) log MV Molecular volume calculated using group contribution methods via online Molinspiration
property calculator (www.molinspiration.com). Considering the high colinearity between MW
and MV, where one or the other enters the models, the other was excluded from models of
increasing complexity.

Number of hydrogen bond donors nHBD determined via online Molinspiration property calculator (www.molinspiration.com).
Number of hydrogen bond acceptors nHBA determined via online Molinspiration property calculator (www.molinspiration.com).
Number of rotatable bonds nRB determined via online Molinspiration property calculator (www.molinspiration.com).

van der Waals surface area (vdWSA) encodes information that was specific to London, Debye,
log of Van der Waals surface area log vdWSA and Keesom interactions between the PhAC and the sludge surface.
vdWSA was obtained using Marvin 5.6.0.4, 2011, ChemAxon (http://www.chemaxon.com)).
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Molecular Descriptor Predictor

Comments

log of topological polar surface area

PSA encodes information related to and affecting hydrogen-bonding, polarity and solubility
(Mannhold, 2008). It reflects the portion of the molecule that was polar, accounting for the
oxygen and nitrogen atoms on the surface, including the hydrogen atoms bonded to them.

(TPSA, A%) log TPSA PSA was calculated using the topological polar surface area (TPSA) based on fragment
contributions and molecular topology (Ertl et al., 2000). TPSA for the PhACs employed was
obtained using the Molinspiration online interface (www.molinspiration.com).

Aromaticity can be calculated using a number of techniques (Cyrafiski et al., 2002), but for the

Aromaticity — Percentage of aromatic %Aro-C purposes of this analysis a simple definition was employed that was consistent with that used by

4Aro-

carbon atoms in molecule

PhAC manufacturers - the percentage of aromatic carbon atoms in the molecule (Ritchie and
Macdonald, 2009).

Charge of PhAC species which was
dominant at the experimental
conditions

Dom.Species

For monoprotic PhACs Dom.Species was calculated using the acid dissociation constant (pKa).
For multiprotic PhACs, Dom.Species was obtained using Marvin 5.6.0.4, 2011, ChemAxon
(http://www.chemaxon.com)).

Fraction of PhAC in solution as

For monoprotic PhACs a.. was calculated using the acid dissociation constant (pK,). For

. . o multiprotic PhACs, Dom.Species was obtained using Marvin 5.6.0.4, 2011, ChemAxon
negatively charged species (http://www.chemaxon.com))
. . . For monoprotic PhACs o, was calculated using the acid dissociation constant (pK,). For
Fract f PhAC lut
ra<': .|on © n so u lon as ol multiprotic PhACs, Dom.Species was obtained using Marvin 5.6.0.4, 2011, ChemAxon
positively charged species (http://www.chemaxon.com))
. . . For monoprotic PhACs o, was calculated using the acid dissociation constant (pK,). For
Fract f PhAC lut
u;acch;c;nec:j S ecielsn solution as Ol multiprotic PhACs, Dom.Species was obtained using Marvin 5.6.0.4, 2011, ChemAxon
geasp (http://www.chemaxon.com)).
log of Enerev associated with aromatic Pi energy provides an estimate of the total energy associated with the aromatic rings of the
& gy Pi.Energy PhAC. Pi.Energy was determined using calculated using Marvin 5.6.0.4, 2011, ChemAxon

ring system(s) of PhAC molecule

(http://www.chemaxon.com)).
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V.3.2 Modeling PhAC Biodegradation

Two approaches to model PhAC biodegradation were evaluated in this research:
(i) a pseudo-first-order model based upon the reactor VSS concentration; and (ii) a
cometabolic process-based model.
V.3.2.1. Pseudo-First-Order Model

The pseudo-first-order (PFO) approach (Equation V-9) was frequently used to
model microconstituent degradation despite its lack of mechanistic or process
significance(Urase and Kikuta, 2005; Joss et al., 2006; Fernandez-Fontaina et al., 2012;
Helbling et al., 2012).

di;];AC = _(kBIOXTOT)SPhAC (v-9)

Here Sppac is the PhAC concentration [MpnacL™], Keio [L*Maiomass T ] is @ biomass
normalized pseudo-first-order degradation rate coefficient, X;or [MB.OMASSL'3] is the

biomass concentration and t [T] is time.

V.3.2.2. Cometabolic Process Based Model

V.3.2.2.1. Description of Model Framework

To address the aforementioned shortcomings of the PFO models, existing
approaches for cometabolic biodegradation modeling (Criddle, 1993; Ely et al., 1995;
Alvarez-Cohen and Speitel, 2001) were adapted herein to link PhAC biodegradation to
biomass biokinetics. The resulting cometabolic process-based (CPB) model was

developed and integrated into the Activated Sludge Models (ASM) framework(Henze et
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al., 2000) with nitrification modeled as a two-step process(Chandran and Smets, 2000;
Hiatt and Grady, 2008) (Table 1).

V.3.2.2.1.1. Biomass Concentration

The biomass community in the batch experiments was modeled as consisting of
heterotrophic bacteria (HET), ammonia oxidizing bacteria (AOB) and nitrite oxidizing
bacteria (NOB). The concentrations of AOB (Xais) and NOB (Xyos) (in
mg-biomass-COD/L) through time was described by Equations V-10 and V-11,
respectively. Note that pm. [T*] and b [T"] represent the maximum specific growth rate
and decay coefficient of a population, respectively; and S [MsowreL®] and K [Msourel®]

represent the concentration and half saturation of a particular solute, respectively.

dx S

% = |:ruMAX,AOB * [M] - bAOB :|XAOB (V-lO)
dx S

# = |:luMAX,N()B * [szoz]\fg]voz] - bN()B:|XN()B (V‘l 1)

Given the focus of this research on nitrification, the growth of heterotrophs was not
modeled. Instead, it was assumes heterotrophic growth over the experimental period
in the batch experiments was small enough that X,er remained approximately constant
over the course of the experiment. This assumption was supported by the fact that the
nitrification enrichment SBR (source of the biomass used in the experiments, see
Section V.2.2 for details) was operated with no addition of exogenous carbon and the
only exogenous organic carbon added to the batch reactors was the PhAC at microgram
per liter concentrations. Furthermore, the rate at which endogenous organic carbon
becomes available in the batch experiments was effectively constrained by the rate of

biomass decay.
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V.3.2.2.1.2. Nitrogen Species Concentration

Nitrification was modeled as a 2-step process. Syh, Sno2, Snos were modeled as
shown in Equations V-12 —V-14 (iygm [MxyMcop ] represents the fraction of nitrogen in
the biomass and Y [McopMy] indicates a yield coefficient for a particular biomass

consortium).

{ ZNBM AOB:||:#MAX,AOB KNH+SNH :|XAOB}
_ (V-12)
Syoa
[ ZNBM Hitax nos ﬁ X nos
NO2 NO2
g _
Yoz { |:uMAX AOB *[K:/-HSJ XAOB}
Y, 08 NH NH
_ _ (V-13)
1 Syoz j
— | Hxvos| = o | |Xno
{ YNOB__ MAXNB[KNoz"'SNoz ) e
dS o5 { L [ S 10> }
- Hoa wos | =202 | 1X,, (v-14)
dt Yyop AL N Ky +Syoa e

119



Materials and Methods

V.3.2.2.3. Pharmaceutical Concentration

The cometabolic biodegradation of PhACs in this research was modeled based

on the transformation capacity approach forwarded by Criddle (1993). The Criddle

model describes the Transformation Capacity as the mass of nongrowth substrate

transformed per unit mass of (growth) substrate consumed during growth [MyesMas 1.

This transformation capacity was modified by a Monod expressions for the nongrowth

and growth substrates (c.f., Equation 8 in Criddle (1993)) as shown in Equation V-15,

below.
S
—(7¢ C
qC_(Tng+kC)(K S ) (V-15)
sc TO¢
where: (- = specific rate of utilization of nongrowth substrate [McM, T
TCg = growth substrate transformation capacity [McMg'l]
q, = specific rate of utilization of growth substrate [MgMb'lT'l]
kc = maximum specific rate of utilization of the nongrowth substrate in
the absence of growth substrate MMy
SC = concentration of nongrowth substrate McL?)
KSC = half-saturation coefficient of the nongrowth substrate McL?)

Recognizing that:

and

9, = ’)Lj (V-16)

_1ds,
X dt

9dc = (V-17)

Equation V-15 can be rewritten as Equation V-18:

ds., _(
dt

A)
T L ke jX e (V-18)
Y (KSC + SC)

Application of this model to cometabolic degradation of PhACs (i.e., where subscript C =

PhAC) by AOB (i.e., X = Xaog) results in Equation V-19:
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_ dSPhAC — (TPghAC :uAOB SPhAC

+kpuac J X 08 (V-19)
dt Y08 (KS,PhAC + 8 pac )

It was assumed that the PhAC concentration (Spnac) uUsed in the batch experiments
conducted in this research were lower than the half saturation value (Kspnac) and
Equation V-19 was modified to Equation V-24. This assumption is consistent with the
fact that batch experiments were conducted at microgram per liter levels and typical
half saturation values for solutes in environmental systems are several orders of
magnitude greater (Orhon and Artan, 1994; Grady et al., 1999; Alvarez-Cohen and
Speitel, 2001). The PhAC biodegradation rate was therefore assumed to be first order

with respect to the PhAC concentration (Equation V-20).

g
_ dSpuc _ Topuc n K ppac X .S V-20
J = Y K Hyop AOBP PhAC (V-20)
t 408 5. phac S,PhAC
let:
TthAc _ (V-21)
= L ppac-408
Y 05K prac
k ;
and M = K phac - 408 (v-22)
KS,P//[AC

Then, Equation V-20 can be modified to Equation V-23 which was used to describe

cometabolic PhAC biodegradation by AOB.

(V-23)

ds
- % - (TPhAC—AOB T kPhAC—AOB )XAOB SPhAC

Here Tenacaos iS @ cometabolic PhAC transformation coefficient linked to AOB
growth [LSMCOD'l], Laos is the AOB growth rate [T, Kphacaos is @ biomass normalized

PhAC degradation rate coefficient in the absence of AOB growth [L3MCOD'1T'1] and Xaog iS
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the AOB concentration [MCODaL'l]. In the absence of AOB growth, biodegradation of

PhACs due to AOB activity is described by Equation V-24:

ds V-24

- PrdC kPhAC —AOBXAOB SPhAC ( )
dt

. ax V-25

Wlth z = _bXAOB ( )

The resulting cometabolic model (Equation V-23) was used with the ASM
framework to assess three processes contributing to PhAC biodegradation:
(i) cometabolic biodegradation linked to AOB growth (ii) biodegradation by AOB in the
absence of growth; and (iii) biodegradation due to heterotrophs (HET) present in the

mixed culture as shown in Equation V-26.

% — _{[{ITPhACAOB:uAOB ]+ [kPhAcfAOB ]}XAOB ] +}SPhAC (V-26)

dt [{[TPhAC—HET:uHET ]+ [kPhAC—HET ]}XHET ]

Here Tenacaos iS @ cometabolic PhAC transformation coefficient linked to AOB
growth [LSMCOD'l], Laos is the AOB growth rate [T, Kphacaos is @ biomass normalized
PhAC degradation rate coefficient in the absence of AOB growth [LSMCOD'lT'l] and Xaog iS
the AOB concentration [MCOD3L'1]. Similarly, Tpnacher IS @ cometabolic PhAC
transformation coefficient linked to HET growth [L3MCOD'1], Uuer is the HET growth rate
[T'l], Kphac.Her 1S @ biomass normalized PhAC degradation rate coefficient in the absence
of HET growth [*Mcop 'TY] and Xuer is the HET concentration [Mcoo'L™].  Semac is the
PhAC concentration [MppacL?].

Based upon the assumption of negligible heterotrophic growth during the batch
experiments (see discussion related to biomass modeling in Section V.3.2.2.1.1, above),
Equation V-26 was modified to utilize a single biomass normalized rate coefficient

opmacrer [BMeoo 'TY] to describe the contribution of Xuer to PhAC biodegradation
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(Equation V-27). Use of Equation V-27 assumes that all heterotrophic bacteria
contribute equally to PhAC biodegradation. Furthermore, while use of this approach is
generalizable across biological systems, the value of dppac.Her May be system specific and
dependent on the consortia of heterotrophs present. Therefore, caution is
recommended when using opnacuer Values determined utilizing the experimental
approach described in Section V.2.4 with biomass from a given source to biological

processes at other WWTPs.

ds pc _ _{[{[TPhAC —408 M 408 ]+ [kPhAC -4OB ]}XAOB ]+

S (v-27)
dt [{aPhAC _HET }X HET ] } e

It is important to note that the model framework proposed here is flexible and

readily adapted as estimates for Tpnac.ver and kppac.ver become available.
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Table V-14: Component mass balance and process rates for integrated nitrification-pharmaceutical degradation process model.

Nitrogen Biomass PhAC

Process Snw Snoz Snos Xaos Xnos Xuer | Senac Process Rate
Growth of . 1 1 S

et 5 (J 1 ~ Tppac—a08S prac Harax. 408 X 108
AOB [ [YAOBJJ Y, 08 Ky, +Suw
Decay of AOB -1 b 408 X o8
Transformatio
n of —
Nongrowth SPhAC kPhA€4 05X:4 Ol
Substrate
Growth of _; ( 1 ]_( 1 ] 1 1 u Svos v
NOB o YAOB YNOB YNOB MR KN 02 + SNOZ e
Decay of NOB -1 bvos X nos
Growth of HET . . . _aPhAGHE7SPhAC XHET

Not explicitly modeled in this research

Decay of HET
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V.3.2.2.2. Model Solution and Parameter Estimation

The modeling objective in this research was estimation of values for Tppac.aoe,
Kphac.aos and dppac.her for the selected pharmaceuticals. The mathematical model used in
this research (Table V-14) comprises six, coupled, ordinary differential equations (ODEs)
- one for each for Xaos, XnosSnH, Sno2, Snos and Sppac - and 17 parameters (Table V-15).
AOB and NOB biokinetic parameters were selected from the range of literature values
noted in Table V-15. Parameter estimation was accomplished in MATLAB (Mathworks,
release 2010b) using the Isqnonlin routine with a Levenberg-Marquardt algorithm in a
sequential solution strategy as described below. In each model run, the model
equations were solved using an explicit time discretized Runge-Kutta 1 method with a
time-step of 30 seconds implemented in MATLAB. The 95% confidence intervals for all
estimated parameters were determined using the nlparci routine.

To minimize the number of adjustable parameters in any one fit, the initial
concentrations of AOB (Xaos0) and NOB (Xyos10) Were first independently estimated for
each experiment (e.g.,. ATN, MET, SOT). To accomplish this nitrogen data from the
nitrification control reactor (i.e., Reactor 1) were used and Xaoso and Xyoso Were
adjusted to minimize the sum of square errors (SSE) between measured and modeled
values of Syu, Snoz and Syos. Values of Xaosto and Xnoso Were constrained between 1 and
the COD equivalent of the measured VSS concentration. The fits producing the lowest
SSE determined Xaogio and Xnoewo Used for the subsequent simulations using Reactors 2-4
for a given PhAC.

Values of appac_yer Were independently estimated for each experiment using
data from the nitrification inhibition control reactor (Reactor 2). Here X, was fixed as

the difference between the total bacteria and nitrifying bacteria concentrations
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produced from the gPCR results. Nitrogen and PhAC data from Reactor 2 were fit by
adjusting values of appac—pyer With Tphacaos @and kenacace Set to zero such that the SSE
between the measured and modeled Spnac Was minimized. It was recognized that
assuming Tpnac.aos and Kepac.aos Were zero here means any residual degradation capacity
of the inhibited ammonia oxidizers will be lumped into the estimate of heterotrophic
degradation. The influence of this assumption was negligible since ATU binds with
copper at the AMO active site to inhibit its activity (Bedard and Knowles, 1989) and thus
dramatically limits residual activity.

Estimates of Xaoso and Xnoswo and Qppac_pyer Obtained Reactors 1 and 2,
respectively, were then employed with nitrogen and PhAC concentration data from
Reactors 3 and 4 to estimate PhAC transformation. Data from the replicate reactors
(Reactors 3 & 4) were used together in a single fit to produce values of Tppac.aos and
Kphac.aos BY minimizing the SSE between the measured and modeled Sppac.  Model

performance was measured using the metrics described in Section V.3.3, below.
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Table V-15: Model parameters used in the Cometabolic Process Model

Literature Values

Description Variable | Unit of Measure (where applicable)

Range Refs.
Common
Nitrogen fraction of biomass ineM (mg-N'mg-coD™) 0.07 (Grady et al., 1999; Henze et al., 2000)
Biomass VSS to Biomass COD ratio | fey (mg-COD'mg-Vss™) 1.42 (Grady et al., 1999; Henze et al., 2000)
AOB kinetics and stoichiomety
max. specific growth rate Kimax AOB (day™) 0.2-1.6 (Munz et al., 2011)
decay rate baos (day™) 0.06-0.4 (Marsili-Libelli et al., 2001; Munz et al., 2011)
half saturation value for Syy Knn (mg-N'L™) 0.14-2.3 (Manser et al., 2005; Chandran et al., 2008)
Ammonia-N yield Yaos (mg-CODme-N") 0.11-0.91 (;)TB and Grady, 2008; Sin et al., 2008; Munz et al.,
PhAC inhibition coefficient Kiphacaos | (EgL™Y) NA
NOB kinetics and stoichiometry
max. specific growth rate imax,NOB (day™) 0.2-2.6 (Ahn et al., 2008)
decay rate bros (day™) 0.08-1.7 (Ahn et al., 2008; Munz et al., 2010)
half saturation value for Syo; Knoz (mg-N'LY) 0.05-3 &“:;r;g;l'rizjlrl ieita?.l,.’;)(())c;i; Jones etal., 2007;
Nitrite-N yield Ynos (mg-COD'mg-N") 0.06-0.10 | (Sin et al., 2008)
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Table V-15: Model parameters used in the Cometabolic Process Model

Literature Values

Description Variable | Unit of Measure (where applicable)
Range Refs.

Initial Biomass Concentrations
AOB Xao8,10 (mg-coDL™) NA NA
NOB XnoB t0 (mg-coDL™) NA NA
HET XueT 10 (mg-coDL™) NA NA
PhAC Biodegradation
AOB growth-related ] 1
transformation Coefficient Tenacnos (Lg-coD™) NA NA
AOB non-growth related . 1. -1
transformation coefficient kenac aos (Lg-cOD™d") NA NA
HET lumped biodegradation 1.

P & apmcrer | (Lg-COD™d™) NA NA

coefficient

Notes:

i Xaos 1o and Xnos 10 — independent, fit using the nitrification control (Reactor 1) data
ii. Tehac-aos, Kphac-aos @and K phac.aos — independent, fit using the nitrification experiments

(Reactor 3 & 4) data

iii. Ophac.Her — independent, fit using the nitrification inhibition control (Reactor 2) data
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V.3.2.3. Uncertainty Analysis using Monte Carlo Simulations

In the model solution described above, the values for AOB and NOB biokinetic
parameters were selected from the range of typical literature values as noted in Table
V-15 in order to limit the number of variables estimated in this research. Furthermore,
model uncertainty estimated using the nlparci routine in MATLAB does not account for
uncertainties associated with selection of the values of biokinetic parameters from the
range of literature values (see Table V-15).

Monte Carlo (MC) simulations were utilized herein evaluate the influence of
uncertainty in the following six parameters Lyaxaos, Paos, Knn, Umaxnos, bnos @and Ky, on
model inferences. Parameter sets for the MC simulations were selected using a Latin
hypercube sampling method (McKay et al., 1979) from uniform distributions based on
the interval corresponding to the range of literature values noted in Table V-15 (e.g.,
Umaxaos: U(0.2,1.6)). There was no a priori basis to assume any cross correlation
between these biokinetic parameters; no parameter combinations were excluded from
the MC simulations. The MC simulation process used herein is as follows.

Xaoso and Xnopto Were estimated as described in Section 3.2.2.2 utilizing the
randomly selected set of AOB and NOB parameters in addition to parameters not
modified as part of the sensitivity analysis process. Subsequently, nitrification
performance using each biokinetic parameter set (i.e., MC simulation) was predicted
and pharmaceutical degradation parameters were estimated in the replicate
experimental reactors as described in Section V.3.2.2.2. An overview of the uncertainty

analysis protocol is shown in Figure V-4.
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Figure V-4: Overview of the Monte Carlo analysis procedure utilized in this research for uncertainty and sensitivity analysis.

130



Materials and Methods

V.3.3. Goodness of Fit Metrics Used in this Research

A summary of goodness of fit metrics utilized in this research to measure model
performance of regression models (developed in Chapter VI for PhAC sorption) and
process models to describe PhAC biodegradation (Chapters VIl —IX) is provided here.
The correlation coefficient (R?, Equation V-28) i used in this research to capture how
well a model was able to capture the variance in sample data. In Chapter VI adjusted-R?

(adj-R%, Equation V-29) is also used to measure model fitting performance.

R =1-E (V-28)
SST

adj — R’ :1—(1—R2)L (V-29)

N-P-1

where:

SSE = the sum of square errors

SST = the total sum of squares

R = isthe correlation coefficient

N = the sample size

P = isthe number of model parameters.

The predictive capability of models was assessed through predicted-R?* (pred-R?)
(Equation V-30) and Nash-Sutcliffe Efficiency (NSE) (Equation V-31) (Nash and Sutcliffe,
1970). Unlike R? which describes the goodness of correlation, pred-R? was a goodness
of prediction statistic based upon the prediction residuals of sum squares (Myers et al.,
2010). The NSE ranges from —o to 1 and is typically greater than 0. Negative values of
NSE indicate that the mean of the measured values is a better predictor than the model.
Strong predictive capability is generally characterized by pred-R*> > 0.7 and NSE > 0.7

(McCuen et al., 2006; Moriasi et al., 2007).
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SSE prep
SST

pred —R*> =1- (V-30)

SSEpgrep is the prediction sum of square errors and SST is the total sum of squares.

NSE =|1-—%
(o

o

02
S (V-31)

o, is the variance of the residuals and o, is the variance of the measurements
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Chapter VI. Assessment of Quantitative Structural
Property Relationships for Prediction of
Pharmaceutical Sorption during Biological

Wastewater Treatment

The contents of this chapter have been published as:
Sathyamoorthy, S. and Ramsburg, C.A. (2013). Assessment of quantitative structural
property relationships for prediction of pharmaceutical sorption during biological
wastewater treatment. Chemosphere 92(6): 639-646

Following is the graphical abstract from the manuscript:

log Kow

log vdWSA

133



Assessment of QSPRs for PhAC Sorption

VL.1. Introduction

The occurrence of microconstituents in the environment has received significant
attention in recent years. There is an increasing body of evidence that suggests the
influence of microconstituents on aquatic ecosystems may include impaired embryo
development and modified feeding behavior of biota (Cleuvers, 2004; Kostich and
Lazorchak, 2008; Quinn et al., 2009). Consequently, managing the potential
environmental risk posed by the burgeoning list of microconstituents has come to the
forefront of environmental science and engineering (Schwarzenbach et al., 2006). The
influence of pharmaceuticals (PhACs) on the environment is particularly concerning
given the explosion in development and use of these chemicals over the last 30 yr
(Robinson et al., 2007).

Wastewater treatment plants (WWTPs) provide a direct route for PhACs to
enter the environment. Although WWTPs are not specifically designed to treat PhACs,
recent studies highlight the potential for attenuation and degradation of some PhACs
within the treatment processes (Gomez et al., 2007). The evidence suggests that the
bulk of PhAC removal occurs during the biological treatment process(es) with sorption
and biodegradation being the mechanisms primarily responsible for PhAC attenuation
(e.g., Ternes et al., 2004; Onesios et al., 2009). The relative importance of these two
attenuation mechanisms depends on PhAC properties and operating conditions.

The extent of sorption in biological treatment units is typically characterized
using a distribution coefficient (Kp), which implies a linear equilibrium relationship based
upon the concept of solute partitioning. Where the Ky of a PhAC is known a priori,
assessment of the influence of sorption on PhAC attenuation may be evaluated using a

mass balance approach for membrane bioreactors (MBRs), conventional activated
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sludge (CAS) systems, and lab-scale reactors (lab) (see Section Ill.4, Chapter Ill). One
way to assess the influence of sorption across the different treatment processes is to
identify the Ky for which the PhAC mass evenly distributed between the aqueous and
solid phases. For a CAS system operating at a mixed liquor suspended solids (MLSS)
concentration of 3,000 mg/L this Kp is 0.37 Lg"-SS. For an MBR operating at
11,000 mgL™ MLSS the same point occurs at Kp = 0.10 Lg*-SS. Thus, the number of
PhACs for which sorption is relevant may be greater in MBR systems because fraction of
PhAC mass sorbed may exceed 50% for PhACs having a K;, at or above 0.10 Lg-SS.

The variation in the values of K (even for a single PhAC, see data in Appendix C)
however, makes difficult any prediction of Ky within a given treatment system. There is
therefore a need to better understand what factors influence PhAC sorption to develop
a predictive capability for PhAC Ky values so that the influence of sorption can be better
assessed when considering the attenuation of PhACs through the biological treatment
process. The objective of this study is to develop and assess single and polyparameter
models for the prediction of PhAC sorption in activated sludge systems. Included in the
analysis described herein are all existing PhACs sorption data (see Appendix C) reported
from studies conducted within the context of biological wastewater treatment (c.f.

Appendix B for the list of studies included in this evaluation).

VI.2. Overview of Evaluation Approach

Predictive models for PhAC sorption are developed herein utilizing univariate
and multivariate regression techniques described in Section V.3.1 (Chapter V, Materials
and Methods). Models are evaluated using the suite of goodness of fit metrics

described in Section V.3.3 (Materials and Methods).
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VL.3. Results and Discussion

VL.3.1. Evaluation of the Sorption Coefficients Data Set

Assessment of the studies evaluating sorption of PhACs in biological treatment
processes initially produced a total of 388 Ky measurements for 66 PhACs from peer
reviewed studies (Appendix B for a list of studies and Appendix C for sorption data for
each PhAC). This set of 66 PhACs certainly does not constitute all the PhACs currently
on the market or in the production pipeline as sorption data for most PhACs to MLSS do
not exist. Comparison of the 66 PhACs for which sorption studies have been conducted
with the top 200 lists for generic PhACs in 2009 and 2010 (Drug-Topics, 2010, 2011)
suggests that the sorption to MLSS has been evaluated for less than 10% of the most
used PhACs. There has been a particular emphasis on few of these 66 PhACs across
these studies. For example, more than five reported K values are available for only 21
of the 66 PhACs for which sorption data are available. Data from only 13 of these 21
PhACs include multiple measurement techniques (batch versus continuous) conducted
under many experimental conditions (TOC, pH, suspended solids concentration, etc.).
These 13 PhACs are: atenolol (ATN), carbamazepine (CBZ), clofibric acid (CLA),
diclofenac (DCF), gemfibrozil (GMF), glibenclamide (GLC), ibuprofen (1BP),
ketopofen (KET), metoprolol (MET), naproxen (NAP), propranolol (PRO)
sulfamethaxazole (SMX) and trimethoprim (TMP). While the reason for an emphasis on
these PhACs are unclear, it likely relates to patterns in the production and use of these

PhACs coupled with the development of experimental and analytical methods.
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Sorption of PhACs in environmental systems can result from a diverse range of
mechanisms including non-specific hydrophobic interactions, columbic interactions or
hydrogen bonding (Khunjar and Love, 2011). Given the types of possible
sorbate-sorbent interactions, the charge of the PhAC becomes critical to modeling the
observed sorption. The Ky measurements are therefore grouped based on the charge of
dominant species at the experimental conditions. Separate models are developed and
evaluated for negatively charged, uncharged, and positively charged PhACs. This type of
charge-based classification necessitates the application of a threshold which defines the
class (e.g., what fraction of PhAC mass is uncharged before it is labeled as such). Here
the experimental pH relative to the pKa is employed with threshold of 50% for the
uncharged group, thereby also defining the other two classes.

Only four studies report the experimental pH permitting calculation of the
charge of the dominant species (Urase and Kikuta, 2005; Abegglen et al., 2009; Horsing
et al., 2011; Stevens-Garmon et al., 2011). Thus, the overall number of available data
are limited to 217 measurements for 54 PhACs. Ky values for these 217 measurements
range from 0.03 L g SS (5 percentile) to 13.4 L g* SS (95" percentile), with a median
value of 0.60Lg" SS (see Figure VI-1). The Distribution of K, values for negatively
charged PhACs (25", 50" and 75™ percentiles are 0.05, 0.14 and 0.40 Lg’ SS,
respectively) is lower than that of uncharged PhACs (25”‘, 50" and 75" percentiles are
0.15, 0.54 and 2.00 Lg'1 SS, respectively). Also, the distribution of Ky values for
uncharged PhACs is lower than that for positively charged PhACs (25", 50" and 75"
percentiles are 0.55, 1.49 and 4.01, respectively) as shown in Figure VI-2. On average
therefore, sorption may play a more important role in determining the fate of

uncharged and positively charged PhACs than negatively charged PhACs. At the median
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Kp of 0.60 Lg™-SS the fraction of PhAC sorbed to MLSS in CAS and MBR systems range
from 48% to 70% and 83% to 90%, respectively, depending on the MLSS concentration
employed for each process (refer to the discussion on PhAC sorption in different unit

operations in Section 111.4.2, Chapter Ill).
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Figure VI-1: Distribution of PhAC sorption coefficients (KD) for the 217 data (for 54 PhACs) where experimental pH is available enabling calculation of PhAC
charge at experimental conditions. Data are fit with 2-parameter log normal distribution. Shown for reference are 5th, 25th, 50th (median), 75th and 95th
percentile Kp values.
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Figure VI-2: Distribution of PhAC sorption coefficients (KD) for PhACs where the dominant species is negatively charges (black circles), uncharged (red
squares) and positively charged (green diamonds). Each data set is fit with 2-parameter log normal distribution; shown for reference are 25th, 50th
(median) and 75th percentile KD values for each data set — values for negatively charged PhACs are shown at the lowest level, values for uncharged PhACs
are shown at a level above and values for positively charged PhACs are shown at the highest level.
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VIL.3.2. Results of Single Parameter log Kow and log D Models

Results suggest that log Kow based models are generally ineffective at describing
sorption of negatively-charged, uncharged, and positively-charged PhACs during
biological treatment (Figure VI-3 and Table VI-1). The fact that regressions for the
uncharged and positively-charged PhAC data offer higher values of pred-R* and NSE
highlight that charge-based classification of PhACs is well aligned with the
conceptualization of physical-chemical processes that result in sorption. This is
particularly true for hydrophobic partitioning, where the uncharged species partitioning
dominates the solid-liquid distribution, and can be seen in the performance of the
models based upon hydrophobic compounds (Table VI-2). Existing models for sorption
to activated sludge and soils shown in Figure VI-3 are restricted to values of log Ko that
fall within the range employed in developing each particular model (See Table VI-2 for
ranges of applicability and summary statistics). Note that the best fit model produced in
this work for the full range of Kow (pred-R® = 0.29, NSE = 0.40) cannot achieve the
predictive performance of some of the previous models, particularly that of Matter-
Miller et al. (1980) (pred-R? = 0.57, NSE = 0.56). Correlations developed by Matter-
Miiller et al. (1980), Stevens-Garmon et al. (2011) and (Hyland et al., 2012) have a lower
bound for log Kow of 2. This restricts the data set to those PhACs for which hydrophobic
interactions may be most important. When the range of Kow in the best fit model is
restricted to be consistent with that of Matter-Miiller et al. (1980) (i.e., 2 < logKow < 7)
performance increases to a level which is remarkably similar to that of the Matter-
Miiller et al. correlation (pred-R* = 0.57, NSE = 0.60, Table 2). This result highlights the
robustness of the Matter-Miller et al. correlation in describing hydrophobic

interactions.
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Table VI-1: Influence of charge-based classification on the ability of one parameter log Koy and log D based models to describe PhAC sorption

Data Set Model Summary Model Performance
PhAC . SE. 2 .02 2
Grouping Nphacs Npata Predictor Coeff. Coeff. S R adj-R pred-R NSE
19 44 Constant -1.705 0.287 0.66 0.40 0.39 0.29 0.40
PhACs Constant -2.065 0.303 0.61 0.48 0.47 0.42 0.48
log D 0.527 0.084
16 65 Constant -1.089 0.222 0.67 0.02 0.06 0.00 0.02
negatively log Kow 0.062 0.053
charged
PhACs Constant -1.261 0.102 0.56 0.33 0.31 0.29 0.32
log D 0.255 0.046
32 108 Constant -0.738 0.128 0.51 0.36 0.36 0.34 0.36
positively log Kow 0.237 0.031
charged
PhACs Constant -0.108 0.082 0.58 0.17 0.17 0.14 0.17
log D 0.144 0.030
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Table VI-1: Influence of charge-based classification on the ability of one parameter log Koy and log D based models to describe PhAC sorption

Data Set Model Summary Model Performance
PhAC . SE. 2 .02 2
Grouping Nphacs Npata Predictor Coeff. Coeff. S R adj-R pred-R NSE
Grouped Classification
30 109 Constant -1.151 0.201 0.77 0.07 0.06 0.04 0.07
uncharged &
charged Constant -1.379 0.101 0.60 | 0.44 0.44 0.42 0.44
PhA
Cs log D 0.327 0.036
43 152 Constant -1.013 0.125 0.59 0.36 0.35 0.34 0.36
uncharged &
charged Constant -0.250 0.094 0.70 | 0.09 0.09 0.07 0.09
PhACs log D 0.124 0.031
54 217 Constant -0.988 0.136 0.76 0.15 0.14 0.13 0.15
log Kow 0.202 0.033
all PhACs
Constant -0.640 0.081 0.75 0.17 0.17 0.15 0.17
log D 0.194 0.029
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Figure VI-3: Reported log K values shown with predictions using one-predictor models based on log Koy for negatively charged (left), uncharged (center)
and positively charged (right) PhACs. Model coefficients and performance is shown in each overlying table. Also included on the uncharged plot are the
models of (Matter-Miiller et al., 1980)), Sabljic et al. (1995), Huuskonen (2003), Stevens-Garmon et al. (2011) and Hyland et al. (2012). Koc-based models
assume foc of biomass is 50%. Each of the existing models is only shown over the range of Koy values used to develop the correlation (see Table 2 for range

and performance statistics)
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Table VI-2: Assessment of the performance of one-parameter log Kow based models to describe sorption of uncharged pharmaceuticals included in this

study in biological treatment processes

Model Performance No. of Data
Reference Correlation A Ral?(:gaeb::t (& PhACs) in
S R’ adj-R”> pred-R*> NSE PP v range
Literature Models:
Matter-Miiller et al. (1980)  logKp = -2.61 + (0.67)logKow 056 0.60  0.59 0.57 0.56 2<logKows7 41 (15)
Sabljic et al. (1995) logKoc = 0.10 + (0.81)logKow 061 0.40  0.38 029 026  1<logKows7.5 32 (11)
Huuskonen (2003) logKoc = 0.84 + (0.60)logKow 0.66 0.40 0.39 0.29 0.31 0<logKoc<6 44 (19)
Stevens-Garmon et al. (2011) logKoc = 0.695 + (0.602)logKow 0.59 0.41 0.39 0.32 0.35 2<logKows5 35(13)
Hyland et al. (2012) logKoc = [(0.47+0.46)] + [(0.7940.13)logKow]  0.59  0.41  0.39 032 0.44 2<logKows 5 35 (13)
Models developed in this Research:
full range logKo = [-1.71£0.29] + [(0.41+0.08)logKow] 0.66 0.40 039 029  0.40 1<logKows8 44 (19)
limited Kow range logKp = [-2.49£0.30] + [(0.63+0.08)logKow] 056 0.60  0.59 0.57 0.60 2<logKows7 41 (15)
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Log D based models offer a substantial improvement in pred-R? for negatively
charged PhACs and, as expected, marginal improvement for uncharged PhACs (Figure
VI-4). For positively charged PhACs the log Kow based model has significantly better
predictive ability that the analogous log D based model (pred-Rzlog kow model = 0.34; pred-
RzlogDmode| = 0.14). This can be explained by recognizing that Kow and D are parameters
which describe hydrophobic partitioning, while the positive charge species also have
electrostatic interactions (Hyland et al., 2012; MacKay and Vasudevan, 2012; Schaffer et

al., 2012) with the typically net-negative surfaces of MLSS (e.g., Schafer et al., 2002).
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Figure VI-4: Reported log Ky values with predictions using one-parameter models based on log Ko (black) and log D (red) for negatively charged (left),
uncharged PhACs (middle) and positively charged PhACs (right). Model coefficients and performance is shown in the overlying tables
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It is interesting to consider the effect of the threshold used to define the
uncharged PhACs within the context of hydrophobic partitioning and single predictor
models. The predictive capability of log D or log Kow based models only becomes
meaningful when the faction of uncharged PhAC () is >99% (Table VI-3). That is where
electrostatic interactions are negligible, log D and low Kow models may become
applicable for PhAC sorption on MLSS. There are, however, only five PhACs (i.e., ~10%
of the PhACs examined to date) for which the fraction of uncharged species was >99%
suggesting caution should be exercised when considering predictive models for PhAC
sorption predicated strictly on non-specific hydrophobic interactions. Such models are

limited in application and highly dependent upon the selected threshold.
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Table VI-3: Influence of the threshold used to define an uncharged pharmaceutical

Data Set Model Summary Model Performance
Uncharged Nphacs Npara | Predictor Coeff. SE. S R? adj-R pred-R NSE
Threshold Coeff.
Constant -1.705 0.287 0.66 | 0.40 0.39 0.29 0.40
550% " 1 log Kow 0.409 0.077
uncharged Constant -2.065 0.303 061 | 0.8 0.47 0.42 0.48
log D 0.527 0.084
Constant -2.446 0.331 061 | 059 0.57 0.53 0.65
>85% b “ log Kow 0.644 0.096
uncharged Constant -2.661 0.333 058 | 0.63 0.62 0.58 0.63
log D 0.710 0.097
Constant -4.945 0.594 047 | 0.74 0.72 0.69 0.76
>99% : » log Kow 1.483 0.198
uncharged Constant -4.946 0.594 047 | 0.74 0.72 0.69 0.76
log D 1.483 0.198
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The lack of predictive power of models based upon log D and log Kow (best pred-
R? and NSE are 0.42 and 0.44, respectively) highlights the importance of considering the
type of solutes and sorbents that are more frequently employed to develop these types
of relationships. Models such as Equation V-6 (shown here as Equation VI-1) are strictly
valid only where there is a linear relationship between the Gibbs free energy of
partitioning in the octanol-water system (AGpnacow) and the partitioning in the

environmental system (AGppacenv)-

logKD,PhAC:aIOgKOVKPhAC+ﬂ (VI-1)

Theoretically, linearity in the Gibbs free energy occurs when the sorbent
properties are identical to those of 1-octanol, and all solutes within the correlation data
set offer the same extent of hydrogen bonding. Therefore linear models may offer good
approximations for the partitioning of molecules that are apolar (i.e., only Van der
Waals interaction) and monopolar (i.e., hydrogen bond donation or acceptance) such as
pesticides and PAHs, but breakdown for molecules having more complex interactions.
Indeed, most PhACs are designed to have specific interactions that often result in the
compound being polar and pH active (Jjemba, 2008), which explains the poor predictive

power of these single-predictor, linear models (Schwarzenbach et al., 2003).
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VIL.3.3. Results of Polyparameter Models
V1.3.3.1. Uncharged PhACs

The LFER model employing all of Abraham’s five predictors (Abraham, 1993)
was utilized to describe the sorption of uncharged PhACs (i.e., PhACs for which the
fraction of uncharged species was >50% at the pH of the experiment). There are 44 data
from 16 PhACs in this uncharged group. McGowan Volume (V) was the only statistically
significant predictor (p < 0.05) as shown in Table VI-4. The performance of the LSER
model using V is poor even when compared to a single parameter log Kow or log D
models (see Table VI-3 for o, > 50%).

Table VI-4: Summary of LSER models developed using Abraham predictors to describe the
sorption of Uncharged PhACs to suspended solids during biological treatment

Model Summary Model Performance

Predictor

5 Constant -1.31 | 0.54 0.021
E -0.27 | 0.31 0.388
S 0.23 | 0.40 0.572
A -0.63 | 0.45 0.171
B -0.36 | 0.52 0.485
\Y 0.78 | 0.32 0.019
1 Constant | -1.11 | 0.42 0.012 0.81 | 0.09 0.07 0.01 0.08
\Y 0.35 | 0.17 0.043

Exploration of polyparamter QSAR models using the 13 predictors listed in Table
VI-5 suggests that the best one predictor model to describe the Ky values for the 44 data
from 16 PhACs in the group containing the uncharged PhACs is the log D based model
(see Table VI-6 for all models related to uncharged PhACs). The best two predictor

model, using log D and nHBA, improves pred-R* by 20%. The significant improvement
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through the addition of nHBA relative to the 1-parameter log D model (Table VI-8 and
Figure VI-4) highlights the importance of hydrogen bonding in the sorption of uncharged
PhACs. The addition of the third predictor — a stereochemistry parameter in the form of
nRB — further improves pred-R’> by a modest 3%. This 3-parameter model, which

includes log D, nHBA and nRB as the only statistically-significant predictors provides the

best performance (Table VI-8) when describing Ky data for the uncharged PhACs.

Table VI-5: Molecular descriptors considered as predictor variables in polyparameter QSAR

models developed for estimation of pharmaceutical sorption coefficients

Molecular Descriptor Predictor

Octanol water partitioning coefficient log Kow

pH corrected octanol water partitioning coefficient log D

log of molecular weight (MW, g/mol) log MW
log of molecular volume (MV, A%) log MV
Number of hydrogen bond donors nHBD
Number of hydrogen bond acceptors nHBA
Number of rotatable bonds nRB

log of Van der Waals surface area log vdWSA
log of topological polar surface area (TPSA, A%) log TPSA
Aromaticity — Percentage of aromatic carbon atoms in molecule %Aro-C

Charge of PhAC species which is dominant at the experimental conditions

Dom.Species

Fraction of PhAC in solution as negatively charged species o
Fraction of PhAC in solution as positively charged species oLy
Fraction of PhAC in solution as uncharged species Olo
log of Energy associated with aromatic ring system(s) of PhAC molecule Pi.Energy
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Table VI-6: Summary of polyparameter QSAR models developed to describe the sorption of
Uncharged PhACs to suspended solids during biological treatment

‘ Model Performance

N Model Summary: log[Ky(L g™ SS)] = -
PRED. y: log[Ko(L g )] s R adj-Rz pt:zd

1 | [-2.07+0.30] + [(0.53+0.08)logD] 061 | 048 | 047 0.42 | 047

[-2.88+0.28] + [(0.58+0.07)logD] +

[(0.20£0.03)nHBA] 0.48 | 0.69 0.68 0.62 0.69

[-3.1240.29] + [(0.63+0.07)log D] +

[(0.30£0.06)nHBA] + [(-0.07+0.03)nrB] | 04> | 073 | 071 0.65 | 0.73

Parameter values are reported with the standard error of the estimate. See Table 1 for
definition of the predictors.

The performance of the three-predictor model for uncharged PhACs was also
found to be dependent upon the threshold (o) used to define the class (Table VI-7). To
evaluate the influence of threshold selection on model performance — polyparameter
QSAR models were developed for uncharged PhACs with oy = 85% and o, = 90%. The
same predictors which are included in the best fit model for the data set where o, 2
50% was used at the two higher thresholds. However, the models were refit to produce
new coefficients. At a threshold of 50%, predictive performance is limited (pred-R® <
0.70). Increasing the threshold to 85% uncharged produces a model with meaningful
predictive power (pred-R* > 0.85), though somewhat limited applicability (12 of the 66

PhACs tested to date were examined under this condition).
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Table VI-7: Influence of the threshold used to define an uncharged pharmaceutical on three
predictor QSAR models

DETERY: Model Summary Model Performance

log[Ko(L g™ SS)] =

[-3.1240.29] +
[(0.63+0.07)log D] +
[(0.30£0.06)nHBA] +
[(-0.07+0.03)nRB]

250% 19 44 0.45 | 0.73 0.71 0.65 0.73

[3.68 £ 0.26] +
[(0.78 + 0.07)log D] +
[(0.34 + 0.05)nHBA] +
[(0.09£0.03)nRB]

285% 12 34 0.37 | 0.86 0.84 0.82 0.85

[11.41+1.49] +
[(3.92+0.61)log D] +
[(0.21+0.06)nHBA] +
[(0.71£0.13)nRB]

290% 5 22 0.25 | 0.94 0.93 0.91 0.94
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Table VI-8: Summary of best fit polyparameter QSAR models developed to describe the sorption of pharmaceuticals to suspended solids

biological treatment

Nprep. | Model Summary: log[Kp(L/g-SS)] =

Model Performance

Uncharged PhACs (npata = 44; Npnacs = 19)

adj-R’

pred-R2

NSE

QSAR Model:
3 [-3.12+0.29] + [(0.63%0.07)log D] + [(0.30+0.06)nHBA] + [(-0.07+0.03)nRB] 0451 073 | 071 0.65 0.73
Negatively Charged PhACs (npata = 65; Nppacs = 16)
3 [5.88+1.69] + [(0.37+0.05)logD] + [(0.30+0.05)nHBA] + [(- 3.56+0.78)logMV] 0.44 | 0.60 | 0.58 0.56 0.61
Positively Charged PhACs (npata = 108; Nppacs = 32)
(7.65+2.24) + [(0.34+0.04)]log(Kow)] + [(1.65+0.31)]log(PiEnergy)] +
* | [(-4.3420.94)]l0g(vdWSA)] + [(0.05£0.02)]I0g(nRB)] 0.44 1 054 1 052 0.49 0.54
Models for Grouped PhACs
Negatively Charged and Uncharged PhACs (npata = 109; Nppacs = 16)
[ 4.54+1.36) + [(0.39+0.04)logD] + [(0.32+0.04)nHBA] + [(-2.41+0.59)logMV] +
4 [(-0.86£0.25)log(TPSA)] 0.48 0.64 0.63 0.61 0.64
All PhACs (npata = 217; Nppacs = 54)
(-1.7440.46) + [(0.22+0.03)logD] + [(0.92+0.10)c.,] + [(0.99+0.28)log(Pi.Energy)] + [(-
6 0.85+0.17)log(TPSA)] + [(0.14+0.05)nHBD] + [(0.08+0.03)nHBA] 0.53 1 059 | 058 0.56 0.59

Parameter values are reported with the standard error of the estimate. See Table VI-5 for definition of the predictors.
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V1.3.3.2. Negatively Charged PhACs

The best single parameter model (using any of the predictors in Table VI-8) to
describe the Kp values for the 65 data from 16 PhACs in the group containing the
negatively charged PhACs is the log D based model. The best two parameter model,
using log D and nHBA, improves pred-R> 14.0%. The inclusion of nHBA in describing Ko
suggests that the formation of hydrogen bonds may be an important interaction for
both uncharged and negatively charged species. The best-fit polyparameter QSAR to
describe this class (65 K data for 16 PhACs) includes log D, nHBA and log MV as the only
statistically-significant predictors (Table VI-9). The first two predictors are identical to
the model for uncharged PhACs, though the fitted coefficient for log D is smaller in the
model developed for negatively charged PhACs (Table VI-8). The diminished importance
of log D as a predictor for negatively charged PhACs is consistent with the concept that
electron donating groups generally decrease hydrophobic interactions (Schwarzenbach
et al.,, 2003). The addition of the third predictor — size in the form of MV — further
improves pred R®> by 14.0%. Given that (i) MV is the principle difference in the
predictors between the uncharged and negatively charged PhACs; (ii) all but two
measurements within the negatively charged grouping were conducted under
conditions in which the charge of the dominant species was -1 (refer to Appendix B for a
summary of experimental conditions for all studies evaluated as part of this research);
and (iii) the negative fitted coefficient for log MV suggests an inverse relationship, it is
hypothesized that surface charge density may have a role in the sorption in a way
where relatively smaller, negatively charged PhACs can more readily access localized

positive surface charge or divalent cations incorporated within within the MLSS floc

156



Assessment of QSPRs for PhAC Sorption

structure. The addition of the third predictor — size in the form of MV — further

improves pred-R? by 14.0%.

Table VI-9: Summary of polyparameter QSAR models developed to describe the
sorption of negatively Charged PhACs to suspended solids during biological treatment

Model Performance

Model Summary: log[Ko(L g™ SS)]

= ) : p2 pred-
adj-R R?
1 | [-1.26+0.10] + [(0.26+0.04)logD] 056 | 033 | 031 | 028 | 033
- =+ +
, | [178%0.16]+[(0.23£0.04)logDl+ | o | 47 | 045 | 042 | 047

[(0.12+0.03)nHBA]

[5.88+1.69] + [(0.37+0.05)log D] +
3 | [(0.30£0.05)nHBA] + 043 | 0.60 | 058 | 056 | 0.60
[(-3.56+0.78)log MV]

Parameter values are reported with the standard error of the estimate. See Table 1 for
definition of the predictors.
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V1.3.3.3. Positively Charged PhACs

The evaluation of models for positive PhACs is based on 108 K, measurements
for 32 PhACs from two studies (Horsing et al., 2011; Stevens-Garmon et al., 2011), with
the vast majority of the data from the study of Horsing et al. (2011) (105
measurements). One would anticipate that interaction between positively charged
PhACs and the solid phase would be electrostatic in nature, but even the best two
parameter model includes variables related to hydrophobic partitioning (log Kow) and
aromaticity (%AroC). Hyland et al. (2012) attributed a lack of correlation between
cation exchange capacity (CEC) of sludges and values of Ky to the fact that the CECs of
the eight sludges examined had limited variation 61.0 + 7.4 meq (100-g)™". The emphasis
on hydrophobic interactions is thought to be a result of the tight distribution in the
fraction of positive charge for these 108 data. The fraction of positively charged species
(o) during the sorption experiment(s) is >85% for 88 of the 108 measurements, the
mean value of ouis 0.923 with a variance of 0.017. Consequently, the model is not able
to attribute the variance in the log K, data to the a. predictor. Note that the
importance of charge as a predictor is more important when all PhAC data are
simultaneous modeled (see Section VI.2.3.4, below).

In this analysis, the predictors in the best model relate to dipole-dipole
interactions, hydrophobicity and molecular stereochemistry (Table VI-8, Table VI-10). It
is hypothesized that the selection of PiEnergy and vdWSA as predictors instead of
%AroC in the best three and four parameter models occurs because vdWSA represents a
size that is associated with molecular interactions that are not included in the PiEnergy
descriptor or in the TPSA descriptor (e.g., London, Debye and Keesom forces). %AroC

and PiEnergy are related parameters, but %AroC also encodes information on size,
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albeit indirectly. That selection of vdWSA in the three-predictor model allows the
aromatic descriptor to become more specific. The best model includes four predictors:
log Kow, PiEnergy, vdWSA and nRB (Table VI-10). Inclusion of nRB as the fourth
predictor in the model suggests molecular conformation may be important to the
interaction. The best model for positively charged PhACs (four predictor) also represents

improved, but insufficient, predictive power.

Table VI-10: Summary of polyparameter models developed to describe the sorption of
positively charged pharmaceuticals to suspended solids biological treatment

Model Performance
Npreo. | Model Summary: log[Ko(L g™ SS)] = 2 adj- pred-
R’ R’

R

Positively Charged PhACs (npata = 108; Nppacs = 32)

1 | (-0.74+0.13) + [(0.2420.03)]l0g(Kow)] 0.51 | 36.1% | 35.5% | 33.4% | 0.36

(-1.46£0.17) + [(0.23£0.03)]log(Kow)] +

0, ) 0,
[(1.42£0.26)]%AroC] 0.46 | 50.0% | 49.1% | 46.8% | 0.50

(3.97+1.52) + [(0.28+0.03)]log(Kow)] +
3 | [(1.440.30)]log(PiEnergy)] + 0.45 | 51.5% | 50.1% | 47.0% | 0.52
[(-2.59+0.59)]log(vdWSA)]

(7.65%2.24) + [(0.34+0.04)]log(Kow)] +
[(1.65£0.31)]log(PiEnergy)] +
[(-4.34£0.94)]log(vdWSA)] +
[(0.050.02)]log(nRB)]

0.44 | 53.7% | 51.9% | 48.6% | 0.54

Parameter values are reported with the standard error of the estimate. See Table 1 for
definition of the predictors.

V1.3.3.4. Utility of Grouping PhACs

The similarity in the predictors in the best fit polyparameter QSARs for
uncharged and negatively charged PhACs (Table VI-8) suggests there may be utility in
developing a single model for both uncharged and negatively charged PhACs. Grouping

the negatively charged PhACs with the uncharged PhACs has an important practical
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implication - it eliminates the need to define what is an arbitrary threshold thereby
potentially increasing both the generalizability and practicability of all subsequent
models. It should be noted here that establishing an arbitrary threshold to differentiate
uncharged and positively charged PhACs has less practical implication given that most
PhACs that can become positively charged are at circa neutral pH (see description of the
a, distribution in sec 3.3.3). The best QSAR model to describe the Ky values for the 109
data from 30 PhACs in the combined uncharged and negatively charged group includes
four statistically-significant predictors: - log D, nHBA, MV and TPSA (Table VI-8). The
first three predictors are the same as was determined when considering only the
negatively charged PhACs. The addition of the negative dependence of log Ky on log
TPSA suggests that PhACs for which polar atoms (e.g., oxygen, nitrogen) contribute
significantly to the exposed surface area tend to sorb to a lesser extent. This is
consistent with design concepts for PhAC partitioning within the human body (Palm et
al., 1997). While the final model offers improvement in predictive power when
compared the results for negatively charge PhACs (Table VI-8), the goodness of
prediction statistics coupled with the uncertainties associated with model coefficients
suggests that caution should be exercised when considering such a model as a
predictive tool for PhAC sorption. Moreover, the increase in model performance for the
negatively charged PhACs comes at a nearly comparable expense in performance of the
best model developed for only the uncharged PhACs (Table VI-8).

The performance of polyparameter models developed using all the data (i.e., a
single data set consisting of uncharged, positively charged and negatively charged
PhACs) is also explored. Interestingly, the best single predictor for the entire set of

PhAC data is the charge of the dominant species (Dom.Species) at the pH of the
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experiments (Table VI-11: pred-R* = 0.28 compared to 0.15 for log D based model). This
reinforces the importance of the influence that the charge of a PhAC has on sorption in
environmental systems.

The best model to describe the aggregate data set is a six parameter model
using as predictors: logD, fraction of positively charged species (o), PiEnergy, TPSA,
nHBD and nHBA. Note here that in moving from one to multiple predictors Dom.Species
becomes irrelevant (effectively replaced by the combination of o, and log D). The
inclusion of hydrophobic interactions here is expected based upon the results previously
described for the grouped PhACs, since the influence of positive charge is incorporated
(at least to some extent) by a.. The utility of log(TPSA) and hydrogen bonding to
describe the sorption of the aggregate data set is also consistent with results for the
subgroups. It is interesting to note how the addition of a descriptor as simple as a. in

the two-parameter model substantially improves the predictive capability of the model.
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Table VI-11: Summary of polyparameter models developed to describe the sorption of
pharmaceuticals to suspended solids biological treatment.

Model Summary: log[Ko(L g™ SS)] ‘ Model Performance

Negep. 2

R adj-R2 pred-R2

All PhACs (npata = 217; Nppacs = 54)

(-0.3240.05) +

[(0.50£0.05)Dom.Species] 0.69 0.29 0.29 0.28 0.29

(-1.18+0.08) + [(0.24+0.02)logD] +

059 | 048 | 0.48 0.47 0.48
[(0.99+0.09) L]

(-2.94+0.38) + [(0.23£0.02)logD] +
3 [(1.07£0.09)c,] + 0.57 | 0.53 0.53 0.52 0.53
[(1.16£0.24)log(Pi.Energy)]

(-2.65+0.38) + [(0.19+0.03)logD] +
[(0.931£0.09)a,] +
[(1.48+0.26)log(Pi.Energy)] +
[(-0.40£0.12)log(TPSA)]

0.55 0.56 0.55 0.54 0.56

(-2.35£0.38) + [(0.23+0.03)logD] +

[(0.99£0.09)c,] +

5 | [(1.28£0.26)log(Pi.Energy)] + 054 | 058 | 0.57 0.56 0.58
[(-0.61+0.13)log(TPSA)] +

[(-0.17+0.05)nHBD]

(-1.74+0.46) + [(0.22+0.03)logD] +
[(0.9240.10)c,] +
[(0.9940.28)log(Pi.Energy)] +
[(-0.85£0.17)log(TPSA)] +
[(0.1410.05)nHBD] +
[(0.08+£0.03)nHBA]

0.53 0.59 0.58 0.56 0.59

Parameter values are reported with the standard error of the estimate. See Table 1 for
definition of the predictors.
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VL.4. Implications

The analyses described in this research demonstrate that Koy is not an effective
predictor of PhAC sorption in biological treatment units, even when Kqy is corrected to
the experimental pH. Polyparameter models based on PhAC characteristics improve the
predictive capability and increasing model complexity improves the predictive
capability. However, most of the polyparameter models evaluated here appear to
approach a plateau in predictive performance with pred-R? in the range of 0.50 to 0.60.
The addition of more predictors to each model has increasingly little influence on the
predictive power (Figure VI-5). Importantly, QSAR models with a higher degree of
predictive capability (pred-R?> >0.80) can be developed for scenarios where the
uncharged species is greater than 85% of the total PhAC mass present in a system. The
suite of molecular descriptors employed here as potential predictors capture the range
of interactions between PhACs and the mixed liquor solids. The richness of set of
molecular descriptors considered here coupled with the plateau in model performance
for all classifications suggests that models for PhAC sorption relying solely on sorbate
parameters may be incapable of achieving a level of predictive capability required to
effectively assess the interplay between sorption and biodegradation. Knowledge of
whether or not sorption of PhACs renders PhACs unavailable for biodegradation may
have important implications when evaluating process options to reduce the discharge of
PhACs into the environment.

Together the inability of experimental procedure to explain the observed
variability in measure Kp and the inability of polyparameter QSARs incorporating only
solute descriptors to predict Ky suggest that specific characteristics of the sludge are

required to enhance the predictive capability of such models. This requires careful
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characterization of each sludge employed for PhAC sorption studies. This research
suggests that a good baseline level of information on the sludges employed in sorption
studies includes: (i) experimental conditions (e.g., pH, ionic strength, dissolved oxygen,
oxidation-reduction potential, and possibly even the concentration of metals), (ii) bulk
sludge characteristics (e.g., source SRT, suspended solids, and volatile solids) and (iii)
solids composition characteristics (e.g., organic carbon content, carbohydrates, EPS,
proteins, CEC, etc.). It should be emphasized that some of these parameters are
currently reported in sorption studies and others are more generally available in studies
reporting on sludge setting and MBR fouling. Thus, the measurement techniques exist

and should not represent a barrier to more thorough solids characterization.
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Figure VI-5: Predictive capability (pred-R®) of the polyparameter QSAR models with increasing
number of statistically significant predictors. Model details and summary statistics are
provided in Table VI-8
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Chapter VII. Degradation of Selected Beta

Blockers during Ammonia Oxidation

The results presented in this chapter have been submitted for publication as:
Sathyamoorthy, S. Chandran, K.C. and Ramsburg, C.A. Evaluating the Degradation of
Selected Beta Blockers during Ammonia Oxidation, Environmental Science and
Technology, in review.

Following the graphical abstract from the manuscript:
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Degradation of Selected Beta Blockers during Ammonia Oxidation

VIIL.1. Introduction

Reports of contemporary pharmaceuticals (PhACs) in the natural environment
have engendered scientific concern related how these emerging contaminants may
influence ecosystem health (Daughton and Ternes, 2000). Initial toxicological studies
suggest that chronic exposure to PhACs at microgram per liter levels may decrease
embryo hatching, reduce growth rates in fish and impact endocrine system activity in
aquatic species (Massarsky et al., 2011; Ings et al., 2012). Wastewater treatment plants
(WWTPs) are a primary pathway by which PhACs enter the aquatic environment. While
WWTPs are not specifically designed to treat PhACs, several studies highlight
attenuation across biological treatment processes (Andreozzi et al., 2003; Bendz et al.,
2005; Chefetz et al., 2008). These studies, however, indicate that PhAC removals are
highly variable - ranging from recalcitrance to effective removal depending on the PhAC
and operating conditions.

Some reports have linked greater PhAC attenuation with longer solids retention
times (SRTs > 8-10 day) (Kreuzinger et al., 2004; Clara et al., 2005; Joss et al., 2006). The
notion of greater removal at longer SRTs is interesting because it could overlay two
emerging concerns - removal of microconstituents and nutrients - and, in doing so, raise
interesting questions about the role of nitrifying organisms in PhAC attenuation. It
should be recognized, however, that PhAC attenuation in WWTPs operated with longer
SRTs could be due to either the presence of slow-growing nitrifying bacteria or more
general changes in microbial diversity (Shi et al., 2004; Batt et al., 2006; Reif et al., 2008;
Tran et al., 2009; Suarez et al., 2010; Falas et al., 2012; Fernandez-Fontaina et al., 2012).
Many previous studies do not discriminate between PhAC attenuation (i.e., removal)

and degradation. Moreover, where degradation is implied, there is often a critical lack
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of evidence linking PhAC biodegradation to specific bacterial consortia. Therefore there
is a need for research which elucidates and quantifies the influence of specific bacterial
populations on PhAC degradation.

The overall objective of this research was to assess the biodegradation of three
beta blockers— atenolol (ATN), metoprolol (MET) and sotalol (SOT) during nitrification.
To accomplish this objective a combination of batch experiments and mathematical
modeling is employed to evaluate and link rates of PhAC degradation and ammonia
oxidizing bacteria (AOB) growth. It is hypothesized that if biodegradation of these beta
blockers was observed in the batch experiments there would be a link between the
PhAC degradation and ammonia oxidation activity. This hypothesis was based upon the
fact that AOB are known to catalyze the oxidation of a wide array of aliphatic, aromatic
and chlorinated organic compounds (Keener and Arp, 1994; Hooper et al., 1995), as well
as endocrine disrupting compounds (Gaulke et al., 2009; Skotnicka-Pitak et al., 2009).
The ability of AOB to catalyze non-specific oxidation of several compounds stems from
the broad substrate range of ammonia monooxygenase (AMO) (Hooper et al., 1997).
While AOB rely on AMO for ammonia oxidation as part of its energy metabolism (Arp
and Stein, 2003), the oxidation of organic compounds by AMO does not result in energy
generation. In fact organic compounds undergoing cometabolic oxidation may reduce
the rate of ammonia oxidation by competitively binding to the same catalytic site (Arp

et al., 2007) or an allosteric alternate site (Taher and Chandran, 2013) on AMO.

VIL.2. Overview of Experimental and Modeling Approach
The biodegradation of each betablocker was evaluated as described in

Section V.2.4.1 (Chapter V, Materials and Methods). In brief, the biodegradation of the
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beta blocker under consideration was first evaluated under nitrification conditions
utilizing a set of four reactors: a control to evaluate AOB and NOB biokinetics in the
absence of the beta blocker (Reactor 1), a control to evaluate biodegradation of the
beta blocker under nitrification inhibition conditions (Reactor 2) and two experimental
replicates to evaluate beta blocker biodegradation resulting from nitrification
(Reactors 3 and 4). A follow up experiment (NOX-EXPT) was conducted where the
beta blocker was observed to degrade to a greater extent in Reactors 3 and 4. In the
NOX-EXPT, three reactors were utilized as follows. Reactor 5 was used a control
evaluate NOB kinetics in the absence of the beta blocker. Reactors6 and 7 were
experimental replicates used to elucidate the biodegradation of the beta blocker under
nitrite oxidation conditions. Data from these experiments were described utilizing the

models described in Section V.3.2 Chapter V, Materials and Methods).

VII.3. Results and Discussion

VIL.3.1. Microbial Community Structure

Gene copy concentrations (Figure VII-1) are used to determine estimates for
biomass concentrations related to all bacteria (using EUB), AOB (using amoA) and NOB
(using NOB-Nb and NOB-Ns). Estimates of HET concentrations are determined as the
difference between all bacteria and nitrifying bacteria. Note that biomass from the
nitrification enrichment SBR is collected for all reactors of a given experiment at the
same time. Therefore the initial biomass concentrations in each reactor are expected to
be statistically the same. This is assumed in the mathematical modeling in this research.

Estimated biomass concentrations from each reactor are therefore averaged across all
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reactors from a given experiment (4 reactors in the NIT-EXPTs and 3 reactors in the
NOX-EXPTs).

Estimated biomass concentrations (for HET, NOB and AOB) for each experiment
determined using gene copy concentrations suggest that AOB are dominant in the
enrichment community and represent between 75% and 85% of the nitrifying
population (i.e., AOB + NOB) (Figure VII-2). These data are consistent with previous
studies of nitrifying populations in systems treating high nitrogen loads (Dytczak et al.,
2008). Nitrobacter spp. are dominant NOB, effectively accounting for the remainder of
the nitrifying population. Nitrospira spp. account for less than 0.1% of the nitrifying
population. This observation can be explained due to the high Sy concentrations used
in the nitrification enrichment SBR which was the seed biomass source for these
experiments. High levels of Syy result in high Syo, levels during the SBR cycle which
favors Nitrobacter over Nitrospira NOB (Schramm et al., 2000). Comparison the model
average value of Xaos and Xyog With the estimated value based on gPCR measurements

for each experiment is provided in Table VII-1.

Table VII-1: Comparison of model average XAOB and XNOB with values
estimated using qPCR for NIT-EXPTs.

XAOB XNOB
qPCR model qPCR model
Atenolol 60 +17 50+1 16+2 29+1
Metoprolol 299 4016 1112 30+11
Sotalol 65+5 42 +9 11+3 21+8

Estimates of HET using the qPCR analyses suggest they represent <25% of the

community. These estimates for Xuer fraction were compared to those determined
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based on the active heterotroph fraction at the operating SRT of the nitrification
enrichment SBR at the time of each experiment (Grady et al., 1999). SRT values for the
MET, ATN and SOT experiments were 244, 297 and 338 day. Recall that the nit-SBR
feed was a biomass free synthetic medium with no exogenous organic carbon. Under
these conditions, and using 0.45 d™ for the heterotropic decay coefficient (Henze et al.
2000), the active heterotroph fraction was estimated to be approximately 10% which is

consistent with gPCR results. .
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Figure VII-2: Estimated biomass concentrations for XAOB , XNOB and XHET utilizing gene abundance measurements from gqPCR from
MET NIT-EXPT (panel 1), SOT NIT-EXPT (panel 1) and ATN NIT-EXPT and ATN NOX-EXPT (panel Il1).
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VIL.3.2 Beta Blocker Degradation

Measured concentrations of ATN, MET and SOT during the first 12 hr of NIT-
EXPTs are shown in Figure VII-3. Note that the MET experiment was terminated after
12 hr, while the duration of the ATN and SOT experiments was 25 hr. Results indicate
that neither MET or SOT were attenuated in the presence of this nitrification
enrichment community (Figure VII-3, panels | and Il). In contrast, ATN was attenuated
by approximately 30% in the experimental reactors (Reactors 3 & 4) before Sy fell
below 0.2 mg-N/L around 4 hr (panel Ill). Interestingly, ATN was further attenuated by
approximately 50% after nitrification was complete (i.e., ~80% of the ATN was
attenuated after 25 hr) (Figure VII-4). In comparison, the extent of ATN attenuation in
the nitrification inhibition control (Reactor 2) at the completion of the 25 h experiment
reactor is 30% (Figure VII-4). Attenuation of ATN during nitrite oxidation (NOX-EXPTs)
was also explored in an attempt to elucidate the biochemical processes in nitrification
that may contribute to the observed attenuation. Results from this NOX-EXPT (Reactors
6 and 7 in Panel lll, Figure VII-3) indicate that ATN attenuation was approximately 30%

over the 25 hour experimental duration.
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Figure VII-3: PhAC concentration in batch experiments conducted to independently evaluate the degradation of the selected beta blockers
during nitrification processes. For each PhAC results are shown from each of the four NIT-EXPT reactors a nitrification control (Reactor 1), a
nitrification inhibition control (Reactor 2), and replicate experimental reactors (Reactors 3 and 4). For ATN, data are also shown from the NOX-
EXPT for a nitrite-oxidation control (Reactor 5) and replicate experimental reactors (Reactors 6 and 7). Note that data for each experiment are
shown up to 12 hours to provide a consistent comparison. Complete time course PhAC data with data for nitrogen species for each PhAC
experiment is provided in Figure VII-5 (MET), Figure VII-6 (SOT), Figure VII-7 (ATN, NIT-EXPT) and Figure VII-8 (ATN,NOX-EXPT).
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Figure VII-4: ATN concentration in batch nitrification experiments. Data from experimental replicates (Reactors 3 and 4, middle and right,

respectively) and nitrification inhibition control (Reactor 2, left) are shown with model fits using the pseudo-first-order (PFO) model (solid line)

and the cometabolic process-based (CPB) model (dashed line). ATN biodegradation parameters for each model are provided in the overlying

tables. Also shown is the improvement in model performance for the experimental reactors when using CPB (as described by decreases in SSE
and AlCc).
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The lack of quantifiable attenuation in the SOT and MET NIT-EXPTs is consistent
with measured distribution coefficients for all three beta blockers (SOT, MET, and ATN)
that indicate sorption has a negligible influence on attenuation (Maurer et al., 2007;
Sathyamoorthy and Ramsburg, 2013). Thus, ATN attenuation was attributed to
biological activity even in the absence of direct evidence (i.e., observation of
degradation products). Taken in concert these results suggest: (i) ammonia oxidation
may have a role in supporting ATN degradation, and (ii) the biodegradability of PhACs
from the same therapeutic family or having similar chemical structures by nitrifying
bacteria may be substantially different.

ATN biodegradation was modeled using the pseudo-first-order (PFO) approach
(see Equation V-13, Section V.3.2.1., Chapter V) in order to compare biodegradation
rates with literature values where the PFO approach is often used for microconstituent
degradation (Urase and Kikuta, 2005; Joss et al., 2006; Fernandez-Fontaina et al., 2012;
Helbling et al., 2012). The biomass normalized, pseudo-first-order biodegradation rate
coefficient for ATN degradation in Reactors 3 and 4, kgo.atnnir is 2.39 £ 0.21 L'g—VSS'l'd'1
(1.68 +0.15 Lg-CODd™) (Figure VII-4). The analogous coefficient under nitrification
inhibition conditions in Reactor 2 (kgoarnnmne) IS 0.56+0.10 L'g—VSS'l'd'1
(0.40 £+ 0.07 Lg-COD*d"). The biodegradation rate of ATN when nitrification is not
inhibited is therefore approximately four times greater than when nitrification is
inhibited by ATU. This is consistent with the hypothesis that the activity of nitrifying
bacteria controls the degradation of ATN in this nitrification enrichment community.
Although such a formulation is convenient, it was of limited value when comparing
systems with different design or operating conditions. The principal shortfall of this

approach is that it does not link PhAC degradation to a specific consortium (e.g., AOB,
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NOB, HET) or specific processes occurring within the mixed community (e.g., ammonia
oxidation). It is important to note here that the highest nitrite concentration observed
was less than 5 mg-N/L, which suggests nitration reactions are not relevant in the batch
experiments described herein (Gaulke et al., 2008). No production of either nitrite or
nitrate was observed in the nitrification inhibition controls (Reactors 2) which indicates
the utility of the ATU addition. The biomass normalized pseudo-first-order order
degradation rate coefficient for ATN during nitrite oxidation (Reactors 6 & 7, in the
absence of ammonia oxidation) is 0.39+0.05 Lg-VSS*d™. This is less than rate
coefficient obtained from the nitrification experiments (2.39 + 0.21 Lg-VSStd?,
Reactors 3 & 4) and consistent with that observed when nitrification was inhibited with
ATU (0.56 + 0.10 L'g-VSS™d™, Reactor 2).

The rate coefficient for ATN degradation during nitrification (Reactors 3 and 4),
when converted to a suspended solids normalized value (1.09 + 0.10 Lg-SS*d?) is
comparable to those reported by (Maurer et al., 2007) (0.98 Lg-SS-*d™ in batch
experiments using biomass from an MBR operated at 20 day SRT) and Wick et al. (2009)
(1.90 and 1.10 Lg-SS™d* in batch experiments using sludge from a suspended growth
system operated at 18 day SRT). The similarity between these reported rate coefficients
is noteworthy considering that the comparison includes experiments conducted with
biomass from a nitrification enrichment (SBR operated at > 100 d SRT) containing a
relatively low fraction of heterotrophs (~¥20%), and biomass from WWTPs operating at
18 — 20 d SRT. Neither Maurer et al. nor Wick et al. however report concentrations of
nitrogen species, or attempt to link PhAC biodegradation to specific biological
processes. Interestingly, and in contrast to the results presented herein, both Maurer et

al. and Wick et al. reported attenuation of MET (0.82 Lg-SS™d™, and 0.38 Lg-SS*d™,
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respectively) and SOT (0.41 L'g-SS*d™* and 0.42 Lg-SS*d™, respectively) as resulting
from nitrification processes.

A preliminary assessment of the ATN biodegradation rate during and after
nitrification suggests that two distinct processes may be occurring - a faster rate
occurring during ammonia oxidation and slower rate occurring over the entire duration
of the experiment. This hypothesis was explored by extending the pseudo-first order
model to dual rate models as described below.

First, the pseudo-first-order (PFO) model was modified to a dual rate pseudo-
first-order (DRPFO) model (Chapra, 2008) using a fast biodegradation rate related to
AOB activity (kpiorast) and a slower process primarily due to HET activity (kgiosiow)
(Equation VII-1).

dSPhAC _

= (VII-1)
dt

_(kBIO,FAST + kBIO,SLOW)XTOTSPhAC

Mathematically, this would be similar to the original one parameter fit of a
pseudo-first-order degradation rate coefficient if it were not for the fact that the
influence of the heterotrophs can be independently assessed using data from Reactor 2
(nitrification inhibition control). Results of this approach suggest kgogfast is 1.83 +
0.21 Lg-vsS™d" (1.29+0.15 Lg-COD"d™") and kgosow. is 0.56+0.10 Lg-vSS™d™
(0.39 £0.07 Lg-COD*d™").  The statistically significant difference in these rate
coefficients (p < 0.05) provides another line of evidence suggesting that ATN
biodegradation in this enrichment is linked to ammonia oxidation.

A further modification of the PFO model tested herein incorporates biomass
specific biodegradation rate coefficients for AOB and HET (Equation VII-2) to produce a

population-specific, dual rate pseudo-first order (PS-DRPFO) model. Here kg et Was fit
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to the ATN degradation data obtained in the absence of AOB activity (i.e., Reactor 2).
Xaos Was obtained by fitting nitrogen data from Reactor 1 and X, was determined using
the estimated Xaos value and gPCR data as described in the Materials and Methods

Chapter.

dSPhAC —

dt - _(kBIO,AOBXAOB + kBIO,HETXHET)SPhAC (V||-2)

Results of this analysis suggest that kg aos is 29.5 + 3.4 L'g-COD™d™ and kgo per.
is 12.8+2.4Lg-COD™d" . Here the rate coefficients are reported normalized to
biomass COD consistent with the ASM modeling framework. The statistically significant
difference in these biomass specific rate coefficients (p < 0.05) provides further
evidence that ATN biodegradation in this enrichment is linked to AOB activity. A review
of the literature suggests that this is the first such implementation of biomass specific
PFO biodegradation rate coefficients for PhACs in mixed culture systems. A summary of
the estimated biodegradation rate coefficients from each of the PFO models is provided
in Table VII-2 along with biodegradation parameters from the cometabolic process
based (CPB) model (see results in Section VII.2.3, below).

Table VII-2: ATN biodegradation parameters from the models evaluated in this
research

Pseudo first order Keio-ATN NIT 1.68+0.15 Lg-coD™.d"
(PFO) model Kaio-ATN,NIT-INH 0.40+0.07 Lg-COD".d"
Dual rate, psuedo-first-order Kaio Fast 1.29+0.15 L.g-cop*.d?
(DRPFO) model Kaio.sLow 0.39+0.07 Lg-COD".d"
Population-specific, dual Keio,A08 29.5+3.4 L.g-coD™.d™
ratepseudo-first order 11
(PS-DRPFO) model kBIO,HET 12.8+2.4 Lg'COD .d
Cometaboli based TaTn-AOB 71.5+22.7 Lg-CcoD*
ometabolic process base N i 1 41
(CPB) model Katn-a0B 16.1+5.6 L.g COD_l.d_1
aATN-HET 22.3 i 4.4 L.g'COD .d
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The performance of the models employed here is assessed using three
goodness of fit metrics: sum of square errors (SSE), Nash-Sutcliffe Efficiency (NSE)
(defined by Equation V-12 in Section V.3.1.3, Chapter V) and the Akaike Information
Criterion (AIC) (Akaike, 1973 and 1974).

The Akaike Information Criterion (AIC) ranks the ability of models to explain a
particular data set incorporating goodness of fit, model precision and a penalty adding
fitting parameters (Ludden et al., 1994; Poeter and Anderson, 2005; Saffron et al., 2006;
Hemsi et al., 2010). AIC values are not bounded and use of this metric is strictly relative
(i.e., there is not absolute limit to indicate a “good” AIC). For a given set of models, the
model producing the lowest AIC is most effective in explaining that particular data set.
Given the sample size of the data sets, the small-sample corrected AIC (Sugiura, 1978;
Hurvich and Tsai, 1991; Burnham and Anderson, 2002) (AlC., Equation VII-3) is used
herein.

AIC. =|n-In SSE + 2K +M (VII-3)
n (n—-K-1)

Here n is the sample size (12), K is the number of estimated model parameters
which includes the number of fitting parameters (P) and one model variance parameter
(i.e., K=P+1).

Shown in Table VII-3 are summaries of SSE, NSE and AIC for the experimental
reactors (Reactors 3 and 4) and the inhibition control reactor (Reactor 2). Extended PFO
models (i.e., DRPFO and PS-DRPFOQ) offer little to no advantage relative to the PFO
model based on the comparisons of SSE and NSE. Inspection of the AIC values for these

models suggests that inclusion of the second rate parameter is not warranted.
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Table VII-3: Goodness of fit statistics for ATN biodegradation models when
fitting data from the nitrification inhibition control (Reactor 2) and
nitrification experiments (Reactors 3 & 4)

Metric Model Reactor 2 React.ors 3&4
combined data
PFO 4.68 14.07
Sum of Square Errors DRPFO 4.68 14.07
(SSE) PS-DRPFO 4.68 14.12
CcPB 4.68 4.95
PFO 0.84 0.94
Nash Sutcliffe Efficiency DRPFO 0.84 0.94
(NSE) PS-DRPFO 0.84 0.94
CPB 0.84 0.97
PFO -5.97 -8.24
Small sample corrected
Akaike Information DRPFO -5.97 -5.61
Criteria PS-DRPFO 5,97 552
(AIC)
CPB -5.97 -27.76

It is important to recognize the extended pseudo first order models (Equations 2
and 3) assume that AOB remain active over the duration of the experiment. As noted
above, this may be inappropriate (Syy is < 0.2 mg-N/L after 4 hr) and highlights the need

for a process based model.
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VIL.3.3. Cometabolic Process-Based Model
VI1.3.3.1. Application of the Cometabolic Process Based Model

Data from Reactor 1 in each experiment were used to estimate the initial AOB
and NOB concentrations (Xaopto and Xnopw). Model fit values of Xaopw and Xyosto
(SI: Table S-6) appear to fall within the generally accepted level of accuracy for biomass
concentrations estimated using gPCR (i.e., up to + 100%) (Harms et al., 2003; Ahn et al.,
2008). Complete time course data for Syy, Snoz, Snoz and Sphac With model simulations
from Reactors 1 -4 for MET, SOT and ATN are shown in Figure VII-5, Figure VII-6 and
Figure VII-7, respectively. Note that for each beta blocker only the nitrification control
data sets are fit (Reactor 1 in each panel). Simulations shown for Reactors 2-4 for each
PhAC are predictions using the fitted initial biomass concentration and model
parameters shown in Table VII-4. Data from Reactors 5—7 (from the NIT-OX

experiments) for ATN are shown in Figure VII-8.
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Table VII-4: Model parameters used in the process model developed in this research.

Literature Values (where applicable)
Description Variable Unit of Measure Selected
Range Refs. value
Common
Nitrogen fraction of . . 1
. ingm (mg-N'mg-COD™) 0.07 (Grady et al., 1999; Henze et al., 2000) 0.07
biomass
Blomass' VS5 to Biomass fov (mg-COD'mg-Vss™) 1.42 (Grady et al., 1999; Henze et al., 2000) 1.42
COD ratio
AOB kinetics and stoichiometry
max. specific growth rate | pmayaos (day™) 0.2-1.6 (Munz et al., 2011) 0.50
decay rate baos (day™) 0.06-0.4 | (Marsili-Libelli et al., 2001; Munz et al., 2011) 0.15
galf saturation value for Ky (mg-N'L") 0.14-2.3 | (Manser et al., 2005; Chandran et al., 2008) 0.50
NH
Ammonia-N yield Yaos (mg-CODmg-N") 0.11-0.21 (Hiatt and Grady, 2008; Sin et al., 2008; Munz 0.15
etal.,, 2011)
PhAC inhibition 1 . (i)
coefficient Kiphac-aos (ugl™) NA NA fit
NOB kinetics and stoichiometry
max. specific growth rate | pmaxnos (day™) 0.2-2.6 (Ahn et al., 2008) 0.50
decay rate bnos (day™) 0.08-1.7 (Ahn et al., 2008; Munz et al., 2010) 0.15
half saturation value for a4 (Marsili-Libelli et al., 2001; Jones et al., 2007;
Sno2 Knoz (mg-N'L") 0.05-3 Kampschreur et al., 2007) 0.50
Nitrite-N yield Ynoe (mg-COD'mg-N") 0.06-0.10  (Sin et al., 2008) 0.09
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Table VII-4: Model parameters used in the process model developed in this research.

Description Variable Unit of Measure Literature Values (where applicable) Selected
Initial Biomass Concentrations -
AOB Xn08,t0 (mg-coD'LY) NA NA fit"
NOB XnoB 10 (mg-COD'L™) NA NA fit?
HET Xher 10 (mg-coD'L?) NA NA calculated
PhAC Biodegradation
AOB TonSIOMMAtON | Tocaos | (LE-COD') NA NA it
AOB endogenous
transformation Kphac-A0B (Lg-cop™d™) NA NA fitl?
coefficient
HET lumped
biodegradation OlphAC-HET (Lg-coDp™d™) NA NA fit™
coefficient
Notes:

i.  Xaos,wo and Xnog,w0 — independent, fit using the nitrification control (Reactor 1) data
ii.  Tphac-aos, Kphac-aos @and K phac-aos — independent, fit using the nitrification experiments

(Reactor 3 & 4) data

iii. Oopnacer — independent, fit using the nitrification inhibition control (Reactor 2) data
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Figure VII-5: Observed and modeled concentrations of ammonia (top panel), nitrite and
nitrate (middle panel) and MET (bottom panel) for nitrification batch experiments
conducted with MET. Results are shown from each of the four NIT-EXPT reactors a
nitrification control (Reactor 1), a nitrification inhibition control (Reactor 2), and
replicate experimental reactors (Reactors 3 and 4).
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Figure VII-6: Observed and modeled concentrations of ammonia (top panel), nitrite and
nitrate (middle panel) and SOT (bottom panel) for nitrification batch experiments
conducted with SOT. Results are shown from each of the four NIT-EXPT reactors a
nitrification control (Reactor 1), a nitrification inhibition control (Reactor 2), and
replicate experimental reactors (Reactors 3 and 4).
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Figure VII-7: Observed and modeled concentrations of ammonia (top panel), nitrite and
nitrate (middle panel) and ATN (bottom panel) for nitrification batch experiments
conducted with ATN. Results are shown from each of the four NIT-EXPT reactors a
nitrification control (Reactor 1), a nitrification inhibition control (Reactor 2), and
replicate experimental reactors (Reactors 3 and 4).
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Figure VII-8: Observed and modeled concentrations of ammonia (top panel), nitrite and
nitrate (middle panel) and ATN (bottom panel) for nitrite oxidation batch experiments
conducted with ATN. Results are shown from each of the three NOX-EXPT reactors a
nitrite oxidation control (Reactor 5), and replicate experimental reactors (Reactors 6 and

7).
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Snu residuals for experimental reactors containing ATN were observed to be
larger at low Sy, suggesting that the model may be unable to satisfactorily predict Sy
oxidation as Syy approaches the half saturation value. This effect was not observed with
MET or SOT. To explore the hypothesis that ATN exerts a competitive inhibition on AOB
growth, the AOB growth process rate (75 x,,,) was modified as shown in Equation VII-4
(Bailey and Ollis, 1986) and the nitrification data from the experimental reactors
(NIT-EXPT Reactors 3 & 4) from the ATN experiment were fit by adjusting a single

parameter, K arn-aos-

SNH

S AOB
KNH[HKATN}rSNH

1,ATN-AOB

(VII-4)

T6.x 05 = | Hmax. 108

Application of the competitive inhibition model significantly improved model
performance when Kjamnaos = 1.84 + 0.39 ug/L (Figure VII-9, SSE reduced to 39% and
15% and AIC. reduced to 37% and 79% of the base case values for Reactors 3 & 4,
respectively. These data and simulations strongly suggest that ATN may competitively
inhibit the ammonia oxidation process, which is consistent with the hypothesis of
cometabolic degradation due to AMO. That notwithstanding, the possibility that
degradation products contribute to the observed inhibition cannot be eliminated even
though none were observed in the batch experiments. A review of the available
peer-reviewed literature suggests that this is the first report of possible PhAC inhibition

of ammonia oxidation.
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Figure VII-9: Observed and modeled concentration of ammonia during the ATN experiment. Data are shown for a nitrification control reactor
(Reactor 1) and experimental replicates (Reactors 3 & 4). Note that minor differences between the simulations for Reactors 3 & 4 (in both the
inhibition or no inhibition simulations) entirely result from subtle differences in the measured initial SNH concentrations in each reactor.
Simulations shown include the two-step nitrification model with and without competitive inhibition. The competitive inhibition is described by
Equation 5 with K arn.a08 = 1.84 + 0.39 pg/L. The combined improvement in the fit for data from Reactors 3 and 4 when using the competitive
inhibition modelis shown by the decreases in SSE and AICC from those obtained when the data are modeled without competitive inhibition
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With the ammonia oxidation model in place, the transformation capacity for
ATN can be assessed. To accomplish this, the process model was first fit to the
nitrification inhibition data (Reactor 2) to determine that
Oarnper = 22.3 4.4 Lg-CODd™?.  Best fit values of Tamaos and Karnaos were
subsequently determined using the replicate experimental reactors (Reactors 3 & 4) to
be 71.5 + 22.7 L'g-COD™ and 16.1+ 5.6 Lg-COD™d™, respectively. Comparison of the
values of Tarn.aos OF Katn-aos to similarly estimated values for other PhACs is not currently
possible due to the nearly universal practice of modeling PhAC attenuation using a
single, pseudo-first order reaction rate -coefficient. Note, however, that the
performance of cometabolic process rate model is markedly greater than any pseudo
first order approach (see goodness of fit metrics in Table VII-3) and illustrates the merit
of linking PhAC degradation to specific biochemical processes. Since this is the first
known cometabolic modeling of PhAC degradation the results for ATN are compared
with reported cometabolic biodegradation of conventional organic pollutants by AOB in
axenic or mixed nitrifying communities (Ely et al., 1997; Kocamemi and Cecen, 2005 and
2010b and a). It is, however, important note here that the nomenclature within the
cometabolic literature is quite diverse as a result of: (i) differences in bases for
normalization (e.g., biomass normalized vs. growth substrate normalized), and, more
importantly, (ii) similarity in terminology used to describe different mechanisms (e.g.,
transformation capacity is used to describe degradation in the presence and absence of
growth). This makes difficult the direct comparison of measured transformation
coefficients from this research (Tarn-aos and karn-aos) tO previous studies.

One study that is conducive to comparison is that of Kocamemi and Cecen

(2010a) related to the cometabolic biodegradation of TCE by AOB in a mixed biomass
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community. Kocamemi and Cecen (2010a) present data related to the cometabolism of
TCE by nitrifying organisms. In order to compare the cometabolic parameters with
those produced in this research, Figure1l in Kocamemi and Cecen (2010a) which
presents data for multiple initial concentrations of TCE was reexamined. The plot is

shown on a theoretical basis in Figure VII-10.

Non-Growth Compound)
(ng-NGC/g-VSsS.h)

dnec (biomass normalized
cometabolic degrdadation rate of

dsny (biomass normalized
degradation rate of growth compound)
(mg-N/g-VSS.h)

Figure VII-10: Theoretical relationship between biomass normalized degradation rate of
growth compound and cometabolic degradation rate of non-growth compound.
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Starting with Equation VII-5 (see Cometabolic Process Model Development in
the Materials and Methods chapter for details related to derivation of Equation VII-5)

for any non-growth substrate (NGS),

ds T3 k
_ PhAC — PhAC ,uAOB + PhAC—-AOB XAOB SPhAC (V“-S)
dt YAOB KS,PhAC KS,PhAC
Hao
and recognizing: % "= G (VI1-6)
408 in Figure VII-10
1 ds ves -
and - =q in Figure VII-10 VII-7
Y. ( 0 NGC (VII-7)

Equation 6 can therefore be rewritten as shown in Equation 10:

g
| Thes + kyes g
9nGs = % 9 snu K NGS (VII-8)
S.NGS S.NGS

Inspection of Equation 9 indicates that a plot of gngs versus qsyy at a fixed Syes

4
TNGS SNGS kNGS S
NGS

KS,NGS S§,NGS

produces a straight line with a slope = and intercept =
assuming Ks,c >> Sygs. Thus, the analysis of the Kocamemi and Cecen (2010a) data set is
restricted to initial concentrations of TCE that were below 350 ug/L The growth-related

transformation coefficient (Tygs.aos) Used in the research described herein can be

obtained from the slope using Equation VII-9:

slope T
= = TyGs-a08 (ViI-9)
S NGSY AOB Y AOB ~ K S,NGS

The cometabolic biodegradation rate under endogenous (i.e., non-growth

conditions) can be estimated by Equation VII-10:
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intercept kg

SNGS KS,NGS

KS,NGS

= kNGS—AOB

(VII-10)

It is important to note that there is a theoretical basis for, and evidence of, a

non-zero intercept based upon cometabolic degradation when there is no growth (Ely et

al., 1997). Kocamemi and Cecen (2010a) effectively assumed each line passed through

the origin when they estimated transformation capacities using only the data point

corresponding to the highest TCE degradation rate for each initial TCE concentration.

Fitting their data to Equation 9 and applying Equations 10-11 produces the values shown

in Table VII-5. Here a yield coefficient for AOB of 0.15 mg-COD.mg-N" is assumed.

Table VII-5: Evaluating the Transformation Coefficients (T and k) for cometabolic
biodegradation of TCE by AOB using the data presented by Kocamemi and Cecen

(2010a).

TCE Model fits (using Equation 9) Cometabolic Coefficients

conc.

(ug/L) Slope Intercept TTCE-AOB kTCE-AOB
(ug-TCE.mg-N-1) (ug-TCE.g-VSS™ h™) (Lg-cOD-1) | (L.g-COD-1d-1)

325 | 2.34+0.29 57.48 +8.17 48+6 3.0+0.42

110 | 0.98+0.26 43.46 +2.58 60+16 6.7+1.2

40 0.25+0.17 25.55+5.76 42£29 10.8+2.4

Average + SD: 50+17 6.8+1.3

It is interesting to observe that the values of Tarn.aos (71.5 + 22.7 L.g—COD'l) and Katn-aos

(16.1+ 5.6 Lg-COD™d™) obtained for ATN are similar to those obtained for TCE (Trce.a0s

~50 + 17 L.g-COD™ and karn-aos ~7 = 1 Lg-COD™d ™).
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VI1.3.3.2. Sensitivity Analysis using Monte Carlo Simulations

A total of 2,000 Monte Carlo (MC) simulations were conducted to evaluate the
sensitivity of the fitted values of Xaos 10, XnoBto, Oatn-HET, TaTN-208, KaTn-a08 @Nd K| atn-a0s ON
the selected values of the biokinetic parameters Lmaxaos, baos, Knu, Hmaxnos, bnos and
Kno2. Parameter sets were selected using a Latin hypercube sampling technique (McKay
et al., 1979) from the range of literature values noted in Table VII-4. No constraints
were placed on parameter combinations because there is no a priori basis to assume
cross correlation between the biokinetic parameters. Xaop 0 and Xyos 0o Were estimated
by fitting the nitrogen species data from Reactor 1 utilizing the randomly selected set of
AOB and NOB parameters in addition to those parameters not included in the sensitivity
analysis process. The resulting estimates of Xaosw and Xnopiw were then used to fit
OLATN-HET, TATN-A0B, KaTn-a08 @Nd K aTn-acs.

Results suggest that the range (5th 95t percentile values) of Tarn-aos and Karn-aos
are 66.3—-73.0 Lg-COD™ and 8.6 to 45.5 Lg-COD"d™, respectively (see Table VII-6).
Tarn-aos is therefore relatively insensitive to selection of AOB growth parameters (Figure
VII-11). The greater variation in karn.aos can be explained by the role of puaxaos in the
model (Figure VII-12). At high values of pmaxaos, the duration over which Tarn.aos
contributes to ATN degradation is shorter (i.e., shorter period for ammonia oxidation).
Thus, it is hypothesized that the apparent relationship between karn.aos and Limaxaos
reflects the need for higher karn-aos (at higher pmaxaos) When fitting the experimental
data. The ATN inhibition constant (K arn-a08) varies from 1.18 to 8.86 ug'L’1 (recall that
for the CPB model with inhibition K arn-a0s = 1.84 + 0.39 ug'L'l). The estimated range of
Kiarn-a08 (¥4 —33 nM) is significantly lower than inhibition coefficients reportedly

exerted by chlorinated solvents in pure N.europaea cultures (~12-1,000 uM)
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suggesting that the affinity of AMO for ATN may be significantly greater. Results from
the MC sensitivity analysis suggest that CPB model developed in this research may hold
more general utility for describing PhAC degradation, especially given the widespread
usage of the ASM modeling framework in industrial WWTP process simulators (e.g.,

Biowin, GPSx, etc.).

Table VII-6: Summary of Results from Monte Carlo Sensitivity Analysis using the
Cometabolic Process-Based Model with Ammonia Oxidation inhibition for ATN

Experiment.
XAOBtO XNOBtO KI,ATN-AOB TATN-AOB kATN-AOB
. -1. -
mg-CoDL* | mg—coDL™ pgl? Lg-COD™ Le C?D d
From MC
Simulations:
5% percentile 16.6 6.3 1.2 66.3 8.6
Median 28.7 15.0 5.2 69.7 27.8
95" percentile 97.6 68.0 8.9 73.0 45.4
CPB model
with AOB
growth 49.6+0.9 | 294+1.1 | 1.84+0.39 | 71.5+22.7 | 16.1+5.58
inhibition by
ATN:

Note that oarn.ner is fit using the ATN data from the nitrification inhibition reactor
(Reactor 2) with Xuer constrained to the value determined using gPCR. Therefore, the
value of aary.wer in all 2,000 MC simulations remains constant (22.3 L'g-COD'l'd'l).
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Figure VII-11: Estimated value of TATN-AOB from the 2,000 Monte Carlo simulations as a function of the AOB (top panels) and NOB (bottom
panels) biokinetic parameters in each simulation.
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Figure VII-12: Estimated value of karn.aos from the 2,000 Monte Carlo simulations as a function of the AOB (top panels) and NOB (bottom panels)
biokinetic parameters in each simulation.
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VIL.3.4. Implications

Results of the experiments described herein indicate that ATN degradation
resulted from ammonia oxidation. If ATN degradation rates prove to be representative
of other PhACs degraded under ammonia oxidizing conditions, the role of AOB in PhAC
biodegradation may be more relevant than previously estimated. It is conventionally
assumed that the role of nitrifying bacteria in PhAC biodegradation is limited by the
small number fraction of these organisms in the biomass at a WWTP. This research
suggests that even when AOB make up 5% of the total biomass in a WWTP reactor, they
contribute between 7% - 17% to the biodegradation rate of ATN (Figure VII-13, left
panel). That is to say, their contribution outweighs their proportion in the biomass. This
implication may be particularly relevant for partial nitrification processes (e.g., SHARON)
where AOB make up greater than 10% of the biomass (Mota et al., 2005). Note here
that it is assumed that PhAC degradation due to heterotrophs present in these batch
experiments is more generally representative of rates of PhAC degradation by
heterotrophs.

Equally important is the inhibition of AOB observed in these experiments.
Where PhACs are present, even at half the inhibition coefficient value, the maximum
achievable growth rates are significantly reduced (Figure VII-13, right panel). Moreover,
the influence may need to be summed over multiple inhibitors given the additive nature
of this type of inhibition (Bedard and Knowles, 1989) and the many microconstituents
present in wastewater. Therefore, based on this study, any inhibition of AOB not only
reduces the ability of WWTPs to meet stringent effluent nitrogen targets — a significant
focus of modern WWTPs - but also negatively influences PhAC biodegradation due to

the reduction in the growth rate of AOB (Figure VII-13, right panel).
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Figure VII-13: Left: Contribution of ammonia oxidizing bacteria to the rate of ATN biodegradation (i.e., fractional biodegration rate resulting due
to Xaos) as a function of fraction of AOB in the biomass. Each curve represents a specific condition related to ammonia concentration (and
operating conditions) resulting in a given AOB growth rate relative to the maximum specific growth rate. Note that AOB are assumed to
constitute approximately 60% of the nitrifying bacteria, which is therefore the maximum Xaoz fraction (vertical dashed line) when all the biomass
is made up of nitrifying bacteria Right: Influence of PhAC inhibition on AOB growth. Each curve represents the ratio of the PhAC concentration
to the inhibition coefficient (K| phac-aos)-
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Chapter VIIL Uncertainty and Sensitivity
Anlaysis using GLUE when Modeling Inhibition
and Pharmaceutical Cometabolism during

Nitrification

The results presented in this chapter are in preparation for submission to
Environmental Modeling and Software as:
Sathyamoorthy, S., Vogel, R.M., Chapra, S.C. and Ramsburg, C.A. Uncertainty and
Sensitivity Analysis using GLUE when Modeling Inhibition and Pharmaceutical
Cometabolism during Nitrification
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VIII. 1. Introduction

The unified activated sludge model (ASM) framework, has been extensively used
for wastewater treatment process modeling since its development by the International
Water Association task group (Henze et al., 2000). One of the reasons for the success of
the ASM framework is its adaptability - the framework allows new descriptions of
processes to be easily incorporated into the model structure, albeit at the expense of
simplicity. The original ASM1 model had eight processes, thirteen components and
nineteen parameters (Henze et al.,, 1987). In comparison, a recent updated model
proposed by Hiatt and Grady (2008) relies on 18 processes, 20 components and
54 parameters. While some parameters are easily transferable from one system to
another, application of the ASM model typically requires a significant number of
assumptions related to biokinetics (e.g., maximum specific growth rate and half
saturation values) and wastewater composition (e.g.,, COD fractionation).
Understanding the uncertainty and sensitivity related to these assumptions is critical for
the meaningful application of ASM in complex dynamic biological systems (Saltelli et al.,
2005; Rieger et al., 2013). Both confidence intervals (associated with uncertainties in
model parameters) and prediction intervals (which further incorporate model error) are
important considerations when using ASM in wastewater treatment process design.
Yet, industrial process simulators, as well as many research studies using aspects of the
ASM framework found in these simulators, do not adequately account for uncertainties
in model inputs (Flores-Alsina et al., 2008; Belia et al., 2009). Important exceptions to
this generalization include recent studies which employ Monte Carlo (MC) analyses
(Flores-Alsina et al., 2008; Benedetti et al., 2011), couple MC analyses with Global

Sensitivity Analyses (Flores-Alsina et al. (2012) and apply the Generalized Likelihood
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Uncertainty Estimation (GLUE) technique (Mannina et al., 2010; Mannina et al., 2011,
Mannina et al., 2012).

GLUE was developed over 20 years ago for hydrologic modeling problems by
Beven and Binley (1992) as an extension to the Global Sensitivity Analysis method
(Hornberger and Spear, 1981). It has since been extensively used in a wide range of
environmental science and engineering applications including modeling fate of
emerging pollutants (Vezzaro et al.,, 2012; Vezzaro and Mikkelsen, 2012) and
wastewater treatment processes (Sin et al., 2005; Di Bella et al., 2008; Mannina et al.,
2010; Mannina et al., 2012; Cosenza et al., 2013). The GLUE technique relies on the
output of numerous MC simulations each conducted with input parameters selected at
random from a particular distribution (uniform distributions of model input parameters
are most commonly used). Model outputs are used to determine a value of the
likelihood function, which is then compared to an arbitrarily selected threshold value.
Simulations producing a likelihood function below the threshold are termed
non-behavioral and discarded from future consideration, while those simulations
producing a likelihood function greater than the threshold are termed behavioral, and
retained to generate confidence intervals associated with behavioral models (Beven and
Binley, 1992).

Critical to the use of GLUE is the concept of equifinality. Equifinality
acknowledges that many different model parameter combinations can result in equally
plausible model outcomes (Beven and Binley, 1992; Freer et al., 1996; Beven and Freer,
2001). In other words, all possible parameter sets in the posterior distribution are
equally likely. The attractiveness of the GLUE technique lies in its ease of application,

coupled with the claim that there is no need for assumptions related to the probability
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distribution of the residuals. Furthermore, Beven and Binley (1992) suggest that use of
GLUE comprehensively reflects all sources of error including that arising from: (i) model
selection (i.e., model structural error); (ii) parameter uncertainty; and (iii) model
calibration (i.e., model error). Use of the GLUE technique, however, has been severely
criticized. For example, Stedinger et al. (2008), argue that use of GLUE without a formal
specification of the probability distribution of model error will in general, lead to results
not suitable for scientific work. They further argue against implementation of a user-
selected behavioral threshold on the basis that this selection is arbitrary and is not
necessary when a formal likelihood function is used within a Bayesian context. Formal
likelihood functions, however, can be difficult to develop for models describing complex
processes, and for this reason are often replaced with informal (i.e., arbitrary) likelihood
functions based upon goodness-of-fit metrics (e.g., Freer et al., 1996)

While GLUE has been extensively used and scrutinized within the hydrology
community, there has not been a rigorous examination of its applicability for
uncertainty analysis in biological process modeling. Such an examination is needed
given that the use of GLUE within industrial process models may hold potential for
communicating uncertainty in model outputs. Notably absent is an evaluation of the
influence of model selection on uncertainty and sensitivity analysis outcomes when
using GLUE to generate confidence intervals associated with fitted models. Assessing
the influence of model selection is a particularly important area of research when
considering applying GLUE with ASM given the flexibility of the ASM model framework
to readily incorporate new or updated models.

The objective of this chapter is to assess the effectiveness of GLUE in capturing

uncertainties associated with assumed biokinetic parameters when using ASM modules
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that may also contain model structural errors. Focus is placed on a subset of the
complete ASM framework describing nitrification using a two-step model and a new
process that describes cometabolic pharmaceutical (PhAC) degradation by ammonia
oxidizing bacteria (AOB). Uncertainty analyses build upon experimental data and
mathematical models developed when evaluating the biodegradation of selected beta
blockers during nitrification (Sathyamoorthy et al., submitted). Importantly, the
selected experimental data sets provide an opportunity to evaluate confidence intervals
using GLUE. Thus, the research reported herein offers an important step toward
considering uncertainty in industrial process model simulators based on the ASM
framework (e.g., GPSx, Biowin, SIMBA, etc.). Moreover, should GLUE provide
meaningful insights for these experiments, it could be applied with ASM to quantify

uncertainty in complex biological systems.

VIIL.2. Overview of Methods

Monte Carlo (MC) simulations utilized in this chapter were implemented as
described in V.3.2.3 (Chapter V, Materials and Methods). Results of the MC simulations
were evaluated using metrics based on the Nash Sutcliffe Efficiency (NSE, as defined
previously in Equation V-31, Section V.3.3) and the small-sample Akaike Information

Criteria (AICc, as defined previously in Equation VII-3, Section VII.2.2, Chapter VII).
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VIIL.3. Results and Discussion

VIIL.3.1. Monte Carlo Analyses and GLUE Implementation

In this research, 2,000 Monte Carlo (MC) simulations were used with the
application of GLUE. The implementation of GLUE relies on the definition of the
likelihood function. It is important to note here that in this research, as in many others,
it was found that the model errors exhibit extremely complex stochastic structure
including serial correlation, heteroscedasticity and nonnormality. For this reason,
similar to hundreds of other studies using GLUE, GLUE was employed with an informal
likelihood function. It is in this way that the GLUE uncertainty analysis presented herein
reflects parameter uncertainty without giving attention to the important aspect of
model error. Given that the lack of a statistically meaningful description of model
errors, the uncertainty analysis and application of GLUE presented herein prohibits the
development of prediction intervals.

Goodness of fit metrics used for the likelihood function have typically been
based on the sum of square residuals or the ratio of the sum of square residuals to the
variance of the observed data (i.e., the Nash Sutcliffe Efficiency, NSE) (Beven and Binley,
1992; Freer et al., 1996; Mannina et al., 2011). Here the average NSE for Syy, Sno2 and
Snos are used to evaluate the likelihood function (Ly) for the model description of
nitrification (Equation VIII-1). Note that the formulation of Ly shown in Equation VIII-1

equally weights the NSE for each of the nitrogen species evaluated.
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2 2

1 O, 1 O,s. 1 O,s.
L (0 |Y)=— 1_ e,SM_,,k +_ 1_ G,Shoz,k +_ 1_ e,SMB,k (Vlll-l)
‘M \"k k 3 2 3 0_2 3 0_2
0,Snw 0,8N02 0,8N03
where :

for thek™ simulation:

o.s . = varianceof theresidualsfor S,
Swn
2 . .

O.s.,x = varianceof theresidualsfor Sy,

2 o .
O.s.,« = varianceof theresidualsfor Sy,

for theexperimental data :

2
0.Snu

o.s = varianceof the measured valuesof S,
P NO2

6, = varianceof the measured values of S,

o.s = varianceof the measured values of S,
5ONO3

Each of the 2,000 Ly, values are compared with the behavioral threshold (Ly gey) in order
to determine which simulations are behavioral and retained for the uncertainty analysis.
As Beven and Binley (1992) and others have noted the selection of Ly gy is inherently
subjective. However, the development of an Ly, based upon NSE permits us to select a
Lm sev that is consistent with good model performance (i.e., NSE > 0.70, e.g., McCuen et
al. (2006); Moriasi et al. (2007). This criterion effectively ensures that the production of
confidence intervals is based upon meaningful descriptions of the data. Following
rejection of the non-behavioral simulations, Ly values for the behavioral simulations are
rescaled to produce Ly yppaten SUch that ), Ly ypparep = 1. The behavioral simulations
are sorted on the basis of Ly upparen and desired quantiles are selected. Confidence and
prediction intervals are then developed by identifying those parameter sets that
correspond to the 5" and 95" percentile values of Ly yppatep for the nitrification control

reactors.
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VIIL.3.1.1 Nitrification in Absence of Pharmaceuticals

Data from two nitrification control experiments were employed herein - those
from the control during biodegradation experiments conducted with atenolol (denoted
here as set 1), and those from the control during biodegradation experiments conducted
with sotalol (denoted here as set Il). Details related to complete experimental results
are presented in Chapter VII. Recall that these control experiments were used to assess
ammonia oxidation and nitrite oxidation kinetics in the absence of the pharmaceutical
as part of an experimental matrix designed to examine the degradation of atenolol or
sotolol (see Chapter VII). It is in this way that these two sets of data provide an insight
into how the microbial community in the nitrification enrichment culture was
functioning over time, as the data sets were developed 60 days apart.

1,994 and 1,987 of the 2,000 simulations for data sets | and Il, respectively,
result in Ly > 0. Ly < O suggests that a given set of parameter results in behavior
uncharacteristic of the system and therefore these parameter sets are discarded from
further consideration (Beven and Binley, 1992; Chin, 2009). Note that only a small
fraction of the total simulations are discarded (i.e., 0.3% and 0.7%, respectively). For
each data set, there is no statistically significant correlation between the posterior
distributions of parameters varied in the MC simulations. The lack of a statistically
significant correlation between the parameters and their resulting values of Ly was also

confirmed (see Table VIII-1 and Table VIII-2).
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Table VIII-1: Correlation matrix for posterior distributions of AOB and NOB
biokinetic parameters from the behavioral simulations for SOT experiment.
Also provided are correlations between biokinetic parameters and GLUE
likelihood function values for behavioral Monte Carlo Simulations.

Ngenav.sim. = 1,980

Hmax,a08 bacs Kin Hmax,NoB bros Knoz
Mmax,aoB 1
baos -0.027 1
Knn -0.022 0.005 1
Hmax,NoB 0.004 -0.049 -0.032 1
bnos -0.017 0.015 0.029 0.006 1
Kno2 0.061* 0.028 0.008 0.000 0.023 1

GLUE Ly -0.003 -0.004 0.02 -0.018 0.000 -0.012

Note: p-value < 0.05 only for values with asterisk(*)

Table VIII-2: Correlation matrix for posterior distributions of AOB and NOB
biokinetic parameters from the behavioral simulations for ATN experiment.
Also provided are correlations between biokinetic parameters and GLUE
likelihood function values for behavioral Monte Carlo Simulations.

Ngenav.sim. = 1,993

Hmax,a08 bacs Kin Hmax,noB bros Knoz
Mmax,ao8 1
baos 0.032 1
Knn 0.004 -0.007 1
Hmax,noB 0.017 -0.02 0.001 1
bnos 0.029 0.008 -0.04 -0.002 1
Kno2 -0.001 0.013 0.012 0.027 -0.046* 1

GLUE Ly -0.019 -0.003 0.018 0.013 0.007 0.002

Note: p-value < 0.05 only for values with asterisk(*)
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The positive Ly values (1,994) for data set | are tightly clustered between 0.91
and 0.99; all but one of the Ly, values are greater than 0.91. The median value of Ly, for
these simulations is 0.96, and the 25" and 75" percentile values are 0.95 and 0.97,
respectively. Interestingly, simulations for data set Il all produce Ly < 0.90. The 1,987
positive Ly, values for data set Il range from 0.13 to 0.85. The median value of Ly is 0.84,
and the 25" and 75™ percentile values are 0.83 and 0.85, respectively. These metrics
suggest that while there are some parameter sets that produce low values of Ly, for set
II, most simulations are tightly clustered around the median value of 0.84. Simulations
for the nitrification control experiments suggest that two step nitrification model and
range of biokinetic parameters provide reasonable descriptions of the measured
concentrations of nitrogen species.

As noted previously the selection of the behavioral threshold is inherently
subjective and is unnecessary when one uses a Bayesian approach to GLUE as
recommended by Stedinger et al. (2008). This suggests that modelers must often look
to compromise between the competing demands of retaining the maximum number of
simulations and improving the perceived quality of these simulations through goodness
of fit metrics. To consider the influence of the behavioral threshold on the number of
simulations retained when using GLUE, Ly gey Was varied between 0.70 and 1.00 for sets
I and Il (Figure VIII-1). Selection of Ly gey = 0.70, based on the generally accepted criteria
for NSE, results in 1,993 and 1,980 behavioral simulations (Nggsm) for data sets | and I,
respectively. In fact, for 0.70 < Ly gey < 0.95 the difference in Nggysiv is one (i.e., 1,993 >
Ngensim 2 1,992). It is only when Ly geyvexceeds 0.95 that the number of behavior
simulations decreases substantially with increasing Ly gey. For set Il Ngegysim remains the

same (i.e,. 1,980) over the range 0.70 < Lygey <0.82, but begins to decrease

210



Uncertainty and Sensitivity Analysis using GLUE when Modeling
Inhibition and Pharmaceutical Cometabolism during Nitrification

substantially if Ly gey exceeds 0.82. These results suggest that Ly gey = 0.82 produces a
similar interpretation of uncertainty to that produced using Lygey= 0.70 in these
nitrification control reactors. The results also demonstrate that a criterion of
Lmgev = 0.80, rather than 0.70, may be a more meaningful representation of model
performance since Ly is tied back to NSE and larger NSEs are indicate better model
performance. Thus, a value of 0.80 is used for Ly gev throughout the remaining analyses
as this is indicative of good model performance while preserving diversity in the
parameter sets (i.e., 1,993 and 1,980 behavioral simulations for dataset!| and II,

respectively).
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Figure VIII-1: Reduction in the number of behavioral simulations as a function of the selected
behavioral threshold (Ly ) for data sets | and 1l. Selected Ly gy of 0.80 is shown as the
vertical line.
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Shown in Figure VIII-2 are the best fit estimates for Xaosto and Xyos o produced
using the behavioral MC simulations for data sets | and Il. Estimates of the AOB and
NOB biomass concentrations (and ratios) obtained in the behavioral simulations are
compared to those obtained from quantitative real time polymerase chain reaction
(qPCR) in Sathyamoorthy et al. (submitted, and presented herein as Chapter VII) .
Interestingly in both experiments, the gqPCR values for Xaog fall in the range of 80" to
go™ percentile, while the values for Xyog are at the 55t percentile. It should be noted
here that order of magnitude variability in biomass concentrations obtained using gPCR
is commonly acknowledged (Harms et al., 2003; Ahn et al., 2008). Also shown in Figure
VIII-2 are biomass ratios of NOB to AOB for each of the behavioral simulations.
Experimental values Xyos/Xaos typically fall within the range of 0.20 to 0.55 (Chandran
and Smets, 2000; Li et al., 2006; Dytczak et al., 2008; Winkler et al., 2012). Interestingly,
many of the values for produced using the behavioral simulations exceed the theoretical
upper bound of 0.625 (as determined using yield considerations). Enforcing this
constraint using a modified Ly function with an Ly gy = 0.8 reduces the number of
behavioral simulations to 1,191 and 1,384 for Sets | and I, respectively. However, as
will be shown in section 3.1.2 the reduction in the number of behavioral simulations

does not enhance the predictive capability when using GLUE.
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Quantile  Xjop Xnos Xnoe/Xaos Quantile  X,op Xnos Xnoe/Xaos

5th 17 6 0.12 5th 14 5 0.09
50th 29 15 0.51 50th 24 10 0.39
g5th 99 68 2.44 g5th 85 44 2.05

NETTI RR="I |

10 -

-
[ma
]

—_
11l
—_
1

©
—_
1

0.1+

|Set I: Atenolol (N = 1,993) | Set I1: Sotalol (N = 1,980)

0.01

T T 0.01 T
Xa0B XNOB XNOB /Xa0B XaoB XNOB XNOB /Xa0B
Figure VIII-2: Biomass concentrations and ratios estimated from the behavioral MC simulations for data sets | (left) and Il (right). Estimated biomass

concentrations using qPCR from Sathyamoorthy et al., submitted are shown for comparison to the estimates from the behavioral simulations. Provided in
the overlying tables are 5™ 50" and 95" percentile values of each concentration and ratio.

Estimated Biomass Concentration (mg-CODI/L) or
Ratio of AOB to NOB
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VIIIL.3.1.2 Nitrification in Presence of Pharmaceuticals

Nitrification data from two sets of experiments containing ATN and SOT are
used here to assess the ability of GLUE to account for model structural errors. In this
section the simulation of nitrification when the batch reactors also contain 15 ug/L ATN
or SOT is first described (Sathyamoorthy et al., submitted). These simulations then form
the basis for the assessment of GLUE while considering structural error of the underlying
model.

Simulation of nitrification in the presence of ATN or SOT was conducted using
parameter sets that produced behavioral simulations (Lygey = 0.80) in the nitrification
controls (i.e., set | for atenolol and set Il for sotalol). For the simulation of the replicate
experiments containing atenolol, values of Ly, for range from 0.69 to 0.97 (Figure VIII-3).
For the replicate experiments with sotalol, values of Ly, range from 0.55 to 0.77 (Figure
VIII-3). The lower Ly values produced with simulating nitrification in the reactors
containing pharmaceutical results from poor prediction of Syg,. While Ly values can be
improved by increasing the weight associated with Syo, (see Equation VIII-1), this
modification does not improve the predictive performance for Syg,. Furthermore, such
a modification suggests that particular emphasis should be placed on Syg, even though
the experimental methods and protocols do not justify such emphasis. Thus, any
adjustment would only reinforce the criticism that the informal likelihood function is
arbitrary (Mantovan and Todini, 2006; Stedinger et al., 2008).

Also shown in (Figure VIII-3) are the effects of modifying Ly to include the
theoretical upper bound on Xyos/Xaos. Results suggest that there are no statistical
differences in the sets of Ly, values produced when the theoretical bound is enforced or

unenforced based on a 5% Mann-Whitney test. In addition, constraining the biomass
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ratio does not enhance the goodness of fit ability (as defined by an increase in Ly) for

either replicate conducted for either PhAC.

Replicate A
o XNoB/XaoB > 0.625

+  XNOB/XAOB <= 0.625

Replicate B
v XNOBXaoB > 0.625

XNOB/XAQB <= 0.625

1.0 1.0
Set I: Atenolol (N =1,993) Set II: Sotalol (N = 1,980)
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Likelihood Function where Pharmaceutical is Absent
Figure VIII-3: Relationship between the likelihood function values produced from behavioral
simulations describing nitrification in the presence and absence of atenolol (left) and sotolol
(right). Note that the abscissa describes the nitrification control experiments, described in the
text as Sets | and Il, and is restricted to the behavioral range (Ly 2 0.8) Values shown are
separated into two groups based upon whether or not Xyos/Xaos €xceeds the theoretical ratio

1.0
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Sathyamoorthy et al. (submitted, and presented here as Chapter VII) report that
atenolol exerts a competitive inhibition on AOB growth. No inhibition was observed in
experiments conducted with SOT. This difference provides an opportunity to assess
how well GLUE can account for model structural errors. To accomplish this, nitrification
data from the atenolol experiments were simulated using an AOB growth rate that
accounts for competitive inhibition (Bailey and Ollis, 1986) as shown in Equation VII-4
(Section VII.2.3.1, Chapter VIII).

Note the use of a competitive inhibition model for AOB growth introduces a
new parameter, K oy that cannot be independently evaluated using the experimental
data. Thus, Kiarw must be fit to the nitrification data of the replicate atenolol
experiments. Fitting K oy in the competitive inhibition case enables development of
confidence intervals based on the fitted inhibition model. Thus, GLUE was utilized to
compare the confidence intervals produced using behavioral simulations when
implementing the competitive inhibition model with the confidence intervals produced
from the behavioral simulations obtained for the model that does not include inhibition
(described in Section VIII.2.1.1). If model structural errors are accounted for by GLUE,
the confidence intervals for the fitted and generated models should be statistically
similar.

To use the GLUE to assess the uncertainty resulting from use of the
competitive-inhibition hypothesis, a modified likelihood function (Ly,) is employed. Ly,
is based upon equally weighting the two replicate reactors (A and B) when considering

SnH, Sno2, and Syes as shown in Equation VIII-2.
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> 2
o, O3,
L (9 Y _ 0.5* a)i 1_ e,A,ik + 0.5* a)i 1_ e,B,ik
w2 (0 1Y) { Z ( o2, Z o2, (VI1I-2)

1= Sy Sno2sSnos

The efficacy of the original and competitive-inhibition models are compared
using the small-sample Akaike Information Criteria (AIC., as defined previously in
Equation VII-3, Section 2.2, Chapter VIl). The threshold for determining behavioral
simulations in this analysis is noted Lu,gey and set to 0.80 to be consistent with the
analysis above. This value of Luygey results in 1,970 behavioral simulations for the
competitive inhibition model compared to 1,993 for the model with no inhibition.
Implementation of the competitive inhibition model lowers both the SSE and AIC for
Sy of the behavioral simulations confirming the utility of the competitive inhibition

model (Table VIII-3).

Table VIII-3: Comparison of GLUE likelihood function Ly, and goodness of fit
metrics when using a monod model for AOB growth (no inhibition) versus
competitive inhibition model for the combined data sets from experimental
reactors with atenolol

metric quantile no inhibition Competitive inhibition
Ngen.sim 1,993 1,970
Lz 5t 0.79 0.82
50" 0.81 0.84
95" 0.85 0.86
Snu NSE 5t 11.06 5.68
50" 11.40 6.13
95" 11.56 7.13
Su AIC¢ 5t -11.39 -24.48
50" -10.68 -22.65
95" -10.33 -19.04
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Use of the competitive inhibition model with any of the biokinetic parameter
sets producing a behavioral simulation lowers AICc values by at least 10. This decrease
in the AIC: suggests that the data do not support use of the no-inhibition model.
Furthermore, the distribution of Ly, for the competitive inhibition model is statistically
different than that calculated for the no inhibition model at a 5% significance level using
a Mann-Whitney test. Thus, GLUE appears to be unable to account for the model
structural error resulting from competitive inhibition of AOB growth by atenolol in this

scenario.

VIIL.3.2. Parameter Sensitivity Analysis

The use of GLUE is extended herein to parameter sensitivity analysis by
extracting parameter elasticity coefficients of AOB and NOB biokinetic parameters from
the behavior simulations. Focus is placed on the ATN data set as ATN was the only beta
blocker evaluated in this research that was observed to degrade during ammonia
oxidation (Sathyamoorthy et al., submitted). Estimates for Tarn-aos, Katn-aos and K an-aos
were developed using the MC procedure outlined in Section V.3.2.3 (Materials and
Methods) using the competitive-inhibition model for AOB growth. Confidence intervals
for atenolol biodegradation are subsequently determined using a protocol identical to
that described in Section VIII.2.1.1 for the nitrification process with the likelihood

function shown as Equation VIII-3.

1 Gez,A,k 1 Gez,B,k
Ly (6, 1Y,)= 5 I_E + 5 1—?2,3 (VIN1-3)
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2 2 . . . .
Here O, 4, and O, 5 are the variance of the residuals from the replicate experiments

2 2
A and B for a particular simulation k. And O, , and O, p are the variance of the Sary

values measured in each of the replicate experiments.

All 1,970 behavioral simulations obtained using the competitive inhibition
model (when evaluated using Ly as shown in Equation VIII-1) are also behavioral when
considering Ly.pnac @s all Ly.phac Values are greater than 0.95. The high values of Ly.pnac
indicate the simulations using CPB are extremely good representations of the PhAC
data. Values of Tarn.aos and karn.aos are weakly correlated with each other (R2 =0.33).
The ranges of these parameters are 63.8<Tarn.ace< 74.8 L.g—COD'1 and

5.6 < Katn.aos < 52.7 L.g-COD™d™.

VIIL.3.2.1. Development of Elasticity Coefficients for Sensitivity Analysis
Parameter sensitivity is assessed by quantifying and comparing elasticity

coefficients (Louca, 2007). An elasticity coefficient (exy) is defined as shown in

Equation VIII-4 and represents the fractional change in an output variable y given a 1

percent change in a particular model parameter x.

Ty

=21 (VII1-4)

Exry 5)7
X

While popular in economics (Louca, 2007), elasticity coefficients have been used in
fields ranging from hydrology (Sankarasubramanian et al., 2001; Chiew, 2006) to
biochemistry and metabolic engineering (Fell, 1992). Here a dimensionless formulation
for elasticity is used (Sankarasubramanian et al., 2001) and elasticity coefficients are

estimated about the mean value of the behavioral simulations. The derivation is
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described below using the AOB-growth related transformation coefficient of a
pharmaceutical (Tpnac.a08)-

The total derivative of the model output (Tphac.aos here) resulting from changes
in each of the biokinetic parameters is calculated through application of the chain rule
as shown in Equation VIII-5. Note here that no assumptions are required about the

underlying data as is normally necessary when estimating elasticities.

ATpye_yop = A Gpy o iop +—DACAD g, +—DACAOB g
Otasax 108 b 108 »

aTPhAC AOB db aT'PhAC—AOB dK

MAX,AOB + ab AOB
NOB

oT,
PIAC-A0B 1, o (VIII-5)

Olyuax .NOB NO2

Taking the differentials at the mean value with respect to each biokinetic parameter

results in Equation VIII-6:

PhA C—-A0B

(TPhAC—AOB — T prac-ao0s ): (:uMAX AOB :uMAX,AOB )+

a,uMAX ,AOB

0Ty, —
T o)

aTPhAC—AOB (K . ENH )+
0K w

OT by ¢ _aon - )+ (VIi1-6)

5 (,u max NoB — M max nos
,UMAX ,NOB

PhAC AOB (bNOB _ bNOB )+

N OB

PhAC — AOB T
—(KNOZ —szoz)

N02

Dividing each term in Equation VIII-11 by Tppac—a05 and multiplying each term on the
right hand side by 1 (in the form of the mean of the parameter divided by itself) results

in Equation VIII-7.
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— aTPhAC—A(% ) —
(TPhAC—iOB - TPhAC*AOB) _ ( T phac-408 (ﬂuMAX,A_()B - uMAX,AOB)+
T phac-a08 [a:uMAX,A% j Hrax 108
Hax, 408
aTPhAC—A()B/ ) —
( T prac-408 (bAoi_bAOB)+
(abA()g/ ) bA()B
b.os
(aTPhAC—AOB/ ) —
T prac-408 (KNH__ KNH)+
(@KNH / ) K
K e
or (VIl1-7)
PhAC-A0B/_ _
( %PhAC—AOB) (:uMAX,!LOB - uMAX,NOB)+

[aﬁuMAX,A% J Hyrax vos
H vax vos
aTPhAC—A()B/ ) -
( T prac-408 (bNo,i_bNOB)+
(ab/\/(% ) bNOB
bwos
aTPhAC—AOB/ ) —
( T phac-408 (KNoz _KNOZ)

(8KNH / ) K no>
K no2

Inspection of the right hand side of Equation VIII-12 indicates that the ratio of deviation
of each parameter from the mean to the mean value was multiplied by the elasticity
coefficient of that parameter (g;) for the estimated parameter. Thus, Equation VIII-7 can
be rewritten as a multivariate, ordinary least-squares regression model relating the
fractional change in Tatn.a0s @about the mean value to the elasticities of each of the
biokinetic parameters varied in the analysis (Equation VIII-8). Note that this functional

definition of elasticity is specific to the use of a linear model in the OLS regression.
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Other model formulations such as a log-log and log-linear models have also been

applied to estimate elasticities in economics (Wooldridge, 2008).

* * * *

Topsc-ao8 = Hyux a08 T € bAOB +é& Ky, +

&
Hyax 408 / T[’I:AC* AOB bAOB / T[’I:AC* AOB KNH / T[’I:AC* AOB

(VI11-8)

* *

.
Hypax vos t bNOB te NO2

Hmax ,NOB / T[’I:AC* AOB bNUB / T[’I:AC —AOB KNU 2 / T[’I:AC —AOB

Here the asterisk denotes deviations from the mean values of the data from the Monte
Carlo simulations.

VIIL3.2.2. Assessment of Elasticities for Atenolol Biodegradation
Parameters

Shown in Table VIII-4 is the elasticity evaluation for Tarn-aos, Katn-aos @and K atn-aos
based on the parameter sets and estimates in the 1,970 behavioral simulations
considered here. All parameters which are included in the elasticity regression model
are statistically significant at the 0.05-level, unless otherwise noted. Also provided for
each parameter is the standard error and percentage of the model sum of square errors
attributable to its elasticity. The goodness of fit of each of the elasticity models is
indicated using the NSE, in lieu of the coefficient of determination (R?), as these are
no-intercept models, in which case R2 lacks meaning. Model residuals were found to be
well approximated by a homoscedastic normal distribution.

Some general observations are warranted related to the multivariate regression
model used to develop these elasticities. All the models have high NSEs suggesting that
the ordinary least squares models used herein effectively describe the distributions of
Tarn-aos, Karn-aos @and Kiamn.aos.  Variances in Tarnaos, Katn-aos and Kiarnacs are nearly
explained by the AOB biokinetic parameters alone (see %model SSEs ), suggesting NOB

biokinetic parameters contribute little sensitivity these parameters. This is not
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surprising as Tartn-aos, Katn-aos @nd Kiarn-aoe all relate to ammonia oxidation, not nitrite

oxidation.

Table VIII-4: Elasticity coefficients (g;) of biokinetic parameters for atenolol biodegradation
parameters using estimated values from 1,970 behavioral simulations employing the
competitive inhibition model for AOB growth.

Elasticity Values (with Standard Errors);
% of Model Sum of Square Errors
explained by each elasticity term
Model
8# MAX-AOB 8}’ AOB gK NH 8/11\/1AX71‘\"OB 8}’ NOB gK NO2 NSE
0.030 -0.056 0.020 0.000 -0.001 -0.009
T N AOE (0.000) | (0.000) | (0.000) (0.000) (0.000) | (0.000) 0991
20.6% 64.5% 12.2% 0% 0% 2.6%
0.945 0.090 -0.108 N/A N/A 0.006
KATN_AOB (0.001) | (0.002) | (0.001) | (p>0.05) | (p>0.05) | (0.001) 0995
97.1% 0.8% 1.6% 0%
-0.010 0.013 0.924 -0.006 0.005 0.072
K} atn-aoi (0.002) | (0.002) | (0.001) (0.001) (0.001) | (0.001) 0996
0.1% 0% 98.8% 0% 0% 0.7%

The elasticities shown in Table VIII-4 suggest that small deviations in Tarn.aos
(coefficient of variation of Tarn.aoe = 3%) are primarily linked to deviations in baggs

=-0.06). Tarn-a0s, however, is

through a weak inverse relationship (&, 5 —Tarn_noB

sensitive the AOB net growth rate (i.e., all three AOB growth parameters) which
corresponds to the physical interpretation of Tarnaoe as representing atenolol

cometabolism during AOB growth. In contrast, deviations in karn.a0s appear related to
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deviations in pyax,A0B (Epyax_aos—karn_aos = 0-95)- It is hypothesized that the
sensitivity of kKarn-aos t0 Hmax aop results from the fact karn.aos controls the model fit
after ammonia oxidation is complete. That is, higher ppyaxaop results in faster
completion of ammonia oxidation, and consequently greater influence of karn.aoe-
Deviations in the AOB growth inhibition coefficient (K arn-a08) are well explained by

deviations in Kyg (sKNH_KIATN_AOB:O.QZ, see Table VIII-4) given that K arn-aos

effectively increases Kyy (Equation 6). While this may appear to suggest there is a less
pronounced inhibitory effect for larger values of Kyy, it is important to recognize that
the range of K arn-a0s Values reported here is similar to the range of environmentally

relevant concentrations of atenolol (< 10 ugL’l).

VIIL.4. Conclusions and Implications

The application of GLUE using an informal likelihood function for constructing
confidence intervals for model estimates when modeling nitrification has been
evaluated in this chapter. The findings suggest that confidence intervals based on GLUE
for nitrification models, in cases where parameter uncertainty is the primary source of
errors, satisfactorily encompass experimental data and provide a good estimate of the
uncertainty resulting from parameter uncertainty alone. However, where model
structural errors may arise due to inhibition, GLUE cannot produce confidence intervals
large enough to explain variations in models estimates. These results strongly suggest
that where an inappropriate model basis is used to develop confidence intervals, GLUE,
used as prescribed, is incapable of producing meaningful degrees of model uncertainty.

This is a particularly important finding as GLUE continues to gain popularity in the
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wastewater treatment process modeling community. Epistemic uncertainty due a range
of factors including changing influent quality or potential influx of inhibitory pollutants,
are commonplace in wastewater treatment plants. Therefore, from the perspective of
wastewater treatment process modeling, these results suggest that caution should be
exercised when using GLUE with an informal likelihood function to develop confidence
intervals pertaining to the effectiveness of treatment.

It is worth reiterating that the development of a formal likelihood function for
this analysis was made impracticable by the complexity observed in the stochastic
structure of the model residuals. This is very often the case for models describing
complex phenomena (Liu and Gupta, 2007). Thus, the analysis presented herein cannot
and does not reflect the full uncertainty associated with particular model output
(Stedinger et al., 2008). The use of an informal likelihood function means that the
analysis neglects model error and is restricted to parameter uncertainty (reflected in
confidence intervals). In effect, use of GLUE in this manner cannot produce prediction
intervals. While it is likely to be common practice to continue to use GLUE without a
formal likelihood function, future research where the stochastic structure of model
residuals in more fully interrogated is recommended. Such research may result in
approximations of a formal likelihood function that support development of meaningful
prediction intervals using GLUE.

The multivariate elasticity approach introduced to assess model sensitivity is
based on the chain rule and the use of multivariate linear regression. The method is
unique because it is completely nonparametric in the sense that it does not require any
model assumptions. Results from the sensitivity analysis suggest that the cometabolic

transformation coefficient for atenolol biodegradation linked to AOB growth is relatively
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inelastic to AOB biokinetics. On the other hand, the non-growth related transformation
coefficient is elastic. Quantification of these elasticities has important implications for
understanding PhAC biodegradation by AOB in WWTPs. Principally, it allows utilization
of lab-derived biodegradation coefficients when attempting to characterize PhAC
biodegradation in full-scale systems. As an example, the influence of 10°C fluctuation in
water temperature (e.g., seasonal variation) on the degradation of atenolol by AOB in a
WWTP in considered here. The variation in Tarn-aos, Katn-aos and K atn-aos Were estimated
using AOB and NOB biokinetics and the temperature dependencies proposed by Manser
et al. (2006) and Kaelin et al. (2009) (Table VIII-5). The analysis suggests that Tarn.a0s and
Kiatn-a08 @re insensitive to temperature (Figure VIII-4, left). In contrast, karn.aos Varies by
significantly over the 10°C range in temperature. The variation in Kamn.aos With
temperature is a direct result of the variation in pmaxaos in this scenario.. The influence
of this variation in karn.aos is shown by considering the change in the rate of
cometabolism (due to temperature effects) relative to the mean rate of cometabolism
for this range in temperature. This is metric is shown in Figure VIII-4 for conditions
indicative of WWTPs that produce: (a) near complete nitrification (Syy = 0.01 mg-N/L);
and, (b) a near incomplete nitrification (Syy = 10 mg-N/L). In both cases the atenolol
concentration is assumed to be 1 ug/L, although this only influences the variation in the
rate through the inhibition of AOB. This simplified analysis suggests that changes in
temperature may result in large variations to the rate of atenolol cometabolism by AOB
(Figure VIII-4, right). Interestingly, the degree of nitrification has minimal influence on
variations in atenolol degradation due to temperature changes. Thus, the ability to
maintain nitrification will only impart substantial variations in the rate of cometabolism

when AOB biomass concentrations begin to fluctuate (which is not accounted for in
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these simplified simulations). A review of the literature suggests that this is the first
evaluation of temperature related sensitivity of PhAC biodegradation in biological
wastewater treatment processes. It is important recall that elasticities developed
herein are specific to the range of parameter values utilized in the MC simulations.
While the selected parameter ranges utilized in the MC simulations (see Table V-15,
Chapter V, Materials and Methods) are representative of most nitrification processes,
care should be taken to reassess elasticities for outlying biokinetic behavior observed in

a natural or engineered process.
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Table VIII-5: AOB and NOB biokinetic parameters proposed by Manser et al. (2006)
and by Kaelin et al. (2009)

Value at (20°C) Temp. Correction Factor (0)

Umax,a08 d*! 0.47 0.12
baos d* 0.15 0.12
Kns mg-NL* 0.14 -
Umax,NOB d* 0.65 0.078
bros d* 0.22 0.078
Kno2 mg-NL™ 0.28 -

Table VIII-6: Correlation matrix for posterior distributions of AOB and NOB biokinetic
parameters from the behavioral simulations for ATN experiment using the
competitive-inhibition model. Also provided are correlations between biokinetic
parameters and GLUE likelihood function values for behavioral Monte Carlo
Simulations.

Ngenav.sim. = 1,970

Hmax,a08 bacs Kin Hmax,NoB bros Koz
Mmax,aoB 1
baos -0.025 1
Knn -0.024 0.001 1
Hmax,NoB 0.001 -0.047 -0.037 1
bnos -0.019 0.016 0.036 0.002 1
Kno2 0.072* 0.022 0.066 -0.012 0.027 1
GLUE Lm 0.002 -0.002 0.025 -0.018 -0.003 -0.021

Note: p-value < 0.05 only for values with asterisk(*)
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Chapter IX. = Cometabolic Degradation of

Naproxen by Ammonia Oxidizing Bacteria

IX.1. Introduction

The discharge of pharmaceuticals (PhACs) into the natural environment via
wastewater treatment plant (WWTP) effluents is now well established (Ternes, 1998;
Kolpin et al., 2002; Andreozzi et al., 2003; Metcalfe et al., 2003; Bendz et al., 2005;
Waiser et al., 2011; Onesios and Bouwer, 2012). In conventional WWTPs, the majority
of PhAC attenuation occurs during biological treatment through biodegradation and
sorption. The role of WWTP operating conditions on PhAC these attenuation processes
has not been elucidated to a degree permitting effective predictive modeling of PhACs
during biological wastewater treatment. PhAC attenuation is too often modeled
assuming pseudo first order (PFO) kinetics. Application these simple attenuation
models results in orders of magnitude variation in the PFO rate coefficient (kgo)
reported some PhACs (see Section Il.5). Hypotheses to explain the variation in kggo
values include that they are related to operating conditions of the biological treatment
process or related to the diversity of biomass within the biological treatment process. In
fact, the observed variability in kg o data suggests that more mechanistic approaches are
required to effectively model the biodegradation of PhACs during biological wastewater
treatment.

Sathyamoorthy et al. (submitted, reflected here in Chapter VII) have recently
developed a consortium-level process-based model for cometabolic PhAC

biodegradation by ammonia oxidizing bacteria (AOB) which can be integrated into the
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activated sludge model (ASM) framework (Henze et al., 2000). The cometabolic
process-based (CPB) model was utilized to model biodegradation of atenolol (ATN, at a
concentration of 15 ug/L) in batch experiments using an enriched nitrifying culture. The
objective of this chapter is to explore molecular properties of the PhACs that may be
used to interrogate rates of cometabolism by AOB. This objective was achieved using
batch experiments to evaluate the biodegradation of naproxen (NAP) by enriched
nitrifying cultures. NAP is useful model-PhAC candidate, considering it is one of most
ubiquitously found in WWTP influents and effluents and among the most well studied in
both engineered (Paxeus, 2004; Carballa et al., 2007; Quintana et al., 2010; Sarp et al.,
2011; Falas et al.,, 2012; Schroder et al.,, 2012) and natural environmental systems
(Ternes, 1998; Topp et al., 2008a; Topp et al., 2008b; Edwards et al., 2009; Waiser et al.,
2011). Furthermore, it is particularly relevant when evaluating models for PhAC
biodegradation by AOB since it is known to degrade in nitrifying systems (Suarez et al.,

2005; Tran et al., 2009; Fernandez-Fontaina et al., 2012).
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IX.2. Overview of Experimental and Modeling Approach

IX.2.1. Description of the Batch Experiments

The batch experiments described in this chapter (referred to as Experiments A,
B and C) were conducted using biomass from two nitrification enrichment cultures (see
Table IX-1). Experiments A and B consisted of the four NIT-EXPT reactors included in this
research to evaluate the biodegradation of a PhAC during nitrification (see
Section V.2.4.1 in the Materials and Methods for a description of reactors). Experiment
C did not include a nitrification inhibition control (i.e., Reactor 2), as the objective
therein was to evaluate the impact of PhAC exposure during growth on PhAC
biodegradation after nitrification was complete. Therefore, an important distinction
between the experimental reactors (i.e., Reactors 3 and 4, see reactor nomenclature in
Section V.2.4.1 in the Materials and Methods) in Experiment C is the time in the
experiment when NAP was added to the reactor. In the case of Reactor 3, NAP was
added at the start of the experiment, as is the case in all these batch experiments.
However, in Reactor 4, NAP was added 41.7 hr after addition of Syy with an objective to
assess the biodegradation of NAP by AOB entering endogenous respiration using
biomass that had not been exposed to NAP during the growth phase. In the absence of
real-time Syy data, changes in reactor pH (which was manually monitored) were used as
guide to assess the extent of nitrification in this reactor.

Experiment A utilized biomass enriched from that in the nitrification stage of a
WWTP operating a two-stage biological treatment process (BOD removal followed by
nitrification, see details in Section V.2.2.1, Chapter V). Experiments B and C were

conducted utilizing biomass enriched from that in a WWTP operating a single-sludge
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biological treatment process that achieves complete nitrification at a solids retention
time of 8to 11 day. In all cases, the minimum level of enrichment was a three-fold
increase in the specific nitrification rate (mg-N/g-VSSh) (i.e., no experiments were
conducted until the specific nitrification rate of the enrichment was at least three times
greater than the original biomass seed).

Both initial ammonia and experimental biomass concentrations were varied in
the batch experiments described herein (see Table IX-1). Volatile solids concentration in
the batch experiments ranged from 15mg/L to ~400 mg/L, Synw ranged from
40 to 60 mg-N/L and Syapw ranged from ~300to 1,300 ug/L. This difference in the
experiments can be exploited to assess whether or not the CPB model coefficients hold

general utility or are a function of WWTP bioreactor operating conditions.

1X.2.2. Application of Cometabolic Process Based Model

The CPB model developed by Sathyamoorthy et al. (submitted, and described
here in Section V.3.2.2) was applied to the describe the data from Experiments A - C.
For each experiment data from Reactor 1 (nitrification control) was utilized to estimate
values of initial AOB and nitrite oxidizing bacteria (NOB) concentrations (Xaost and
Xnog,wo) by reducing the sum of square errors for nitrogen species. AOB and NOB
biokinetic parameters utilized herein were the same as those used in the beta-blocker
experiments (see Table VII-4 for a summary of biokinetic parameters). For Experiment
A, nitrogen species quantified included Syy, Sno2 and Syos, whereas for Experiments B

and C, only Syo, and Syosz Were quantified.
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Table IX-1: Summary of experimental conditions for batch experiments evaluating the degradation of naproxen during nitrification.

Syt 10 MLVSS X 10810
Expt. Reactor I(\:InL;I/SS (I\mllngf) (msgN_'no/L) (Sr:';;:; m Sxapr.i0 m
(ng-N/ng) (ng-VSS/ng) (ng-COD/ng)
A? 1 (Nit. Control) 369 556 39 -- -- -- -
2 (Nit. Inhibition Control) 398 587 39 501 0.8 x10° 7.9 x10° 0.46x10°
3 (Nit. Expt.) 404 568 37 506 0.7 x10° 8.0x10° 0.45x10°
4 (Nit. Expt.) 372 510 36 504 0.7 x10° 8.4x10° 0.46x10°
B® 1 (Nit. Control) 420 1,054 68 - - - -
2 (Nit. Inhibition Control) 411 1,032 68 322 1.9 x10° 12.8x10° 2.55x10°
3 (Nit. Expt.) 411 1,032 68 301 2.0x10° 13.7x10° 2.72x10°
4 (Nit. Expt.) 411 1,032 68 301 2.3x10° 13.7x10° 2.72x10°
c* 1 (Nit. Control) 15 54 50 - - - -
2 (Nit. Inhibition Control) not included
3 (Nit. Expt.) 17 54 50 389 1.3 x10° 0.4x10° 0.10x10°
4 (Nit. Expt.)° 15 54 50 391 1.3x10° 0.4x10° 0.10x10°
® Biomass seed for Experiment A from two-stage WWTP
® Biomass seed for Experiments B and C from single-stage WWTP
“Naproxen added to Reactor 4 at 41.7 hr
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The concentration of heterotrophic biomass (Xyer) was not independently
measured in these experiments. Xyer was therefore estimated as follows. The active
biomass fraction for a given experiment was determined based on the SRT of the
nit-SBR at the time when biomass was harvested for the experiment (Grady et al., 1999)
and literature values for the heterotrophic decay coefficient (Henze et al., 2000). The
influent COD was assumed to be zero since no exogenous organic carbon is provided
with the nit-SBR feed. Xuer was subsequently calculated as the difference between the
active biomass fraction and the nitrifier population (Xaos 0 + Xnos,0) €Stimated using data
from Reactor 1 (nitrification in the absence of NAP). Given the uncertainty included in
this estimation of Xy, fits of NAP biodegradation in Reactor 2 (nitrification control
reactor) are described using oyap-HerXHeT [T'l] rather than dyap.Her, @S Was previously done
for ATN (see Chapter VII). That is to say, the uncertainty in the calculation of X,r did not
enter the fitting of the degradation in the control reactor.

For each experiment NAP AOB-biodegradation coefficients were estimated
using data from Reactors 3 and 4. As indicated in Table IX-1 a nitrification inhibition
control (i.e., Reactor 2) was not included in Experiment C. Experiments B and C were
conducted only seven days apart with the nit-SBR having been operational as an
enrichment culture for 362 days prior to Experiment B. It was therefore assumed that
the heterotrophic community in these two experiments is effectively identical,
supporting the use of a single dnapner. Thus the value of that oyap.er €stimated from

Experiment B data was utilized when fitting Tyap.aos and Kyap-aos to data in Experiment C.
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IX.3. Results and Discussion

IX.3.1. Modeling Nitrification and Estimation of Biomass Concentrations

Shown in Figure IX-1 are the time course data and CPB model fits for Sy (top
panel), Syo, (middle panel), and Syos (middle panel) for the four NIT-EXPT reactors from
Experiment A. The analogous data for Experiments B and C are shown in Figure IX-2 and
Figure 1X-3, respectively (recall that Sy, data are not available in Experiments B and C).
Nitrification in Experiment A proceeds such that nitrite concentrations remain low (<5
mg-N/L ). Nitrite concentrations in Experiments B and C, however, reach as high as
~20-30 mg-N/L due to the higher initial concentration of ammonia employed in these
experiments(Syu to,expt.s = 50 Mg-N/L and Sy o,expr.c = 68 mg-N/L). The ammonia oxidation
rate remains relatively constant in Experiments A and B, increasing by less than 10%
during the course of the experiment. In Experiment C, however, the initial ammonia
oxidation rate is 0.58 mg-N/L'h and increases to a maximum value of 1.10 mg-N/Lh,
when Sy = 6.24 mg-N/L (at 52.6 hr) and then decreases to 0 mg-N/Lh once all the Syy is
oxidized (61 h). Therefore, the maximum ammonia oxidation rate is 1.9 times greater
than the initial oxidation rate in this experiment. This large increase in the ammonia
oxidation rate in Experiment C resulted from the significant AOB growth relative to the
estimated initial concentration. Xaps1o is 4.4 mg-COD/L, which increased to a maximum

value of 9.4 mg-COD/L (59 hr).
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Figure IX-1: Observed and modeled concentrations of ammonia (top panel), nitrite and
nitrate (middle panel) and NAP (bottom panel) for nitrification Experiment A conducted
with NAP. Results are shown from each of the four NIT-EXPT reactors a nitrification
control (Reactor 1), a nitrification inhibition control (Reactor 2), and replicate
experimental reactors (Reactors 3 and 4).
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Figure I1X-2: Observed and modeled concentrations of nitrite and nitrate (middle panel)
and NAP (bottom panel) for nitrification Experiment B conducted with NAP. Results are
shown from each of the four NIT-EXPT reactors a nitrification control (Reactor 1), a
nitrification inhibition control (Reactor 2), and replicate experimental reactors (Reactors
3 and 4). Note that ammonia-nitrogen data were not collected for this experiment,
model predictions are shown in the top panel for completeness.
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Figure I1X-3: Observed and modeled concentrations of nitrite and nitrate (middle panel)
and NAP (bottom panel) for nitrification Experiment C conducted with NAP. Results are
shown from each of the three NIT-EXPT reactors included in this experiment - a
nitrification control (Reactor 1), and replicate experimental reactors (Reactors 3 and 4).
Note that ammonia-nitrogen data were not collected for this experiment, model
predictions are shown in the top panel for completeness. Note also that NAP was added

to Reactor 4 at 41.7 hr.
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Fitted values of Xaop and Xnos are provided in Table IX-2 along with calculated
values of Xyer. Fits of initial nitrifying biomass concentrations suggest that the NOB to
AOB ratios at time zero for Experiment A, B and C are 0.78, 0.35 and 0.25, respectively.
While the ratios for Experiments B and C are similar (recall these experiments were
separated by seven days), they illustrate that nitrifying populations can be different
even when specific rates of nitrification appear temporally stable for a given culture
(Dytczak et al., 2008; Wang et al., 2010). The temporal stability in the specific rate of
nitrification is, however, a good marker a relatively stable fraction of heterotrophs (i.e.,
the fraction heterotrophs was 0.17 in both Experiments B and C, see below). The
estimated Xyos:Xaos ratios for Experiments B and C fall within the range of typical
literature values - 0.20 to 0.55 (Chandran and Smets, 2000; Li et al., 2006; Dytczak et al.,
2008; Winkler et al., 2012). The estimate for Experiment A however, is above this range
and also above the theoretical value of 0.625 determined using yield considerations.
While the reason for this is not clear, it is hypothesized to result from the relatively poor
performance of the model in describing the nitrite data in this experiment (note that the
model does not capture the little accumulation of nitrite observed around 7 hr, see inset
in Figure 1X-1).

The fraction of heterotrophs in Experiments B and C are identical (0.17) and
comparable to that estimated using qPCR in the experiments conducted with the beta
blockers atenolol (0.20), metoprolol (0.16) and sotalol (0.12) (see Section VII.2.1 and
Table IX-2). However, the fraction of heterotrophs in Experiment A is significantly
higher (0.61). Recall that these fractions were determined using the estimated
operational SRT of the nitrification enrichment SBR and fitted values of Xaos and Xyos

from the simulations. The higher fraction of heterotrophs for Experiment A is likely the
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result of the shorter period of enrichment (40 day when Experiment A was conducted
compared to 362 and 369 day for Experiments B and C). Moreover, the seeds for the
two enrichments were from different WWTPs (see Table IX-1 and Section V.2.2.1 in the

Materials and Methods).
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Table IX-2: Estimated AOB, NOB and HET biomass concentrations and coefficients for cometabolic biodegradation of NAP by
AOB from application of the cometabolic process based model to describe nitrification and NAP biodegradation in batch
experiments A — C evaluating NAP biodegradation. A summary of experimental conditions is provided in Table IX-1.

Experiment A Experiment B Experiment C
Xaos,0 (Mg-COD.L™) 23+1 82 +32 4+0.1
Xnos 1o (Mg-COD.L™) 18+ 2 29+3 1+0.1
Fitted Biomass
Concentrations® Xnos 10/ Xaos 10 0.78 0.35 0.25
Xuer (Mg-COD.L™) 64 23 1
Fraction Xuer 0.61 0.17 0.17
Fitted NAP Tnap-aos (L.g-COD™) 49.0+23.9 13.6 £6.0 9.4+3.1
Biodegradation knap-aos (L.g-COD™ d™) 0.001+0.2 43+1.1 1.8+0.7
Coefficients OtnapaosXeer (A7) 0.17 +0.05 0.01+0.01 N/F?
Otnap-aos (L.g-COD™ d7)° 2.6+0.7 0.4+0.4 N/F°
Reactor 2 (Nit. Inhib. control) 0.30 0.80 --
NAP Goodness of Fit Reactor 3 0.88 0.93 0.80
Reactor 4 0.86 0.90 0.78

®N/F = not fit. oap-acs from Expt. B used to model data in Experiment C
b Olnap-aos iS calculated using the estimated value of dnap.aosXher and estimated Xper
“Values provided are best fit estimates with 95% confidence intervals
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1X.3.2. Naproxen Biodegradation

NAP degradation was observed in all three experiments (Figure IX-1 - Figure
IX-3). The extent of NAP biodegradation from these three experiments fall into two
clusters, one where the VSS to Snapio is ~0.4x10° ng-VSS/ng (Table IX-1) and another
were the ratio is 0.7x10° — 1.4x10° ng-VSS/ng. Experiments conducted at higher VSS to
Snapto ratios exhibit NAP removals of 32% - 39%, whereas removals at the lower ratios
were 10% - 14%. That is to say, higher mixed liquor concentrations appear to produce
greater removal in these experiments. In light of the high Syo, levels observed in
Experiments B and C, there is a potential for nitration reactions to be responsible for
NAP degradation (Gaulke et al., 2008; Chiron et al., 2010). This was not explored as part
of this research. Note that batch sorption experiments conducted with NAP at similar
concentrations suggest that the extent of sorption of NAP is not significant (data not
shown).

Interestingly, when evaluated on the basis of fitted Xaos concentration (see
Section 1X.2.2.1 for description of biomass fits) it appears that higher Xaos
concentrations appear to enhance the extent of NAP removal (Figure 1X-4). Thus, the
Xaosto tO Snapto ratios explored here suggest that the availability of enzyme for NAP
biodegradation has a role in determining the extent of NAP biodegradation. Recall that
two separate seed biomass were used for these experiments, and that the experiments
were conducted at different points in the enrichment process suggesting that the
observation related to Snapio t0 Xaop ratio may be more broadly applicable. That
notwithstanding, caution is warranted when trying to generalize this result until
additional studies can verify the observed trend. Also, it should be noted here that

there was no apparent relationship between the Syap10/Snnto ratio and NAP attenuation
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for the data shown in Figure IX-1. Comparison of the observed NAP attenuation in
Experiments A — C with those from ATN biodegradation (see Chapter VII) suggest that
the influence of AOB is PhAC specific. ATN was biodegraded to a greater extent even at

a much lower Xaos to/ Satn to-
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Figure IX-4: Influence of the ratio of AOB and NAP concentrations (Xaos,to/Sehaco) ON the
observed removal of the pharmaceuticals evaluated in this research which biodegraded
in batch experiments - naproxen (filled circle) and atenolol (open square).
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A summary of the CPB model parameters for cometabolic biodegradation of
NAP by AOB from Experiments A, B and C are provided in Table IX-2. The value of
Tnar-aos for Experiment A (49.0 + 23.9) is higher than that for Experiments B or C (12.6 +
6.0 and 13.8 + 2.9, respectively). On the other hand, the value of kyap.aos is effectively
zero for Experiment A but 4.3+ 1.1 and 1.8 + 0.7 Lg-COD™d™ for Experiments B and C,
respectively. The low value fitted for kyap.aos Using the data from Experiment A is a
result of the high value fitted value of owap.acsXuer (fit to data from Reactor 2).
Inspection of the fit for Reactor 2 in Experiment A (Figure IX-1, bottom panel) and the
Nash-Sutcliffe Efficiency (NSE) value of 0.30) suggests that use of a single fitting
parameter (owap-verXHer) IS Not satisfactory to describe the observed trend in these data.
It should be noted here that a model with more fitting parameters, such as the modified
PFO models discussed in Chapter VII, may provide a better description of the data.
However, such an approach is not considered here in order to retain the same
mechanistic significance of the CPB model in all applications of the model. The fits of
NAP concentration for Reactors 3 and 4 from Experiment A are both acceptable having
NSE values of 0.88 and 0.86, respectively. Note that NSE > 0.70 is generally considered
to be acceptable for time-series data (Moriasi et al., 2007). NSE values for the NAP fits
in Experiments B and C are greater than 0.75 (Table IX-1). The high level of uncertainty
in the estimate of T coupled with the near zero value of k from Experiment A suggests
that caution should be exercised in using these estimates as being representative of the

NAP-AOB interaction.
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1X.3.3. Influence of PhAC properties on T and k

The objective here is to assess potential links between PhAC properties and CPB
model coefficients T and k utilizing data for NAP and ATN (Sathyamoorthy et al.
(submitted), presented here as Chapter VIl). Given the uncertainty in establishing the
rate of NAP by heterotrophs in Experiment A (see Section 1X.2.3), the fitted values of T
and k are not included in the subsequent analysis. This leaves results from Experiments
B and C with NAP to be compared those obtained for ATN. Recall that the enrichment
durations for the nit-SBR are very similar for these three experiments
(Experiment B = 362 days, Experiment C = 369 days and ATN Experiment = 294 days).

Here, the estimates from the three experiments are compared using z-scores
calculated as recommended by Paternoster et al. (1998) and Brame et al. (1998). In
brief, z-scores are calculated utilizing the mean value of the estimates and the standard
error of the estimate calculated from the 95% confidence intervals generated through
the fitting process. Comparisons of Tpnac.aoe @and Kpnac.aos for the three experiments are
shown in Table IX-3 and IX-4, respectively. At the 1% level, the estimated values of
Tnaraos are similar to each other, but different from Tarn.acs . This is true as well for
kphac.aos, though at the 2% level. These data suggest that under both growth and
non-growth conditions, AOB appear more effective in biotransformation of ATN than

NAP.
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Table IX-3: Summary of p-values at which Tphacacs estimates from

Experiments B and C (NAP) and atenolol are the same

ATN
71.5+22.7

NAP.Expt.B
13.6+6.0

NAP.Expt.C
9.4+3.1

Tehac-aoe (L'g-CO D_l)

NAP.Expt.B
NAP.Expt.C
ATN

Table IX-4: Summary of p-values at which kppacaos estimates from
Experiments B and C (NAP) and atenolol are the same

NAP.Expt.B NAP.Expt.C ATN

43+11 1.8+0.7 16.1+5.6

Kphac-aos (L'g-CO D_l)

NAP.Expt.B
NAP.Expt.C
ATN

It is useful to compare these AOB related transformation coefficients based on a
conceptualization of the cometabolic biodegradation process in order to evaluate what
differences in the PhAC properties contribute to the differences in Tpnacaos- Such an
analysis may be relevant to development of future Quantitative Structure Property
Relationships (QSPRs) for PhAC biodegradation by AOB. QSPRs have been used to
predict PFO rate constants for biodegradation of other organic compounds (e.g., phenol,
benzene and aniline) in activated sludge systems with varying degrees of success (e.g.,
Okey and Stensel, 1993 and 1996). These types of relationships often employ molecular
properties. Chemometrics are often used in the early phases of PhAC
development/screening to evaluate the ADMET properties of a compound (adsorption,

distribution, metabolism, excretion and toxicity) (Mannhold, 2008). For example,
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Lipinski’s rule of 5 is frequently used to qualitatively screen the potential ADMET
properties and design of new drugs (Lipinski et al., 1997). PhAC properties are therefore
readily available and the ability to link these properties to cometabolic biodegradation
holds significant predictive utility to the environmental engineering/science community.

AOB derive the energy required for metabolism by the oxidation of ammonia to
nitrite in a two-step process. First ammonia is oxidized to hydroxylamine utilizing AMO
(a membrane-bound protein) followed by oxidation of hydroxylamine to nitrite by
hydroxylamine oxidoreductase (HAO) located in the periplasm membrane-bound
protein (see Section Il.1.1 and Arp and Stein (2003), Sayavedra-Soto and Arp (2011)).
Transport of these PhACs to the AMO active site, the presumed first step in the
degradation process, therefore requires passage across the cell walls and to the
periplasmic membrane.

AOB, exemplified by the well-studied Nitrosomonas Europaea spp., have very
few transport proteins dedicated to uptake of organic molecules (Chain et al., 2003). It
is therefore reasonable to assume that PhAC transport across the cell membrane occurs
via passive transport, and that the hydrophobic nature of a PhAC is an important factor
in determining that transport efficiency. Values of the octanol-water partition
coefficient (log Kow) for ATN and NAP indicate that NAP is more hydrophobic than ATN
(Table 1X-5), even when using log D at the experimental pH of ca. 7 — 8 (Sangster, 1989).
While the environmental science and engineering community has typically relied on
log Kow and log D as indicators for transport across cell membranes (e.g., Wammer and
Peters, 2005), the pharmaceutical development community has made significant use of
polar surface area (PSA) as a surrogate for passive transport. The PSA encodes

information related to and affecting hydrogen-bonding, polarity and solubility
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(Mannhold, 2008). It reflects the portion of the molecule that is polar, accounting for
Van der Waals surface area of the molecule resulting from oxygen and nitrogen atoms
on the surface, including the hydrogen atoms bonded to them. Compounds having
higher PSA generally exhibit lower fractional absorption in the human body (Palm et al.,
1997; Clark, 1999). The calculation of PSA requires the determination of 3-D structures
is complex and computationally intensive. Therefore, researchers in pharmaceutical
community instead use topological polar surface area (TPSA), which makes use of
fragment contributions and molecular topology based on a large database of structures
(Ertl et al., 2000). NAP has a lower TPSA than ATN (Table IX-5) suggesting that it should
be more readily transported (albeit passively) into the bacterial cell. The difference in
Trnac.aos Values therefore does not likely result from differences in PhAC transport to
AMO.

With the PhAC at AMO, attachment to the active site is the next step in the
biodegradation process. It is hypothesized that attachment to the active site pocket is
linked to the PhAC size and stereochemistry. PhAC size, however, cannot readily explain
the observed difference in cometobolic rate parameters as there is only a 36 Da
difference in molecular weight and a 47 A? difference in molecular volume between ATN
and NAP (see Table IX-5). Stereochemistry is therefore interrogated using the surrogate
metric of the number of rotatable bonds (nRB). While this simple nRB metric does not
capture entropic penalties for specific binding orientations, it can be easily identified for
each PhAC molecule based upon the molecular structure. Indeed, inspection of this nRB
suggests that ATN, with eight potential rotatable bonds compared to only three for NAP,
may have increased flexibility and ability to bind to multiple amino acid moieties at the

AMO active site. Note that nRB values for NAP and ATN are at the 25" and 80"
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percentiles, respectively, when evaluating the 200 most frequently used PhACs
suggesting that there may be some merit to considering this a more general indicator of
degradation by AOB. However, SOT and MET, which were not biodegraded by nitrifiers
(see results in Chapter VII) have nRB values of 6 and 9, respectively. This emphasizes
the complex of nature of the biodegradation process and therefore, caution is
warranted when using a such predictors to develop QSPR models.

Hydrogen bonding has been shown to also be an important factor in the
interaction between proteins or enzyme pockets and substrates (Kubinyi, 2001). Here,
hydrogen bonding impacts the orientation of interaction between the PhAC and the
enzyme pocket as well as the affinity of binding site to the active ligand of the PhAC
(Davis and Teague, 1999; Kubinyi, 2001). Histidine is thought to play a role in the active
site for ammonia oxidation on AMO (Norton et al., 2002; Gilch et al., 2009), which is
capable of both hydrogen bond donation and acceptance, with the number of hydrogen
bond acceptors increasing with increasing pH (calculated using Chemaxon). At the low
pH in the periplasmic space (4—-6) (Schmidt et al., 2004; Weidinger et al., 2007),
Histidine has an equal number of both hydrogen bond donors and acceptors. As shown
in Table IX-5 ATN has the ability to make seven total hydrogen bonds than NAP (four).
Indeed, it may be the interplay between the ability to form hydrogen bonds with AMO
and the flexibility of the molecule to conveniently be located at the active site which
influences the efficiency of interaction between the PhAC and the enzymatic pocket.

Once a PhAC is bound at the AMO active site, biochemical transformation can
proceed. Here, energetics will impact the cometabolic transformation of the PhAC. A
comparison of the pi energy of these two PhACs suggests that the pi energy of NAP is in

fact greater than that of ATN (Table IX-5). However, the difference is very small (< 2 eV),
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it therefore seems less likely that this is a critical factor when considering ATN and NAP.
The use of energetics in explaining differences in cometabolic PhAC biodegradation by
AOB may still hold general utility, when used in poly parameter QSPR models especially
considering that the Pi Energy values for ATN and NAP are at approximately the 30"
percentile for the top 200 most used drugs. Therefore additional research is certainly

warranted evaluating the biodegradation of PhACs with lower Pi Energy values.

Table IX-5: Chemometric Properties of Atenolol and Naproxen

Atenolol Naproxen

Chemical Formula C14H2,N,04 C14H1405
Fraction of aromatic carbon atoms (fa.oc) 0.43 0.71
MW (g/mol) 266.3 230.3
MV (A3) 260.9 214.0
Van der Waals Surface Area (vdWSA) 440 344
pKa 9.60 4.15
Log Kow 0.16 3.18
Log D (@ expt. pH ~ 7.5) -1.94 -0.17
TPSA (A?) 84.60 46.53
No. of Rot. Bonds 8 3
Hydrogen bond donors 3 1

acceptors 4 3
Randic Index 9.0 8.1
Pi Energy (eV) 26.8 28.1
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IX.4. Conclusions

Results from a set of experiments evaluating the biodegradation of NAP, a
non-steroidal anti-inflammatory have been presented here. The utility of the
cometabolic process model for NAP biodegradation linked to AOB to describe the
experimental data under differing experimental conditions has been demonstrated. The
data suggest that AOB are less effective at cometabolic biodegradation of NAP relative
to ATN, the only other PhAC for which analogous estimates of cometabolic
biodegradation coefficients are available. Interestingly, an analysis of potential PhAC
properties which could help to explain these differences lead to the preliminary
inference that PhAC transport to membrane-bound AMO may not be the rate limiting
step in PhAC biodegradation by AOB. Rather, stereochemistry, hydrogen bonding and
potentially molecular orbital pi-energies may have a more important role in determining
the efficacy of cometabolic PhAC biodegradation by AOB. Firm conclusions here are
premature given the limited number of data at present. A broader study of numerous
PhACs which are cometabolically biodegraded by AOB is warranted providing an

opportunity to interrogate the role of specific PhAC chemometric properties.
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Chapter X. Conclusions and Recommendations

for Future Research

X.1. Conclusions

With more than 3,000 potentially harmful microconstituents in the
environment, an exclusive focus on a single objective, such as nutrient removal, is not
only problematic but also irresponsible environmental stewardship. The
ecotoxicological impact of pharmaceuticals (PhACs) is particularly concerning given the
explosion in development and use of these chemicals over the last thirty years and
incomplete attenuation of these chemicals in wastewater treatment plants (WWTPs).
Biological treatment processes are responsible for the majority of this attenuation in
conventional WWTPs, with biodegradation and sorption being the two primary
attenuation mechanisms.

A review of the available data for PhAC removal during biological treatment in
WWTPs which included 51 PhACs, suggests that PhAC removal varies significantly, even
for single PhAC, from highly recalcitrant to almost complete removal. This is the first
such comprehensive evaluation of PhAC removal across WWTPs and a range of unit
operations. The analysis suggests that typical WWTP design and operating parameters
such as SRT and biomass concentration (using MLVSS as a surrogate) are incapable of
serving as effective predictors for PhAC removal performance. In fact, operation of
biological treatment processes at long SRTs (typically utilized to achieve biological
nutrient removal) should not be considered a prerequisite or predictor for PAAC removal.

The review also highlights that the capabilities of biological wastewater treatment
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processes may be limited when considering complete attenuation of PhACs in
wastewater.  Additional process options integrating both physical-chemical and
biological treatment may ultimately be required where high degrees of PhAC
attenuation are necessary. Examples of such approaches include incorporation of
powdered activated carbon (e.g., PACT) within the biological treatment process to
increase the potential for PhAC sorption, coupled with side-stream oxidation or
ultrasonic treatment of sludge.

A comparison of PhAC removal in MBR and suspended growth processes
indicates no clear trend in PhAC removal - suggesting both types of processes can be
used effectively for treatment of PhACs at the low concentrations typically present in
domestic wastewater. The advantages of MBR systems, such as small footprint and
higher effluent quality, must be measured on a case by case basis against the
disadvantages of higher cost, greater energy consumption and greater operational
complexity. Interestingly, a review of the available data suggests that the pseudo-first-
order rate coefficients for the attenuation PhACs are higher in suspended growth
processes than they are in MBRs for many PhACs. The role of sorption on the other
hand, is much more relevant in MBRs, where the sorbed fraction of a PhAC may account
for up to 80% of the total PhAC mass in a given reactor.

There is however a wide variation in PhAC Ky values, even for a single PhAC,
making it difficult to predict the extent of PhAC sorption a priori. A broader evaluation
of PhAC sorption, across a range of processes and unit operations, using existing values
of the PhAC distribution coefficient was therefore explored in Chapter VI. This analysis
suggests that the conventional use of single-parameter models based on octanol-water

partition coefficients has limited predictive capability. Rather, polyparameter models
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developed in this research utilizing chemometric properties of PhACs as predictors offers
significantly improved predictive capability. These polyparameter models suggest that
the single best predictor for PhAC sorption is the charge of the dominant species. Other
important predictors include molecular weight (MW), molecular volume (MV),
aromaticity, number of rotatable bonds (nRB), hydrogen bonding capacity (hydrogen
bond donors- nHBD and acceptors- nHBA) and polar surface area (PSA).

This research (Chapter Ill) also highlighted the limited number of studies where
the role of nitrifiers in PhAC removal has been evaluated. Therefore, laboratory
experiments were coupled with mathematical modeling in this research to evaluate the
role of nitrifying bacteria in PhAC biodegradation, focusing on the beta blockers
atenolol, metoprolol and sotalol. Results from these experiments (described in
Chapter VII) indicate that only ATN is readily biodegraded by the nitrification enrichment
culture used herein. Thus, care should therefore be taken to avoid assuming that the
occurrence of nitrification leads to biodegradation of PhACs. Furthermore, results from
this research casts considerable doubt on the utility of PhAC therapeutic class (e.qg.,
NSAID or beta blocker) for understanding or predicting environmental fate and transport
in natural and engineered environments. Results from the biodegradation experiments
conducted with ATN (Chapter VII) and NAP (Chapter IX) indicate that biodegradation of
these PhACs occurred cometabollically during ammonia oxidation. In fact, the ATN and
NAP results suggest that the role of ammonia oxidizing bacteria in PhAC biodegradation
may be more relevant than previously estimated. It is conventionally assumed that the
role of nitrifying bacteria in PhAC biodegradation is limited by the fact that these
organisms represent only a small fraction of the biomass in a wastewater treatment

plant. This research suggests that the contribution of AOB to PhAC biodegradation
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outweighs their proportion in the biomass. Note that this conclusion is predicated on
the assumption that the capability of heterotrophs in WWTP bioreactors to degrade
PhACs is comparable to that of the heterotrophs present within the enrichment cultures
employed in this research. This assumption is supported by reports of comparable
degradation rates of the endocrine disrupting compound 17a-Ethinylestradiol obtained
utilizing heterotrophs grown on primary effluent and complex synthetic carbon sources
(Clark et. al, 2009).

ATN and NAP degradation was effectively described using a cometabolic
process-based (CPB) model. In the CPB model PhAC biodegradation is linked to AOB
during growth and non-growth conditions using the cometabolic transformation
coefficients Tppac.aos and Kpnac.aos, respectively. The CPB model represents a novel use of
an integrated cometabolic biodegradation module within the activated sludge model
(ASM) framework. This approach is particularly relevant considering the widespread
utility of the ASM modeling framework in industrial WWTP process simulators (e.g.,
Biowin, GPSx, etc.). Consortium level assessments of PhAC biodegradation offer
increased sophistication and greater generalizability over pseudo first order
biodegradation rate coefficients which offer no mechanistic insight. Results from this
research also suggest that ATN competitively inhibits AOB growth (with an inhibition
coefficient Kiarnaos = 1.84 + 0.39 ug/L). This is the first reported inhibition of AOB by
PhACs during nitrification during biological wastewater treatment.

The influence of biokinetic parameter selection on model inferences was
explored (Chapter VIII) using the Generalized Likelihood Uncertainty Estimation (GLUE)
technique. Results from experiments with ATN and SOT were utilized to evaluate the

applicability of GLUE when modeling nitrification using a two-step model within the
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ASM framework. The difference in the inhibitory impact of these PhACs on AOB was
utilized to assess the ability of GLUE to generate meaningful confidence intervals for the
nitrification process where competitive inhibition was present (ATN) or absent (SOT).
Results suggest that where model structural errors are unaccounted for, GLUE is unable
to adequately provide confidence intervals. This finding is particularly important
considering the growing popularity of GLUE in wastewater treatment process modeling
and the relative ease of implementing GLUE within industrial biological process modeling
tools. GLUE was subsequently utilized with the correct model describing nitrification to
evaluate the sensitivity of ATN-AOB competabolic biodegradation coefficients (T, k and
K,) to AOB and NOB biokinetics. The sensitivity analysis was conducted using a novel
application of elasticity coefficients. Results suggest that the coefficient describing
cometabolic degradation of atenolol during the growth of ammonia oxidizing bacteria
(AOB) is relatively insensitive to variation in ammonia and nitrite oxidizing biokinetic
parameters. In contrast, the parameter describing cometabolic degradation of atenolol
by AOB entering or undergoing endogenous respiration appears to be sensitive to the
specific growth rate of ammonia oxidizing bacteria. The elasticities were used to assess
whether estimates of atenolol-AOB cometabolic biodegradation coefficients from
lab-scale experiments could be used more generally. The application of elasticities to
biological wastewater process modeling suggests that seasonal temperature variations
may be an important factor in pharmaceutical biodegradation during biological
wastewater treatment.

Results from Chapter IX, where the CPB model was utilized to describe
biodegradation of naproxen, suggest that the CPB model holds utility more generally to

describe the biodegradation of PhACs during nitrification. These results suggest that
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specific PhAC chemometric properties, such as molecular orbital energy and

stereochemistry may, in part, explain the differences in PhAC biodegradation by AOB.

X.2. Recommendations for Future Research

The work performed in this research largely focused on evaluating the
biodegradation of PhACs during nitrification, with an emphasis on a small group of
PhACs. Two important conclusions from this research are (i) nitrification is not a
relevant biodegradation mechanism for all the PhACs evaluated and (ii) ammonia
oxidation has an important role where PhAC biodegradation is observed. In order to
generalize the role of nitrification in PhAC biodegradation, additional studies are
recommended for to examine a broad range of PhACs utilizing the protocol established
in this research. A broader investigation will provide an opportunity to explore the role
of PhAC properties in determining the propensity for biodegradation by AOB during
nitrification. Furthermore, such research will provide a framework for predictive models
for the PhAC-AOB biodegradation coefficients (T,k and where relevant K|) integrating
PhAC chemometric properties.

Additional research is also recommended to investigate and quantify the
mechanisms of PhAC biodegradation by heterotrophic bacteria (HET) in WWTP
biological processes. It remains an open question whether or not a subset of specialized
heterotrophs have the ability to utilize PhACs, at environmentally relevant
concentrations, as a carbon source for growth. Investigations such as these would
expand the utility of the CPB model through the replacement of the lumped biomass
normalized coefficient related to the role of HET with biomass specific growth and

non-growth rate coefficients. Given the adaptability and flexibility of the activated

258



Conclusions and Recommendations for Future Research

sludge model framework, these coefficients and processes can readily be implemented
and employed as more emphasis is placed on the management of microconstituents in
WWTP effluents.

The above recommendations build upon, and expand the utility of, the CPB
model developed herein. It would be beneficial to expand such research to elucidate
which bacteria or consortia are responsible for PhAC biodegradation in mixed
populations. Batch experiments such as those conducted here, coupled with gene
sequencing tools available today allow interrogation of the microbiome at relatively low
cost.

Additional research is also recommended to improve the predictive capability
for PhAC sorption during biological wastewater treatment. The research presented here
indicates that the use of polyparameter predictive model developed herein significantly
enhance the predictive capability relative to traditional log Kow based models. However,
even the best models developed herein can only explain approximately 60% of the
variance in the available PhAC sorption data. More research is therefore required to
assess the role that biosolids surface properties have in PhAC sorption.

Finally, it is recommended that research be directed toward developing one of
our most undervalued resources - treated wastewater. Publicly supported reuse
requires that the environmental science and engineering community address concerns
related to the occurrence of PhACs and other microconsitutents in the environment.
Even more generally, the community needs to develop holistic solutions that address
the ever increasing demand for water resources while understanding and managing
environmental and ecological risk associated with both water quantity and quality.

Traditionally, these priorities have been addressed separately. However, balancing
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these multiple priorities, while challenging, is critical to achieve comprehensive
environmental stewardship. Although it is expeditious to target removal of specific
pollutants, emphasis must be equally placed on elucidating and addressing the impact
on WWTP discharges, constituting mixtures and myriad compounds. It is imperative

IM

that scientists and engineers avoid applying a “one size fits all” solution to any of these
problems. Moreover, the environmental engineering community should look beyond
specific treatment options, process configurations, or unit operations, and toward more
integrated water management strategies that aim to better balance treatment targets
with the stewardship of both water and energy resources. Solutions based on sound
science and engineering need to be tailored to site specific objectives, constraints and
challenges. Furthermore, a crucial element of such research is effectively
communicating not only to the scientific community but to the general public, the

benefits of engineered solutions rather than placing focus on potentially catastrophic

outcomes.
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Table App.A-1. Studies included that evaluate removal of PhACs during biological treatment. Studies are summarized by process types (e.g., suspended
growth, MBR, batch studies) and reported operating SRT of the process. SRT is reported as being in one of four categories: <5d, 5-10d, 10-20d and >20d,
where SRT is not reported — study is classified under N/D (No/Data)

SRT (d)
Process
<5 5-10 10- 20 >20 N/D
Suspended . .
Growth Majewsky et. al. (2011) Majewsky et. al. (2011)

Sui et al. (2011)

Sui et al. (2011)

Suarez et al. (2010) (2)

Kimura et al. (2005a);
Kimura et al. (2005b);
Kimura et al. (2007)

Jelicetal. (2011) (2)

Jelicet al. (2011)

(Reif et al., 2011)

Zorita et al. (2009)

Chiron et al. (2010)

Wick et al. (2009)

Wick et al. (2009)

Radjenovic et al. (2007);
Perez and Barcelo (2008)

Smook et al. (2008)

Tran et al. (2009)

Stephenson and
Oppenheimer (2007) (2)

Stephenson and
Oppenheimer (2007) (2)

Stephenson and
Oppenheimer (2007) (2)

Stephenson and
Oppenheimer (2007) (2)

Maurer et al. (2007)

Maurer et al. (2007)

Gobel et al. (2007)

Gobel et al. (2007)

Kimura et al. (2005a);
Kimura et al. (2005b);
Kimura et al. (2007)

De Wever et al. (2007)

Batt et al. (2007)

Batt et al. (2007) (2)

Batt et al. (2007)

Yu et al. (2006)

Nakada et. al. (2006) (2)

Nakada et. al. (2006) (3)

(Lishman et al., 2006) (1)

Lishman et al.,(2006) (5)

(Lishman et al., 2006) (2)

(Lishman et al., 2006) (1)

Carucci et al. (2006) (2)

Carucci et al. (2006) (3)

Bernhard et al. (2006)

Batt et al. (2006)

Batt et al. (2006)
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Table App.A-1. Studies included that evaluate removal of PhACs during biological treatment. Studies are summarized by process types (e.g., suspended
growth, MBR, batch studies) and reported operating SRT of the process. SRT is reported as being in one of four categories: <5d, 5-10d, 10-20d and >20d,
where SRT is not reported — study is classified under N/D (No/Data)

SRT (d)
Process
<5 5-10 10- 20 >20 N/D
Suarez et al. (2005)
Joss et al. (2005) Joss et al. (2005) (2)
Clara et al. (2004); Clara et al. (2004);
Clara et al. (2005b) Clara et al. (2005b)  (4)
Clara et al. (2003); Clara et al. (2003); Clara et al. (2003); Clara et al. (2003);
Kreuzinger et al. (2004); Kreuzinger et al. (2004); Kreuzinger et al. (2004); Kreuzinger et al. (2004);
Strenn et al. (2004); Strenn et al. (2004); Strenn et al. (2004); Strenn et al. (2004);
Clara et al. (2005a) (3) Clara et al. (2005a) (3) Clara et al. (2005a) (3) Clara et al. (2005a) (3)
(Carballa et al., 2004;
Carballa et al., 2005b)
MBR Sarp et al. (2011) Sui et al. (2011) Tadkaew et al. (2010) De Gusseme et al. (2009);

De Gusseme et al. (2011)

Yu et al. (2006)

Xue et al. (2010)

Delgado et al. (2009);
Delgado et al. (2010a);
Delgado et al. (2010b)

Smook et al. (2008)

Smook et al. (2008)

Aubenneau et al. (2010)

Stephenson and
Oppenheimer (2007)

Abegglen et al. (2009)

Kimura et al. (2005a);
Kimura et al. (2005b);
Kimura et al. (2007)

Kimura et al. (2005a);
Kimura et al. (2005b);
Kimura et al. (2007)

Kimura et al. (2005a);
Kimura et al. (2005b);
Kimura et al. (2007)

Radjenovic et al. (2007);
Perez and Barcelo (2008)

Reif et al. (2008)
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Table App.A-1. Studies included that evaluate removal of PhACs during biological treatment. Studies are summarized by process types (e.g., suspended
growth, MBR, batch studies) and reported operating SRT of the process. SRT is reported as being in one of four categories: <5d, 5-10d, 10-20d and >20d,
where SRT is not reported — study is classified under N/D (No/Data)

SRT (d)
Process
<5 5-10 10-20 >20 N/D
Gobel et al. (2007) Gobel et al. (2007)

De Wever et al. (2007)

Gonzalez et al. (2006)

Bernhard et al. (2006)

Joss et al. (2005) Joss et al. (2005)

De Wever et al. (2004);
Quintana and Reemtsma
(2004);

Quintana et al. (2005)

Clara et al. (2004);
Clara et al. (2005b)

(2)

Clara et al. (2004);
Clara et al. (2005b)

Clara et al. (2003);
Kreuzinger et al. (2004);
Strenn et al. (2004);
Clara et al. (2005a) (3)
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Table App.A-1. Studies included that evaluate removal of PhACs during biological treatment. Studies are summarized by process types (e.g., suspended
growth, MBR, batch studies) and reported operating SRT of the process. SRT is reported as being in one of four categories: <5d, 5-10d, 10-20d and >20d,

where SRT is not reported — study is classified under N/D (No/Data)

SRT (d)
Process
<5 5-10 10-20 >20 N/D
De Gusseme et al. (2009);
Batch Xue et al. (2010) Suarez et al. (2010) (2) De Gusseme et al. (2011)
Kimura et al. (2005a);
Chiron et al. (2010) Kimura et al. (2005b); Abegglen et al. (2009)
Kimura et al. (2007)
Wick et al. (2009) Urase and Kikuta (2005)
Tran et al. (2009)
Kosjek et al. (2007);
Kraigher et al. (2008);
Kosjek et al. (2009);
Kraigher and Mandic-Mulec (2011)
Maurer et al. (2007)
Joss et al. (2006) Joss et al. (2006)
Batt et al. (2006)
De Wever et al. (2004);
Quintana and Reemtsma
(2004);
Quintana et al. (2005)
Other Fixed Batt et al. (2007)

Film Processes

Gonzalez et al. (2006)
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Table App.A-2. Removal of PhACs during biological wastewater treatment summarized by study. The following data are provided for removals
of each PhAC evaluated in each study: the number of data (Npara), average (Avg.), standard deviation (SD), minimum (Min.), 25", median and

75" percentile (Q1, Median and Q3) and maximum (Max.).

PhAC Study Reference Npata Avg. SD Min. Ql Median Q3 Max.
ACM Radjenovic et. al., 2007 1 0.98 0.98 0.98 0.98
ACM Sarp et. al., 2011 1 0.99 0.99 0.99 0.99
ACM Radjenovic et. al., 2009 3 1.00 0.00 1.00 1.00 1.00 1.00 1.00
ATN Wick et. al., 2009 3 0.37 0.25 0.08 0.08 0.49 0.54 0.54
ATN Sarp et. al., 2011 1 0.39 0.39 0.39 0.39
ATN Jelicet. al., 2011 3 0.54 0.39 0.09 0.09 0.68 0.83 0.83
ATN Radjenovic et. al., 2009 3 0.69 0.08 0.61 0.61 0.70 0.77 0.77
ATN Maurer et. al., 2007 2 0.76 0.04 0.73 0.76 0.79
ATV Jelicet. al., 2011 3 0.13 0.07 0.07 0.07 0.12 0.21 0.21
AZI Gobel et. al., 2007 4 0.62 0.32 0.22 0.30 0.66 0.92 0.97
BIS Wick et. al., 2009 3 0.17 0.12 0.04 0.04 0.21 0.27 0.27
BZF Jelicet. al., 2011 3 0.44 0.32 0.12 0.12 0.44 0.76 0.76
BZF Radjenovic et. al., 2007 1 0.48 0.48 0.48 0.48
BZF Radjenovic et. al., 2009 3 0.86 0.05 0.81 0.81 0.88 0.90 0.90
CBz Xue et. al., 2010 1 0.08 0.08 0.08 0.08
CBz Jelicet. al., 2011 3 0.10 0.11 0.00 0.00 0.08 0.21 0.21
CBz Wick et. al., 2009 2 0.10 0.08 0.04 0.10 0.16
CBz Tran et. al., 2009 3 0.17 0.16 0.05 0.05 0.10 0.35 0.35
CBz Sarp et. al., 2011 1 0.44 0.44 0.44 0.44
CIM Jelicet. al., 2011 3 0.65 0.27 0.42 0.42 0.60 0.94 0.94
CLA Tran et. al., 2009 3 0.12 0.03 0.10 0.10 0.10 0.15 0.15
CLA Jelicet. al., 2011 1 0.21 0.21 0.21 0.21
CLA Radjenovic et. al., 2007 1 0.28 0.28 0.28 0.28
CLA Kimura et. al., 2007 3 0.61 0.19 0.50 0.50 0.50 0.82 0.82
CLm Gobel et. al., 2007 6 0.25 0.22 0.04 0.08 0.15 0.49 0.58
CPL Wick et. al., 2009 2 0.09 0.05 0.05 0.09 0.12
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Table App.A-2. Removal of PhACs during biological wastewater treatment summarized by study. The following data are provided for removals
of each PhAC evaluated in each study: the number of data (Npara), average (Avg.), standard deviation (SD), minimum (Min.), 25" , median and
75" percentile (Q1, Median and Q3) and maximum (Max.).

PhAC Study Reference Npata Avg. SD Min. Ql Median Q3 Max.
DCF Xue et. al., 2010 1 0.10 0.10 0.10 0.10
DCF Jelicet. al., 2011 3 0.29 0.20 0.09 0.09 0.28 0.50 0.50
DCF Tran et. al., 2009 3 0.35 0.36 0.05 0.05 0.25 0.75 0.75
DCF Radjenovic et. al., 2009 3 0.50 0.25 0.22 0.22 0.63 0.66 0.66
DCF Radjenovic et. al., 2007 1 0.50 0.50 0.50 0.50
DCF Kosjek et al., 2007 2 0.54 0.07 0.49 0.54 0.59
DCF Kimura et. al., 2007 3 0.58 0.21 0.42 0.42 0.51 0.82 0.82
DCF Sarp et. al., 2011 1 0.84 0.84 0.84 0.84
DXP Wick et. al., 2009 1 0.39 0.39 0.39 0.39
Dzp Jelicet. al., 2011 1 0.12 0.12 0.12 0.12
ENA Jelicet. al., 2011 3 0.96 0.02 0.94 0.94 0.96 0.98 0.98
ERY Radjenovic et. al., 2007 1 0.24 0.24 0.24 0.24
ERY Radjenovic et. al., 2009 3 0.35 0.09 0.25 0.25 0.35 0.43 0.43
ERY Gobel et. al., 2007 4 0.39 0.36 0.06 0.07 0.39 0.72 0.74
ERY Xue et. al., 2010 1 0.93 0.93 0.93 0.93
FAM Radjenovic et. al., 2009 3 0.57 0.09 0.47 0.47 0.60 0.65 0.65
FAM Jelicet. al., 2011 3 0.59 0.47 0.06 0.06 0.79 0.93 0.93
FENA  Jelicet. al., 2011 2 0.60 0.48 0.26 0.60 0.94
FLX Radjenovic et. al., 2009 3 0.76 0.37 0.33 0.33 0.98 0.98 0.98
FPN Tran et. al., 2009 3 0.44 0.41 0.12 0.12 0.30 0.90 0.90
FUR Jelicet. al., 2011 3 0.59 0.21 0.36 0.36 0.65 0.76 0.76
GLC Radjenovic et. al., 2007 1 0.45 0.45 0.45 0.45
GLC Radjenovic et. al., 2009 3 0.75 0.26 0.46 0.46 0.82 0.96 0.96
GMF Radjenovic et. al., 2009 2 0.37 0.07 0.33 0.37 0.42
GMF Radjenovic et. al., 2007 1 0.39 0.39 0.39 0.39
GMF Tran et. al., 2009 3 0.42 0.35 0.10 0.10 0.35 0.80 0.80
GMF Jelicet. al., 2011 1 0.89 0.89 0.89 0.89
HCT Radjenovic et. al., 2007 1 0.76 0.76 0.76 0.76
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Table App.A-2. Removal of PhACs during biological wastewater treatment summarized by study. The following data are provided for removals
of each PhAC evaluated in each study: the number of data (Npara), average (Avg.), standard deviation (SD), minimum (Min.), 25" , median and
75" percentile (Q1, Median and Q3) and maximum (Max.).

PhAC Study Reference Npata Avg. SD Min. Ql Median Q3 Max.
IBP Tran et. al., 2009 3 0.62 0.46 0.10 0.10 0.75 1.00 1.00
IBP Radjenovic et. al., 2007 1 0.83 0.83 0.83 0.83
IBP Kosjek et al., 2007 2 0.91 0.00 0.91 0.91 0.92
IBP Kimura et. al., 2007 3 0.97 0.02 0.95 0.95 0.98 0.98 0.98
IBP Radjenovic et. al., 2009 3 0.99 0.00 0.99 0.99 0.99 1.00 1.00
IDM Radjenovic et. al., 2007 1 0.23 0.23 0.23 0.23
IDM Jelicet. al., 2011 2 0.34 0.11 0.26 0.34 0.42
IDM Tran et. al., 2009 3 0.35 0.44 0.05 0.05 0.15 0.85 0.85
IDM Radjenovic et. al., 2009 2 0.41 0.01 0.40 0.41 0.41
10P Batt et. al., 2006 4 0.61 0.43 0.00 0.16 0.74 0.94 0.97
KET Tran et. al., 2009 3 0.43 0.39 0.08 0.08 0.35 0.85 0.85
KET Radjenovic et. al., 2009 3 0.48 0.06 0.44 0.44 0.44 0.55 0.55
KET Radjenovic et. al., 2007 1 0.52 0.52 0.52 0.52
KET Kimura et. al., 2007 2 0.69 0.20 0.55 0.69 0.83
KET Jelicet. al., 2011 3 0.83 0.13 0.69 0.69 0.85 0.94 0.94
KET Kosjek et al., 2007 2 0.90 0.01 0.90 0.90 0.91
LOR Radjenovic et. al., 2009 2 0.24 0.13 0.15 0.24 0.34
LzP Jelicet. al., 2011 2 0.29 0.01 0.29 0.29 0.30
MET Wick et. al., 2009 3 0.10 0.10 0.03 0.03 0.05 0.21 0.21
MET Maurer et. al., 2007 2 0.30 0.01 0.29 0.30 0.31
MET Radjenovic et. al., 2009 3 0.33 0.10 0.25 0.25 0.30 0.44 0.44
MET Jelicet. al., 2011 1 0.33 0.33 0.33 0.33
MET Xue et. al., 2010 1 0.70 0.70 0.70 0.70
MEV Jelicet. al., 2011 2 0.82 0.25 0.65 0.82 1.00
MFA Radjenovic et. al., 2007 1 0.29 0.29 0.29 0.29
MFA Radjenovic et. al., 2009 2 0.38 0.04 0.36 0.38 0.41
MFA Jelicet. al., 2011 3 0.45 0.29 0.12 0.12 0.56 0.66 0.66
MFA Kimura et. al., 2007 3 0.81 0.11 0.72 0.72 0.77 0.93 0.93
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Table App.A-2. Removal of PhACs during biological wastewater treatment summarized by study. The following data are provided for removals
of each PhAC evaluated in each study: the number of data (Npara), average (Avg.), standard deviation (SD), minimum (Min.), 25" , median and
75" percentile (Q1, Median and Q3) and maximum (Max.).

PhAC Study Reference Npata Avg. SD Min. Ql Median Q3 Max.
MNZ Jelicet. al., 2011 1 0.17 0.17 0.17 0.17
NAD Jelicet. al., 2011 3 0.54 0.15 0.37 0.37 0.59 0.67 0.67
NAP Tran et. al., 2009 3 0.35 0.34 0.04 0.04 0.30 0.72 0.72
NAP Kimura et. al., 2007 2 0.80 0.23 0.64 0.80 0.96
NAP Jelicet. al., 2011 3 0.85 0.11 0.76 0.76 0.80 0.98 0.98
NAP Radjenovic et. al., 2009 3 0.85 0.11 0.72 0.72 0.91 0.92 0.92
NAP Radjenovic et. al., 2007 1 0.85 0.85 0.85 0.85
NAP Kosjek et al., 2007 2 0.90 0.05 0.87 0.90 0.94
NAP Sarp et. al., 2011 1 1.00 1.00 1.00 1.00
OFL Radjenovic et. al., 2007 1 0.24 0.24 0.24 0.24
OFL Radjenovic et. al., 2009 3 0.87 0.10 0.76 0.76 0.91 0.95 0.95
ozp Wick et. al., 2009 1 0.10 0.10 0.10 0.10
PAR Radjenovic et. al., 2007 1 0.91 0.91 0.91 0.91
PPZ Tran et. al., 2009 3 0.17 0.20 0.03 0.03 0.08 0.40 0.40
PPZ Radjenovic et. al., 2007 1 0.43 0.43 0.43 0.43
PPZ Radjenovic et. al., 2009 3 0.54 0.15 0.38 0.38 0.61 0.65 0.65
PRA Jelicet. al., 2011 3 0.57 0.10 0.45 0.45 0.62 0.64 0.64
PRA Radjenovic et. al., 2007 1 0.62 0.62 0.62 0.62
PRA Radjenovic et. al., 2009 3 0.76 0.15 0.59 0.59 0.83 0.86 0.86
PRI Wick et. al., 2009 3 0.32 0.19 0.15 0.15 0.30 0.52 0.52
PRO Wick et. al., 2009 2 0.11 0.05 0.08 0.11 0.14
PRO Maurer et. al., 2007 2 0.32 0.05 0.28 0.32 0.35
PRO Radjenovic et. al., 2009 3 0.67 0.10 0.59 0.59 0.66 0.78 0.78
RAN Radjenovic et. al., 2009 3 0.33 0.10 0.25 0.25 0.30 0.44 0.44
RAN Radjenovic et. al., 2007 1 0.42 0.42 0.42 0.42
RAN Jelicet. al., 2011 3 0.44 0.27 0.18 0.18 0.42 0.73 0.73
RMY Gobel et. al., 2007 7 0.34 0.18 0.05 0.18 0.38 0.42 0.61
SAL Jelicet. al., 2011 3 0.49 0.08 0.43 0.43 0.45 0.58 0.58
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Table App.A-2. Removal of PhACs during biological wastewater treatment summarized by study. The following data are provided for removals
of each PhAC evaluated in each study: the number of data (Npara), average (Avg.), standard deviation (SD), minimum (Min.), 25" , median and

75" percentile (Q1, Median and Q3) and maximum (Max.).

PhAC Study Reference Npata Avg. SD Min. Ql Median Q3 Max.
SMX Gobel et. al., 2007 5 0.51 0.24 0.09 0.35 0.62 0.63 0.64
SMX Radjenovic et. al., 2007 1 0.56 0.56 0.56 0.56
SMX Sarp et. al., 2011 1 0.63 0.63 0.63 0.63
SMX Radjenovic et. al., 2009 3 0.78 0.04 0.74 0.74 0.78 0.81 0.81
SMz Jelicet. al., 2011 3 0.48 0.35 0.14 0.14 0.47 0.83 0.83
SOT Wick et. al., 2009 3 0.23 0.15 0.05 0.05 0.30 0.33 0.33
SOT Maurer et. al., 2007 2 0.27 0.01 0.26 0.27 0.27
SOT Jelicet. al., 2011 2 0.29 0.27 0.10 0.29 0.48
SOT Radjenovic et. al., 2009 3 0.35 0.16 0.21 0.21 0.30 0.53 0.53
TIM Jelicet. al., 2011 3 0.42 0.04 0.37 0.37 0.43 0.45 0.45
TMP Gobel et. al., 2007 6 0.31 0.30 0.03 0.10 0.17 0.69 0.72
TMP Batt et. al., 2006 4 0.37 0.30 0.01 0.07 0.38 0.65 0.70
TMP Jelicet. al., 2011 2 0.40 0.01 0.39 0.40 0.41
TMP Radjenovic et. al., 2009 3 0.52 0.14 0.40 0.40 0.48 0.67 0.67
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Table App.A-3. Reported pseudo first order biodegradation rates (kg o, L/g-SS.d) for PhACs during biological wastewater treatment summarized
by study (see Table App.A-3 for study details). The following data are provided for kg, of each PhAC evaluated in each study: the number of
data (Npara), average (Avg.), standard deviation (SD), minimum (Min.), 25", median and 75" percentile (Q1, Median and Q3) and maximum

(Max.).

PhAC Study Reference Npata Average Std. Dev. Min. Ql Median Q3 Max.
ACM  Joss et. al., 2006 2 121.00 73.54 69.00 121.00 173.00
ATN Maurer et. al., 2007 1 0.98 0.98 0.98 0.98
ATN Wick et. al., 2009 2 1.50 0.57 1.10 1.50 1.90
AZI Abegglen et. al., 2009 1 0.17 0.17 0.17 0.17
BIS Wick et. al., 2009 2 0.71 0.09 0.64 0.71 0.77
BTL Wick et. al., 2009 2 6.00 0.00 6.00 6.00 6.00
BZF Abegglen et. al., 2009 1 0.77 0.77 0.77 0.77
BZF Joss et. al., 2006 2 3.25 0.99 2.55 3.25 3.95
BZF Clara et. al., 2005 12 9.74 17.78 0.07 0.24 3.69 12.88 63.60
CBz Urase and Kikuta, 2005 2 0.21 0.08 0.15 0.21 0.27
CBz Clara et. al., 2005 4 0.10 0.07 0.07 0.07 0.07 0.18 0.21
cT Suarez et. al., 2010 2 1.75 1.77 0.50 1.75 3.00
CLA Abegglen et. al., 2009 1 0.09 0.09 0.09 0.09
CLA Joss et. al., 2006 2 0.36 0.27 0.17 0.36 0.55
CLA Urase and Kikuta, 2005 3 0.68 0.81 0.15 0.15 0.27 1.61 1.61
CLM  Abegglen et. al., 2009 2 0.12 0.12 0.03 0.12 0.20
CPL Wick et. al., 2009 2 0.21 0.04 0.18 0.21 0.24
DCF Suarez et. al., 2010 1 1.20 1.20 1.20 1.20
DCF Urase and Kikuta, 2005 3 3.24 3.29 0.57 0.57 2.25 6.92 6.92
DCF Clara et. al., 2005 7 0.28 0.23 0.06 0.07 0.30 0.53 0.64
DXP Wick et. al., 2009 2 0.49 0.28 0.29 0.49 0.68
ERY Suarez et. al., 2010 2 3.08 4.14 0.15 3.08 6.00
ERY Xue et. al., 2010 3 0.22 0.06 0.17 0.17 0.21 0.28 0.28
FLX Suarez et. al., 2010 2 7.00 2.83 5.00 7.00 9.00
FNA Joss et. al., 2006 2 5.03 5.62 1.05 5.03 9.00
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Table App.A-3. Reported pseudo first order biodegradation rates (kg o, L/g-SS.d) for PhACs during biological wastewater treatment summarized
by study (see Table App.A-3 for study details). The following data are provided for kg, of each PhAC evaluated in each study: the number of
data (Npara), average (Avg.), standard deviation (SD), minimum (Min.), 25", median and 75" percentile (Q1, Median and Q3) and maximum

(Max.).

PhAC Study Reference Npata Average Std. Dev. Min. Ql Median Q3 Max.
FPN Joss et. al., 2006 2 8.30 5.23 4.60 8.30 12.00
FPN Urase and Kikuta, 2005 4 3.98 3.78 1.44 1.47 2.50 7.97 9.47
GMF  Joss et. al., 2006 2 4.58 4.84 1.15 4.58 8.00
GMF  Urase and Kikuta, 2005 4 2.26 1.35 0.47 0.93 2.40 3.44 3.75
IBP Abegglen et. al., 2009 1 1.33 1.33 1.33 1.33
IBP Joss et. al., 2006 2 21.75 8.84 15.50 21.75 28.00
IBP Suarez et. al., 2010 2 10.75 13.08 1.50 10.75 20.00
IBP Urase and Kikuta, 2005 4 3.04 1.59 1.61 1.66 2.84 4.63 4.88
IBP Clara et. al., 2005 12 15.38 14.95 0.71 1.74 9.59 31.50 38.00
IDM Urase and Kikuta, 2005 4 3.06 1.65 1.23 1.47 3.07 4.64 4.88
10P Abegglen et. al., 2009 2 0.10 0.03 0.08 0.10 0.12
10P Joss et. al., 2006 2 1.78 0.39 1.50 1.78 2.05
KET Urase and Kikuta, 2005 4 1.75 2.48 0.31 0.37 0.61 4.26 5.46
KET Xue et. al., 2010 4 0.08 0.05 0.03 0.04 0.08 0.14 0.15
MET  Maurer et. al., 2007 1 0.82 0.82 0.82 0.82
MET  Wicket. al., 2009 2 0.38 0.04 0.35 0.38 0.40
MET  Xueet. al,, 2010 4 0.11 0.06 0.03 0.05 0.12 0.16 0.17
NAP Abegglen et. al., 2009 1 0.08 0.08 0.08 0.08
NAP Suarez et. al., 2010 1 9.00 9.00 9.00 9.00
NAP  Joss et. al., 2006 2 1.03 0.60 0.60 1.03 1.45
NAP Urase and Kikuta, 2005 4 1.68 2.53 0.12 0.20 0.57 4.26 5.46
NzP Wick et. al., 2009 1 0.13 0.13 0.13 0.13
PPZ Urase and Kikuta, 2005 3 1.01 0.75 0.27 0.27 0.99 1.77 1.77
PRI Abegglen et. al., 2009 1 0.02 0.02 0.02 0.02
PRO Maurer et. al., 2007 1 0.55 0.55 0.55 0.55
PRO Wick et. al., 2009 2 0.41 0.07 0.36 0.41 0.46
RMY  Abegglen et. al., 2009 2 0.02 0.00 0.02 0.02 0.02
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Table App.A-3. Reported pseudo first order biodegradation rates (kg o, L/g-SS.d) for PhACs during biological wastewater treatment summarized
by study (see Table App.A-3 for study details). The following data are provided for kg, of each PhAC evaluated in each study: the number of
data (Npara), average (Avg.), standard deviation (SD), minimum (Min.), 25", median and 75" percentile (Q1, Median and Q3) and maximum

(Max.).

PhAC Study Reference Npata Average Std. Dev. Min. Ql Median Q3 Max.
RMY  Suarezet. al., 2010 2 4.60 6.22 0.20 4.60 9.00
SDM  Abegglen et. al., 2009 1 0.19 0.19 0.19 0.19
sSbz Abegglen et. al., 2009 1 0.13 0.13 0.13 0.13
SMX  Suarezet. al., 2010 1 0.30 0.30 0.30 0.30
SMX  Abegglen et. al., 2009 2 0.20 0.01 0.19 0.20 0.20
SMX  Joss et. al., 2006 2 5.43 1.87 4.10 5.43 6.75
SMZ  Abegglen et. al., 2009 2 0.21 0.10 0.14 0.21 0.28
SOT Maurer et. al., 2007 1 0.41 0.41 0.41 0.41
SOT Wick et. al., 2009 2 0.42 0.02 0.40 0.42 0.43
SPY Abegglen et. al., 2009 1 0.20 0.20 0.20 0.20
TMP  Abegglen et. al., 2009 1 0.22 0.22 0.22 0.22
TMP  Suarezet. al., 2010 1 0.15 0.15 0.15 0.15
TMP  Xue et. al., 2010 3 0.56 0.46 0.05 0.05 0.67 0.95 0.95
TOP Abegglen et. al., 2009 1 0.01 0.01 0.01 0.01
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Appendix B: Overview of the Sorption Studies Used to Obtain PhAC Kp

Data used in this Research
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Data for Sorption coefficients (Kp) for PhACs in biological treatment processes during
wastewater treatment were compiled from the peer reviewed sources summarized in
Table App.B-1. For each study, the following information is included:

Expt. Type Experiments are classified into Batch and Continuous
Where provided the mixed liquor concentration of the

Expt'l MLSS experiments is provided. In some cases, only the mixed

(mg L") liquor volatile suspended solids (MLVSS). Where no data is
provided — this is indicated by n/d

Blom'ass' Where applicable, the physical and/or chemical method
Inactivation used to inactivate biomass is specified
Method P
Exot. bH When provided, the experimental pH is noted. Where data

PL.p are not provided — this is indicated by n/d

. The type of unit operation where the mixed liquor is
Unit

. collected (e.g., suspended growth or MBR). Where data are

Operation

not provided — this is indicated by n/d

When provided, the SRT of the process/unit operation
SRT (d) where the mixed liquor is collected is provided (in days).
Where data are not provided — this is indicated by n/d
Where provided the mixed liquor concentration of the
process/unit operation where the mixed liquor is collected

Process MLSS . . . . .
is provided. In some cases, only the mixed liquor volatile

-1

(mg L) suspended solids (MLVSS). Where no data is provided — this
is indicated by n/d

PhACS A list of the PhACs included in each study is provided

included
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Table App.B-1. Studies included that evaluate sorption of pharmaceuticals in biological treatment processes.

Expt’l Biomass Exot Expt. Unit SRT Process
Reference Expt. Type MLSS Inactivation : Dur. Oberation (d) MLSS PhACs included Comments
(mg L) Method P (h) P (mg L)
e Oxygenin
headspace replaced
with Argon which
DCF should (a) limit
S ded CLA
Ternes et Batch 4,000 none specifically | n/d 14 uspende 11-13 IBP aerobic biological
al. (2004) Growth DzpP . o
CBz activity and (b) limit
incursion of air into
reactor during
sorption experiment.
6.7 .
DCF e Expts designed to
7.0 IND .
Urase and 56 IBP CBZ evaluate sorption
Kikuta Batch 2,500 none ’ 96 n/d n/d n/d KET and biodegradation
4.4 CLA )
(2005) NAP using one batch
7.2 GMF .
70 FPN experiment
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Table App.B-1. Studies included that evaluate sorption of pharmaceuticals in biological treatment processes.

Expt’l Biomass Exot Expt. Unit SRT Process
Reference Expt. Type MLSS Inactivation : Dur. Oberation (d) MLSS PhACs included Comments
(mgLY) Method P (h) P (mgL?)
o All B-blockers
MLVSS: . Authors report
Maurer et Batch 2,460 HeCl n/d Suspended ~20 4,360 ATN PRO blomasi tion
al. (2007) 3,380 g~ Growth ' MET soT concentration in gcoo
L~. Biomass COD:VSS
4,500 :
ratio of 1.42 used to
calculate MLVSS
e Exptsin pilot scale
Abegglen . 3,800 UF MBR - 3,800 IBP MBR treating
et al. Continuous none 7.7 greywater | >150 househould waste
6,200 6,200 KET
(2009) system from 3-person

household
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Table App.B-1. Studies included that evaluate sorption of pharmaceuticals in biological treatment processes.

Expt’l Biomass Exot Expt. Unit SRT Process
Reference Expt. Type MLSS Inactivation : Dur. Oberation (d) MLSS PhACs included Comments
(mg L) Method P (h) P (mg L)
e Exptsin
Siscess n/a n/d n/a Suspended 10 n/d continuously
IXALSS Growth operating WWTP (11
e me)
TMP
DCF ATN e Exptsin
Radjenovic See Varies MEF . P
. PRO continuously
et al. Continuous | process n/a n/d n/a MF MBR n/d 6,700 — | ACM .
(2009) MLSS 26.000 CB7 GLC operated pilot scale
’ ERY GMF MF-MBR
SMIX HCT
See Varies LOR * Exptsin
continuously
/:A)/lrfg;ss n/a n/d n/a UF MBR n/d é’jgg operated pilot scale
’ UF-MBR
e MLE process is the
MOR 2" stage of a 3-stage
Suspended oD MDN WWTP (Frankfurt-
Wicketal. | o i h 9,000 NaN, n/d 14 | Growth -|05 |9,000 | DHC DIA Niederrad) -
(2009) MLE OXY NDP e 1 stageisa HRAS
TRA ozp process & 3" stage is

upflow post-denit
BAF (Biostyr®)
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Table App.B-1. Studies included that evaluate sorption of pharmaceuticals in biological treatment processes.

Expt’l Biomass Expt Expt. Unit SRT Process
Reference Expt. Type MLSS Inactivation ) Dur. . MLSS PhACs included Comments
(mg L) Method PH | () | Operation | (d) | 019
e Expts designed to
evauate sorption and
biodegradation
AN: e Model of Urase
4,300 and Kikuta (2005)
AX: DCF TRI used to calculate Kp
Xue et al. A2/0 with 7,900 KET SUL e Redox conditions
(2010) Batch 1,000 none n/d 24| vBR 20 AE: MET CBZ varied to simulate
9,400 ERY CAF conditions in an MBR
M: process
11,500 [process/batch expt.
DO (mgL™)]:
mem.tank/6; AE/4;
AX/0.5;AN/O
DCF ATV
IBP DZP
. . NAP e Also tested
Stevens- Varies Freezing Suspended | Varies Varies ACM ATN chemical inactivation
Garmon et | Batch ~500 - oo 7.0 1,500 SMX .
al. (2011) ~8 800 lyophilization Growth 5-6 2,600 CBz T™MP methods ('NaNg with
AMT BaCl, & NiCl,)
CLZ
GMF VRP
RIS
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Table App.B-1. Studies included that evaluate sorption of pharmaceuticals in biological treatment processes.

Expt’l Biomass Expt Expt. Unit SRT Process
Reference Expt. Type MLSS Inactivation ) Dur. . MLSS PhACs included Comments
(mg L) Method PH | () | Operation | (d) | 019
AFL
AMT HAL
ATN HYZ
ATR IRB
AZE KCZz
BIP LOP
7.0 2-3 8,000 BUP MAP
CPT MEG
CIT MIA
CMP NEF
Horsing et freeze drifd Suspended czp ozp
al. (2011) Batch 1,000 heated (103°C) — 12 Growth CHD PAR
3h DCV PIZ
DLOR PGS
DPZ REP
DXT RIS
ETO SER
6.0 EZE SMX
7.0 10 4,000 FEX TEL
8.0 FLU TRA
FLX TMP
GLC VER
GLM
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Table App.B-1. Studies included that evaluate sorption of pharmaceuticals in biological treatment processes.

Expt’l Biomass Expt Expt. Unit SRT Process
Reference Expt. Type MLSS Inactivation ) Dur. . MLSS PhACs included Comments
(mg L) Method PH | () | Operation | (d) | 019
AMT
CBz
CIM KET
Hyland et 3 DCF NAP
al. (2012) Batch n/d Lyophylization n/d 7 DzP HTC
17 FLX SMX
GMF TMP
IBP
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Appendix C: Summary of Measured Sorption Coefficients for 66 PhACs

included in this Research
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured Kp values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:ir:; :E:)Elpt. :(LDg'l ss) log K, | Reference
Acetaminophen ACM 9.38 | monoprotic n/r n/d n/d n/d n/d 1.160 0.064 | Radjenovic et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.238 | -0.623 | Radjenovic et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.126 | -0.900 | Radjenovic et. al., 2009
Alfuzosin AFL multiprotic 6 Positive +1 0.74 0.05 0.120 | -0.921 | Horsing et. al., 2011
multiprotic 7 Positive +1 0.52 0.33 0.730 | -0.137 | Horsing et. al., 2011
multiprotic 8 Uncharged 0 0.83 0.83 1.100 0.041 | Horsing et. al., 2011
Alprazolam ALP multiprotic 7 Positive +1 0.94 0.06 0.430 | -0.367 | Horsing et. al., 2011
Amitryptilyine AMT 9.4 | monoprotic 6 Positive +1 1.00 0.00 2.800 0.447 | Horsing et. al., 2011
monoprotic 7 Positive +1 1.00 0.00 1.800 0.255 | Horsing et. al., 2011
monoprotic 8 Positive +1 0.96 0.04 4.000 0.602 | Horsing et. al., 2011
monoprotic 7 Positive +1 1.00 0.00 2.800 0.447 | Horsing et. al., 2011
monoprotic n/r n/d n/d n/d n/d 0.003 | -2.595 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.003 | -2.514 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.003 | -2.502 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.003 | -2.573 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.003 | -2.544 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.003 | -2.548 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.003 | -2.523 | Hyland et. al., 2012
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured K, values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Qo
. Expt | Dom.Sp. %Dom. Kp
Name & Acronym pKa Protonation pH | Expt.pH Species E);Ipt. (w g'l ss) log Ko | Reference
Atenolol ATN 9.6 | monoprotic 6 Positive +1 1.00 0.00 1.600 0.204 | Horsing et. al., 2011
monoprotic 7 Positive +1 1.00 0.00 1.600 0.204 | Horsing et. al., 2011
monoprotic 8 Positive +1 0.98 0.02 1.600 0.204 | Horsing et. al., 2011
monoprotic 7 Positive +1 1.00 0.00 1.900 0.279 | Horsing et. al., 2011
monoprotic n/r n/d n/d n/d n/d 0.024 | -1.617 | Maurer et. al., 2007
monoprotic n/r n/d n/d n/d n/d 0.044 | -1.356 | Maurer et. al., 2007
monoprotic n/r n/d n/d n/d n/d 0.037 | -1.433 | Maurer et. al., 2007
monoprotic n/r n/d n/d n/d n/d 0.027 | -1.569 | Maurer et. al., 2007
monoprotic n/r n/d n/d n/d n/d 0.138 | -0.861 | Maurer et. al., 2007
monoprotic n/r n/d n/d n/d n/d 0.064 | -1.194 | Radjenovic et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.040 | -1.398 | Radjenovic et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.006 | -2.229 | Radjenovic et. al., 2009
Stevens-Garmon et. al.,
monoprotic 7 Positive +1 1.00 0.00 0.035 | -1.456 | 2011
Stevens-Garmon et. al.,
Atorvastatin ATV multiprotic 7 Negative -1 1.00 0.00 0.198 | -0.703 | 2011
Stevens-Garmon et. al.,
multiprotic 7 Negative -1 1.00 0.00 0.106 | -0.975 | 2011
Stevens-Garmon et. al.,
multiprotic 7 Negative -1 1.00 0.00 0.093 | -1.032 | 2011
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured Kp values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:ir:; :E:)Elpt. :(LDg'l ss) log K, | Reference
Azelastine AZL 9.16 | monoprotic 6 Positive +1 1.00 0.00 2.000 0.301 | Horsing et. al., 2011
monoprotic 7 Positive +1 0.99 0.01 0.870 | -0.060 | Horsing et. al., 2011
monoprotic 8 Positive +1 0.94 0.06 2.300 0.362 | Horsing et. al., 2011
monoprotic 7 Positive +1 0.99 0.01 1.400 0.146 | Horsing et. al., 2011
Biperiden BIP 8.8 | monoprotic 6 Positive +1 1.00 0.00 0.760 | -0.119 | Horsing et. al., 2011
monoprotic 7 Positive +1 0.98 0.02 0.600 | -0.222 | Horsing et. al., 2011
monoprotic 8 Positive +1 0.86 0.14 1.000 0.000 | Horsing et. al., 2011
monoprotic 7 Positive +1 0.98 0.02 0.840 | -0.076 | Horsing et. al., 2011
Bisoprolol BIS 9.5 | monoprotic 6 Positive +1 1.00 0.00 0.060 | -1.222 | Horsing et. al., 2011
monoprotic 7 Positive +1 1.00 0.00 0.210 | -0.678 | Horsing et. al., 2011
monoprotic 8 Positive +1 0.97 0.03 0.080 | -1.097 | Horsing et. al., 2011
monoprotic 7 Positive +1 1.00 0.00 0.094 | -1.027 | Horsing et. al., 2011
monoprotic n/r n/d n/d n/d n/d 0.040 | -1.398 | Wick et. al., 2009
Buproprion BUP 7.16 | monoprotic 6 Positive +1 0.94 0.06 0.140 | -0.854 | Horsing et. al., 2011
monoprotic 7 Positive +1 0.59 0.41 0.140 | -0.854 | Horsing et. al., 2011
monoprotic 8 Uncharged 0 0.87 0.87 0.150 | -0.824 | Horsing et. al., 2011
monoprotic 7 Positive +1 0.59 0.41 0.200 | -0.699 | Horsing et. al., 2011
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured Kp values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and

fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Qo

. Expt | Dom.Sp. %Dom. Kp
Name & Acronym pKa Protonation pH | Expt.pH Species E);Ipt. (w g'l ss) log Ko | Reference
Bezafibrate BZF 3.6 | monoprotic 7.7 | Negative -1 1.00 0.00 0.087 | -1.060 | Abegglen et. al., 2009
monoprotic 7.7 | Negative -1 1.00 0.00 0.050 | -1.301 | Abegglen et. al., 2009

312




Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured K, values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:::; :E:)Elpt. :(LDg'l ss) log K, | Reference
Carbamezapine CBZ 13.9 | monoprotic 7.7 | Uncharged 0 1.00 1.00 0.008 | -2.097 | Abegglen et. al., 2009

monoprotic 7.7 | Uncharged 0 1.00 1.00 0.008 | -2.125 | Abegglen et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.135 | -0.870 | Radjenovic et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.164 | -0.785 | Radjenovic et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.194 | -0.712 | Radjenovic et. al., 2009

Stevens-Garmon et. al.,
monoprotic 7 Uncharged 0 1.00 1.00 0.050 | -1.301 | 2011

Stevens-Garmon et. al.,
monoprotic 7 Uncharged 0 1.00 1.00 0.036 | -1.444 | 2011
monoprotic n/r n/d n/d n/d n/d 0.001 | -2.921 | Ternes et. al., 2004
monoprotic 6.7 | Uncharged 1.00 1.00 0.066 | -1.180 | Urase & Kikuta, 2005
monoprotic 5.6 | Uncharged 1.00 1.00 0.028 | -1.553 | Urase & Kikuta, 2005
monoprotic 4.4 | Uncharged 1.00 1.00 0.035 | -1.456 | Urase & Kikuta, 2005
monoprotic 7.2 | Uncharged 1.00 1.00 0.034 | -1.469 | Urase & Kikuta, 2005
monoprotic n/r n/d n/d n/d n/d 0.017 | -1.770 | Wick et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.940 | -0.027 | Xue et. al., 2010
monoprotic n/r n/d n/d n/d n/d 3.870 0.588 | Xue et. al., 2010
monoprotic n/r n/d n/d n/d n/d 6.550 0.816 | Xue et. al., 2010
monoprotic n/r n/d n/d n/d n/d 0.810 | -0.092 | Xue et. al., 2010
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured Kp values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:ir:; :E:)Elpt. :(LDg'l ss) log K, | Reference
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.622 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.804 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.777 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.747 | Hyland et. al., 2012

Cyproheptadine CHD 8.87 | monoprotic 6 Positive +1 1.00 0.00 3.600 0.556 | Horsing et. al., 2011
monoprotic 7 Positive +1 0.99 0.01 2.100 0.322 | Horsing et. al., 2011
monoprotic 8 Positive +1 0.88 0.12 4.400 0.643 | Horsing et. al., 2011
monoprotic 7 Positive +1 0.99 0.01 5.300 0.724 | Horsing et. al., 2011

Cimetidine CIM 6.89 | monoprotic n/r n/d n/d n/d n/d 0.002 | -2.629 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.003 | -2.564 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.680 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.003 | -2.554 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.003 | -2.602 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.609 | Hyland et. al., 2012
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured Kp values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:ir:; :E:)Elpt. :(LDg'l ss) log K, | Reference

Clofibric Acid CLA 3.2 | monoprotic 7.7 | Negative -1 1.00 0.00 0.007 | -2.155 | Abegglen et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.005 | -2.319 | Ternes et. al., 2004
monoprotic 6.7 | Negative -1 1.00 0.00 0.029 | -1.538 | Urase & Kikuta, 2005
monoprotic 5.6 | Negative -1 1.00 0.00 0.162 | -0.790 | Urase & Kikuta, 2005
monoprotic 4.4 | Negative -1 0.94 0.06 0.554 | -0.256 | Urase & Kikuta, 2005
monoprotic 7.2 | Negative -1 1.00 0.00 0.024 | -1.620 | Urase & Kikuta, 2005

Clomipramine CMP 9.46 | monoprotic 6 Positive +1 1.00 0.00 6.700 0.826 | Horsing et. al., 2011
monoprotic 7 Positive +1 1.00 0.00 3.900 0.591 | Horsing et. al., 2011
monoprotic 8 Positive +1 0.97 0.03 9.300 0.968 | Horsing et. al., 2011
monoprotic 7 Positive +1 1.00 0.00 7.300 0.863 | Horsing et. al., 2011

Celiprolol CPL multiprotic n/r n/d n/d n/d n/d 0.085 | -1.071 | Wick et. al., 2009

Chlorprothixene CPT 8.4 | monoprotic 6 Positive +1 1.00 0.00 20.000 1.301 | Horsing et. al., 2011
monoprotic 7 Positive +1 0.96 0.04 10.000 1.000 | Horsing et. al., 2011
monoprotic 8 Positive +1 0.72 0.28 28.000 1.447 | Horsing et. al., 2011

Clotrimazol CTZ 6.12 | monoprotic 6 Positive +1 0.57 0.43 36.000 1.556 | Horsing et. al., 2011
monoprotic 7 Uncharged 0 0.88 0.88 33.000 1.519 | Horsing et. al., 2011
monoprotic 8 Uncharged 0 0.99 0.99 40.000 1.602 | Horsing et. al., 2011
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured K, values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:::; :E:)Elpt. :(LDg'l ss) log K, | Reference
Diclofenac DCF 4.2 | monoprotic Negative -1 0.98 0.02 0.800 | -0.097 | Horsing et. al., 2011
Negative -1 1.00 0.00 47.900 1.680 | Horsing et. al., 2011
8 Negative -1 1.00 0.00 1.200 0.079 | Horsing et. al., 2011
n/r n/d n/d n/d n/d 0.118 | -0.928 | Radjenovic et. al., 2009
n/r n/d n/d n/d n/d 0.321 | -0.493 | Radjenovic et. al., 2009
n/r n/d n/d n/d n/d 0.197 | -0.706 | Radjenovic et. al., 2009
n/r n/d n/d n/d n/d 0.016 | -1.796 | Ternes et. al., 2004
6.7 | Negative -1 1.00 0.00 0.032 | -1.495 | Urase & Kikuta, 2005
5.6 | Negative -1 0.96 0.04 0.159 | -0.799 | Urase & Kikuta, 2005
4.4 | Negative -1 0.61 0.39 0.701 | -0.154 | Urase & Kikuta, 2005
7.2 | Negative -1 1.00 0.00 0.016 | -1.796 | Urase & Kikuta, 2005
n/r n/d n/d n/d n/d 0.100 | -1.000 | Xue et. al., 2010
n/r n/d n/d n/d n/d 0.310 | -0.509 | Xue et. al., 2010
n/r n/d n/d n/d n/d 0.090 | -1.046 | Xue et. al., 2010
n/r n/d n/d n/d n/d 0.200 | -0.699 | Xue et. al., 2010
n/r n/d n/d n/d n/d 0.002 | -2.622 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.604 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.678 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.697 | Hyland et. al., 2012
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured Kp values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:ir:; :E:)Elpt. :(LDg'l ss) log K, | Reference
n/r n/d n/d n/d n/d 0.002 | -2.721 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.664 | Hyland et. al., 2012
Dicycloverin DCV 8.54 | monoprotic 6 Positive +1 1.00 0.00 1.700 0.230 | Horsing et. al., 2011
7 Positive +1 0.97 0.03 1.200 0.079 | Horsing et. al., 2011
8 Positive +1 0.78 0.22 2.400 0.380 | Horsing et. al., 2011
7 Positive +1 0.97 0.03 1.700 0.230 | Horsing et. al., 2011
Desloratadine DLR 8.65 | monoprotic 6 Positive +1 1.00 0.00 2.900 0.462 | Horsing et. al., 2011
7 Positive +1 0.98 0.02 2.300 0.362 | Horsing et. al., 2011
8 Positive +1 0.82 0.18 3.400 0.531 | Horsing et. al., 2011
7 Positive +1 0.98 0.02 3.200 0.505 | Horsing et. al., 2011
Donepezil DPZ 8.8 | monoprotic 6 Positive +1 1.00 0.00 0.960 | -0.018 | Horsing et. al., 2011
7 Positive +1 0.98 0.02 0.480 | -0.319 | Horsing et. al., 2011
8 Positive +1 0.86 0.14 1.000 0.000 | Horsing et. al., 2011
Doxepine DXP 8 | monoprotic n/r n/d n/d n/d n/d 0.139 | -0.857 | Wick et. al., 2009
Duloxetine DXT 9.4 | monoprotic 6 Positive +1 1.00 0.00 2.900 0.462 | Horsing et. al., 2011
7 Positive +1 1.00 0.00 1.800 0.255 | Horsing et. al., 2011
8 Positive +1 0.96 0.04 4.400 0.643 | Horsing et. al., 2011
7 Positive +1 1.00 0.00 3.200 0.505 | Horsing et. al., 2011
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured Kp values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Qo
. Expt | Dom.Sp. %Dom. Kp
Name & Acronym pKa Protonation pH | Expt.pH Species E);Ipt. (w g'l ss) log Ko | Reference
Stevens-Garmon et. al.,
Diazepam DzP 3.3 | monoprotic 7 Uncharged 0 1.00 1.00 0.241 | -0.618 | 2011
Stevens-Garmon et. al.,
7 Uncharged 0 1.00 1.00 0.161 | -0.793 | 2011
Stevens-Garmon et. al.,
7 Uncharged 0 1.00 1.00 0.197 | -0.706 | 2011
n/r n/d n/d n/d n/d 0.021 | -1.678 | Ternes et. al., 2004
n/r n/d n/d n/d n/d 0.053 | -1.276 | Wick et. al., 2009
n/r n/d n/d n/d n/d 0.002 | -2.721 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.609 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.658 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.701 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.688 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.670 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.658 | Hyland et. al., 2012
Eprosartan EPR multiprotic 6 Negative -1 0.88 0.02 0.050 | -1.301 | Horsing et. al., 2011
Negative -2 0.54 0.00 0.060 | -1.222 | Horsing et. al., 2011
Negative -2 0.92 0.00 0.080 | -1.097 | Horsing et. al., 2011
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured Kp values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:ir:; :E:)Elpt. :(LDg'l ss) log K, | Reference
Erythromycin ERY 8.16 | monoprotic n/r n/d n/d n/d n/d 0.074 | -1.131 | Radjenovic et. al., 2009
n/r n/d n/d n/d n/d 0.011 | -1.943 | Radjenovic et. al., 2009
n/r n/d n/d n/d n/d 0.183 | -0.738 | Radjenovic et. al., 2009
Ezetimibe EZE 9.72 | monoprotic 6 Uncharged 0 1.00 1.00 3.200 0.505 | Horsing et. al., 2011
7 Uncharged 0 1.00 1.00 3.000 0.477 | Horsing et. al., 2011
8 Uncharged 0 0.98 0.98 3.900 0.591 | Horsing et. al., 2011
7 Uncharged 0 1.00 1.00 8.500 0.929 | Horsing et. al., 2011
Fexofenadine FEX multiprotic 6 Uncharged 0 0.99 0.99 0.360 | -0.444 | Horsing et. al., 2011
multiprotic 7 Uncharged 0 0.99 0.99 0.350 | -0.456 | Horsing et. al., 2011
multiprotic 8 Uncharged 0 0.91 0.91 0.100 | -1.000 | Horsing et. al., 2011
multiprotic 7 Uncharged 0 0.99 0.99 0.670 | -0.174 | Horsing et. al., 2011
Flutamide FLU 13.9 | monoprotic 6 Uncharged 0 1.00 1.00 0.800 | -0.097 | Horsing et. al., 2011
7 Uncharged 0 1.00 1.00 0.800 | -0.097 | Horsing et. al., 2011
8 Uncharged 0 1.00 1.00 0.600 | -0.222 | Horsing et. al., 2011
7 Uncharged 0 1.00 1.00 1.200 0.079 | Horsing et. al., 2011
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured Kp values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:ir:; :E:)Elpt. :(LDg'l ss) log K, | Reference
Fluoxetine FLX 10.1 | monoprotic 6 Positive +1 1.00 0.00 6.100 0.785 | Horsing et. al., 2011
7 Positive +1 1.00 0.00 3.700 0.568 | Horsing et. al., 2011
8 Positive +1 0.99 0.01 8.700 0.940 | Horsing et. al., 2011
7 Positive +1 1.00 0.00 5.700 0.756 | Horsing et. al., 2011
n/r n/d n/d n/d n/d 0.003 | -2.535 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.003 | -2.495 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.003 | -2.506 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.003 | -2.547 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.003 | -2.519 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.003 | -2.516 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.003 | -2.483 | Hyland et. al., 2012
Fenoprofen FPN 4.2 | monoprotic 6.7 | Negative -1 1.00 0.00 0.057 | -1.244 | Urase & Kikuta, 2005
5.6 | Negative -1 0.96 0.04 0.306 | -0.514 | Urase & Kikuta, 2005
4.4 | Negative -1 0.61 0.39 0.515 | -0.288 | Urase & Kikuta, 2005
7.2 | Negative -1 1.00 0.00 0.026 | -1.585 | Urase & Kikuta, 2005
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured Kp values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:ir:; :E:)Elpt. :(LDg'l ss) log K, | Reference
Glibenclamide GLC multiprotic 6 Negative -1 0.98 0.02 1.400 0.146 | Horsing et. al., 2011

7 Negative -1 1.00 0.00 1.100 0.041 | Horsing et. al., 2011

8 Negative -1 1.00 0.00 1.100 0.041 | Horsing et. al., 2011

7 Negative -1 1.00 0.00 2.300 0.362 | Horsing et. al., 2011

n/r n/d n/d n/d n/d 0.239 | -0.622 | Radjenovic et. al., 2009

n/r n/d n/d n/d n/d 0.142 | -0.848 | Radjenovic et. al., 2009

n/r n/d n/d n/d n/d 0.315 | -0.502 | Radjenovic et. al., 2009
Glimepiride GLM 4.99 | monoprotic 6 Negative -1 0.91 0.09 0.960 | -0.018 | Horsing et. al., 2011

7 Negative -1 0.99 0.01 0.900 | -0.046 | Horsing et. al., 2011

8 Negative -1 1.00 0.00 0.960 | -0.018 | Horsing et. al., 2011

7 Negative -1 0.99 0.01 2.600 0.415 | Horsing et. al., 2011
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured Kp values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:ir:; :E:)Elpt. :(LDg'l ss) log K, | Reference
Gemfibrozil GMF 4.8 | monoprotic n/r n/d n/d n/d n/d 0.019 | -1.714 | Radjenovic et. al., 2009
n/r n/d n/d n/d n/d 0.028 | -1.556 | Radjenovic et. al., 2009
n/r n/d n/d n/d n/d 0.019 | -1.728 | Radjenovic et. al., 2009
Stevens-Garmon et. al.,
7 Negative -1 0.99 0.01 0.045 | -1.347 | 2011
Stevens-Garmon et. al.,
7 Negative -1 0.99 0.01 0.030 | -1.523 | 2011
6.7 | Negative -1 0.99 0.01 0.448 | -0.349 | Urase & Kikuta, 2005
5.6 | Negative -1 0.86 0.14 0.401 | -0.397 | Urase & Kikuta, 2005
4.4 | Uncharged 0 0.72 0.72 0.403 | -0.395 | Urase & Kikuta, 2005
7.2 | Negative -1 1.00 0.00 0.434 | -0.363 | Urase & Kikuta, 2005
n/r n/d n/d n/d n/d 0.002 | -2.686 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.648 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.676 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.614 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.775 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.695 | Hyland et. al., 2012
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured Kp values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:ir:; :E:)Elpt. :(LDg'l ss) log K, | Reference
Haloperidol HAL 8.3 | monoprotic 6 Positive +1 1.00 0.00 2.900 0.462 | Horsing et. al., 2011
7 Positive +1 0.95 0.05 1.200 0.079 | Horsing et. al., 2011
8 Positive +1 0.67 0.33 2.800 0.447 | Horsing et. al., 2011
7 Positive +1 0.95 0.05 1.700 0.230 | Horsing et. al., 2011
Hydrochlorothiazide = HCT multiprotic n/r n/d n/d n/d n/d 0.020 | -1.695 | Radjenovic et. al., 2009
multiprotic n/r n/d n/d n/d n/d 0.022 | -1.652 | Radjenovic et. al., 2009
multiprotic n/r n/d n/d n/d n/d 0.024 | -1.629 | Radjenovic et. al., 2009
Hydrocodone HYC 8.61 | monoprotic n/r n/d n/d n/d n/d 0.002 | -2.654 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.654 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.780 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.717 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.688 | Hyland et. al., 2012
Hydroxyzine HYZ multiprotic 6 Positive +1 0.76 0.02 0.710 | -0.149 | Horsing et. al., 2011
7 Positive +1 0.67 0.13 0.530 | -0.276 | Horsing et. al., 2011
8 Uncharged 0 0.60 0.60 0.300 | -0.523 | Horsing et. al., 2011
7 Positive +1 0.67 0.13 0.600 | -0.222 | Horsing et. al., 2011
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured Kp values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:ir:; :E:)Elpt. :(LDg'l ss) log K, | Reference
Ibuprofen IBP 4.5 | monoprotic 7.7 | Negative -1 1.00 0.00 0.050 | -1.301 | Abegglen et. al., 2009
7.7 | Negative -1 1.00 0.00 0.006 | -2.222 | Abegglen et. al., 2009
7 Negative -1 1.00 0.00 0.200 | -0.699 | Horsing et. al., 2011
n/r n/d n/d n/d n/d 0.007 | -2.155 | Ternes et. al., 2004
6.7 | Negative -1 0.99 0.01 0.080 | -1.097 | Urase & Kikuta, 2005
5.6 | Negative -1 0.93 0.07 1.265 0.102 | Urase & Kikuta, 2005
4.4 | Uncharged 0 0.56 0.56 0.470 | -0.328 | Urase & Kikuta, 2005
7.2 | Negative -1 1.00 0.00 0.072 | -1.143 | Urase & Kikuta, 2005
n/r n/d n/d n/d n/d 0.002 | -2.674 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.625 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.003 | -2.577 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.688 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.660 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.674 | Hyland et. al., 2012
n/r n/d n/d n/d n/d 0.002 | -2.662 | Hyland et. al., 2012
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured K, values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:::; :E:)Elpt. :(LDg'l ss) log K, | Reference
Indomethacin IDM 4.5 | monoprotic 6.7 | Negative -1 0.99 0.01 0.039 | -1.409 | Urase & Kikuta, 2005
5.6 | Negative -1 0.93 0.07 1.158 0.064 | Urase & Kikuta, 2005
4.4 | Uncharged 0 0.56 0.56 2.851 0.455 | Urase & Kikuta, 2005
7.2 | Negative -1 1.00 0.00 0.028 | -1.553 | Urase & Kikuta, 2005
Ketoprofen KET 4.45 | monoprotic n/r n/d n/d n/d n/d 0.016 | -1.796 | Radjenovic et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.165 | -0.783 | Radjenovic et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.072 | -1.143 | Radjenovic et. al., 2009
monoprotic 6.7 | Negative -1 0.99 0.01 0.029 | -1.538 | Urase & Kikuta, 2005
monoprotic 5.6 | Negative -1 0.93 0.07 0.072 | -1.143 | Urase & Kikuta, 2005
monoprotic 4.4 | Uncharged 0 0.53 0.53 0.429 | -0.368 | Urase & Kikuta, 2005
monoprotic 7.2 | Negative -1 1.00 0.00 0.016 | -1.796 | Urase & Kikuta, 2005
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.714 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.646 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.003 | -2.590 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.710 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.611 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.003 | -2.583 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.721 | Hyland et. al., 2012
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured Kp values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:ir:; :E:)Elpt. :(LDg'l ss) log K, | Reference
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.690 | Hyland et. al., 2012
Loperamide LOP 8.86 | monoprotic 6 Positive +1 1.00 0.00 5.700 0.756 | Horsing et. al., 2011
monoprotic Positive +1 0.99 0.01 3.000 0.477 | Horsing et. al., 2011
monoprotic Positive +1 0.88 0.12 7.300 0.863 | Horsing et. al., 2011
monoprotic Positive +1 0.99 0.01 11.000 1.041 | Horsing et. al., 2011
Loratidine LOR 4.9 | monoprotic n/r n/d n/d n/d n/d 3.321 0.521 | Radjenovic et. al., 2009
monoprotic n/r n/d n/d n/d n/d 2.214 0.345 | Radjenovic et. al., 2009
monoprotic n/r n/d n/d n/d n/d 3.058 0.485 | Radjenovic et. al., 2009
Maprotiline MAP 10.31 | monoprotic 6 Positive +1 1.00 0.00 4.600 0.663 | Horsing et. al., 2011
monoprotic 7 Positive +1 1.00 0.00 2.700 0.431 | Horsing et. al., 2011
monoprotic 8 Positive +1 1.00 0.00 6.200 0.792 | Horsing et. al., 2011
monoprotic 7 Positive +1 1.00 0.00 3.900 0.591 | Horsing et. al., 2011
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured Kp values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:ir:; :E:)Elpt. :(LDg'l ss) log K, | Reference

Metoprolol MET 9.7 | monoprotic n/r n/d n/d n/d n/d 0.024 | -1.617 | Maurer et. al., 2007
monoprotic n/r n/d n/d n/d n/d 0.027 | -1.569 | Maurer et. al., 2007
monoprotic n/r n/d n/d n/d n/d 0.010 | -2.003 | Maurer et. al., 2007
monoprotic n/r n/d n/d n/d n/d 0.065 | -1.187 | Wick et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.010 | -2.000 | Xue et. al., 2010
monoprotic n/r n/d n/d n/d n/d 0.020 | -1.699 | Xue et. al., 2010
monoprotic n/r n/d n/d n/d n/d 0.010 | -2.000 | Xue et. al., 2010
monoprotic n/r n/d n/d n/d n/d 0.010 | -2.000 | Xue et. al., 2010

Mefenamic Acid MFA 4.2 | monoprotic n/r n/d n/d n/d n/d 0.434 | -0.363 | Radjenovic et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.537 | -0.270 | Radjenovic et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.495 | -0.305 | Radjenovic et. al., 2009

Mianserin MIA multiprotic 6 Positive +1 0.89 0.11 0.910 | -0.041 | Horsing et. al., 2011
multiprotic 7 Uncharged 0 0.55 0.55 40.400 1.606 | Horsing et. al., 2011
multiprotic 8 Uncharged 0 0.92 0.92 0.620 | -0.208 | Horsing et. al., 2011
multiprotic 7 Uncharged 0 0.55 0.55 0.520 | -0.284 | Horsing et. al., 2011
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured K, values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:::; :E:)Elpt. :(LDg'l ss) log K, | Reference

Naproxen NAP 4.15 | monoprotic 7.7 | Negative -1 1.00 0.00 0.010 | -2.000 | Abegglen et. al., 2009
monoprotic 6.7 | Negative -1 1.00 0.00 0.024 | -1.620 | Urase & Kikuta, 2005
monoprotic 5.6 | Negative -1 0.97 0.03 0.092 | -1.036 | Urase & Kikuta, 2005
monoprotic 4.4 | Negative -1 0.64 0.36 0.444 | -0.353 | Urase & Kikuta, 2005
monoprotic 7.2 | Negative -1 1.00 0.00 0.013 | -1.886 | Urase & Kikuta, 2005
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.678 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.650 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.631 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.703 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.627 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.717 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.719 | Hyland et. al., 2012

Nefazodone NEF multiprotic 6 Positive +1 0.92 0.08 8.800 0.944 | Horsing et. al., 2011
multiprotic 7 Positive +1 0.55 0.45 6.300 0.799 | Horsing et. al., 2011
multiprotic 8 Uncharged 0 0.89 0.89 4.200 0.623 | Horsing et. al., 2011
multiprotic 7 Positive +1 0.55 0.45 8.900 0.949 | Horsing et. al., 2011
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured Kp values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:ir:; :E:)Elpt. :(LDg'l ss) log K, | Reference
Orphenadrine ORP 8.4 | monoprotic 6 Positive +1 1.00 0.00 0.650 | -0.187 | Horsing et. al., 2011
monoprotic 7 Positive +1 0.96 0.04 0.500 | -0.301 | Horsing et. al., 2011
monoprotic 8 Positive +1 0.72 0.28 0.820 | -0.086 | Horsing et. al., 2011
monoprotic 7 Positive +1 0.96 0.04 0.540 | -0.268 | Horsing et. al., 2011
Oxazepam ozp multiprotic 6 Uncharged 0 1.00 1.00 1.100 0.041 | Horsing et. al., 2011
multiprotic 7 Uncharged 0 1.00 1.00 1.900 0.279 | Horsing et. al., 2011
multiprotic 8 Uncharged 0 1.00 1.00 1.600 0.204 | Horsing et. al., 2011
multiprotic 7 Uncharged 0 1.00 1.00 1.600 0.204 | Horsing et. al., 2011
multiprotic n/r n/d n/d n/d n/d 0.013 | -1.886 | Wick et. al., 2009
Paroxetine PAR 9.72 | monoprotic 6 Positive +1 1.00 0.00 8.500 0.929 | Horsing et. al., 2011
monoprotic 7 Positive +1 1.00 0.00 4.900 0.690 | Horsing et. al., 2011
monoprotic 8 Positive +1 0.98 0.02 11.000 1.041 | Horsing et. al., 2011
monoprotic 7 Positive +1 1.00 0.00 8.600 0.934 | Horsing et. al., 2011
Pizotifen P1Z 6.95 | monoprotic 6 Positive +1 0.90 0.10 3.100 0.491 | Horsing et. al., 2011
monoprotic 7 Uncharged 0 0.53 0.53 2.000 0.301 | Horsing et. al., 2011
monoprotic 8 Uncharged 0 0.92 0.92 4.300 0.633 | Horsing et. al., 2011
monoprotic 7 Uncharged 0 0.53 0.53 3.100 0.491 | Horsing et. al., 2011
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured K, values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:::; :E:)Elpt. :(LDg'l ss) log K, | Reference

Propranolol PRO 9.42 | monoprotic n/r n/d n/d n/d n/d 0.365 | -0.438 | Maurer et. al., 2007
monoprotic n/r n/d n/d n/d n/d 0.398 | -0.401 | Maurer et. al., 2007
monoprotic n/r n/d n/d n/d n/d 0.497 | -0.304 | Maurer et. al., 2007
monoprotic n/r n/d n/d n/d n/d 0.569 | -0.245 | Maurer et. al., 2007
monoprotic n/r n/d n/d n/d n/d 0.420 | -0.376 | Maurer et. al., 2007
monoprotic n/r n/d n/d n/d n/d 0.366 | -0.437 | Radjenovic et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.375 | -0.426 | Radjenovic et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.298 | -0.526 | Radjenovic et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.343 | -0.465 | Wick et. al., 2009

Repaglinide REP multiprotic 6 Negative -1 0.94 0.06 0.100 | -1.000 | Horsing et. al., 2011
multiprotic 7 Negative -1 0.99 0.01 0.200 | -0.699 | Horsing et. al., 2011
multiprotic 8 Negative -1 1.00 0.00 0.070 | -1.155 | Horsing et. al., 2011
multiprotic 7 Negative -1 0.99 0.01 0.510 | -0.292 | Horsing et. al., 2011

Risperidone RIS multiprotic 6 Positive +1 1.00 0.00 0.650 | -0.187 | Horsing et. al., 2011
multiprotic 7 Positive +1 0.98 0.02 0.420 | -0.377 | Horsing et. al., 2011
multiprotic 8 Positive +1 0.85 0.15 0.620 | -0.208 | Horsing et. al., 2011
multiprotic 7 Positive +1 0.98 0.02 0.330 | -0.481 | Horsing et. al., 2011
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured K, values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:::; :E:)Elpt. :(LDg'l ss) log K, | Reference

Sertraline SER 9.47 | monoprotic Positive +1 1.00 0.00 18.000 1.255 | Horsing et. al., 2011
monoprotic Positive +1 1.00 0.00 9.800 0.991 | Horsing et. al., 2011
monoprotic 8 Positive +1 0.97 0.03 26.000 1.415 | Horsing et. al., 2011

Sulfamethoxazole SMX 5.7 | monoprotic 7.7 | Negative -1 0.99 0.01 0.040 | -1.398 | Abegglen et. al., 2009
monoprotic 7.7 | Negative -1 0.99 0.01 0.050 | -1.301 | Abegglen et. al., 2009
monoprotic 6 Negative -1 0.67 0.33 0.300 | -0.523 | Horsing et. al., 2011
monoprotic 7 Negative -1 0.95 0.05 0.300 | -0.523 | Horsing et. al., 2011
monoprotic 8 Negative -1 1.00 0.00 0.270 | -0.569 | Horsing et. al., 2011
monoprotic 7 Negative -1 0.95 0.05 0.280 | -0.553 | Horsing et. al., 2011
monoprotic n/r n/d n/d n/d n/d 0.077 | -1.114 | Radjenovic et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.063 | -1.201 | Radjenovic et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.060 | -1.222 | Radjenovic et. al., 2009
monoprotic n/r n/d n/d n/d n/d 0.003 | -2.551 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.633 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.726 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.693 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.002 | -2.623 | Hyland et. al., 2012
monoprotic n/r n/d n/d n/d n/d 0.003 | -2.547 | Hyland et. al., 2012
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured Kp values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:ir:; :E:)Elpt. :(LDg'l ss) log K, | Reference

Sotalol SOT multiprotic 6 Positive +1 1.00 0.00 0.400 | -0.398 | Horsing et. al., 2011
multiprotic 7 Positive +1 1.00 0.00 0.240 | -0.620 | Horsing et. al., 2011
multiprotic 8 Positive +1 0.96 0.04 0.300 | -0.523 | Horsing et. al., 2011
multiprotic 7 Positive +1 1.00 0.00 0.740 | -0.131 | Horsing et. al., 2011
multiprotic n/r n/d n/d n/d n/d 0.021 | -1.672 | Maurer et. al., 2007
multiprotic n/r n/d n/d n/d n/d 0.061 | -1.214 | Maurer et. al., 2007
multiprotic n/r n/d n/d n/d n/d 0.048 | -1.316 | Maurer et. al., 2007
multiprotic n/r n/d n/d n/d n/d 0.131 | -0.884 | Maurer et. al., 2007
multiprotic n/r n/d n/d n/d n/d 0.018 | -1.745 | Wick et. al., 2009

Telmisartan TEL multiprotic 6 Uncharged 0 0.51 0.55 1.000 0.000 | Horsing et. al., 2011
multiprotic 7 Negative -1 0.88 0.12 0.900 | -0.046 | Horsing et. al., 2011
multiprotic 8 Negative -1 0.99 0.01 0.400 | -0.398 | Horsing et. al., 2011
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured K, values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Qo
. Expt | Dom.Sp. %Dom. Kp
Name & Acronym pKa Protonation oH Expt.pH Species E);Ipt. (w g'l ss) log Kp Reference
Trimethoprim TMP multiprotic 6 Positive +1 0.93 0.07 0.430 | -0.367 | Horsing et. al., 2011
multiprotic 7 Positive +1 0.59 0.41 0.348 | -0.458 | Horsing et. al., 2011
multiprotic 8 Uncharged 0 0.87 0.87 0.280 | -0.553 | Horsing et. al., 2011
multiprotic 7 Positive +1 0.59 0.41 0.280 | -0.553 | Horsing et. al., 2011
multiprotic n/r n/d n/d n/d n/d 0.253 | -0.597 | Radjenovic et. al., 2009
multiprotic n/r n/d n/d n/d n/d 0.320 | -0.495 | Radjenovic et. al., 2009
multiprotic n/r n/d n/d n/d n/d 0.225 | -0.648 | Radjenovic et. al., 2009
Stevens-Garmon et. al.,
multiprotic 7 Positive +1 0.59 0.41 0.119 | -0.924 | 2011
Stevens-Garmon et. al.,
multiprotic 7 Positive +1 0.59 0.41 0.135 | -0.870 | 2011
Stevens-Garmon et. al.,
multiprotic 7 Positive +1 0.59 0.41 0.193 | -0.714 | 2011
multiprotic n/r n/d n/d n/d n/d 0.002 | -2.633 | Hyland et. al., 2012
multiprotic n/r n/d n/d n/d n/d 0.003 | -2.565 | Hyland et. al., 2012
multiprotic n/r n/d n/d n/d n/d 0.002 | -2.690 | Hyland et. al., 2012
multiprotic n/r n/d n/d n/d n/d 0.002 | -2.642 | Hyland et. al., 2012
multiprotic n/r n/d n/d n/d n/d 0.002 | -2.642 | Hyland et. al., 2012
multiprotic n/r n/d n/d n/d n/d 0.002 | -2.658 | Hyland et. al., 2012
Tramadol TRA multiprotic n/r n/d n/d n/d n/d 0.047 | -1.328 | Wick et. al., 2009
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Table A-2. Measured sorption coefficients (Kp) for the 66 PhACs assessed in this review. For each measured Kp values are provided with reported
experimental pH, charge of dominant PhAC species at experimental conditions (Dom.Sp.Expt.pH), fraction of dominant species (%Dom.Species) and
fraction of uncharged PhAC species (0, Expt.pH). Note that where the pH employed for the experiments was not reported (n/r) by the authors the
information about the dominant species was not determined (n/d).

Name & Acronym pKa Protonation E::t ED:[::;: OSApDe:ir:; :E:)Elpt. :(LDg'l ss) log K, | Reference

Venlafaxine VEN 9.26 | monoprotic 6 Positive +1 1.00 0.00 0.100 | -1.000 | Horsing et. al., 2011
monoprotic 8 Positive +1 0.95 0.05 0.060 | -1.222 | Horsing et. al., 2011

Verapamil VRP 8.92 | monoprotic 6 Positive +1 1.00 0.00 0.380 | -0.420 | Horsing et. al., 2011
monoprotic 7 Positive +1 0.99 0.01 0.360 | -0.444 | Horsing et. al., 2011
monoprotic 8 Positive +1 0.89 0.11 0.400 | -0.398 | Horsing et. al., 2011
monoprotic 7 Positive +1 0.99 0.01 0.630 | -0.201 | Horsing et. al., 2011
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Sandeep Sathyamoorthy’s professional experience extends over a decade and
across four continents in water and wastewater treatment in capacities ranging plant
design, operations and management. Sandeep’s personal interest in engineering and
the chemistry of engineering processes, however, spans more than three decades. A
native of Nairobi Kenya, Sandeep knew by age 6 he wanted to study chemical
engineering in university. As a young boy, he toured a plastics manufacturing plant with
his dad and even back then, he sought to understand the chemistry of plastics. Sandeep
was hooked. In 1998, Sandeep graduated with honors from Cornell University with a
Bachelor of Science degree in chemical engineering. Upon graduation, Sandeep worked
as a pilot plant engineer, some days quite literally knee-deep in wastewater and sludge.
This was a tremendous learning experience and foundation for his future career.
Thereafter, Sandeep designed, built, operated and managed water and wastewater
treatment plants ranging from a one-town waste management system to a project that
spanned three countries. His experience in industry included a wide array of biological
processes and technologies, advanced water reuse processes as well as management of
people and complex projects. For Sandeep, industry and academics always sustained a
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After working for over a decade, he pursued a PhD in the Department of Civil
and Environmental Engineering at Tufts University, where his research focused on the
biodegradation of pharmaceuticals during nitrification. At Tufts, Sandeep had an
opportunity to explore teaching — something he enjoyed tremendously. He developed

and taught modules and served as a guest lecturer in core undergraduate courses. He
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also had the privilege of training and mentoring undergraduate and graduate students
for whom he designed and implemented a training program that combined fundamental
knowledge and application oriented skills such as lab techniques. Sandeep values the
role and responsibility of working with and training future engineers.

Sandeep is a member of the Water Environment Federation (WEF), the
International Water Association (IWA), the American Chemical Society (ACS), the
American Geophysical Union (AGU), the American Society of Engineering Education
(ASEE) and the New England Water Environment Association (NEWEA). Sandeep
currently serves as vice chairman of the NEWEA Microconstituents Committee and on
the Young Professionals Committee for WEF. Sandeep was the recipient of the 2012
Tufts University, Department of Civil & Environmental Engineering Jonathan Curtis
Fellowship. He was also awarded the Teagle Foundation Innovation in Teaching Grant in
2011 and the Tufts University Graduate Student Research Award in 2010. Sandeep is
fluent in French, Swabhili, Hindi and is proficient in Spanish, Tamil and Gujarati. His

youngest student is his 17-month-old son, Aydyn Nikola Sathyamoorthy.
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