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Abstract

With increasing pressure on natural water resources, wastewater is gradually being considered as
a potential source for potable water. Current WWTPs are designed for the removal of parameters
like solids, nutrients, organic matter, and pathogens. For achieving a high-quality effluent, that
enables reuse, it is important to also address the removal of micropollutants, particularly
antibiotics, from the wastewater. Due to these antibiotics, antibiotic resistance spreads among the
microorganisms and increases through various mechanisms. Antibiotics of sulfamethoxazole
(SMX), trimethoprim (TMP), ciprofloxacin (CIP), and ampicillin (AMP) are known to be found
abundantly in natural waters all across the globe. The abilities of an anaerobic membrane
bioreactor (AnMBR) of maintaining high SRTs with low biomass losses help in treating
wastewater containing antibiotics. A recently developed technique of adding limited aeration to
ANMBR has the potential of removing recalcitrant antibiotics by improving the performance of
the reactor. Hence, this research aims to study the removal mechanisms of the antibiotics (SMX,
TMP) and the persistence of corresponding antibiotic resistance in AnMBR, followed by the effect
of the antibiotics on the performance of the AnMBR. In addition, antibiotics CIP and AMP were
tested via anaerobic batch tests to investigate the effect of the limited aeration on their removal.

After adding the antibiotics SMX and TMP to the reactor, no significant difference in COD and
nutrients removal was observed. The biogas production was reduced slightly after the addition of
SMX 150 pg/L initially, however, it increased back to the original state after few days. Total
removal of SMX and TMP was 86% and 97% respectively in the reactor. Results showed that 85%
of SMX and 94% of TMP were removed through biodegradation/biotransformation and 14% of
SMX and only 3% of TMP were discharged through the effluent. From the adsorption batch tests
conducted, it was observed that the linear adsorption isotherm fits well for TMP. With the increase
in temperature, the adsorption potential of TMP was reduced with a Kq value of 1.234 L/g at 10°C
and 0.513 L/g at 37°C. The removal of SMX was low through adsorption and high due to
degradation and follows the first-order rate kinetics with a half-life of 1.71 days. After two weeks
of SMX addition to the reactor, almost all the bacteria present in the effluent gained resistance
either to TMP or SMX or both. Of all the ARGs measured in this study, the genes responsible for
the resistance development were sull and sul2. The addition of antibiotics increased the presence
of ARGs in the system. The correlation between the presence of sull and TMP resistant bacteria,
and sull and SMX resistant bacteria was 0.91-0.93, indicating that the gene sull might be involved
in multidrug resistance. ARGs sull, sul2, and dfrAl were removed respectively by 3.2 log, 3.6 log,
and 7.3 log units by the membrane. In addition, the class 1 integrons and 16s rRNA were removed
by 3 log and 3.2 log units respectively. Removal of CIP and AMP was found to be high with values
of 82% and 84% respectively in limited aeration assisted anaerobic batch tests. The removal
efficiencies of all antibiotics were more than 80% and independent of their initial concentrations
in the selected range. The increase in the removal of CIP and AMP in comparison to literature,
points to a relation with the added limited aeration. Nevertheless, more studies need to be
performed to establish this.
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1. Introduction

1.1. Background and motivation

Due to the rapid population growth and increase in industrial and agricultural activity, concerns
are raising regarding the water stress in both water-scarce countries and developing countries
(Radjenovi¢ et al., 2009). According to WHO, globally about 850 million people have no access
to drinking water (WHO/UNICEF, 2017). The estimation of the world population by 2050 is 9.4-
10.2 billion people with the expected rise in water demands of the industrial sector by 400%
(Torretta et al., 2020). Hence, instead of overexploitation of the natural resources present,
alternative solutions should be implemented. For sustainable water management practice,
domestic, urban, or industrial wastewaters can be regarded as an interesting source for reuse. This
can provide various social, economic, and environmental benefits (Raschid-Sally and van Rooijen,
2010) and improve the state of the environment, by reducing the consumption of natural resources
and decreasing the pollutants released from the WWTPs into the water bodies.

In the course of the past few decades, the technologies involved in the treatment of wastewater
(WW) have improved. Also, in low-middle income countries, the number of wastewater treatment
plants (WWTPs) has increased (Libhaber and Orozco-Jaramillo, 2012). According to the Central
Pollution Control Board of India, around 522 sewage treatment plants are in working condition
that can treat 38% of the WW generated (CPCB, 2015). Due to the rapid population growth in
India, it was estimated that the water availability per capita per year will reduce from 1588 m?
currently to 1191 m3 by the year 2050 (India-WRIS wiki, 2019). Countries with less than 1700 m®
water per capita per year are regarded as water-stressed. Hence, the reuse from wastewater
treatment plants might provide an attractive solution by tackling both the problems of water
scarcity and the pollution of water bodies due to the dumping of wastewater directly without any
proper treatment.

LOTUSHR (Local Treatment of Urban Sewage for Healthy Reuse) project that is being
implemented in Barapullah drain, New Delhi, India, is a Dutch-Indian collaboration. This project
has objectives of recovery of water, energy, and nutrients from the wastewater produced in the
megacities by developing a novel holistic wastewater management technique (lotushr.org). The
technologies used in this project are chosen in such a way that they are compact, robust, and cost-
effective. This project has sewage pre-treatment and energy recovery as one of its three research
lines. Anaerobic digestion in combination with membrane technology called anaerobic membrane
bioreactor (AnMBR) is being used due to its potential for the recovery of nutrients, and energy
through biogas production (lotushr.org). This research will contribute to the LOTUS"R project by
studying the removal of antibiotics and antibiotic resistance for the safe reuse of water, through
AnMBR assisted with limited aeration.
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1.2. Problem statement and Research objective

For the safe reuse of water, effluent quality from the wastewater treatment plants is an important
aspect. Conventional WWTPs that receive municipal wastewater, wastewater from hospitals,
industries, agricultural streams, and runoff are designed generally for the solids, nutrients, organic
matter, pathogens removal, but do not consider the micropollutants and persistent xenobiotic
compounds. The micropollutants removal of pharmaceuticals and personal care products (PPCPs)
from wastewater is only adopted by a few countries as part of their water protection legislation
(Weissbrodt et al., 2009). The presence of these micropollutants is considered an issue of emerging
concern. As their removal was not considered in the design of WWTPs, PPCPs get discharged into
the groundwater, rivers, oceans, and soil with the effluent of the WWTPs (Balakrishna et al., 2017).

Pharmaceuticals like antibiotics, analgesics, endocrine disruptors, B-blockers, etc. have been
detected in the WWTP’s effluent (Mutiyar and Mittal, 2013). As antibiotics are an important
component of human and veterinary medicines, their consumption is increasing daily, leading to
their occurrence in the WW of all sectors. India is in the top five producers of pharmaceuticals
which produced more than 2300 Mt of antibiotics in 2006-2007 (Balakrishna et al., 2017). Among
these, around 85% of the antibiotics are reportedly consumed by the domestic markets. Around
90% of these consumed antibiotics are excreted without any change (Mutiyar and Mittal, 2014).

The persistence of these unwanted antibiotics in WW increased antibiotic resistance in the
microbial communities. WWTPs are considered as the major points of antibiotic resistance release
into the environment. The non-resistant bacteria can gain the resistance mechanisms from the
antibiotic resistance bacteria (ARB) via an exchange of mobile genetic elements (MGE) like
plasmids, integrons, and transposons, that contains antibiotic resistance genes (ARG) (Blair et al.,
2015). The high availability of the microbes in WWTPs promotes the transfer of antibiotic
resistance via vertical and horizontal gene transfer in the presence of the antibiotics (Zarei-Baygi
et al., 2019). Previous research shows that the higher solids retention time of the WWTPs resulted
in the increased abundance of ARGs in conventional and membrane-based activated sludge
systems (Zhang et al., 2018; Xia et al., 2012).

In Europe, per year approximately 25000 deaths, and in the US around 23000 deaths were due to
ARB. Besides, around $1.5 and $1 billion were attributed to annual healthcare costs in Europe and
the US respectively (Walker and Fowler, 2011; CDC, 2013). In India, approximately 56000
newborns die due to sepsis, which is caused by organisms resistant to first-line antibiotics
(Laxminarayan et al., 2013). By the year 2050, in India, a cumulative of 2 million deaths are
predicted to occur due to antimicrobial resistance (Dixit et al., 2019). Antibiotic resistance is one
of the most critical health risks in humans (World Health Organisation, 2018). Hence, there is an
urgency to look into the removal of antibiotics and antibiotic resistance by developing new and
efficient methods for their removal.
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Removal of the emerging pollutants occurs through various biological and non-biological
processes. The removal through non-biological processes can be achieved by ozonation, filtration
processes like reverse osmosis, nanofiltration, and adsorption using activated carbon. But these
processes are expensive with high capital and operational costs (Buarque et al., 2019). The
advancing technology of AnMBR has fewer energy requirements while producing less amount of
solids compared to the aerated systems. Due to its ability to maintain high solids retention time
independent of hydraulic retention time, it occupies less area and produces a very high effluent
quality at a range of operational temperatures (Harb and Hong, 2017). Also, a recent technique of
adding limited aeration to the anaerobic digestion process has been shown to enhance the removal
of COD along with biogas production and degradation of recalcitrant compounds in the anaerobic
systems (Buarque et al., 2019; Q. Chen et al., 2020; Nguyen and Khanal, 2018).

ANMBR s effective in treating pharmaceutical wastewater containing various antibiotics, and
other micropollutants (Ji et al., 2020). In membrane bioreactors, besides biological removal, the
membrane can retain the microorganisms and remove the larger mobile genetic elements by
physical processes. The research by Kappell et al. (2018) using the primary clarifier effluent,
indicated a 3.5-log reduction of ARGs sull, ermB, and tetO in AnNMBR. In a study by Zarei-Baygi
et al. (2019), it was detected that the addition of antibiotics can change the abundance of related
and unrelated antibiotic resistant genes in AnNMBR. However, only a few studies investigated the
removal of antibiotics and their effect on the corresponding ARB and ARGs by adding them to the
feed of AnMBR (Kappell et al., 2018; Zarei-Bayqi et al., 2020, 2019). Hence, the main objective
of this study is to verify the performance of limited aeration assisted AnNMBR for treating
synthetic black water spiked with common Indian antibiotics.

Due to the high abundance of antibiotics and their corresponding genes, sulfamethoxazole (SMX),
trimethoprim (TMP), ciprofloxacin (CIP), and ampicillin (AMP) were selected for their analysis
in this research. Out of these antibiotics, SMX and TMP will be directly added to the AnMBR
system for the analysis of the removal and fate of antibiotics, and antibiotic resistance. In addition,
as the antibiotics CIP and AMP are known to be removed majorly in aerobic conditions, these are
selected to observe the effect of limited aeration on their removal through batch tests.

1.3. Thesis outline

Chapter 1 starts with a brief introduction to the research topic, followed by the motivation of
studying antibiotics and antibiotic resistance. Chapter 2 provides the literature review relevant to
the present research which includes the prevalence of antibiotics, antibiotic resistance, and their
removal through physical and biological removal mechanisms. In addition, the importance of
AnMBR and the introduction of the limited aeration to the reactor is presented. Along with this,
the research gaps, hypothesis, research questions, and the scope of the study are given in this
chapter. Chapter 3 presents the materials and methodologies that were used in this study. It
includes the description of the lab-scale AnMBR and the batch tests conducted in this research.
Methods used to quantify the performance of reactor, antibiotics, bacteria, and genes are presented
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here. Chapter 4 provides the major results and discussions of this research. It presents the impact
of the addition of antibiotics on reactor performance. It also consists of the results of removal and
fate of the antibiotics by presenting the removal via different mechanisms. The results of antibiotic
resistant bacteria and genes quantification are also discussed here. This chapter also focuses on the
removal of CIP and AMP via anaerobic degradation batch tests assisted with limited aeration.
Chapter 5 provides the key conclusions of the research. Chapter 6 presents a few
recommendations for future studies.
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2. Literature Review

2.1. Prevalence of Antibiotics

The consumption of PPCPs like disinfectants, drugs, body lotions, etc. has been increasing
recently. Because of their harmful effects on marine life and public health, in recent years, these
PPCPs have been receiving increasing attention (Singh et al., 2019). Among these pollutants,
antibiotics, that are used in preventing bacterial infections, have raised more concerns due to their
direct toxicity to aquatic organisms. As antibiotics also aid in developing the antibiotic resistance
among pathogens, they are considered to be harmful.

Between 10-90% of the antibiotics consumed are finally excreted into the environment in their
original form, with remaining as their metabolites or conjugates (Balakrishna et al., 2017). From
the production in the industries to their consumption by humans and animals, these antibiotics
reach the WWTPs and will finally be discharged in raw or treated form into the surface water and
ground water bodies like rivers, oceans, etc. which is further used in drinking water purposes. They
are released into the environment in several paths as shown in Figure 1.

)
s / Antibiotics \
3

!‘u‘a / \ N
Y=
La<igp]

| e XD
& W

Manufacturin Human .
& - Veterinary Aquaculture
waste medicine o
medicine

I ! |

Waste disposal WWTPs M
i anure

J{ \ spreading

= |

Incineration  Landfill Effluent  Sludge -

¥
Ground water «——4  Surface water Soil

| t
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Antibiotics of several classes such as sulfonamides (e.g. sulfathiazole, sulfamethoxazole),
trimethoprim, B-lactams (e.g. ampicillin), quinolones (e.g. ciprofloxacin, levofloxacin),
glycopeptides, and tetracyclines (e.g. doxycycline) are being used worldwide for the treatment of
awide range of diseases due to various bacterial infections. According to Van Boeckel et al. (2015,
2014), antibiotic consumption in the animals of livestock, pigs, etc. is higher than human
consumption. Despite its high usage, the quantitative data of antibiotics is not sufficiently
available. Among the available antibiotics, a few like sulfamethoxazole (SMX), trimethoprim
(TMP), ciprofloxacin (CIP), ofloxacin (OFX), tetracycline (TET), ampicillin (AMP),
erythromycin (ERY) are found in significantly high concentrations all over the world, as these are
the highly used antibiotics in human and veterinary medications (Van Boeckel et al., 2015, 2014).

Excessive utilization of antibiotics can be seen majorly in most Asian countries, leading to the
ultimate distribution of antibiotics into aquatic bodies, and subsequent resistance development. As
India is in the top five producers of pharmaceuticals in the world, the discharge of antibiotics from
the industrial pathway into rivers is high in India. The highest antibiotic concentrations reported
in Asia were from the Isakavagu-Nakkavagu streams in India. The reported concentrations were
2500 pg/L of ciprofloxacin followed by ofloxacin with conc. of 10 pg/L, norfloxacin with conc.
of 4.7 pg/L and trimethoprim with a conc. of 4 pg/L (Fick et al., 2009). Due to the high
concentrations of antibiotics in the surface waters, a wide range of quinolone and B-lactam resistant
antibiotic resistant genes has been reported in Indian rivers. A broad range of antibiotic
concentrations was observed in the water bodies from different regions of the world. Some of the
available concentrations of widely used antibiotics are shown in Table 1. After treatment, the
concentration of antibiotics in drinking water is found to be less than 50 ng/L (Maycock and Watts,
2011). The concentrations of antibiotics above this range are considered to be potentially harmful.
The concentrations of SMX in rivers from China like Wangyang River, Hai River were
considerably high with a value of 4.8 pug/L. High values of TMP concentrations were also recorded
in Isakavagu-Nakkavagu (India) and Ravi River (China) with 4 pg/L and 1.1 pg/L respectively.

As trimethoprim-sulfamethoxazole is an efficient and inexpensive antibiotic prescription
available, it has been used widely for many years to treat bacterial infections. In European rivers,
among all the antibiotics, SMX, TMP, CIP, and ERY were found in abundance (Johnson et al.,
2015). The maximum concentrations of SMX found were in Portugal with a conc. of 8.7 pg/L,
followed by Italy and France with concentrations of 6.5 pg/L and 1.4 pg/L respectively. Similarly,
the next abundantly found ciprofloxacin has concentrations of 3.7 pg/L, 1.4 pg/L respectively in
Italy and Portugal.

The values mentioned in Table 1 are of the antibiotic concentrations found in the rivers. However,
the concentrations reaching the wastewater treatment plants are found in higher values than those
mentioned in Table 1. The maximum concentration of ciprofloxacin in the water treatment plant,
PETL (Patancheru Enviro Tech Limited) receiving the wastewater from 90 drug manufacturers
was the highest ever reported concentration of the antibiotics with a value of 14000 pg/L of
ciprofloxacin (Fick et al., 2009). Similarly, the maximum concentrations of SMX, CIP reaching
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the WWTPs of the Netherlands are 0.3 pug/L, and 1.4 pg/L respectively. Due to such high antibiotic
concentrations in WWTPs, they act as a hotspot for the growth and spreading of ARGs.

Table 1 Concentrations of antibiotics in rivers from around the world

Continent/Country Antibiotic concentration (ug/L)
SMX CIP T™P AMP Reference
Asia
India 2500 4.00 (Fick et al., 2009)
India 1.44 (Mutiyar and Mittal, 2014)
Hong Kong 0.03 0.03 (Deng et al., 2018)
Hong Kong 0.72 0.40 (Li et al., 2009)
China 0.08 0.08 (Xu et al., 2018)
China 4.87 0.55 1.13 (Chen et al., 2018)
China 0.07 (Wang et al., 2017)
Iran 0.02 (Mirzaei et al., 2019)
Tarwan 0.04 (Hsu et al., 2014)
America
Canada 0.6 (Guerra et al., 2014)
USA 0.015 (Pico and Andreu, 2007)
Europe
Holland 0.10 0.18 (Sabri et al., 2020)
Portugal 8.72 1.40 {Santos et al., 2013)
Germany 0.48 0.20 (Hirsch et al., 1999)
France 1.44 0.14 0.25 (Tuc Dinh et al., 2011)
Spain 0.07 0.07 0.93 (Rodriguez-Mozaz et al., 2015)
Italy 6.50 3.70 (Verlicchi et al., 2012)
Australia 2.00 1.30 0.15 (Watkinson et al., 2009)

2.2. Removal of selected antibiotics in WWTPs

In this research, based on the abundance of antibiotics and their corresponding ARG in different
parts of the world, four antibiotics TMP, SMX, AMP, and CIP were chosen to study for their
removal. The important properties of these antibiotics are shown in Table 2.
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Table 2 Properties of selected antibiotics

Antibiotic Molecular formula Log K,y Charge pKa Henry’s csonstant
(pH 7-9) (atm.m-/mol)
TMP C14H1sN4O5 1.26 +ve 7.12 2.14E-14
SMX CioH11N303S 0.89 -ve 5.12 6.40E-13
AMP Ci1sH1eN304S 1.35 +ve 2.50 2.40E-17
CIP C17H1sN;O5F 0.28 +ve 6.09 5.09E-19

2.2.1. General mechanisms of antibiotics removal

The removal of antibiotics might happen by two processes: biotic, and abiotic/non-biotic
processes. The biotic process mainly includes the degradation of antibiotics by bacteria and fungi.
Abiotic processes mainly consist of physical or chemical processes like sorption, hydrolysis,
photolysis, volatilization, etc. However, as the wastewater treatment plants have little exposure to
light, the photolysis mechanism may not be the path of antibiotics removal. Hydrolysis can be a
removal pathway for some antibiotics. However, as the molecular weights of the selected
antibiotics are high and they do not contain favorable functional groups, hydrolysis can be
negligible (Liu et al., 2010; Thi Mai, 2018). Volatilization is the process where the dissolved
antibiotics get transferred to the gaseous form. This depends on Henry’s constant of the compounds
and the operational conditions. However, according to Namkung and Rittmann (1987)
volatilization can only be considered as a removal pathway if Henry’s law constant of the
compound is above 1.0E-3 atm-m3/mol. Hence, the main antibiotics removal mechanisms in the
WWTPs are considered as sorption and biodegradation (Michael et al., 2013).

Antibiotics can be removed from the aqueous phase onto the solid phase by sorption, complex
formation with metal ions, ion exchange, and polar hydrophilic interactions (Diaz-Cruz et al.,
2003). The hydrophobic antibiotics can be removed easily via sorption onto sludge, compared to
the hydrophilic antibiotics, because of their greater affinity to solids. This tendency of antibiotics
to adsorb on sludge can be evaluated by the octanol-water partition coefficient (Kow). According
to Rogers (1996), the organic contaminants have a low sorption potential if log Kow < 2.5. The
organic contaminants with 2.5<log Kow<4 have medium sorption potential, and the contaminant
with log Kow > 4 have a high sorption potential. A few antibiotics that have low sorption potential
are tetracyclines, sulfonamides, aminoglycosides. Antibiotics with medium potential are f-
lactams, macrolides, and the antibiotics with higher potential are glycopeptides (Michael et al.,
2013).

The prediction of sorption of antibiotics on sludge based on log Kow values can be done mainly
for the non-polar compounds. The prediction of sorption on polar antibiotics might not be correct
often. The use of log Kow values also leads to an underestimation of sorption in a few antibiotics
like fluoroquinolones, tetracyclines (Golet et al., 2003; Kim et al., 2005). For example,
ciprofloxacin, a fluoroguinolone class antibiotic, has a log Kow value of 0.28, yet it is 80% sorbed
onto sludge, indicating that the main removal pathway is sorption. However, as the sorption
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process occurs in parallel to the biodegradation, it is very difficult to analyze the removal, just via
sorption. In several studies on the removal of SMX, it was observed that the removal due to the
sorption was below 10% (Gdobel et al., 2007; Michael et al., 2013; Yang et al., 2005).

The removal of antibiotics in the WWTPs depend on many operational factors such as ORP,
hydraulic retention time (HRT), SRT, pH, suspended solids loading, temperature, food-
microorganism ratio (F/M), and dissolved oxygen (Drewes, 2007; Kovalova et al., 2012; Michael
etal., 2013).

The removal of antibiotics through biodegradation can be increased with higher SRTs. As the SRT
is related to the microbial growth rate, higher SRTs assist the growth of slowly growing bacteria,
which leads to diverse enzymes that assist in degrading the antibiotics (Gobel et al., 2007; Le-
Minh et al., 2010). A higher SRT combined with a reduced F/M ratio was found to favor the
removal of the antibiotics via degradation. The higher SRTs can be reached in the MBRs by
retaining sludge in the reactor with the help of the membranes that can separate the solid-liquid
phase. Mostly used membranes in the MBRs are microfiltration and ultrafiltration membranes.
The retention of these antibiotics on the membrane is considered to be negligible (Radjenovic¢ et
al., 2009; Tadkaew et al., 2010). The removal of selected antibiotics reported in the literature is
summarized below.

2.2.2. Antibiotics removal in aerobic conditions

In the previous study by Li and Zhang (2010), the removal of 11 antibiotics from different classes
via biodegradation, adsorption, and volatilization in the conventional activated sludge (CAS)
process was verified. The removal of antibiotics through volatilization was observed to be
negligible. As shown in Figure 2, for antibiotics TMP, CIP, and AMP, adsorption was found to be
the main removal mechanism, whereas for SMX it was biodegradation. The removal efficiencies
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Figure 2 Removal of selected antibiotics via different pathways in CAS process (Li and Zhang, 2010)
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of CIP, AMP were found to be high in the aerobic activated sludge process, 85% and 98%
respectively. Whereas the removal of TMP and SMX was less, 26.4% and 39.1% respectively.

Gobel et al. (2007) observed the removal of SMX and TMP in several municipal WWTPs. The
SMX removal was independent of SRT, with a value of ~80% in the MBR system, compared to
~60% in the CAS system. The removal of TMP was increased from 50% to 90% with an SRT
increase from 23 days to 70 days indicating a correlation with decreased loading of the substrate.
The combination of high SRT with reduced sludge loading might have caused the increase in
biodiversity of the biomass, influencing the removal of antibiotics undergoing co-metabolism
(Gobel et al., 2007).

In aerobic MBR, CIP removal was observed to be in the range of 60-90%, in which a flat-sheet
membrane reactor showed higher removal efficiencies compared to a hollow-fiber membrane
(Nguyen et al., 2017). Hamjinda et al. (2017) observed only 58% removal of CIP in a two-stage
(2S) MBR with an anoxic reactor, aerobic MBR due to its recalcitrant nature. However, a 3S MBR
with a pretreatment step improved the removal of CIP to 90%. The removal of AMP in the airlift
biofilm reactor was observed to be high with 90-98%, out of which around 40% was due to
biodegradation and the remaining was found to be due to adsorption (Shen et al., 2010).

2.2.3. Antibiotics removal in anaerobic conditions

The removal efficiencies of TMP and SMX are expected to be higher with a value of ~85% at the
lower redox potential condition. The SMX and TMP are readily biodegraded under anaerobic
conditions because of their chemical structures. The amide group present in the SMX makes its
degradation difficult in aerobic conditions. However, it can be transformed by reductive reactions
due to the electron-withdrawing group like sulfonyl in the anaerobic conditions. Similarly, in the
case of TMP, the substituted pyrimidine group can be readily biotransformed in anaerobic
conditions (Alvarino et al., 2018, 2016).

As the antibiotic sulfamethoxazole has a negative charge and low sorption capacity at neutral pH,
the main mode of removal for SMX is expected to be biodegradation. The removal efficiencies of
sulfamethoxazole and trimethoprim in the AnMBR system fed with synthetic black water at a
concentration of 1.5 pg/L, was observed to be 95.2%, and 40% respectively by Monsalvo et al.
(2014). On the other hand, Wijekoon et al. (2015) observed a 98% removal of trimethoprim in
AnMBR, most of which was removed via adsorption. Wei et al. (2019) examined the removal of
SMX viaan AnMBR system with varying influent concentrations of 10-100000 pg/L. The removal
of SMX at all concentrations was observed to be due to biodegradation, with a value of more than
88%. Hence, using the AnMBR systems, a constant high removal of SMX and TMP was observed
in the literature, which makes the AnMBR a promising technology for treating the municipal
wastewater containing the selected antibiotics.

In a study conducted by Thi Mai (2018), it was shown that CIP removal of 50-76% can be observed
in AnNMBR at lower concentrations. In AnMBR, the removal of AMP was found to be very low,
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with a removal efficiency of 22-43% (Huang et al., 2018a) compared to 90-98% in airlift biofilm
reactors (Shen et al., 2010). Only a few studies were found in the literature regarding the removal
of CIP and AMP in anaerobic conditions.

2.3. Removal of antibiotic resistant bacteria and genes in WWTPs

The capacity of microorganisms to reduce the efficacy of antibiotics by resisting and escaping
from their effects is known as antibiotic resistance (Singh et al., 2019). The high concentrations of
microorganisms in the wastewater treatment systems promote this antibiotic resistance spreading
through horizontal gene transfer (HGT) and clonal expansion if they are exposed to lethal levels
of antibiotics. Through horizontal gene transfer, the dissemination of antibiotic resistance takes
place. While the clonal expansion works on the amplification of the genes within the individual
hosts. If the HGT occurs frequently, it would broadly distribute the resistant genes that result in
many gene combinations. In such cases, regionally independent gene distributions can be expected.
On the other hand, if the clonal expansions occur frequently, the region-dependent genes with high
antibiotic resistance levels and unique gene combinations are expected (Blahna et al., 2006).

According to Parnanen et al. (2019), the most prevalent antibiotic resistant genes in European
countries of selected antibiotics are sull, sul2, dhfrl (sulfonamides), gnrS, gnrC, gnrD
(quinolones), blaces, blaoxa, blaves (B-lactams), dfrAl, dfrA17 (trimethoprim). A few studies have
reported the positive correlation of the concentration of the antibiotics with the abundance of the
corresponding resistance genes (Figure 3). The surveillance in Europe showed that their WWTPs
have higher ARGs in the high antibiotic consumption countries like Spain, Portugal, Ireland.
Whereas the ARGs are found in lower concentrations in the countries like Norway, Finland where
antibiotic consumption is relatively low (Parnanen et al., 2019).
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Figure 3 Positive correlation between average concentration of antibiotics (macrolides, sulfonamides,
quinolones and tetracyclines) and the abundance of corresponding ARGs (erm, sul, gnr and tet) in
influent and effluent of WWTPs (Wang et al., 2020)

In the biological treatment processes treating antibiotics containing wastewater, the major concern
is that the ARGs and ARB might grow and multiply with time. However, it was observed that
around 2 logs reduction in ARGs and ARB was found in WWTPs. On the other hand, still, ~2.9-
4.6 logs of ARG, 2.3-4.5 logs of ARB are reported in the effluent of WWTPs (Wang et al., 2020).
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The discharge of this effluent into the environment causes huge risks for the ecology. The reuse of
such effluent is also considered dangerous. According to the quantitative microbial risk assessment
study conducted by Al-Jassim et al. (2015), it was observed that the effluent of WWTPs can be
allowed to reuse for irrigation purposes only after applying the chlorination step as disinfection.
However according to Hong et al. (2018), to reuse the effluent for non-potable purposes, micro,
ultra or nanofiltration processes are sufficient. To reuse the water for potable purposes, the
advanced disinfection treatment steps should be adapted. Recently a few studies investigated the
removal capacity of AnMBR regarding ARGs and ARB. The research by Kappell et al. (2018)
using the primary clarifier effluent, indicated a 3.5-log reduction of ARGs sull, ermB, and tetO in
AnMBR. Another work by Cheng and Hong (2017), showed that the subcritical membrane fouling
in AnMBR increased the removal of ARGs and ARB significantly. This indicates that the
membrane biofilms might play an important role in the removal of antibiotic resistance. In this
research, the ultrafiltration membrane associated with the anaerobic digestion reactor was applied
and studied for antibiotic resistance.

2.4. Performance of anaerobic digestion

Anaerobic digestion (AD) includes the biodegradation of organic matter (OM) in the absence of
oxygen, into methane and carbon dioxide. This breakdown of OM is done in various stages by
several types of hydrolytic, fermentative, acetogenic, and methanogenic bacteria.

Hydrolysis

In AD, hydrolysis is the first reaction mechanism which includes the breakdown of complex
compounds such as carbohydrates, proteins, and lipids into simple compounds like sugar, amino
acids, and peptides respectively. Hydrolytic bacteria such as Micrococcus, Peptococcus,
Clostridium are responsible for the degradability of complex compounds in anaerobic conditions.
The hydrolysis step is regarded as a rate-limiting step for the overall process when a large amount
of particulate matter is present in the feed, reducing its degradability (SCHINK, 1987).

Acidogenesis

In this step, the simple organic compounds like sugars, amino acids, etc. that were formed in the
hydrolysis step, will be converted by fermentative bacteria and anaerobic oxidative bacteria, into
volatile fatty acids, ketones, carbon dioxide, hydrogen, alcohols. This acidogenesis step is a very
fast occurring process as the bacteria responsible for this process are fast growers with a doubling
time of a minimum of 0.5 h. This fast growth leads to high acid production, leading to a significant
drop in pH value (Thi Mai, 2018).

Acetogenesis

In acetogenesis, the fatty acids, alcohols produced in acidogenesis are converted to acetate,
hydrogen, and carbon dioxide by the acetogenic bacteria. Butyrate and propionate are the major
substrates in this step. There is a production of hydrogen in this step (Phelps and Zeikus, 1984).
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Methanogenesis

The methanogenesis step produces biogas, mainly consisting of methane and carbon dioxide by
the degradation of acetate or carbon dioxide and hydrogen. Based on the substrate utilized, the
methanogens are divided into two major groups of aceticlastic methanogens (substrate: acetate),
and hydrogenotrophic methanogens (hydrogen utilizing). The doubling times of the aceticlastic
methanogens range to several days with significantly low growth rates. On the other hand,
hydrogenotrophic bacteria have a double-time of 4 to 12 hours with comparatively high growth
rates. Two major genera of aceticlastic methanogens are Methanosarcina and Methanosaeta.
Methanosarcina spec. have a wide substrate spectrum with its capacity to utilize many substrates
like acetate, H2/CO>, formate, methanol, and methylamines (Van Lier et al., 2008).

The addition of SMX in concentrations greater than 45 mg/L to the anaerobic systems was found
to be lethal and causes the inactivation of aceticlastic methanogens. Hydrogenotrophic
methanogens and Clostridium sp. were found to be dominant (Cetecioglu et al., 2016). Aceticlastic
methanogens like Methanothrix and Syntrophobacter were found to be affected by the addition of
0.5-50 mg/L of CIP to the anaerobic system. Accumulation of propionate in the reactor can be
found on the reduction of Syntrophobacter (Thi Mai, 2018). The addition of antibiotics
sulfamethoxazole, ampicillin, and erythromycin at a concentration of 250 pg/L did not alter the
microbial community of biomass in the AnMBR system (Zarei-Baygi et al., 2020).

Besides, the performance of anaerobic digestion can be altered with the addition of a limited
amount of aeration. The limited aeration improves the rate of conversion of slowly degradable
COD to readily degradable COD, due to which the reactor can achieve a stable performance
without any VFA accumulation. Zhou et al. (2007) detected an increase in COD removal from
40% before aeration to 80% after limited aeration (aeration rate: 3—6 mL L™ min™). It was also
observed that the biogas quality was improved after limited aeration, by activating the sulfide
oxidation and hydrogen sulfide removal (Mahdy et al., 2020). Hence, it can be seen that the
performance of the reactor can be altered by the addition of antibiotics or limited aeration to the
system.

2.5. Research gaps

As mentioned in section 2.2, even though the removal of a few antibiotics in anaerobic conditions
was higher than aerobic, not all antibiotics can be removed in anaerobic conditions. A few
antibiotics like CIP, AMP, favor aerobic conditions because of their recalcitrant nature. Hence,
there is a need to adopt an advanced process of limited aeration by combining both anaerobic and
aerobic systems, to achieve the removal of most of the antibiotics. Despite its advantages, till now
just two antibiotics of SMX and TMP were investigated for their removal through limited aeration
assisted anaerobic digestion process by Buarque et al. (2019) and do Nascimento et al. (2021) in a
lab-scale upflow anaerobic sludge blanket reactor. In addition to studying the removal of
antibiotics, it is important to study the fate and transport of the removed antibiotics in the WWTPs.
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Furthermore, in the biological treatment processes treating antibiotics containing wastewater, the
major concern is the dissemination of antibiotic resistance with time. The presence of antibiotic
resistance in the effluent of the WWTPs is harmful and prevents the reuse of wastewater. Although
AnNMBR has high potential in treating wastewater, to the best of the author’s knowledge, its
effectiveness in removing the antibiotics and corresponding antibiotic resistance has been rarely
investigated (Kappell et al., 2018; Zarei-Baygi et al., 2020, 2019).

2.6. Hypothesis and Research Questions

The main research question based on the discussion made in previous sections was formulated as
following to tackle the problem effectively.

What is the performance of a limited aeration assisted AnNMBR for treating synthetic black water
spiked with common Indian antibiotics?

The following research objectives and their corresponding hypothesis were formulated to answer
the main question:

Objective 1: To verify the effect of the addition of antibiotics SMX and TMP on the performance
of the AnMBR used in this study in terms of COD, nutrients removal, and biogas production

Hypothesis 1: The addition of antibiotics to the reactor reduces the performance of AnMBR by
accumulating the VFAs and affecting the COD removal efficiency, biogas production, and
nutrients by more than 10%.

Objective 2: To evaluate the effect of limited aerated AnMBR on the antibiotics and antibiotic
resistance
~ Analysis of the removal efficiencies and fate of the antibiotics SMX and TMP
o Assessing the removal of antibiotics through adsorption
o Assessing the removal of antibiotics through biodegradation

~ Analysis of the ARB and ARGs corresponding to SMX and TMP in biomass and
effluent of the reactor

Hypothesis 2: Removal efficiencies of antibiotics SMX and TMP in limited aeration assisted
ANMBR is less than the removal observed in anaerobic conditions (~95%) but higher than that
observed in aerobic conditions (~40%), with biodegradation as main removal pathway. Also, their
corresponding antibiotic resistance can be removed using the membrane by more than 3 log units.

Objective 3: To study the effect of limited aeration on the removal of antibiotics CIP and AMP

Hypothesis 3: The removal of antibiotics CIP and AMP can be improved by the addition of limited
aeration compared to the anaerobic conditions by at least 20%.
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3. Material and Methods

3.1. Continuous Anaerobic membrane bioreactor

A lab-scale AnMBR was set up as a part of the LOTUSHR project (Figure 4). This AnMBR includes
a glass reactor with a capacity of 7 L (working volume of 5.5 - 6 L), connected to an external,
inside-out cross-flow membrane. This reactor has 7 ports in the top with different diameters, each
connected to a different part of the system. There are 3 sampling points on the side of the reactor
to collect sludge samples from reactor. The sludge inoculum used in this reactor was obtained from
a 1 m® anaerobic reactor treating blackwater, NIOO, KNAW, Wageningen. At first, this AnMBR
was operated at anaerobic conditions until it reached the stable condition, in which later a limited
aeration (14.7 ml air/Lrec/d) was introduced in the reactor through a calibrated pump. This aeration
was added to the reactor daily in 3 cycles, with each cycle of 8 hours. In these 8 hours, the reactor
was aerated for four hours followed by 4 hours of resting. This conversion from feeding to resting
was done automatically by a timer that sends a signal to the pump. The reactor was operated for
more than 1.5 years with aeration.

Biogas

Feed
Feed tank =ec pump

Feed I“',
:Q M > § Retentate :I"-.I- Permeate }: >

Permeate pump

Membrane

I—
N u
N

Bioreactor

Waste sludge

Limited asration

Permeate tank

Aeration pump Recirculation pump

Figure 4 Piping and Instrumentation diagram of AnMBR
3.1.1. Feed preparation

The influent used in this reactor was a recipe of synthetic black water feed, that was prepared by
mixing various macro and micro nutrients (Appendix A) which was adapted and altered from
(Ozgun et al., 2013). This synthetic blackwater feed has an average COD of 4.9+0.6 g/L. For the
preparation of feed, the ingredients mentioned in Appendix A were first added to a 2 L water and
were blended using a hand blender for 2 min, to achieve a homogeneous mixture. This feed was
then diluted to 12 L. This synthetic feed was prepared twice per week and stored in the fridge in a
bucket equipped with a mechanical agitator to keep it homogeneous throughout the feeding time.
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This feed was then pumped to the reactor through a port on top. The outflow of this CSTR was
then sent to the external membrane which is a hollow tubular, helix membrane with a pore size of
30 nm. This membrane was contained in a closed glass tube, with 3 ports out of which the top port
was connected to the reactor, and the bottom port was connected to a recirculation pump to
recirculate the concentrate of the membrane to the reactor. The third port is the effluent outlet
through which the permeate was drawn from the outside of the membrane to a permeate bucket.

3.1.2. AnMBR operational parameters

The reactor was maintained at a constant volume of 5.5 L at mesophilic conditions of 37°C. Other
operational parameters of the reactor are shown in Table 3. The inflow of the reactor was
maintained at around 2.7 L/day, and the effluent flow was maintained at 2.5 L/day. The feed and
permeate pumps were calibrated regularly using the sampling points of the setup. The computer
interface of AnNMBR was available on the software generated by CARYA Automatisering, The
Netherlands (Appendix A), through which the operation of the reactor was monitored. pH,
temperature, and ORP of the reactor were monitored and recorded daily using a probe. The biogas
generated was measured through a gas ritter (Ritter, Germany) and monitored daily.

Table 3 Operational parameters of reactor

Parameter Value Unit
Feed flow 2.7 L/d
Permeate flow 2.5 L/d
Reactor volume 5.5 L
Temperature 37 C
Hydraulic retention time 2.1 d
Solids retention time 28 d
Sludge wasted 0.2 L/d
Flux 10 LMH
Recirculation flow 1300 L/d
Organic loading rate 2.45 gCOD/L/d

3.2. Experiments in continuous reactor

The steady-state of the reactor operation was described as consistent low COD concentration in
the effluent (<60 mg/L) with stable biogas production, and high methane content in biogas (>85%)
over at least two weeks of operation. Once the steady-state of the reactor was reached after the
limited aeration period, two antibiotics including trimethoprim and sulfamethoxazole were added
to the feed of the reactor in sequential phases.

A standard solution of 200 mg/L was prepared for trimethoprim and sulfamethoxazole using
ultrapure water as a solvent for trimethoprim, and a mixture of ultrapure water with sufficient
drops of sodium hydroxide for sulfamethoxazole. These stock solutions were stored at 4°C in dark
by wrapping the bottles with aluminum foil.
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Phase 1: Addition of TMP

In this phase, TMP was added to the reactor in three stages of increasing concentrations of 10, 50,
150 pg/L with seven days at each concentration, which corresponds to a period of around 3 HRTs
of the system. These concentrations were chosen based on the typical concentration levels found
in domestic, hospital wastewaters. The highest concentration was chosen based on the maximum
concentration levels found in the Indian drain water (Fick et al., 2009). Hence, after fourteen days
the final concentration of 150 ug/L was added to the reactor and kept constant till the end of the
study.

Phase 2: Addition of SMX

After seven days of adding the TMP concentration of 150 pg/L, SMX was added to the reactor in
three stages of increasing concentrations of 10, 50, 150 ug/L with seven days at each concentration.
After the end of fourteen days, 150 ug/L of SMX was added to the reactor and kept constant till
the end of the study. Analysis of the removal efficiencies of antibiotics was performed in all the
phases of antibiotics addition.

3.3. Experiments via batch tests

Before the addition of antibiotics to the reactor, a few batch tests were conducted to assess the
impact of selected antibiotics on biomass, and their removal efficiencies. To analyze the removal
of antibiotics, mainly two types of batch tests degradation and adsorption were performed.

3.3.1. Degradation tests

The main aim of the degradation batch tests was to analyze the removal of antibiotics through
biodegradation by performing mass balance. Further, two sets of degradation tests were performed:

1. Batch tests with varying concentrations of antibiotics with one-time feeding
2. Batch tests with intermittent feeding at a constant concentration of 150 pg/L

These batch tests were chosen to verify the initial concentration effect, and feeding pattern effect
on the removal efficiencies via biodegradation respectively.

All batch tests were conducted in serum bottles (180 mL). These bottles were fitted with a rubber
stopper and sealed with an aluminum crimp using a clamper to avoid the leakage of biogas.

To maintain the solids retention time of the lab-scale limited aerated anaerobic membrane
bioreactor, as mentioned in Table 3, around 200 mL of sludge was wasted from the reactor per
day. Wasted sludge was collected in a 5 L container and was flushed with nitrogen every day to
maintain the anaerobic condition. For the batch tests, sludge was collected for 10 days before the
test and was used as inoculum. This collected sludge was analyzed for COD and solids
concentration before the experiment. These properties are provided in Appendix A. In addition, as
suggested by Holliger et al. (2016), the accumulated sludge was incubated at 37°C for five days
before the start of the batch tests to prevent unwanted endogenous gas production. Also, a few
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blank samples with sludge and water were added to each batch test to quantify any endogenous
gas production. This incubated inoculum was again subjected to solids quantification as
volatilization of biomass reduces the VS content of the inoculum.

All batch tests were performed at a temperature of 37°C similar to the reactor. The bottles were
kept inside an incubator shaker with the temperature maintained at 37°C, and constant stirring of
the bottles at 160 revolutions per minute (RPM) to ensure proper mixing of the bottles. In both sets
of tests, CH3COONa.3H.0 (>98%, Sigma-Aldrich, Switzerland) was used as a substrate. The
amount of substrate to be used was calculated according to the ratio of VS of inoculum to substrate
as 2 (Holliger et al., 2016). The required amount of micronutrients were also added to the bottles
and further diluted with demineralized water to make up the total volume of bottles to 100 mL.
For each condition of the tests, triplicate bottles were used. After the addition of inoculum, the
bottles were flushed with nitrogen for at least 2 min to create anaerobic conditions and were closed
tightly.

Biodegradation tests with one-time feeding

In this set of batch tests, the concentration of substrate calculated according to the ratio as
mentioned above was added completely on the first day of the experiments. In addition to the
substrate and inoculum, antibiotics ciprofloxacin and ampicillin were added to the bottles at
different concentrations of 10 pg/L, 50 pg/L, and 150 pg/L. The antibiotics SMX and TMP were
not tested with varying concentrations, as according to the tests performed by Khande (2020) on
the sludge collected from the same reactor, it was concluded that the removal efficiencies for SMX
and TMP don’t depend on their concentrations. Hence to predict the removal efficiencies of SMX
and TMP in the reactor, the batch tests were only performed with the final concentration that would
be added to the reactor, i.e., 150 pg/L. In total, the following 4 conditions were tested in this set of
biodegradation tests.

CIP + AMP 10 pg/L
CIP + AMP 50 pg/L
CIP + AMP 150 pg/L
SMX + TMP 150 pg/L

PopnPRE

All the conditions were performed in technical triplicates. In all the conditions, the limited aeration
was kept constant at 4.2 mL air/batch/d, which was similar to the aeration used in the reactor,
2.03% of VS of sludge. The aeration was provided to the bottles for the first 5 days. This test was
run until the methane production varied <1% of cumulative methane production for 3 consecutive
days.

Biodegradation tests with intermittent feeding

This set of the test was done to simulate the reactor conditions to a maximum extent through batch
tests. The concentration of antibiotics was kept constant at 150 pg/L and with aeration of 3.8 mL
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air/batch/d (2.03% of VS of sludge used). The total amount of substrate calculated according to
the ratio mentioned before was divided and added to bottles in 5 days similar to the addition of
aeration. After a period of two weeks, where the added acetate was fully consumed, the test was
extended to 28 days (which corresponds to 1 SRT of the reactor) by continuing the addition of
substrate in a similar manner. The following two conditions were tested in this set.

1. CIP + AMP 150 ug/L
2. SMX + TMP 150 pg/L

To assess the impact of the antibiotics on biogas production, standard conditions (positive controls)
were also added to both the sets of biodegradation tests. These controls were prepared by the
addition of substrate as only acetate, without any antibiotics addition. The pressure accumulation
in the bottles was measured twice per day. Around 2 mL of biogas was collected from the bottles
daily in the first 4 days of the experiment, followed by twice per week, using 2.5 mL syringes, and
were analyzed for their composition using gas chromatography (section 3.4.2). As the maximum
pressure the bottles could withstand was 2 bars, the bottles were depressurized daily by opening
them to the atmosphere using the needles.

3.3.2. Adsorption tests

For some of the selected antibiotics, adsorption was predicted to be the main removal path due to
their hydrophobic properties. Hence, adsorption batch tests were performed to analyze the removal
of antibiotics via adsorption.

Adsorption tests were performed in 250 mL glass bottles. As the adsorption process is a physical
mechanism, it occurs fast. In these tests, as we wanted to test for the removal of the antibiotics
only via adsorption, it is important to deactivate the biomass to avoid any biodegradation in the
bottles. Hence, to inhibit the biomass activity, the adsorption tests were conducted at 10°C, for 6
h. In addition, the bottles were placed on the shaker with a speed of 160 RPM and were kept open
to the atmosphere, to ensure proper mixing of the bottles, and inhibit the biomass activity further.

In addition to the experiments at 10°C, for SMX and TMP, the adsorption tests were also performed
at 37°C to simulate the reactor conditions. This was done to get a similar removal efficiency value
from batch tests, to that of the reactor. The tests at 37°C were performed only for 2 h to avoid the
possible biodegradation of antibiotics. To get the adsorption isotherms for the antibiotics SMX
and TMP, the adsorption tests were performed at concentrations of 10, 50, and 150 pg/L. Also, to
ensure that there was no competition due to adsorption on sludge between the antibiotics SMX and
TMP, the batch tests were performed separately for these antibiotics. In addition, for CIP and
AMP, one preliminary adsorption test was performed at 10°C and 150 pg/L.

Initially, the samples were taken with an interval of 5 min for the first 45 min, followed by an
interval of 15 min till 2" hour, then the samples were taken after every 30 min till 4" hour. The
last sample was taken after 6 hours. After collecting, the samples were immediately centrifuged in
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the mini centrifuge, and the supernatant was filtered through a 0.20 pum syringe filter, and the
samples were stored at -20°C until further analysis.

3.4. Experimental analysis

The analytical methods used in this study are explained briefly in this section.
3.4.1. COD, solids, and nutrients

Initially, COD of influent, and effluent were analyzed every day till the reactor reached its stable
conditions. Following this period, the COD was tested on every alternate day. The soluble COD
of influent was measured to check the variations in particulate COD of the feed in the bucket. In
addition, the COD of sludge was determined to verify the COD balance of the system.

The solids and nutrients analysis was performed once per week. Nutrients of feed, sludge, and
effluent tested were ammonia, nitrate, total nitrogen, phosphate, and sulfate. COD and nutrients
were quantified with Hach Lange’s kits as mentioned in Appendix A. Solids content of the sludge
were analyzed following the standard methods mentioned in APHA, 1992.

3.4.2. Volatile fatty acids and biogas composition

Volatile fatty acids (VFAs) were quantified by gas chromatography (Agilent tech 7890A, US)
equipped with a capillary HP-FFAP column. The sludge sample was collected daily in 15 mL
tubes and centrifuged at 10000xg for 10 min and then the supernatant was filtered through a 0.45
pum syringe filter (Whatman Spartan 30/0.45RC Rinse filter) to measure VFAs. 1.5 mL of these
filtrates were collected into glass vials and were acidified by adding 10 pL of formic acid to cut
the microbiological activity and reduce the pH of the prepared samples for analysis.

For the analysis of the composition of biogas, the gas samples were collected on every alternate
day with 10 mL syringes in duplicates. These samples were injected into a GC (Agilent 19095P-
MS6, U.S.) provided with a thermal conductivity detector.

3.4.3. Quantification of Antibiotics

The quantification of antibiotics was done using the Liquid chromatography coupled mass
spectrometry (LC-MS). This technique involves liquid chromatography where the individual
components were separated first followed by converting the compounds into ionized states and
analysis of the ions based on their mass/charge ratio.

Preparation of antibiotic stocks

All the antibiotics of SMX, TMP, CIP, AMP were purchased from Sigma-Aldrich (>98% TLC).
All the solvents used were of HPLC grade. The concentrated stocks of 200 mg/L of
sulfamethoxazole, trimethoprim, ciprofloxacin, and ampicillin were prepared as follows:

1. SMX stock solution was prepared by mixing 200 mg SMX in 1 L ultrapure water with a few
drops of sodium hydroxide till it dissolved.
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2. TMP and AMP were prepared by mixing 200 mg of respective antibiotics in 1 L ultrapure
water.
3. CIP was prepared by mixing 200 mg of it in 1 L of 10% acetic acid solution.

Preparation of samples for LCMS

1 mL of sample was taken whenever required into a 2 mL Eppendorf and was immediately
centrifuged at 10000xg for 2-3 min. The supernatant was then collected and was immediately
filtered using a 0.20 um syringe filter to avoid particles entering LC-MS. These filtered samples
were stored at -20°C until further analysis. The samples were diluted when necessary, before
analyzing them through LC-MS. Further details of the preparation of internal standards and
calibration curve for LC-MS can be found in Appendix A.

3.4.4. Extraction of antibiotics from sludge

Antibiotics concentration in the sludge was determined using the similar method previously
described by (Wijekoon et al., 2015). The sludge sample was centrifuged at 14000xg for 15 min,
and the supernatant was discarded. After freezing the remaining sludge sample at -80°C for at least
one day, the samples were freeze-dried using a Biobase BK-FD10 series Freeze Dryer for 20-24
h. This dried sludge was then ground to a fine powder using a hand mortar and pestle. A 0.4 g of
this fine powder was transferred to a tube and 4 mL of methanol was added to this tube and
thoroughly vortexed using a vortex mixer for 3 min. The mixed samples were then sonicated using
high-energy sonifier (Branson 450 digital sonifier) for 10 min with an amplitude setting of 20%
and temperature less than 60°C to avoid any losses of methanol due to evaporation. The sample
was then centrifuged at 3300xg for 15 min, and the supernatant was collected in a fresh 15 mL
tube for further analysis. A 4 mL mixture consisting of dichloromethane and methanol (1:1 V:V),
was added to the sludge residue of the previous step. The process of vortexing, sonication, and
centrifugation was repeated and the supernatant from this step was combined with the supernatant
of the previous extraction step. Finally, this solution was filtered through a 0.20 pm syringe filter.
These filtered samples were further analyzed as described in section 3.4.3 using LC-MS.

3.4.5. DNA extraction

For the DNA extraction, the sludge and effluent samples were collected once per week. Before
collecting the sludge samples, the reactor was mixed well using 100 mL syringes, also the top of
the reactor was purged with nitrogen to ensure good mixing. A 2 mL of homogenized sludge was
then collected in a sterile 2 mL Eppendorf tube.

For the DNA extraction from permeate, as the solids concentration was less, 1 L of permeate was
used. Permeate was collected in a glass bottle which was sterilized in an autoclave machine. The
pipes connected to the bottle from the membrane were also sterilized before use. After the pipes
were connected to the bottle, it was ensured that the atmosphere in the bottle was anaerobic by
flushing the bottle with nitrogen gas for at least 3 min. Every week, around 3 L of the permeate
was collected for obtaining the triplicate samples for DNA extraction. This collected permeate was
then filtered through a 0.22 pum PES filter membrane of 47mm diameter. This filtration was
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performed inside a laminar flow cabinet to ensure sterile conditions and avoid the contamination
of filters. These filter papers were then collected in sterile Petri dishes and were cut into small
pieces.

The sludge samples and effluent filters collected were then subjected to DNA extraction using
FastDNA Spin kit for soil (Q-Biogene/MP Biomedicals, Solon, OH, USA) according to the
manufacturer instructions mentioned in the kit. The extracted DNA was quantified by fluorometry
using a Qubit 3 Fluorometer (Thermo Fisher Scientific, USA). The extracted DNA samples were
then stored at -20°C until their further use in the gPCR analysis.

3.4.6. Quantification of ARG

The DNA extracted from biomass and permeate samples as mentioned in the previous section was
analyzed further using quantitative polymerase chain reaction (qPCR) for antibiotic resistant gene
quantification. The standards, primers and qPCR reaction conditions used for the selected genes
as shown in Table 4 can be found in Appendix A. The standards for each gene were designed using
gene editor software SnapGene. gPCR reactions were carried out in 20 pL reactions with each
containing, 2 uL DNA template, 18 uL of gPCR master mix. Master mix per sample consists of
0.2 pL of each forward and reverse primer (50 uM), 10 pL of SYBR green dye, 7.6 uL of g°PCR
grade water. Each sample was performed in technical triplicates. In each run, standards were added
to generate the standard curve.

Table 4 ARGs and MGEs that were tested in this study

Group Gene Resistance to
ARGs sull, sul? Sulfamethoxazole
dfrdl Trimethoprim
MGE intl] class I Integron
All bacteria 168 rRNA Normalization to the concentration of bacteria

3.4.7. Quantification of bacteria

Total bacteria and ARB were quantified using the heterotrophic plate count (HPC) method. R2A
agar was used for the preparation of the plate media for all the HPC plating. In total, 3 sets of plates
of R2A, R2A + SMX, R2A + TMP were prepared. The agar medium (18.2 g R2A agar/L) was
first autoclaved to sterilize it, then the medium was allowed to cool down at room temperature till
it reached 40-50°C. Next, the antibiotics SMX, TMP were added to the medium at concentrations
of 50.4 pg/mL, 16 pg/mL respectively, and mixed well by shaking the bottles with hand. Then a
15 mL of medium was poured into each petri dish (100 X 50 mm) by pipette carefully. The plates
were then dried by keeping them open in the laminar flow cabinet (Figure 5).

TMP concentration was selected based on the minimum inhibitory concentrations given in the
Clinical and Laboratory Standards Institute (2015). The SMX concentration was chosen based on
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the previous studies (Zarei-Baygi et al., 2020, 2019). Effluent and sludge samples were collected
in 2 mL sterile Eppendorf tubes. The collected samples were then diluted using 1 X phosphate-
buffered saline (PBS) solution that was sterilized before its use. A 100 pL of diluted sample was
then plated in duplicates. Plates were incubated at 37°C for 24 h before counting. The plates with
30-300 colonies were counted and their respective dilution factors were taken into account for the
calculation of the total count of bacteria. This concentration was expressed as colony-forming units
per milliliter of the sample (CFU/mL).

Figure 5 Agar plate drying

3.4.8. Statistical analysis methods

To determine if there is a significant statistical difference among different sets of experimental
data obtained, an analysis of variance (ANOVA) test was applied using Microsoft excel. The alpha
level in ANOVA analysis was set as p=0.05 in this study. If the p-value is less than the alpha level,
the null hypothesis can be rejected and it can be said that there is a statistically significant
difference among the data groups.

To evaluate the significant linear correlation between antibiotic concentration, ARGs and ARB,
Pearson correlation was employed. Strong correlation was established if the Pearson coefficient
(p) is > 0.7 or <-0.7. For weak correlation, 0.3 <p < 0.7 or -0.7 < p < -0.3 was used.
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4. Results and Discussion

4.1. Effect of antibiotics on performance of reactor

As mentioned in section 3.2, TMP and SMX were added into the reactor in two phases and kept at
a final concentration of 150 pg/L. This concentration was achieved gradually in the reactor in steps
of adding 10, 50, and 150 ug/L. During this whole period, the reactor was monitored continuously
by collecting samples for COD, VFA, biogas, solids, and nutrients. In this section, the effect of the
addition of antibiotics on the reactor operation is discussed.

4.1.1. COD removal and Biogas production

Before the addition of the antibiotics, the performance of the reactor in terms of COD removal was
highly stable with 98.6+0.3% COD removal, and a low effluent COD concentration of 65+10 mg
COD/L. These removal values in AnMBR are consistent with the values obtained in the literature
(Luna et al., 2014; Zarei-Baygi et al., 2020). It can be seen from Figure 6 that in the first phase of
addition of TMP to the reactor, initially, the COD removal was reduced to 97.4+0.4%, but after 2
weeks of operation, the COD removal was increased back to 98.1+0.6% and was almost constant
in the later stages (Table 5). There was no significant variation observed in the COD removal after
the 2 weeks of addition of antibiotics to the reactor (p-value = 0.82).
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Figure 6 Removal of COD in reactor

In the initial phase of the reactor, due to the problems with recirculation, biogas production was
low in the period highlighted initially in Figure 7. Later the biogas production was stable with a
production of 1.79+£0.53 L/day and 91+2% of methane content. The methane content in the reactor
before adding limited aeration was ~82%. The added limited aeration increased the methane
content by approximately 5% (Khande, 2020). Initially, the quality of biogas was high (~82%)
because of the high degradability of the feed used in this study. It was observed in the previous
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study conducted on the sludge collected from the same reactor by Kb (2020), that the degradability
of complex compounds in the feed like cellulose and ovalbumin was around 95%. In addition to
this, the solubility of CO. was high relatively in the water, and part of it may be chemically bound
in the water (Van Lier et al., 2008). To further obtain the soluble CO- in the reactor, alkalinity
should be measured and a mass balance should be established.

After maintaining the reactor at stable conditions for at least 1 SRT (28 days: 25" March to 3™
May), antibiotics were added to the reactor on 4" May. After the addition of antibiotics, a similar
production of biogas was observed with a value of 1.74+0.73 L/day, and 88+6% of methane
content (Table 5). However, the variations in biogas production and composition (Figure 7) were
high in the initial stages after adding the 150 pug SMX/L to the reactor, but gradually the production
increased back to normal. Nevertheless, it was observed by Cetecioglu et al. (2015), that the
concentrations only above 45 mg/L of SMX were lethal on the microbial community and hence
the biogas production. In several other studies, it was observed that below this concentration level,
SMX has no negative effects on biogas production (Cetecioglu et al., 2016; Wang et al., 2021,
Zarei-Baygi et al., 2020, 2019). In a previous study by Zarei-Baygi et al. (2020), it was concluded
that after the addition of 250 pg/L of SMX to an AnMBR, there was no significant difference in
the abundance of methanogens, and the microbial community of biomass was stable throughout.
Even so, here, the biogas production and composition should be monitored for longer periods to
check the stability of the reactor.

Biogas production and composition
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Figure 7 Biogas production and composition
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Table 5 Variation in different parameters after adding antibiotics

Parameter Before antibiotics After antibiotics
Effluent COD mg/L 65+10 94445
COD Removal % 98.6+0.3 98.1+0.6
Biogas production L/d 1.79+0.53 1.74+0.73
CH,% in biogas 91.2+2.1 85.24+5.8
VFA (mg/L) 6.30+4.2 12.86+6.71

4.1.2. Nutrients removal and biomass properties

Other parameters like nutrients removal were also observed in the reactor before and after adding
the antibiotics to the reactor. The difference in the removal trends can be seen in the graphs given
in Appendix B. It can be observed from Table 6 that the removal of all the nutrients was not
significantly different after the addition of antibiotics. The removal of phosphate in the reactor
might be due to the chemical precipitation or adsorption onto the sludge (Ding et al., 2005). The
precipitation of phosphate in the reactor can happen in the form of calcium phosphate or struvite.
Also, the growth of biomass utilizes phosphorus as a vital nutrient (Van Lier et al., 2008).

Table 6 Removal of various nutrients

Reactor o p-value*
condition Parameter Influent mg/L  Effluentmg/L  Removal % ANOVA
B 3 50+4 204 58+5
PO4s™-P 0.067
A 50+2 25%2 5145
B P’ 220+32 UR" -
SO4 . -
A 280+42 UR -
B 212+13 681+60 -221+22"
NH4 - N . 0.064
A 204+17 710+21 -251+21
B N 777+55 74872 -
A 786+28 736x11 -
B 1.47+0.36 0.23+0.03 84+4
NOs - N 0.41
A 1.60£0.58 0.35+0.21 71+20

B indicates the reactor condition before antibiotics addition, and A indicates the condition of the reactor after
antibiotics addition. *(p-value was calculated between data sets of B and A)(UR: under the range of detection)(-
ve removal efficiency of ammonia indicates the accumulation of it in effluent)

During the anaerobic treatment process, ammonification of organic nitrogen increased the
concentration of ammonia in the effluent. The effluent ammonia consists of ammonia released
from the degradation of ovalbumin and amide groups of urea. Also, from the nitrogen balance, it
was observed that the total nitrogen present in the effluent was dominated by ammonia, and the
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concentration of nitrate was very low. Also, the sulphate reducing bacteria might have reduced the
sulphate present in the feed to H»S. As the reactor was limited aerated, the part of sulphate might
be converted to the elemental Sulphur. To further establish the pathway of Sulphur removal, the
H>S concentration in biogas should be measured. However, the addition of antibiotics to the reactor
did not affect the removal of all the nutrients studied here.

Initially, before adding the antibiotics to the reactor, the pH was stable at 7.77+0.14 which reduced
to 7.56+0.12 after the addition of antibiotics. The reduction in pH after the addition of antibiotics
was due to a slight accumulation of VFAs. The major components of VFAs were acetate and
propionate. The concentration of VFAs increased after the addition of the antibiotics, however, the
concentration was very less to be considered lethal for microorganisms (Table 5). In addition, the
parameters like total solids content, volatile solids content, and ORP with values of 7.62+1.90 g/L,
3.89£1.02 g/L, and -536+11 mV respectively, did not change after the addition of antibiotics. A
detailed comparison table of biomass parameters can be seen in Appendix B. Hence, from the
above study, it can be seen that the addition of antibiotics to the reactor, had a slight effect on the
biogas production but had a negligible effect on the other parameters of the reactor. Nevertheless,
to study the impact of antibiotics on the performance of the reactor directly, a microbial analysis
should be performed.

4.2. Removal and fate of antibiotics in the reactor

The concentrations of SMX and TMP were monitored in the reactor regularly. In this section, the
removal of antibiotics will be discussed.

4.2.1. Removal of TMP and SMX in reactor

As mentioned before, TMP and SMX were added to the reactor in steps of 10, 50, and 150 pg/L.
The removal of TMP in each step is shown in Figure 8. The first point for measurement of effluent
concentration was taken after two days (1 HRT of the reactor) of the addition of 10 pg/L. From
this initial point, the removal of TMP was observed to be very high with a value of 97.3+1.3%.
This value was comparable with the removal efficiency obtained in the anaerobic digestion with
90-99% removal efficiencies (Feng et al., 2017; Narumiya et al., 2013), and AnMBR with 94%
TMP removal efficiency (Xiao et al., 2017). Whereas the removal of TMP in the activated sludge
process was 26.4% (Li and Zhang, 2010). Hence, the limited aeration added to the reactor has no
negative effects on the removal of TMP.

The removal of SMX in each step is shown in Figure 9. Similar to the TMP, the first point for
measurement of effluent concentration was taken after two days of the addition of 10 pg/L SMX.
From this initial point, the removal of SMX was observed to be around 86.5+2.9%. This value was
comparable with the removal efficiency obtained in the anaerobic digestion with 80-98% removal
efficiencies (Feng et al., 2017; Mazzurco Miritana et al., 2020; Narumiya et al., 2013). The removal
of SMX particularly in AnMBR ranged from 68% to 90% (Wei et al., 2019; Xiao et al., 2017;
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Zarei-Bayqgi et al., 2020). Whereas the removal of SMX in the activated sludge process was 39.1%
(Li and Zhang, 2010). Hence, the limited aeration did not reduce the SMX removal.

Due to the presence of the substituted functional groups of electro withdrawing natured sulphonyl
group, and substituted pyrimidine group on SMX and TMP respectively, the degradation occurs
well in anaerobic conditions for these antibiotics (Alvarino et al., 2018, 2016). In this study,
although the reactor was added with limited aeration of 14.7 mL air/Lrec/d, the removal in SMX,
TMP was found to be high and according to literature, it might be unaffected by limited aeration.
However, as the added aeration in this study, helps the reactor to improve in other parameters like
COD removal and biogas production (Khande, 2020), it is advantageous to see that there was no
negative effect of limited aeration on the removal of selected antibiotics.

TMP removal in reactor

120 : :
>4 > >
1 1 v -
TMP10 , TMPS0 TMP 150 10
100 A ! .
1 I LJ
£ 1 l g o
1 1 -
7 80 A1 1 I g
g ! ! ) g
— 1 1
g ' | & I 6 o
1 1
T 60 1 1 . " [ %
“—u‘ 1 {
= 1 A . =
1] 5}
2 40 | | il . (|® ® 4 =2
‘E I { E
1 | “ =
1 1
20 1 | i ® ¥ 2
1 {
I ® | L]
1 1
o Jele—— — . . . . . o
4-May 10-May 16-May 22-May 28-May 3-Tun 9-Tun 15-Jun 21-Jun
Date
Removal efficiency of TMP #— TMP Effluent
Figure 8 Removal of TMP in reactor
SMX removal in reactor
120 T
< > | < > >l 25
100 SMX 10 ! SMX 50 SMX 150
1
£ ' P F 20 gy
> 80 T /— \ =
12
5 ! —— g
2 ! b 15 9
1
G 601 i <
E : Z
10 5
% 40 ' g
o | &
, \ < m
20 4 1 5
1
1
/ I/
0 + T T T T T T 0
25-May 29-May 2-Jun 6-Jun 10-Jun 14-Jun 18-Jun
Date
Removal efficiency of SMX ~ —®— SMX Effluent

Figure 9 Removal of SMX in reactor

43



4.2.2. Fate of TMP and SMX in reactor

Besides monitoring the antibiotics (TMP and SMX) concentration in feed and effluent, the amount
of antibiotic adsorbed onto biomass was also measured. To determine the removal mechanism of
antibiotics inside the reactor, a mass balance was carried out from the concentration of antibiotics
obtained from feed, effluent, biomass inside the reactor, and the wasted sludge from the reactor.
The volatilization of these antibiotics can be eliminated due to their low Henry’s constant values.
As the concentrations of antibiotics from the feed bucket and feed sampling point located just
above the reactor were similar, the removal due to accumulation or adsorption in the feed pipe can
be considered negligible. In addition, as the mixing of the reactor was good, it can be assumed that
the removal due to sorption on the glass reactor walls was zero. Thus, the only possible removal
mechanisms for antibiotics would be adsorption, biodegradation, discharge through effluent, or
sludge wasted. Hence, the following mass balance was established in the reactor.

ABinr = ABsorption T ABws + ABggr + Biodegradation

Where ABinr and ABesr are loads of antibiotics in the influent and effluent of the reactor, ABws is
the amount of antibiotic wasted through the sludge removed in the reactor daily, and ABsorption IS
the amount of antibiotic adsorbed onto the sludge in the reactor. From all the remaining terms of
the equation, the amount of antibiotic biodegraded can be known, which is shown as
Biodegradation in the equation. Further details of the calculation can be found in Appendix C.

It can be observed from Figure 10 that in the initial stages of TMP 150 pg/L feeding, removal due
to adsorption was 5%, which gradually reduced to 2% at the end of the study. From the starting
day of TMP 150 ug/L, the biodegradation or biological transformation was the main removal mode
of TMP. Since the values in the first 2 weeks where TMP 10 and 50 pg/L were added to the reactor
were unknown, it can’t be established whether initially, the removal mode was due to adsorption,
biodegradation, or discharge through the permeate. However, from Alvarino et al. (2018) and Feng
et al. (2017), it was observed that the TMP would degrade rapidly in the low ORP range, due to
the presence of a substituted pyrimidine functional group, that can be readily biotransformed. After
the addition of SMX 150 pg/L, the TMP adsorbed was increased back to 5% (15-June), this might
be due to the disturbance in microbial diversity due to SMX addition. However, the adsorbed TMP
reduced back to 2% by 18-June. At the end of the study period, the discharge of TMP through
permeate was reduced to 0.5% from a maximum of 5% (Figure 10).

The removal pathways for SMX can be seen in Figure 11. For SMX, the biodegradation process
was the main removal mode since the initial addition of SMX to the reactor. The negative charge
of SMX makes the adsorption process onto biomass almost impossible. Methylation, cleavage,
and hydroxylation of the isoxazole ring of SMX are some of the possible routes of co-metabolism
of SMX (Jia et al., 2017). The loss of amino groups from the aniline ring of SMX might also be a
possible degradation mechanism of SMX in anaerobic conditions (Carneiro et al., 2020).
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4.3. Adsorption of antibiotics onto biomass

To analyze the removal mechanisms found in earlier sections, further, adsorption and
biodegradation were studied through batch tests. To obtain the adsorption isotherms and analyze
the effect of initial concentration on their removal efficiencies, adsorption tests were performed at
two different temperatures of 10°C and 37° and three concentrations of 10, 50, and 150 pg/L.

4.3.1. Tests at 10°C

The graphs of the removal of TMP at 10°C are shown in Appendix C. At all the concentrations
verified, for TMP, it was observed that most of the adsorption took place within the first 5 mins.
This is because of the more adsorption sites present on the biomass initially. After 5 mins, as TMP
occupied the adsorption sites of biomass, with time the adsorption rate reduced, and the
equilibrium was reached. In addition to the available adsorption sites, the property of adsorbate is
important for adsorption. TMP with its high Log Kow Value and positively charged nature, adsorbed
onto negatively charged biomass quickly (Jia et al., 1996). The removal efficiencies at all
concentration levels was around 82% as shown in Table 7. The p-value obtained from ANOVA
statistical analysis had a value of 0.19 which implies a negligible effect of varying concentration
on their removal efficiencies.

On the other hand, removal of SMX via adsorption was very less with a removal efficiency of 7%
on average (Appendix C). This less removal via adsorption was similar to as observed in previous
studies (Khande, 2020; Narumiya et al., 2013). The reason for the less removal is because of the
negative charge of the SMX which makes it difficult to adsorb onto negatively charged biomass.
Also, the Log Kow value of SMX is less which shows the lower affinity of SMX to biomass. Similar
to the TMP, the p-value obtained from ANOVA statistical analysis had a value of 0.47 showing
the negligible effect of varying concentration on their removal efficiencies.

Table 7 Removal efficiencies of SMX and TMP at different concentrations at 10°C

Conc. ug/L Removal TMP % Removal SMX %
10 80.8+7.5 6.7+0.6
50 85.4+6.2 11.145.2
150 82.4+7.4 10.6%3.6
p-value (ANOVA) 0.19 0.47

The adsorption isotherms for SMX and TMP were analyzed using linear and Freundlich isotherms.
The equations used are explained here.
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Linear qe = K; * C,
Freundlich g, = K¢ * C/!

K, is the linear sorption coefficient, g, is the concentration of antibiotic sorbed onto sludge in pg/g
and C, is the concentration of antibiotics at equilibrium in the water phase (ug/L). K is the
Freundlich coefficient and n is the Freundlich exponent. The Freundlich isotherm describes non-
uniform distribution with different affinities of adsorption on a heterogeneous surface (Sun and
Selim, 2020). The linear isotherm is the simple case where the affinity of the antibiotic remains
constant over the concentration level.

It was found that the coefficients of correlation were larger than 0.98 for both antibiotics with two
models (Table 8), which shows that both isotherm models could be used to describe the sorption
of SMX and TMP effectively. However, as the points used for constructing the isotherms were
few (three), it is important to check the applicability of the isotherms also in the larger population.
As the p-value for linear isotherms was less than 0.05 (usual significance level), the linear
isotherms best fit the adsorption isotherms for both SMX and TMP (Table 8).

The Kgq value obtained for SMX was 0.029 L/g which implies that the adsorption of SMX was less.
Whereas for TMP, the value was 1.234 L/g, which is higher than the values obtained on the primary
and secondary sludge with values of 0.39 and 0.42 L/g respectively (Horsing et al., 2011).

Table 8 Parameters of adsorption isotherms

Linear isotherm

Antibiotic  Ka (L/g) n R? p-value
SMX 0.029 1 0.998 0.001
TMP 1.234 1 0.996 0.002

Freundlich isotherm

Antibiotic K n R? p-value
SMX 0.011 1.212 0.980 0.090
TMP 1.148 1.046 0.988 0.069

4.3.2. Testsat 37°C

As the adsorption process is temperature dependent, to understand the removal of antibiotics
through adsorption at the reactor operating conditions, the adsorption tests were also performed at
37°C. The adsorption trends for both SMX and TMP are similar to the adsorption at 10°C
(Appendix C). Nonetheless, the removal of SMX reduced from 7% at 10°C to almost negligible at
37°C. Removal of TMP observed was in the similar range around 85% as observed at 10°C for
lower concentrations (Table 9), however, the biomass used for the tests at 37°C has high solids
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content compared to that used for tests at 10°C. Hence, the difference can be seen in the linear
isotherm coefficient of TMP (Table 10), which is lower at 37°C (0.513 L/g) compared to 10°C
(1.234 L/g). With an increase in temperature, the adsorption potential of TMP was reduced. The
movement of antibiotics from solid to bulk phase might have increased with the rise in temperature
(Bekgi et al., 2006). Hence to predict the exact mechanisms in the reactor, the tests should be
conducted at 37°C.

Table 9 Removal efficiencies of SMX and TMP at different concentrations at 37°C

Conc. ug/L Removal TMP % Removal SMX %
10 90.1+5.1 5.9+0.2
50 84.7+2.2 1.8+8.2
150 66.6+5.9 2.6 £+0.5
p-value (ANOVA) 0.009 0.674

Table 10 Linear isotherm parameters of TMP at 37°C

Linear isotherm Parameter Value

Ka (L/g) 0.513
R? 0.926
p-value 0.037

4.4. Degradation of antibiotics

Two types of degradation tests were performed to enquire about the effect of removal efficiencies
on the feeding patterns. In the one-time feeding tests, the calculated amount of acetate was given
on the first day of the experiment, while in the intermittent feeding tests, the calculated acetate was
supplied five times in the first five days of the experiment. The intermittent feeding test was chosen
to simulate the reactor conditions to the maximum extent possible in the batch tests.

4.4.1. One-time feeding

The one-time feeding test was conducted for ten days until the given acetate was totally consumed.
The removal of SMX and TMP with an initial concentration of 150 ug/L is given in Figure 12.
The removal of both SMX and TMP was more than 98%. To understand the removal kinetics, a
first-order kinetic model was applied to fit the degradation data.

First — order kinetics: C; = C, * e~kt
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Co 1s the initial concentration of the antibiotic, C; is the concentration of antibiotic at time t, and
k is the first-order rate constant. With this equation, the half-life is calculated as t;/, = In 2/k.

SMX, TMP degradation
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Figure 12 Removal of SMX, TMP through degradation tests with one-time feeding

Table 11 Parameters of the first-order kinetics model

k (d~1) ty,2 (days) R?
SMX 150 0.4047 1.71 0.997
TMP 150* 0.8271 0.84 0.881

*For TMP the values might be affected due to the initial adsorption process

It can be observed from Table 11 that the coefficient of correlation was high for SMX with a value
0f 0.99, as the removal of SMX due to adsorption was less, the main mode of removal is considered
to be biodegradation, hence the first-order kinetic fit is well established. It can be seen that the
half-life of SMX is 1.71 days, which is higher compared to TMP (0.84 days). The rate constant of
SMX is higher compared to the values obtained using the activated sludge, which has a rate
constant value of 0.264 d! and a half-life of 2.67 days (Li and Zhang, 2010).

4.4.2. Intermittent feeding

Intermittent feeding batch tests were established to simulate the reactor condition to a maximum
extent as mentioned in section 3.3.1. The removal pattern of SMX and TMP were similar to that
of the onetime feeding batch tests (Appendix C). In this set of tests, to know the fate of antibiotics,
in addition to the antibiotic in the liquid phase, the amount adsorbed onto the solids phase (sludge)
was also measured to establish the following mass balance at the end of the test.

ABinput = ABadsorbed on sludge + ABliquid phase + Biodegradation
Where, ABjppy¢ is the amount of biomass inputted in the bottle, AB,gsorbed on sludge 1S the amount

of antibiotic adsorbed onto the solid phase, ABjiquid phase 1S the amount of antibiotic present in the
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liquid phase of the bottle, and Biodegradation is the amount of the given antibiotic biodegraded in
the period. The results of this mass balance can be seen in Table 12.

Table 12 SMX and TMP removal via different mechanisms in degradation batch test 2

Removal mode of AB SMX % TMP %
Adsorption 0.1 0.1
AB Present in liquid phase 0.1 0.1
Biodegradation 99.8 99.8

It can be observed from Table 12 that the main removal mode of both antibiotics was
biodegradation/biotransformation. From this and section 4.3 the predicted mechanism of removal
for TMP via the degradation set of batch tests can be established as first adsorption, followed by
biodegradation. For SMX, the bulk removal can be directly due to co-metabolism or
biodegradation. Total removal of SMX and TMP were high with >99% removal and <1% being
ended up in the liquid phase.

4.5. Antibiotic resistance

In this study, SMX resistant genes sull and sul2, TMP resistant gene dfrAl were analyzed. In
addition, class 1 integrons of intll, and 16s rRNA were also quantified. ARGs of biomass and
effluent were normalized against the volume as gene copies/mL.

4.5.1. Development of antibiotic resistance in biomass

The ARGs and intl1 present in the biomass at different stages of antibiotic addition is shown in
Figure 13 (i). Two spikes can be seen in the concentration of ARGs in biomass, which occurred
after the addition of 150 pg/L concentration of TMP and SMX respectively. With the addition of
TMP 150 pg/L, the abundance of all the ARGs dfrA1, sull, and sul2 increased in the biomass. On
the other hand, with the addition of the highest concentration of SMX 150 pg/L, only sul2 was
increased significantly.

Among the SMX resistant genes, sul2 was found to be more abundant than sull in biomass. The
concentration of the sul2 in the reactor before the addition of antibiotics was 2E+09 copies/mL
which increased to 7E+09 copies/mL after the addition of SMX 150 pg/L. This trend of increase
in the abundance of sul2 with the antibiotic concentration was in line with the previous studies
(Blahna et al., 2006; Zarei-Baygi et al., 2019). The abundance of sull was increased from 5E+08
to 9E+08 copies/mL in the biomass after the addition of TMP 150 pg/L, however, it reduced to
4E+08 copies/mL after the addition of SMX to the reactor. Similarly, the abundance of dfrA1 was
increased from 8E+07 to 2E+08 copies/ mL after adding the TMP 150 pg/L and later reduced to
5E+07 copies/ mL after the addition of SMX. This might suggest that the genes sull and dfrAl are
not responsible for the development of resistance to SMX. In previous studies, it was observed
that the abundance of sull was highly correlated with SMX concentration (Hsu et al., 2014; Zarei-
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Baygi et al., 2019), however, in this study the reduction in sull was observed with SMX
concentration and should be studied further. A slight increase was also seen in the abundance of
class 1 integrons after the addition of TMP 150 pg/L. The class 1 integrons are present on the
mobile genetic elements (MGES) like plasmids. This MGEs abundance helps with the horizontal
gene transfer as mentioned in section 2.3. Hence, the increase in intl1 abundance after the addition
of a high concentration of antibiotics in this study can indicate an increase in MGEs and further
the HGT among the microorganisms in biomass. The increase of ARGs in the selective pressure

of high antibiotic concentration applied was also reported by Zarei-Baygi et al. (2020, 2019).
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Figure 13 Abundance of ARGs in biomass (i) and effluent (ii) of the AnMBR
Points A to F indicate stages of the addition of TMP, SMX to reactor, A: TMP 10 pg/L, B: TMP 50 pg/L, C: TMP 150
pg/L, D: SMX 10 pg/L + TMP 150 pg/L, E: SMX 50 pg/L + TMP 150 pg/L, F: SMX 150 pg/L + TMP 150 pg/L
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4.5.2. Development of antibiotic resistance in effluent

The presence of membrane reduced the abundance of ARGs of sull, sul2, and dfrAl respectively
by 3.2 log, 3.6 log, and 7.3 log units. In addition, the class 1 integrons and 16s rRNA were removed
by 3 log and 3.2 log units respectively. This removal was observed to be in a similar range as
mentioned in the previous study (Kappell et al., 2018a).

The relative abundance of ARGs in biomass and effluent were found to be similar, however, the
trends were different. In effluent, sul2 was the most abundant gene whereas dfrA1 was not found.
From Figure 13 (ii), it can be seen that after the addition of antibiotics to the reactor initially, a
sudden rise in ARGs was found (12-May), predominantly due to intl1 abundance along with sul2.
The sul2 and intl1 are found to be co-located on conjugative plasmids generally. The gene cassettes
with sul2 and intl1 are found abundantly in the wastewater (Zheng et al., 2017). In addition, this
can also be seen from the correlation coefficient between the abundance of sul2 and intl1 which
was 0.73 (Appendix C). This might indicate that the integrons are responsible for the presence and
distribution of ARG sul2. The increase of the antibiotic concentration increased the horizontal
gene transfer in the biomass and effluent as explained in the earlier section. This HGT might have
increased the extracellular plasmid DNA, which hence intensified the harboring of plasmid-based
resistance within the microorganisms (Chaturvedi et al., 2021). Unlike biomass, in the effluent,
the abundance of gene sull was found to be increasing constantly. This might also indicate the
growth of the ARGs on the post membrane part of the reactor.

The antibiotic resistant bacteria developed in the effluent is shown in Figure 14. The TMP-resistant
bacteria (RB) emerged in the effluent after the addition of 10 pg/L of SMX to the feed. The
presence of the TMP resistant bacteria (TMP RB) was strongly correlated to the presence of gene
sull. Similarly, the SMX resistant bacteria (SMX RB) appeared in the effluent after the addition
of 50 pg/L of SMX and had a high correlation with the presence of gene sull. TMP RB, SMX RB,
and sull showed a high correlation also with the SMX concentration. The correlation of the
presence of TMP RB and SMX RB was high with a value of 0.99 (Appendix C), which indicates
that most of the bacteria developed multidrug resistance. Although the presence of TMP RB was
higher in effluent compared to the SMX RB, the presence of TMP resistance genes dfrAl was
negligible in the effluent. However, the high correlation of TMP RB with sull may indicate that
sull developed multidrug resistance. To support this, more TMP resistance genes like dfrAl12,
dfrA13, dfrAl7, etc. should be quantified. Almost all the bacteria present in the effluent gained
resistance to either TMP or SMX or both the antibiotics after adding the concentration of 150 pg/L
SMX. The development of this resistant bacteria might be mostly due to the presence of ARGs
and class 1 integrons (intl1l). However, as the reactor did not reach a stable condition yet, the
development of ARB and ARGs should be monitored further.
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Figure 14 Antibiotic resistant bacteria in effluent

4.6. Removal of CIP and AMP through batch tests

To study the effect of limited aeration on the removal of antibiotics of CIP and AMP, batch
experiments were established similarly as mentioned in section 3.3.1, with onetime feeding and
intermittent feeding.

4.6.1. One time feeding

Three different concentrations of 10, 50, and 150 pg/L were used in this study. The onetime
feeding batch tests were conducted for ten days, till the acetate was completely consumed. Figure
15 shows the removal of CIP and AMP at the end of ten days of the experiment. It can be seen that
the removal efficiencies of CIP and AMP at all initial concentrations were higher than 80%. The
p-values for the data set of CIP and AMP at varying concentrations were 0.14 and 0.15 respectively
(>0.05). Hence, it can be concluded that the initial concentration of CIP and AMP within the range
considered in the current study, does not affect their removal efficiencies. According to Thi Mai
(2018), the removal efficiencies of CIP will be affected highly with the initial concentration of CIP
> 1.5 mg/L (Thi Mai, 2018).
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Figure 15 Removal of CIP and AMP at different concentrations
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4.6.2. Intermittent feeding

The removal patterns of CIP and AMP in the intermittent batch tests were similar to that of the
onetime feeding batch tests (Appendix D). For AMP, the removal efficiencies in both intermittent
feeding and onetime feeding were similar with a value of ~88% (Figure 16). However, for CIP,
the removal efficiency in the intermittent feeding batch tests reduced to 60% in comparison with
the onetime feeding batch tests where the removal was 80%. It might be due to manual error in the
measurement of CIP, or there might be a negative effect of feeding patterns on the microbes related
to the degradation of CIP. However, to confirm this further, microbial community analysis must
be performed to verify the change in communities in onetime and intermittent feeding batch tests.

To know the fate of CIP and AMP, the mass balance was established similarly as mentioned in
section 4.4.2, after 28 days of the experiment. The removal efficiency of AMP was high (96%),
which was due to biodegradation/biotransformation. The removal of AMP in anaerobic reactors
was found to be around 24-30% (Huang et al., 2018b), whereas according to Shen et al. (2010) the
removal of AMP in the airlift biofilm reactor was observed to be high with 90-98%. Hence, it can
be said that in this study, the added limited aeration in the batch tests might have improved the
removal of Ampicillin by enhancing its biodegradation. On the other hand, for CIP the effects of
limited aeration seem to be negligible as the removal was similar to that found in anaerobic
digestors (50-76%) (Thi Mai, 2018). However, the removal via onetime feeding test was found to
be significantly high. To further study and verify the effect of limited aeration on removal of CIP
and AMP well, the removal should be investigated with varying aeration concentrations.
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Figure 16 Removal efficiencies of CIP and AMP in two batch tests

Table 13 Removal of CIP, AMP via different mechanisms in degradation batch test 2

Removal mode of AB CIP % AMP %
Adsorption 2.2 0.1
AB Present in liquid phase 39.9 4.3
Biodegradation 57.9 95.6
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For CIP and AMP, a preliminary adsorption batch test was performed with 150 pug/L concentration
of each antibiotic at 10°C as mentioned in section 3.3.2. The removal observed was 40% and 90%
respectively for CIP and AMP which is in accordance with the log Kow value for AMP (Z. Chen
et al., 2020). For CIP, no adsorption was expected as it has a very low log Kow value, however,
due to its positive charge, the adsorption might happen due to the electrostatic interactions between
CIP and biomass (Thi Mai, 2018). Also, via degradation batch tests, it was observed that the
antibiotics CIP and AMP, did not affect the biogas production (details in Appendix D). Hence,
these two antibiotics can be added to the AnMBR directly in the future, to study their removal.

4.7. Extended discussion

The results obtained from the adsorption batch tests indicated removal of 85% for TMP, which
implies that in the reactor, TMP is getting adsorbed onto the biomass initially, followed by
biodegradation. This removal mechanism is very efficient as the initial adsorption process
increases the substrate TMP concentration around the adsorption sites present locally in the
reactor, which makes the biodegradation more thermodynamically favorable (Xiao et al., 2017).
In addition, the adsorbed TMP on sludge stays in the reactor for a longer time than the usual HRT
of the reactor, which causes an increase in the available amount of substrate TMP that can be
degraded.

Whereas for SMX, the adsorption was almost negligible in batch tests, implying that in the reactor,
the only pathway for its removal is direct uptake by microorganisms (biodegradation). Hence the
removal efficiencies are comparatively low for SMX in reactor than that of the batch tests with the
higher residence time. This removal of SMX in the reactor can be increased by adding adsorbents
like activated carbon to the reactor, which can increase the adsorption of SMX and hence the
biodegradation later. From Figure 17, it can be observed that the removal of SMX increased from
60% to 98% from day 2 to day 10 of the experimental period. Hence, the removal of SMX in the
reactor might also be increased by increasing the HRT of the reactor. On the other hand, the
removal of TMP was not affected by the time of the experiment, hence the removal of TMP might
not vary much with a change in HRT. However, from Table 14, it can be seen that the removal of
both TMP and SMX through the biotransformation pathway increased from 95% and 85%
respectively to 99% with a 28 day time period in the intermittent feeding batch test. Hence,
improving the HRT can improve not only the total removal but also the removal through
biodegradation.
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Figure 17 Removal of SMX and TMP in 2 and 10 days of biodegradation test with onetime feeding

Table 14 Comparison between results of IF batch test and Reactor

TMP % SMX %
Removal mode of AB
Reactor IF batch test Reactor IF batch test
Adsorption 3.0 0.1 1.1 0.1
Biodegradation 94.1 99.8 84.5 99.8
Effluent 2.8 0.1 14.3 0.1

As the method used for extraction of the antibiotics from the adsorbed sludge was implemented
the first time, the method was validated by performing the antibiotic extraction at the end of an
adsorption experiment for both SMX and TMP 150 pg/L. The results obtained showed that the
accuracy of the method was ~80%. For obtaining more accurate results, solid-phase extraction can
be used as described in Wijekoon et al. (2015).

The CIP and AMP can be further studied similarly to SMX and TMP by adding them to the
AnMBR. Based on the results of SMX and TMP obtained from reactor and degradation batch tests,
it can be expected that the highly adsorbing AMP might have high removal efficiencies similar to
the range of TMP whereas CIP might have lower removal efficiency. It was observed that the
addition of CIP (>0.5 mg/L) to the AnMBR can lead to changes in the microbial community by
the accumulation of propionate in the reactor due to the reduction of Syntrophobacter (Thi Mai,
2018). On the other hand, as the antibiotic AMP was not studied extensively, its effects on the
ANMBR performance are unknown.
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It was observed from this study that the addition of antibiotics to the reactor had no negative effects
in terms of the performance of the reactor. The COD removal and biogas production was reduced
by ~2% initially after the addition of antibiotics, but after a few weeks, the values increased back
to their original state. Hence the first hypothesis “Addition of antibiotics to reactor reduces the
performance of AnMBR by accumulating the VFAs and effecting the COD removal efficiency,
biogas production, and nutrients by more than 10%” can be refuted. However, the addition of
antibiotics in higher concentrations might still affect the performance of the reactor. Hence, to
establish the safe range of antibiotics concentration addition to the reactor, further studies should
be performed.

Further, the removal of AMP was more than 80% in this study. However, from the literature, the
removal in anaerobic conditions was expected to be around 40%. Hence the literature points to a
possibility that the added limited aeration to the anaerobic conditions, might have improved the
removal of antibiotics. On the other hand, for CIP, the removal was found to be almost similar to
the observed range (50-70%) in the literature. Hence, the third hypothesis “The removal of
antibiotics CIP and AMP can be improved by the addition of limited aeration compared to the
anaerobic conditions by at least 20%”, holds partially. To further validate the third hypothesis, a
few more tests including the varying aeration concentrations, and other parameters (HRT, F/M
ratio, etc.) that might impact the removal of these antibiotics, should be studied.

This research showed that the limited aeration assisted AnMBR, can significantly reduce the
presence of antibiotics (~85%), ARGs, and ARB to a greater extent (~4 log units) compared to the
conventional activated sludge process. Hence the second hypothesis holds. However, almost all
the bacteria present in the effluent became resistant to the antibiotics. Even so, as the concentration
of ARB and ARGs were still found to be less in the effluent, using an additional post-treatment
step can help in improving the quality of effluent further, and can be considered in reusing the
water for potable purposes.
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5. Conclusions

The analysis of removal of antibiotics and antibiotic resistance was performed in this research and
the main conclusions are presented in this section.

Overall COD and nutrients removal remained unaffected with the addition of antibiotics.
Biogas production and composition was affected slightly after the addition of SMX 150 pg/L,
but eventually, it reached back to the initial value

Total removal of SMX and TMP in the reactor was 86% and 97% respectively. Biodegradation
was the main removal pathway for both SMX and TMP. Adsorption of SMX and TMP onto
sludge contributed to only 1% and 2% respectively for total removal. Very little amount (~3%)
of TMP was getting discharged through effluent, but for SMX around 14% of it was discharged

Removal of TMP observed through adsorption via batch tests was high irrespective of the
initial concentration chosen in this study. Based on R? and p-values, linear adsorption isotherm
gave a better fit with Kq value of 1.23 L/g at 10°C and 0.51 L/g at 37°C, indicating a reduction
in adsorption potential with an increase in temperature. Adsorption of SMX was negligible
(<10%) at all concentrations and temperatures verified

Removal of SMX and TMP was high in degradation batch tests (>98%). The SMX followed
first-order degradation kinetics with a rate constant of 0.41 d* and a half-life of 1.71 days. The
removal of SMX and TMP through degradation batch tests was independent of the feeding
pattern used (onetime/intermittent). At the end of intermittent feeding batch tests, the main
removal mechanism for both antibiotics was observed to be biodegradation

The ARGs and ARB increased with the addition of antibiotics. The presence of membrane
reduced the abundance of ARGs of sull, sul2, and dfrAl respectively by 3.2 log, 3.6 log, and
7.3 log units, and class 1 integrons by 3 log units. After the addition of SMX to the reactor,
almost all the bacteria present in the effluent gained resistance either to TMP or SMX or both.
Among the studied ARGs, the main genes responsible for the resistance development were
sull and sul2. The correlation between the presence of sull and TMP RB, sull and SMX RB
was high (~0.9), indicating that the gene sull might have been involved in multidrug resistance

Removal of CIP and AMP was ~82% and ~84% respectively via one-time feeding degradation
batch tests. The initial concentration of these antibiotics has negligible effect on their removal.
Feeding pattern has no effect on the removal of AMP, whereas the removal of CIP reduced to
60% in the IF batch tests. Biodegradation was the main removal mechanism for CIP and AMP.
The effect of the CIP and AMP on the biomass was negligible with similar production of biogas
observed through batch tests and can be added to the reactor for their analysis in future

The removal of AMP was significantly high in the limited aeration assisted tests, while CIP,
had no effect. However, to confirm the effect of limited aeration, further tests should be
performed
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6. Recommendations

The following recommendations were made based on the results of the present study, to fill in the
research gaps further and answer several questions regarding antibiotics and antibiotic resistance.

The reactor performance was monitored only for 20 days after the addition of final concentrations
of antibiotics to the system. To obtain more insights on the effect of antibiotics on the reactor
performance, the analysis should be performed after the steady-state of the reactor is reached. Also,
the study of microbial community analysis will give more information on the type of bacteria that
is getting affected by the addition of antibiotics.

The process of extraction of antibiotics adsorbed onto the solid phase used in this study showed
an error of ~20%. To get the more accurate results of the adsorbed concentrations, the usage of the
solid-phase extraction method is recommended. Also, as the concentration of solids used in the
adsorption tests was very high compared to the concentration of antibiotics, adsorption was
happening in the first 5 minutes, due to which the adsorption kinetics couldn’t be studied. To study
the kinetics, the solids can be diluted further or the concentration of antibiotics can be increased.

The intermittent feeding degradation batch tests used in this study were meant to replicate the
conditions of the reactor to the maximum extent possible. However, there are still a few limitations
to this method. The feed used in the batch tests was sodium acetate, whereas the feed of the reactor
was synthetic blackwater. This can be included in further studies. Also, the biogas production in
the intermittent feeding batch was less than the onetime feeding batch tests. This might be due to
a manual error that occurred while adding feed multiple times to the bottles in IF batch tests. To
verify this, studying the microbial community of both batch tests can give necessary information.

The TMP removal in the reactor was found to be higher than the SMX, which might be because
of the ability of TMP to get adsorbed first and get degraded with time. Hence, the addition of good
adsorbents like activated carbon to the reactor can help with the higher removal of antibiotics. Also
as SMX and TMP are negatively and positively charged antibiotics respectively, usage of ion
exchange resins can be a good solution in this case. However, the addition of these will affect the
reactor in different ways and should be studied in detail.

In the analysis of ARGs, qPCR was used in this study, which has some limitations. Only a limited
number of genes could be studied given the time constraint. Here, using processes like
metagenomics can be helpful. A few other most abundant genes should be analyzed to know more
about the spreading of ARGs. Also, to study the mechanisms of resistance dissemination, a study
of microbial community analysis can be helpful. The presence of genes can also be studied
separately on the intracellular and extracellular DNA to gain an understanding of the propagation
of resistant genes. As the removal of ARGs is high in AnMBR, using the post-treatment step might
help in producing high-quality effluent that can be reused for potable purposes. Also, as the
antibiotic adsorbed onto sludge was negligible in the reactor, the sludge wasted can also be used
further for agricultural purposes if the impact of bacteria can be eliminated.

59



References

Al-Jassim, N., Ansari, M.l., Harb, M., Hong, P.Y., 2015. Removal of bacterial contaminants and
antibiotic resistance genes by conventional wastewater treatment processes in Saudi Arabia:
Is the treated wastewater safe to reuse for agricultural irrigation? Water Res. 73, 277-290.
https://doi.org/10.1016/j.watres.2015.01.036

Alvarino, T., Nastold, P., Suarez, S., Omil, F., Corvini, P.F.X., Bouju, H., 2016. Role of
biotransformation, sorption and mineralization of 14C-labelled sulfamethoxazole under
different redox conditions. Sci. Total Environ. 542, 706-715.
https://doi.org/10.1016/j.scitotenv.2015.10.140

Alvarino, T., Suarez, S., Lema, J., Omil, F., 2018. Understanding the sorption and
biotransformation of organic micropollutants in innovative biological wastewater treatment
technologies. Sci. Total Environ. 615, 297-306.
https://doi.org/10.1016/j.scitotenv.2017.09.278

Balakrishna, K., Rath, A., Praveenkumarreddy, Y., Guruge, K.S., Subedi, B., 2017. A review of
the occurrence of pharmaceuticals and personal care products in Indian water bodies.
Ecotoxicol. Environ. Saf. 137, 113-120. https://doi.org/10.1016/j.ecoenv.2016.11.014

Bekgi, Z., Seki, Y., Yurdakog, M.K., 2006. Equilibrium studies for trimethoprim adsorption on
montmorillonite KSF. J. Hazard. Mater. 133, 233-242.
https://doi.org/10.1016/j.jhazmat.2005.10.029

Blahna, M.T., Zalewski, C.A., Reuer, J., Kahlmeter, G., Foxman, B., Marrs, C.F., 2006. The role
of horizontal gene transfer in the spread of trimethoprim-sulfamethoxazole resistance among
uropathogenic Escherichia coli in Europe and Canada. J. Antimicrob. Chemother. 57, 666—
672. https://doi.org/10.1093/jac/dkl020

Blair, J.M.A., Webber, M.A., Baylay, A.J., Ogbolu, D.O., Piddock, L.J.V., 2015. Molecular
mechanisms  of antibiotic  resistance. Nat. Rev. Microbiol. 13, 42-51.
https://doi.org/10.1038/nrmicro3380

Buarque, P.M.C., De Lima, R.B.P., Vidal, C.B., De Brito Buarque, H.L., Firmino, P.I.M., Dos
Santos, A.B., 2019. Enhanced removal of emerging micropollutants by applying
Microaeration to an anaerobic reactor. Eng. Sanit. e Ambient. 24, 667-673.
https://doi.org/10.1590/51413-4152201920190030

Carneiro, R.B., Mukaeda, C.M., Sabatini, C.A., Santos-Neto, A.J., Zaiat, M., 2020. Influence of
organic loading rate on ciprofloxacin and sulfamethoxazole biodegradation in anaerobic fixed
bed biofilm reactors. J. Environ. Manage. 273.

60



https://doi.org/10.1016/j.jenvman.2020.111170

CDC, 2013. Antibiotic resistance threats in the United States.
https://doi.org/10.1016/j.medmal.2007.05.006

Central Pollution Control Board, 2015. 2015 Inventorization of Large scale Sewage Treatment
Plants in India 85.

Cetecioglu, Z., Ince, B., Gros, M., Rodriguez-Mozaz, S., Barceld, D., Ince, O., Orhon, D., 2015.
Biodegradation and reversible inhibitory impact of sulfamethoxazole on the utilization of
volatile fatty acids during anaerobic treatment of pharmaceutical industry wastewater. Sci.
Total Environ. 536, 667-674. https://doi.org/10.1016/j.scitotenv.2015.07.139

Cetecioglu, Z., Ince, B., Orhon, D., Ince, O., 2016. Anaerobic sulfamethoxazole degradation is
driven by homoacetogenesis coupled with hydrogenotrophic methanogenesis. Water Res. 90,
79-89. https://doi.org/10.1016/j.watres.2015.12.013

Chaturvedi, P., Singh, A., Chowdhary, P., Pandey, A., Gupta, P., 2021. Occurrence of emerging
sulfonamide resistance (sull and sul2) associated with mobile integrons-integrase (intl1 and
intl2) in riverine systems. Sci. Total Environ. 751, 142217.
https://doi.org/10.1016/j.scitotenv.2020.142217

Chen, Q., Wu, W., Qi, D., Ding, Y., Zhao, Z., 2020. Review on microaeration-based anaerobic
digestion: State of the art, challenges, and prospectives. Sci. Total Environ. 710.
https://doi.org/10.1016/j.scitotenv.2019.136388

Chen, Z., Min, H., Hu, D., Wang, H., Zhao, Y., Cui, Y., Zou, X., Wu, P., Ge, H., Luo, K., Zhang,
L., Liu, W., 2020. Performance of a novel multiple draft tubes airlift loop membrane
bioreactor to treat ampicillin pharmaceutical wastewater under different temperatures. Chem.
Eng. J. 380, 122521. https://doi.org/10.1016/j.cej.2019.122521

Cheng, H., Hong, P.Y., 2017. Removal of antibiotic-resistant bacteria and antibiotic resistance
genes affected by varying degrees of fouling on anaerobic microfiltration membranes.
Environ. Sci. Technol. 51, 12200-12209. https://doi.org/10.1021/acs.est.7b03798

Clinical and Laboratory Standards Institute, 2015. Performance Standards for Antimicrobial
Susceptibility Testing; Twenty-Second Informational Supplement Clinical and Laboratory
Standards Institute, CLSI document M100-S16CLSI, Wayne, PA.

Ding, L., Wang, X., Zhu, Y., Edwards, M., Glindemann, D., Ren, H., 2005. Effect of pH on
phosphine production and the fate of phosphorus during anaerobic process with granular
sludge. Chemosphere 59, 49-54. https://doi.org/10.1016/j.chemosphere.2004.10.015

61



Dixit, A., Kumar, N., Kumar, S., Trigun, V., 2019. Antimicrobial Resistance: Progress in the
Decade since Emergence of New Delhi Metallo-p-Lactamase in India. Indian J. Community
Med. 44, 4-8. https://doi.org/10.4103/ijcm.lIJCM_217 18

Diaz-Cruz, M.S., Lopez de Alda, M.J., Barceld, D., 2003. Environmental behavior and analysis of
veterinary and human drugs in soils, sediments and sludge. TrAC Trends Anal. Chem. 22,
340-351. https://doi.org/https://doi.org/10.1016/S0165-9936(03)00603-4

do Nascimento, J.G. da S., Silva, E.V.A., dos Santos, A.B., da Silva, M.E.R., Firmino, P.I.M.,
2021. Microaeration improves the removal/biotransformation of organic micropollutants in
anaerobic wastewater treatment systems. Environ. Res. 198.
https://doi.org/10.1016/j.envres.2021.111313

Drewes, J.E., 2007. Chapter 4.1 Removal of pharmaceutical residues during wastewater treatment,
in: Petrovi¢, M., Barcelo, D. (Eds.), Analysis, Fate and Removal of Pharmaceuticals in the
Water Cycle, Comprehensive Analytical Chemistry. Elsevier, pp. 427-449.
https://doi.org/https://doi.org/10.1016/S0166-526X(07)50013-9

Feng, L., Casas, M.E., Ottosen, L.D.M., Mgller, H.B., Bester, K., 2017. Removal of antibiotics
during the anaerobic digestion of pig manure. Sci. Total Environ. 603-604, 219-225.
https://doi.org/10.1016/j.scitotenv.2017.05.280

Fick, J., Soderstrom, H., Lindberg, R.H., Phan, C., Tysklind, M., Larsson, D.G.J., 2009.
Pharmaceuticals and Personal Care Products in the Environment CONTAMINATION OF
SURFACE, GROUND, AND DRINKING WATER FROM PHARMACEUTICAL
PRODUCTION. Environ. Toxicol. Chem. 28, 2522-2527.

Gobel, A., McArdell, C.S., Joss, A., Siegrist, H., Giger, W., 2007. Fate of sulfonamides,
macrolides, and trimethoprim in different wastewater treatment technologies. Sci. Total
Environ. 372, 361-371. https://doi.org/10.1016/j.scitotenv.2006.07.039

Golet, E.M., Xifra, 1., Siegrist, H., Alder, A.C., Giger, W., 2003. Environmental Exposure
Assessment of Fluoroquinolone Antibacterial Agents from Sewage to Soil. Environ. Sci.
Technol. 37, 3243-3249. https://doi.org/10.1021/es0264448

Hamjinda, N.S., Chiemchaisri, W., Chiemchaisri, C., 2017. Upgrading two-stage membrane
bioreactor by bioaugmentation of Pseudomonas putida entrapment in PVA/SA gel beads in
treatment  of  ciprofloxacin.  Int.  Biodeterior.  Biodegrad. 119, 595-604.
https://doi.org/10.1016/j.ibiod.2016.10.020

Harb, M., Hong, P.Y ., 2017. Anaerobic membrane bioreactor effluent reuse: A review of microbial
safety concerns. Fermentation 3. https://doi.org/10.3390/fermentation3030039

62



Holliger, C., Alves, M., Andrade, D., Angelidaki, 1., Astals, S., Baier, U., Bougrier, C., Buffiere,
P., Carballa, M., De Wilde, V., Ebertseder, F., Fernandez, B., Ficara, E., Fotidis, I., Frigon,
J.C., De Laclos, H.F., Ghasimi, D.S.M., Hack, G., Hartel, M., Heerenklage, J., Horvath, I.S.,
Jenicek, P., Koch, K., Krautwald, J., Lizasoain, J., Liu, J., Mosberger, L., Nistor, M.,
Oechsner, H., Oliveira, J.V., Paterson, M., Pauss, A., Pommier, S., Porqueddu, I., Raposo, F.,
Ribeiro, T., Pfund, F.R., Strémberg, S., Torrijos, M., Van Eekert, M., Van Lier, J.,
Wedwitschka, H., Wierinck, I., 2016. Towards a standardization of biomethane potential
tests. Water Sci. Technol. 74, 2515-2522. https://doi.org/10.2166/wst.2016.336

Hong, P.Y., Julian, T.R., Pype, M.L., Jiang, S.C., Nelson, K.L., Graham, D., Pruden, A., Manaia,
C.M., 2018. Reusing treated wastewater: Consideration of the safety aspects associated with
antibiotic-resistant bacteria and antibiotic resistance genes. Water (Switzerland) 10.
https://doi.org/10.3390/w10030244

Horsing, M., Ledin, A., Grabic, R., Fick, J., Tysklind, M., Cour, J., 2011. Determination of
sorption  coefficients for seventy five pharmaceuticals in sewage sludge.
https://doi.org/10.1016/j.watres.2011.05.033

Hsu, J.-T., Chen, C.-Y., Young, C.-W., Chao, W.-L., Li, M.-H,, Liu, Y.-H., Lin, C.-M., Ying, C.,
2014. Prevalence of sulfonamide-resistant bacteria, resistance genes and integron-associated
horizontal gene transfer in natural water bodies and soils adjacent to a swine feedlot in
northern Taiwan. J. Hazard. Mater. 2717, 34-43.
https://doi.org/https://doi.org/10.1016/j.jhazmat.2014.02.016

Huang, B., Wang, H.C., Cui, D., Zhang, B., Chen, Z.B., Wang, A.J., 2018a. Treatment of
pharmaceutical wastewater containing B-lactams antibiotics by a pilot-scale anaerobic
membrane bioreactor (AnMBR). Chem. Eng. J. 341, 238-247.
https://doi.org/10.1016/j.cej.2018.01.149

Huang, B., Wang, H.C., Cui, D., Zhang, B., Chen, Z.B., Wang, A.J., 2018b. Treatment of
pharmaceutical wastewater containing B-lactams antibiotics by a pilot-scale anaerobic
membrane bioreactor (AnMBR). Chem. Eng. J. https://doi.org/10.1016/j.cej.2018.01.149

India-WRIS wiki, 2019. India’s water wealth - INDIA WRIS Wiki [WWW Document].

Ji, J., Kakade, A., Yu, Z., Khan, A,, Liu, P., Li, X., 2020. Anaerobic membrane bioreactors for
treatment of emerging contaminants: A review. J. Environ. Manage. 270, 110913.
https://doi.org/10.1016/j.jenvman.2020.110913

Jia, X.S., Fang, H.H.P., Furumai, H., 1996. Surface charge and extracellular polymer of sludge in
the anaerobic  degradation process. Water Sci. Technol. 34, 309-316.
https://doi.org/https://doi.org/10.1016/0273-1223(96)00660-9

63



Jia, Y., Khanal, S.K., Zhang, H., Chen, G.H., Lu, H., 2017. Sulfamethoxazole degradation in
anaerobic sulfate-reducing bacteria sludge system. Water Res. 119, 12-20.
https://doi.org/10.1016/j.watres.2017.04.040

Johnson, A.C., Keller, V., Dumont, E., Sumpter, J.P., 2015. Assessing the concentrations and risks
of toxicity from the antibiotics ciprofloxacin, sulfamethoxazole, trimethoprim and
erythromycin  in  European rivers. Sci. Total Environ. 511, 747-755.
https://doi.org/10.1016/j.scitotenv.2014.12.055

Kappell, A.D., Kimbell, L.K., Seib, M.D., Carey, D.E., Choi, M.J., Kalayil, T., Fujimoto, M.,
Zitomer, D.H., McNamara, P.J., 2018a. Removal of antibiotic resistance genes in an
anaerobic membrane bioreactor treating primary clarifier effluent at 20 °C. Environ. Sci.
Water Res. Technol. 4, 1783-1793. https://doi.org/10.1039/c8ew00270c

Kappell, A.D., Kimbell, L.K., Seib, M.D., Carey, D.E., Choi, M.J., Kalayil, T., Fujimoto, M.,
Zitomer, D.H., McNamara, P.J., 2018b. Removal of antibiotic resistance genes in an
anaerobic membrane bioreactor treating primary clarifier effluent at 20 °C. Environ. Sci.
Water Res. Technol. 4, 1783-1793. https://doi.org/10.1039/c8ew00270c

Kb, S., 2020. Effect of Limited-Aeration in ANMBR Operation.

Khande, P., 2020. Removal of micropollutants with limited aeration assisted anaerobic digestion.
Delft university of Technology.

Kim, S., Eichhorn, P., Jensen, J.N., Weber, A.S., Aga, D.S., 2005. Removal of Antibiotics in
Wastewater: Effect of Hydraulic and Solid Retention Times on the Fate of Tetracycline in the
Activated  Sludge  Process. Environ. Sci.  Technol. 39, 5816-5823.
https://doi.org/10.1021/es050006u

Kovalova, L., Siegrist, H., Singer, H., Wittmer, A., McArdell, C.S., 2012. Hospital Wastewater
Treatment by Membrane Bioreactor: Performance and Efficiency for Organic Micropollutant
Elimination. Environ. Sci. Technol. 46, 1536-1545. https://doi.org/10.1021/es203495d

Laxminarayan, R., Duse, A., Wattal, C., Zaidi, A.K.M., Wertheim, H.F.L., Sumpradit, N., Vlieghe,
E., Hara, G.L., Gould, I.M., Goossens, H., Greko, C., So, A.D., Bigdeli, M., Tomson, G.,
Woodhouse, W., Ombaka, E., Peralta, A.Q., Qamar, F.N., Mir, F., Kariuki, S., Bhutta, Z.A.,
Coates, A., Bergstrom, R., Wright, G.D., Brown, E.D., Cars, O., 2013. Antibiotic resistance—
the need for global solutions. Lancet Infect. Dis. 13, 1057-1098.
https://doi.org/https://doi.org/10.1016/S1473-3099(13)70318-9

Le-Minh, N., Khan, S.J., Drewes, J.E., Stuetz, R.M., 2010. Fate of antibiotics during municipal
water recycling treatment processes. Water Res. 44, 4295-4323.
https://doi.org/https://doi.org/10.1016/j.watres.2010.06.020

64



Li, B., Zhang, T., 2010. Biodegradation and adsorption of antibiotics in the activated sludge
process. Environ. Sci. Technol. 44, 3468-3473. https://doi.org/10.1021/es903490h

Libhaber, M., Orozco-Jaramillo, A., 2012. Sustainable Treatment and Reuse of Municipal
Wastewater: For decision makers and practising engineers. lwa publishing.

Liu, F., Ying, G.G., Yang, J.F., Zhou, L.J., Tao, R., Wang, L., Zhang, L.J., Peng, P.A., 2010.
Dissipation of sulfamethoxazole, trimethoprim and tylosin in a soil under aerobic and anoxic
conditions. Environ. Chem. 7, 370-376. https://doi.org/10.1071/EN09160

lotushr.org [WWW Document], n.d. URL https://lotushr.org/research/

Luna, H.J., Baéta, B.E.L., Aquino, S.F., Susa, M.S.R., 2014. EPS and SMP dynamics at different
heights of a submerged anaerobic membrane bioreactor (SAMBR). Process Biochem. 49,
2241-2248. https://doi.org/https://doi.org/10.1016/j.procbio.2014.09.013

Mahdy, A., Song, Y., Salama, A., Qiao, W., Dong, R., 2020. Simultaneous H2S mitigation and
methanization enhancement of chicken manure through the introduction of the micro-aeration
approach. Chemosphere 253, 126687. https://doi.org/10.1016/j.chemosphere.2020.126687

Maycock, D.S., Watts, C.D., 2011. Pharmaceuticals in Drinking Water. Encycl. Environ. Heal.
472-484. https://doi.org/10.1016/B978-0-444-52272-6.00457-8

Mazzurco Miritana, V., Massini, G., Visca, A., Grenni, P., Patrolecco, L., Spataro, F., Rauseo, J.,
Garbini, G.L., Signorini, A., Rosa, S., Barra Caracciolo, A., 2020. Effects of
Sulfamethoxazole on the Microbial Community Dynamics During the Anaerobic Digestion
Process. Front. Microbiol. 11, 1-12. https://doi.org/10.3389/fmicb.2020.537783

Michael, 1., Rizzo, L., McArdell, C.S., Manaia, C.M., Merlin, C., Schwartz, T., Dagot, C., Fatta-
Kassinos, D., 2013. Urban wastewater treatment plants as hotspots for the release of
antibiotics in  the environment: A review. Water Res. 47, 957-995.
https://doi.org/10.1016/j.watres.2012.11.027

Monsalvo, V.M., McDonald, J.A., Khan, S.J., Le-Clech, P., 2014. Removal of trace organics by
anaerobic membrane bioreactors. Water Res. 49, 103-112.
https://doi.org/10.1016/j.watres.2013.11.026

Mutiyar, P.K., Mittal, A.K., 2014. Occurrences and fate of selected human antibiotics in influents
and effluents of sewage treatment plant and effluent-receiving river Yamuna in Delhi (India).
Environ. Monit. Assess. 186, 541-557. https://doi.org/10.1007/s10661-013-3398-6

Mutiyar, P.K., Mittal, A.K., 2013. Occurrences and fate of an antibiotic amoxicillin in extended
aeration-based sewage treatment plant in Delhi, India: A case study of emerging pollutant.

65



Desalin. Water Treat. 51, 6158-6164. https://doi.org/10.1080/19443994.2013.770199

Namkung, E., Rittmann, B.E., 1987. Estimating Volatile Organic Compound Emissions From
Publicly Owned Treatment Works. J. Water Pollut. Control Fed. 59, 670-678.

Narumiya, M., Nakada, N., Yamashita, N., Tanaka, H., 2013. Phase distribution and removal of
pharmaceuticals and personal care products during anaerobic sludge digestion. J. Hazard.
Mater. 260, 305-312. https://doi.org/10.1016/j.jhazmat.2013.05.032

Nguyen, D., Khanal, S.K., 2018. A little breath of fresh air into an anaerobic system: How
microaeration facilitates anaerobic digestion process. Biotechnol. Adv. 36, 1971-1983.
https://doi.org/10.1016/j.biotechadv.2018.08.007

Nguyen, T.T., Bui, X.T., Luu, V.P., Nguyen, P.D., Guo, W., Ngo, H.H., 2017. Removal of
antibiotics in sponge membrane bioreactors treating hospital wastewater: Comparison
between hollow fiber and flat sheet membrane systems. Bioresour. Technol. 240, 42-49.
https://doi.org/10.1016/j.biortech.2017.02.118

Ozgun, H., Ersahin, M.E., Tao, Y., Spanjers, H., van Lier, J.B., 2013. Effect of upflow velocity on
the effluent membrane fouling potential in membrane coupled upflow anaerobic sludge
blanket reactors. Bioresour. Technol. 147, 285-292.
https://doi.org/10.1016/j.biortech.2013.08.039

Parnénen, K.M.M., Narciso-Da-Rocha, C., Kneis, D., Berendonk, T.U., Cacace, D., Do, T.T.,
Elpers, C., Fatta-Kassinos, D., Henriques, I., Jaeger, T., Karkman, A., Martinez, J.L.,
Michael, S.G., Michael-Kordatou, 1., O’Sullivan, K., Rodriguez-Mozaz, S., Schwartz, T.,
Sheng, H., Sgrum, H., Stedtfeld, R.D., Tiedje, J.M., Giustina, S.V. Della, Walsh, F., Vaz-
Moreira, 1., Virta, M., Manaia, C.M., 2019. Antibiotic resistance in European wastewater
treatment plants mirrors the pattern of clinical antibiotic resistance prevalence. Sci. Adv. 5.
https://doi.org/10.1126/sciadv.aau9124

Phelps, T.J., Zeikus, J.G., 1984. Influence of pH on Terminal Carbon Metabolism in Anoxic
Sediments from a Mildly Acidic Lake. Appl. Environ. Microbiol. 48, 1088-1095.
https://doi.org/10.1128/aem.48.6.1088-1095.1984

Radjenovi¢, J., Petrovi¢, M., Barcelo, D., 2009. Fate and distribution of pharmaceuticals in
wastewater and sewage sludge of the conventional activated sludge (CAS) and advanced
membrane  bioreactor  (MBR)  treatment. Water  Res. 43, 831-841.
https://doi.org/10.1016/j.watres.2008.11.043

Raschid-Sally, L., van Rooijen, D.J., 2010. Prospects for Resource Recovery Through Wastewater
Reuse, in: Kurian, M., McCarney, P. (Eds.), Peri-Urban Water and Sanitation Services:
Policy, Planning and Method. Springer Netherlands, Dordrecht, pp. 63-89.

66



https://doi.org/10.1007/978-90-481-9425-4_3

Rogers, H.R., 1996. Sources, behaviour and fate of organic contaminants during sewage treatment
and in sewage sludges. Sci. Total Environ. 185, 3-26. https://doi.org/10.1016/0048-
9697(96)05039-5

SCHINK, B., 1987. Principles and limits of anaerobic degradation environmental and
technological aspects. Biol. Anaerob. Microorg. 771-846.

Shen, L., Liu, Y., Xu, H.-L., 2010. Treatment of ampicillin-loaded wastewater by combined
adsorption and biodegradation. J. Chem. Technol. \& Biotechnol. 85, 814-820.
https://doi.org/https://doi.org/10.1002/jctb.2369

Singh, R., Singh, A.P., Kumar, S., Giri, B.S., Kim, K.H., 2019. Antibiotic resistance in major
rivers in the world: A systematic review on occurrence, emergence, and management
strategies. J. Clean. Prod. 234, 1484—1505. https://doi.org/10.1016/j.jclepro.2019.06.243

Sun, W., Selim, H.M., 2020. Chapter Two - Fate and transport of molybdenum in soils: Kinetic
modeling, in: Sparks, D.L. (Ed.), Advances in Agronomy. Academic Press, pp. 51-92.
https://doi.org/https://doi.org/10.1016/bs.agron.2020.06.002

Tadkaew, N., Sivakumar, M., Khan, S.J., McDonald, J.A., Nghiem, L.D., 2010. Effect of mixed
liquor pH on the removal of trace organic contaminants in a membrane bioreactor. Bioresour.
Technol. 101, 1494-1500. https://doi.org/https://doi.org/10.1016/j.biortech.2009.09.082

Thi Mai, D., 2018. Removal of Ciprofloxacin By Anaerobic Membrane Bioreactor (Anmbr) and
Post-Treatment of Anmbr Effluent.

Torretta, V., Katsoyiannis, 1., Collivignarelli, M.C., Bertanza, G., Xanthopoulou, M., 2020. Water
reuse as a secure pathway to deal with water scarcity. MATEC Web Conf. 305, 00090.
https://doi.org/10.1051/matecconf/202030500090

Van Boeckel, T.P., Brower, C., Gilbert, M., Grenfell, B.T., Levin, S.A., Robinson, T.P., Teillant,
A., Laxminarayan, R., 2015. Global trends in antimicrobial use in food animals. Proc. Natl.
Acad. Sci. 112, 5649 LP —5654. https://doi.org/10.1073/pnas.1503141112

Van Boeckel, T.P., Gandra, S., Ashok, A., Caudron, Q., Grenfell, B.T., Levin, S.A,
Laxminarayan, R., 2014. Global antibiotic consumption 2000 to 2010: an analysis of national
pharmaceutical sales data. Lancet Infect. Dis. 14, 742-750.
https://doi.org/https://doi.org/10.1016/S1473-3099(14)70780-7

Van Lier, J.B., Mahmoud, N., Zeeman, G., 2008. Anaerobic wastewater treatment. Biol.
wastewater Treat. Princ. Model. Des. 415—456.

67



Walker, D., Fowler, T., 2011. Infections and the Rise of Antimicrobial Resistance, Annual Report
of the Chief Medical Officer - Volume Two (2011).

Wang, J., Chu, L., Wojnarovits, L., Takéacs, E., 2020. Occurrence and fate of antibiotics, antibiotic
resistant genes (ARGSs) and antibiotic resistant bacteria (ARB) in municipal wastewater
treatment plant: An overview. Sci. Total Environ. 744, 140997.
https://doi.org/10.1016/j.scitotenv.2020.140997

Wang, S., Du, K., Yuan, R., Chen, H., Wang, F., Zhou, B., 2021. Effects of sulfonamide antibiotics
on digestion performance and microbial community during swine manure anaerobic
digestion. Environ. Eng. Res. 26, 1-12. https://doi.org/10.4491/eer.2019.471

Wei, C.H., Sanchez-Huerta, C., Leiknes, T.O., Amy, G., Zhou, H., Hu, X., Fang, Q., Rong, H.,
2019. Removal and biotransformation pathway of antibiotic sulfamethoxazole from
municipal wastewater treatment by anaerobic membrane bioreactor. J. Hazard. Mater. 380,
120894. https://doi.org/10.1016/j.jhazmat.2019.120894

Weissbrodt, D., Kovalova, L., Ort, C., Pazhepurackel, V., Moser, R., Hollender, J., Siegrist, H.,
McArdell, C.S., 2009. Mass Flows of X-ray Contrast Media and Cytostatics in Hospital
Wastewater. Environ. Sci. Technol. 43, 4810-4817. https://doi.org/10.1021/es8036725

WHO/UNICEF, 2017. Progress on Drinking Water, Sanitation and Hygiene - Joint Monitoring
Programme 2017 Update and SDG Baselines. Who 66.

Wijekoon, K.C., McDonald, J.A., Khan, S.J., Hai, F.l., Price, W.E., Nghiem, L.D., 2015.
Development of a predictive framework to assess the removal of trace organic chemicals by
anaerobic membrane bioreactor. Bioresour. Technol. 189, 391-398.
https://doi.org/10.1016/j.biortech.2015.04.034

World Health Organisation, 2018. Antibiotic Resistance: WHO. Who.

Xia, S., Jia, R., Feng, F., Xie, K., Li, H., Jing, D., Xu, X., 2012. Effect of solids retention time on
antibiotics removal performance and microbial communities in an A/O-MBR process.
Bioresour. Technol. 106, 36-43. https://doi.org/10.1016/j.biortech.2011.11.112

Xiao, Y., Yaohari, H., De Araujo, C., Sze, C.C., Stuckey, D.C., 2017. Removal of selected
pharmaceuticals in an anaerobic membrane bioreactor (AnMBR) with/without powdered
activated carbon (PAC). Chem. Eng. J. 321, 335-345.
https://doi.org/10.1016/j.cej.2017.03.118

Yang, S., Cha, J., Carlson, K., 2005. Simultaneous extraction and analysis of 11 tetracycline and
sulfonamide antibiotics in influent and effluent domestic wastewater by solid-phase
extraction and liquid chromatography-electrospray ionization tandem mass spectrometry. J.

68



Chromatogr. A 1097, 40-53. https://doi.org/https://doi.org/10.1016/j.chroma.2005.08.027

Zarei-Baygi, A., Harb, M., Wang, P., Stadler, L.B., Smith, A.L., 2020. Microbial community and
antibiotic resistance profiles of biomass and effluent are distinctly affected by antibiotic
addition to an anaerobic membrane bioreactor. Environ. Sci. Water Res. Technol. 6, 724—
736. https://doi.org/10.1039/c9ew00913b

Zarei-Baygi, A., Harb, M., Wang, P., Stadler, L.B., Smith, A.L., 2019. Evaluating Antibiotic
Resistance Gene Correlations with Antibiotic Exposure Conditions in Anaerobic Membrane
Bioreactors. Environ. Sci. Technol. 53, 3599-3609. https://doi.org/10.1021/acs.est.9b00798

Zhang, H., Jia, Y., Khanal, S.K., Lu, H., Fang, H., Zhao, Q., 2018. Understanding the Role of
Extracellular Polymeric Substances on Ciprofloxacin Adsorption in Aerobic Sludge,
Anaerobic Sludge, and Sulfate-Reducing Bacteria Sludge Systems. Environ. Sci. Technol.
52, 6476-6486. https://doi.org/10.1021/acs.est.8b00568

Zheng, J., Gao, R., Wei, Y., Chen, T., Fan, J., Zhou, Z., Makimilua, T.B., Jiao, Y., Chen, H., 2017.
High-throughput profiling and analysis of antibiotic resistance genes in East Tiaoxi River,
China. Environ. Pollut. 230, 648-654. https://doi.org/10.1016/j.envpol.2017.07.025

Zhou, W., Imai, T., Ukita, M., Li, F., Yuasa, A., 2007. Effect of limited aeration on the anaerobic
treatment of evaporator condensate from a sulfite pulp mill. Chemosphere 66, 924-929.
https://doi.org/https://doi.org/10.1016/j.chemosphere.2006.06.004

69



Appendix A (Information on methodology)

Table 15 Micronutrient composition of feed

Micronutrient Solution Compound Value Unit
FeCl; 6H,O 1000 mg/L
CoCl; 6H;O 1000 mg/L
MnCl, 4H;0 250 mg/L
CuCl, 2H,0 15 mg/L
ZnCl, 25 mg/L
H]B Cl] 25 l]lg."]_.
(NHL)sMor Oy 4H,0 45 mg/L
Nﬂj SGD_:, HQD 50 ﬂlg."]_.
NiCl 6H; O 25 mg/L
EDTA 500 mg/L
HCI35% 0.5 mL/L
Resazurin sodium salt 250 mg/L
Yeast extract 1000 mg/L

Table 16 Feed composition

Feed Composition: Macronutrients Value Unit
Urea 1 gL
Ammonium chloride 0.8 gL
Sodium acetate trihydrate 26 gL
Ovalbumin 0.1%8 gL
Magnesium sulphate heptahydrate 0.072 gL
Potassium phosphate monobasic 0.2 gL
Calcium chloride dihydrate 0.14 gL
Cellulose 1.5 oL
Milk powder 0.6 gL
Yeast extract 0.5 gL
Sunflower oil 2 mL/L
Micronutrients 10.64 mL/T.

Humic and Fulvic acid 02 mL/L




Table 17 Membrane characteristics

Membrane characteristics

Parameter Value Unit
Pore size 30 nm
Type Tubular, inside out
Brand Pentair
Diameter 5.2 mm
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H . 2
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Figure 18 Computer interface of the reactor
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COD and Nutrients analysis

The COD of influent and sludge were measure using Hach Lange’s LCK014 COD test Kits with
the range 1000-10000 mg CODI/L. The effluent COD was measured using Hach Lange’s LCK514
COD test kits with the range 15-150 mg COD/L.

Nutrients of feed, sludge, and effluent tested were ammonia, nitrate, total nitrogen, phosphate, and
sulphate using Hach Lange’s kits of LCK 303, 339, 338, 350, 153 respectively. After following
the test procedure mentioned in the kits accordingly, the samples were analyzed in Hach Lange’s
DR 3900 spectrometer. The dilution factor used for the analysis of NHs — N and Total N of the
samples was 20, and the dilution factor for the analysis of PO4 — P, and SO, 2 was five.

Preparation of internal standards for LCMS

An internal standard for each antibiotic was prepared using the isotopes of the compound to ensure
it represents the behavior of the particular antibiotic accurately. The equipment could separate
these two compounds and quantify the analyte based on the ratio of peak area of the analyte to the
internal standard.

The internal standards for sulfamethoxazole and trimethoprim used were sulfamethoxazole-D4
and trimethoprim-D9. Trimethoprim-D9 is also used as the internal standard for ciprofloxacin and
ampicillin. The 10 mg/L internal standard stock solutions of each were prepared by mixing them
separately in water/acetonitrile. This was further diluted to 100 pg/L and named as “iSTDMix”
and was stored at -20 °C for further use.

Preparation of calibration curve for LCMS

The calibration line was prepared for each antibiotic to be analyzed manually, and this was
considered as an external standard. The calibration curve was used to establish a standard to which
the actual sample concentration obtained from MS was then compared. This calibration curve was
made by preparing different concentrations of standard solutions shown in Table 18. Initially, stock
solutions of stock 1 and stock 2 were prepared from concentrated antibiotic stocks. These stock 1
and 2 were diluted serially with ultrapure water to get the final required concentrations shown in
Table 18. All the calibration samples were prepared by adding 10 pL of iISTDMix first, followed
by ultrapure water, and lastly, the stock 1 or 2 was added. From these calibration samples, a linear
curve was obtained which was then applied to the sample measurement.
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Table 18 LC-MS calibration curve

stock name => iStd. Mix stock 1 stock 2 Ultrapure water
stock conc. [pg/L] => 100 50 0.5 -
Target conc. (ug/l.) Vtoadd(ul) Vtoadd(ul) V toadd (ul) V to add (ul)
0 10 0 990
0.0025 10 5 985
0.005 10 10 980
0.01 10 20 970
0.05 10 100 890
0.1 10 200 790
0.5 10 10 980
1 10 20 970
2.5 10 50 940
5 10 100 890
10 10 200 790
Table 19 Primers of selected genes
Genes F. Primer 5'-3' R. Primer 5'-3’
sull CGCACCGGAAACATCGCTGCAC TGAAGTTCCGCCGCAAGGCTCG
sul2 TCCGGTGGAGGCCGGTATCTGG CGGGAATGCCATCTGCCTTGAG
dfrAl TTCAGGTGGTGGGGAGATATAC TTAGAGGCGAAGTCTTGGGTAA
intll GATCGGTCGAATGCGTGT GCCTTGATGTTACCCGAGAG
16s rRNA ACTCCTACGGGAGGCAGCAG ATTACCGCGGCTGCTGG

Table 20 Amplification conditions for selected genes

Gene Amplification conditions
sull 5 min at 95°C, 40 cycles of 15 s at 95°C, 30 s at 65°C
sul2 5 min at 95°C, 40 cycles of 15 s at 95°C, 30 s at 61°C
dfrAl 7 min at 95°C, 40 cycles of 10 s at 95°C, 30 s at 60°C
intll 5 min at 95°C, 40 cycles of 15 s at 95°C, 30 s at 60°C
16s rRNA 5 min at 95°C, 40 cycles of 15 s at 95°C, 30 s at 60°C
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Total | Inoculum I
Bottle No. Sample Type Aeration (mlair/bottle/d) V(()rt::;]e V(c)nLqu?e In\t;gu(lgu)m Su?/s;rz)t)e ¢ é l:::lzga(tge) concgrt]::z:ggc(sug ) E(Xn‘:f(;t: ?ngﬁt;nir;e
1 negative control 0 99 66.00 0.22 0 0 0
2 negative control 0 99 66.00 0.22 0 0 0
3 negative control 0 99 66.00 0.22 0 0 0
4 positive control 0 99 66.00 0.22 0.11 0.51 0 84.10
5 positive control 0 99 66.00 0.22 0.11 0.51 0 84.10
6 positive control 0 99 66.00 0.22 0.11 0.51 0 84.10
7 TMP 150 4.2 99 66.00 0.22 0.11 0.51 150.00 84.10
8 TMP 150 4.2 99 66.00 0.22 0.11 0.51 150.00 84.10
9 TMP 150 4.2 99 66.00 0.22 0.11 0.51 150.00 84.10
10 SMX+TMP 150 4.2 99 66.00 0.22 0.11 0.51 150.00 84.10
11 SMX+TMP 150 4.2 99 66.00 0.22 0.11 0.51 150.00 84.10
12 SMX+TMP 150 4.2 99 66.00 0.22 0.11 0.51 150.00 84.10
13 CIP+AMP 10 4.2 99 66.00 0.22 0.11 0.51 10.00 84.10
14 CIP+AMP 10 4.2 99 66.00 0.22 0.11 0.51 10.00 84.10
15 CIP+AMP 10 4.2 99 66.00 0.22 0.11 0.51 10.00 84.10
16 CIP+AMP 50 4.2 99 66.00 0.22 0.11 0.51 50.00 84.10
17 CIP+AMP 50 4.2 99 66.00 0.22 0.11 0.51 50.00 84.10
18 CIP+AMP 50 4.2 99 66.00 0.22 0.11 0.51 50.00 84.10
19 CIP+AMP 150 4.2 99 66.00 0.22 0.11 0.51 150.00 84.10
20 CIP+AMP 150 4.2 99 66.00 0.22 0.11 0.51 150.00 84.10
21 CIP+AMP 150 4.2 99 66.00 0.22 0.11 0.51 150.00 84.10
Figure 19 Matrix of biodegradation test with onetime feeding
. Total | Inoculum .
Bottle No.| Sample Type Subg_rate A_eratlon volume | Volume Inoculum| Substrate C | Aeration | Expected methane
addition | (mlair/bottle/d) (mi) (mL) VS (g) mass (g/d) %VS (ml of methane)
1 negative control - 0 99 66.00 0.20 0 0 0
2 negative control - 0 99 66.00 0.20 0 0 0
3 negative control - 0 99 66.00 0.20 0 0 0
4 positive control 1 | one time 0 99 66.00 0.20 0.4656 0 76.7
5 positive control 2 | one time 0 99 66.00 0.20 0.4656 0 76.7
6 positive control 3 | one time 0 99 66.00 0.20 0.4656 0 76.7
7 positive control 4 | one time 3.8 99 66.00 0.20 0.4656 2.02 76.7
8 positive control 5 | one time 3.8 99 66.00 0.20 0.4656 2.02 76.7
9 positive control 6 | one time 3.8 99 66.00 0.20 0.4656 2.02 76.7
10 positive control 7 daily 3.8 99 66.00 0.20 0.0931 2.02 76.7
11 positive control 8 daily 3.8 99 66.00 0.20 0.0931 2.02 76.7
12 positive control 9 daily 3.8 99 66.00 0.20 0.0931 2.02 76.7
13 SMX+TMP 150 daily 3.8 99 66.00 0.20 0.0931 2.02 76.7
14 SMX+TMP 150 daily 3.8 99 66.00 0.20 0.0931 2.02 76.7
15 SMX+TMP 150 daily 3.8 99 66.00 0.20 0.0931 2.02 76.7
16 CIP+AMP 150 daily 3.8 99 66.00 0.20 0.0931 2.02 76.7
17 CIP+AMP 150 daily 3.8 99 66.00 0.20 0.0931 2.02 76.7
18 CIP+AMP 150 daily 3.8 99 66.00 0.20 0.0931 2.02 76.7

Figure 20 Matrix of biodegradation test with intermittent feeding
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Appendix B (Results of performance of reactor)
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Figure 22 Removal of phosphate in reactor
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Table 21 Variation in biomass properties after antibiotics addition

Property Before AB After AB
Sludge COD mg/L 451241207 447741551
TSg/L 7.13+1.7 7.80+1.5
VS g/L 3.31+0.9 3.45+1.1
TSS g/L 5.31+1.5 5.27+1.3
VSS g/L 3.17+0.82 3.17+0.78
ORP mV -537+19 -536+11
pH 7.77+0.14 7.56+0.12
Table 22 Concentration of VFA
VFA Before AB After AB

Acetic acid (mg/L) 3.8+4.2 8.4+7.7

Propionic acid (mg/L) 2.48 4.5+2.7
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Appendix C (SMX and TMP removal)

Antibiotics Mass Balance in the reactor

Reactor

Waste sludge

ABins = ABgorption ~ ABws + ABgyss + Biodegradation (ug/d)
Sorption to biomass = q x Solids X Volume q,ctor

AB waste sludge = q x Solids x Volume,y,ste sludge

q = Antibiotic sorbed onto sludge (ug/g)

TMP adsorption @ 10°C
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Figure 25 Adsorption of TMP at 10°C
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Figure 27 Adsorption of SMX at 37°C
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TMP adsorption

Figure 28 Degradation of SMX and TMP via intermittent feeding batch tests

Table 23 Correlations among ARB, ARG and concentrations of antibiotics

160
140 —+—TMP 10
——TMP 50

120 TMP 150
%100

= %0

g

) r T

“ 60 T - T T

T T T 1 - T L ¥ +

40 | 1 1

. ‘I\I——

0 - - = S —
0 5 10 15 20 25 30 35 40 45 60 75 90 120
Sampling time (min)

Figure 29 Adsorption of TMP at 37°C
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Appendix D (Effect of CIP and AMP on biomass)

CIP degradation with varying concentration
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Figure 30 Removal CIP at varying concentrations in BD test 1
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Figure 31 Removal AMP at varying concentrations in BD test 1

The cumulative methane production in the intermittent feeding (IF) batch tests are shown in Figure
32. In addition to the batch tests with antibiotics, two types of positive controls (PC): onetime
feeding and intermittent feeding were also included in this test. The comparison of the biomethane
potentials (BMP) between the PC and the batch with CIP and AMP helped to know the effect of
the antibiotics on the biomass. BMP is expressed in terms of dry volume of methane under STP
(273K and 101 kPa) conditions per volume of VS added in the batch. The calculated BMPs for all
the batches are expressed in terms of the percentage of expected theoretical BMP (Table 24).
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Figure 32 Cumulative methane production in intermittent feeding batch test

It can be seen that the BMP of PC-IF is around 78% and is less than the BMP of PC onetime
feeding which has a value of 92%. The main reason for this might be the manual error that occurred
while injecting the substrate into the bottles daily, which can also be seen from the high relative
standard deviations (RSD) in Table 24. However, it can be seen that the BMP of PC-IF and the
bottle with CIP, AMP were almost similar with a value of around 81%. Hence, it can be concluded

that the antibiotics CIP and AMP at the given concentrations have negligible effects on the
biomass.

Table 24 BMP of various batches of intermittent feeding

%BMP to theoretical RSD %
PC Onetime feeding 92.1 1.55
PC-IF 77.4 434
CIP+AMP150 pg/L - IF 81.8 3.40
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Figure 33 Removal of CIP and AMP in intermittent feeding batch tests
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