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A laboratory-scale up-flow anaerobic sludge blanket (UASB) reactor was deployed in this study to examine the
relationship between pharmaceutical compounds and anaerobic process performance. The reactor successfully
biotransformed up to 87-99% of psychostimulant caffeine, anti-diabetic drug gliclazide, and anti-hypertensive
drug prazosin during 92 days of operation. At the same time, fluctuations were recorded for the methane gas
production, and also the domination of acetic acid and propionic acid in the presence of pharmaceutical com-

pounds was measured. The results from 16s rRNA sequencing revealed that these compounds stimulated the
growth of hydrogenotrophic methanogens, mainly Methanobrevibacter and Methanobacterium, while shifting the
compositions of hydrolytic and fermentative bacteria. These outcomes proved the capability of the pharma-
ceutical compounds to influence the process performance by changing the microbial compositions in the

anaerobic reactor.

1. Introduction

The occurrences of trace pharmaceutical compounds in Malaysian
waterways have been linked to the incomplete removal of the com-
pounds during treatment in conventional wastewater treatment pro-
cesses [1]. Among the detected compounds were psychostimulant
caffeine (CAF), anti-diabetic drug gliclazide (GCZ), and
anti-hypertensive drug prazosin (PRZ), which range from as low as 6 ng
L~! up to more than 300 mg L~ [2,3]. These compounds pose risks of
bioaccumulation and toxicity to aquatic species [4,5] and have shown
the prospect of changing the metabolic behaviour of microorganisms [6,
71.

Anaerobic digestion (AD) has been acknowledged as one of the

prospective enhancements to the existing conventional treatment pro-
cesses to eliminate pharmaceutical compounds that are present in
wastewater. The application of AD is favourable as it is known to be
robust in treating various wastewater types, may operate with minimal
energy requirements, and has biogas potential for energy recovery [8,9].
The application of AD to the process of treating pharmaceutical com-
pounds revealed that most of the fractions undergo a biotransformation
removal pathway and fewer residual fractions are generated in AD
compared to the conventional aerobic processes [10].

The biotransformation of pharmaceutical compounds in AD may be
achieved through direct or indirect co-metabolism of diverse microbial
communities that grow under favourable reducing conditions in the
process [11]. At the trace concentration levels, the removal of
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pharmaceutical compounds is correlated with acidogenesis [12] and
methanogenesis [13,14] based on the production of volatile fatty acids
(VFAs) and methane gas. While the biotransformation process is reliant
on microbial activities [15], previous findings have suggested that
pharmaceutical compounds could, in return, trigger biological changes
to the AD process.

Several AD studies [16-19] have reported extreme fermentation and
inhibition of methanogenesis in the presence of antibiotics up to 50 mg
L~! concentration. These outcomes suggest that there is a mutual rela-
tionship between pharmaceutical compounds and the AD process stages.
However, current findings are focused on antibiotics with antimicrobial
characteristics [20,21]. Furthermore, the authors in Refs. [16-19]
monitored the extreme effects of antibiotics at very high concentrations,
which may not reflect the effect of other micropollutants that may also
be prominent in general wastewater.

Conversely, the AD batch experiment conducted by Faberova et al.
[22] treating analgesics, beta-blockers, and psychostimulants resulted in
varying stimulatory or inhibitory behaviour towards methane gas pro-
duction. Their findings, however, reported the effects of individual
compounds and did not provide information on the fermentation pro-
cess. Furthermore, substrate limitation in the batch experiment may not
have the same effect as continuous AD reactor operation.

To ensure the effectiveness of AD in treating pharmaceutical com-
pounds, it is necessary to identify the effect of commonly-occurring
pharmaceutical compounds on a continuous AD process. This study
aims to assess the mutual relationship between pharmaceutical com-
pounds and anaerobic process performance in an up-flow anaerobic
sludge blanket (UASB) reactor. CAF, GCZ, and PRZ were introduced to
an acclimatised UASB reactor and key performance indicators, including
the removal efficiencies of the compounds, VFA concentration, and
methane gas production, were monitored. Microbial diversity was also
examined using the 16s rRNA sequencing method to correlate the effects
of pharmaceutical compounds with changing anaerobic performance.

2. Materials and methods
2.1. Selection of pharmaceuticals

CAF, GCZ, and PRZ were selected for this study because of their
significant presence in the Malaysian water environment [3], high
consumption rate based on their therapeutic groups [23-25], toxicity
effects [4-7], and different physicochemical characteristics. The details
of these pharmaceuticals are provided in the Supplementary File.

Pure pharmaceutical standards (>99% purity) of CAF, GCZ, and PRZ
as prazosin hydrochloride were procured from Sigma Aldrich (USA). A
mixed concentrated standard solution (1000 mg L™1) was prepared by
adding the standards into ultrapure water. The standards were further
diluted in ultrapure water supplied by Thermo Scientific Smart2Pure
(Sweden) to obtain the desired concentration for the experiments.

2.2. Synthetic wastewater

Glucose-enriched synthetic wastewater was derived as the feed for
the start-up and experiment, as described by Azizan et al. [26]. Calcium
chloride CaCl; (40 mg L’l), magnesium sulfate MgSO4 (40 mg L’l), iron
(ID) sulfate FeSO4 (32 mg L™1), and potassium dihydrogen phosphate
KH3PO4 (60 mg L) were added as trace elements. All compositions
were reagent grade procured from Merck (USA) except yeast extract
(Difco, USA). The stock solution was prepared on a weekly basis and
refrigerated at 4 °C when not in use. Subsequently, wastewater dilutions
were made using tap water according to the desired COD concentrations
during the start-up and the experiments.

2.3. UASB reactor set-up

The experiment was conducted using a single-stage stainless steel
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UASB bioreactor with a total working volume of 5 L. To maintain the
process in a mesophilic condition (37 °C), hot water was circulated using
a water circulator (Eyela, Japan) and flowed through the water jacket
surrounding the reactor body. Wastewater flow was regulated using a
peristaltic pump (Watson-Marlow, UK) connected to the inlet located at
the bottom of the reactor. The gas outlet situated at the top of the reactor
was connected through an optical bubble counter and a Tedlar gas bag
(SKC, USA) for biogas collection. The conceptual diagram of the UASB
bioreactor setup is provided in the Supplementary File.

2.4. Experimental protocol

The reactor was started up by inoculating the reactor with anaerobic
digested sludge. The anaerobic digested sludge was obtained from a full-
scale anaerobic digester tank located in Kuala Lumpur, Malaysia. For the
start-up, the wastewater was flowed at an OLR of approximately 0.3 kg
€OD m~2 d~! and increased step-wise at each steady state to 1.4 kg COD
m~3 d~! with HRT of 48 h. Sodium bicarbonate NaHCOs was added
when required to maintain the reactor at a neutral pH range. Acclima-
tisation was reached on Day 149 with a final COD removal efficiency of
92%, methanisation of 48% of total biogas, and methane gas production
of 0.147 L CH4 d™'. The UASB bioreactor performance throughout the
start-up period is provided in the Supplementary File.

The experiment commenced by spiking the pharmaceutical com-
pounds into the wastewater and continued for 92 d. The soluble COD of
the wastewater was maintained at approximately 2500 mg L™ and pH
was regulated throughout the experiment. Each experimental condition
was conducted consecutively upon reaching each steady state. The ratio
of caffeine, gliclazide, and prazosin was maintained at 1:1:1 throughout
the experiment. The details of the conditions are specified in Table 1.
The concentration range was designed to account for the limitations of
the pharmaceutical analysis while still allowing for the prediction of
biotransformation under anaerobic conditions [27] and maintaining
co-metabolism activities without jeopardising treatment stability. This
range also corresponded to the occurrences of the compounds in the
actual water environment [2,3] and the lower range of examined con-
centration in a continuous anaerobic reactor [28]. The bioreactor
operated at HRT 36 for 48 h, considering the poor pharmaceutical re-
movals by UASB at shorter HRT between 5.1 and 24 h [29,30].

2.5. Analytical method

2.5.1. Pharmaceutical compounds analysis

The analysis of pharmaceutical compounds was carried out on both
wastewater effluent and sludge. Sampling for the effluent was carried
out on a weekly basis and the sludge at the end of each experimental
condition. Since the targeted compounds were non-volatile, the analysis
was conducted using liquid chromatography instrumentation Waters
ACQUITY UPLC-QDa (USA). All high performance liquid chromatog-
raphy (HPLC) grade solvents used for the analysis were obtained from
Merck (USA).

Each sample analyte of 30 uL was drawn by an autosampler and
injected through a C18 column (2.7 pm 4.6 x 50 mm, Waters, Ireland).
The temperature of the column was set to 40 °C. Mobile phases for the
analysis were 0.1% formic acid in water (A) and acetonitrile (B) with a

Table 1
Experimental conditions during the UASB bioreactor operation.

Condition = Day OLR (kg HRT Concentration of
coDm 3 (h) pharmaceutical compounds (ug
dh LY

I 150-164 1.59 + 0.05 48 100

il 165-199  1.45+0.13 48 400

I 200-220 1.82+£0.13 36 400

v 221-241  1.84 +£0.08 36 1000
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flow rate of 0.8 mL min~' throughout the elution. The elution began
with B at 5% and increased linearly to 90% B for 4 min, then remained
isocratic for 2 min. Next, the elution was returned to 5% B immediately
and remained isocratic for 4 min. The separated compounds were
detected using the QDa detector in the selective ion recording (SIR)
positive mode with pre-set channels at 195, 324, and 384 m/z for CAF,
GCZ, and PRZ, respectively. These channels were previously verified
through injections of individual standards and quantification using the
mass spectrometry (MS) scan mode (data are not disclosed in this paper).

All samples were pre-treated prior to the analysis. The effluent or
aqueous samples were pre-treated using solid-phase extraction (SPE)
according to a modified procedure [1]. SPE was carried out using a
20-sample vacuum manifold (Waters) and hydrophilic-lipophilic bal-
ance (HLB) cartridges (Oasis 60 mg 3 cc, Waters). First, all liquid sam-
ples were filtered twice using a 0.7 pm glass fibre filter (Whatman GF/F).
The adsorbents in the cartridges were then preconditioned with 2 mL of
methyl tert-butyl ether MTBE, 2 mL of methanol (MeOH) and 2 mL of
ultrapure water (UPW). Under vacuum conditions, 100 mL of the liquid
samples were loaded at a flow rate of 8 mL min~. The sorbents were
then washed with 2 mL of UPW, and the cartridges were dried under a
vacuum condition for 20 min. Next, elution was carried out by passing 5
x 1 mL of MTBE, 2 x 1 mL of acetone-MeOH (21:9, v/v) and 3 x 1 mL of
acetone-MeOH (9:21, v/v), collected in a 12 mL glass tube. The mixed
eluents were dried under a gentle stream of nitrogen gas until dryness,
and reconstituted with 1 mL acetonitrile-UPW (5:95, v/v). The analytes
were filtered with a 0.2 pm GHP syringe filter (Waters, USA) and
transferred into borosilicate glass vials for the LC analysis.

The pretreatment of sludge or solid samples was done through
ultrasonication extraction. UPW of 2.5 mL was added to 1.5 mL of solid
samples and centrifuged at 3700 rpm (Thermo Scientific, USA) for 10
min. The liquid phase was then decanted, while the solid phase was
added with 5 mL acetonitrile. The solid mixture was thoroughly mixed
using a vortex mixer (LabServ, USA) and ultrasonicated for 20 min
(Elmasonic S100, Germany). Next, the mixture was centrifuged again for
10 min at 3700 rpm. The supernatant was extracted and then filtered
using a 0.2 pm GHP syringe filter and transferred into borosilicate glass
vials for the LC analysis, as previously specified. The limits of quantifi-
cation (LOQ), intra-day and inter-day relative standard deviation (RSD),
and recoveries of the compounds in the aqueous and solid phases are
specified in the Supplementary File.

2.5.2. Anaerobic process performance

The analyses of chemical oxygen demand (COD), VFAs, total sus-
pended solids (TSS), and volatile suspended solids (VSS) were carried
out in accordance with the Standard Methods of Examination of Water
and Wastewater [31]. The COD analysis was facilitated by Hach High
Range Plus COD digestion vials, while pH was measured using a pH
meter (Ohaus, USA).

The VFAs analysis was conducted using ion chromatography
instrumentation (ICS 5000+, Thermo Scientific, USA). All aqueous
samples were pre-filtered using a 0.2 pm GHP syringe filter. Each sample
volume of 4.5 mL was injected through a 4 mm x 250 mm analytical
column (Dionex, IonPac™ ASII-HC). The targeted VFAs were eluted
with eluent Dionex EGC III KOH and UPW as the carrier solution and
detected using a conductivity detector (Dionex P/N 60-062433).

Biogas composition was determined using a gas chromatography-
thermal conductivity detector (GC-TCD) Clarus® 690 GC (Perki-
nElmer, USA). An air-tight syringe was used to draw 5 mL of the biogas
from the gas bag and taken for loop injection through a molecular sieve
column (5 A, 50 m, 0.53 mm, 50 pm, PerkinElmer, USA). The temper-
ature of the column was set at 170 °C, while the detector was set to

200 °C. The nitrogen carrier gas flowed at a rate of 30 mL min~?,

2.6. Molecular analyses

Sludge samples were harvested from the UASB bioreactor at the end
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of the start-up (Baseline), Condition II, and Condition IV. The sludge
samples were brought to room temperature and immediately stored at
—80 °C prior to molecular analyses. The analyses began with genomic
DNA (gDNA) extraction of the UASB sludge, amplification of the target
DNA through polymerase chain reaction (PCR), and next generation
sequencing (NGS) for information on the microbial composition of each
sample. All extraction and sequencing work was outsourced to an
external laboratory.

Initially, the gDNA extraction was conducted using FastDNA™ Spin
Soil Kit (MP Biomedicals) and confirmed using gel electrophoresis.
Sample aliquots of 1 pL. gDNA were run on a 1% TAE agarose gel at 100V
for 60 min and compared against a positive control provided by a
template containing 50 ng of bacterial gDNA. Meanwhile, the gDNA was
quantified using the Implen NanoPhotometer® N60/N50 spectropho-
tometer. The gDNA was then subjected to an amplicon PCR quality
control. A volume of 3 pL PCR product aliquots was run on a 1.7% TAE
agarose gel at 100V for 65 min. The results were compared against a
positive control provided by a 10 ng gDNA template and a negative
control provided by water. Upon passing the PCR quality control, the
extracted gDNA was subjected to amplicon library construction using a
two-step PCR.

The first step of PCR was conducted using KOD-Multi & Epi-®
(Toyobo) to amplify the targeted 16s rRNA genes at V3 and V4 regions.
Forward and reverse primers (5-CCTACGGGNGGCWGCAG and 3'-
GACTACHVGGGTATCTAATCC) were applied respectively. The second
step of PCR attached dual indices and Illumina sequencing adapters to
the PCR products using Illumina Nextera XT Index Kit v2. PCR clean-up
was carried out at the end of each PCR stage using AMPure XP beads and
80% ethanol. The libraries were then normalised and proceeded to
sequence using Illumina MiSeq (USA) platform at 300 PE. Finally, the
raw output data produced were processed using bioinformatic tools and
analysed for operational taxonomic units (OTUs) clustering, taxonomic
assignment, diversity assessment, and statistical analyses.

3. Results and discussion
3.1. Pharmaceutical compounds removals

The analysis of pharmaceutical compounds revealed that the three
pharmaceutical compounds assessed in this study have different degrees
of removal. Fig. 1 depicts the total removal as well as the degree of
biotransformation and sorption of CAF, GCZ, and PRZ in Conditions I-IV.

In Condition I, GCZ was poorly removed, and only a total of 11 &+ 6%
removal was achieved. The removal efficiency of GCZ was compara-
tively higher at 78 + 3% in Conditions II and III, while the GCZ initial
concentration of 1000 pg L™! in Condition IV resulted in 83 + 4%
removal. The higher removal efficiencies were relative to the initial GCZ

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

- 74

/77777
S Ui

—
=
=

2

~ v/

~

—
=
=
—
=
—
=
=

@]

A

=51
Q

C.

N
g

% Biotransformed ™ Sorbed

Fig. 1. Degree of biotransformed and sorbed CAF, GCZ, and PRZ in Conditions
-1V



N.A.Z. Azizan et al.

concentration in respective experimental conditions. From the sludge
analysis, it was discovered that GCZ was mildly sorbed to solids at 3% in
Condition I, while no GCZ was detected in the solid samples in the other
three conditions. It is also worth noting that the residual GCZ concen-
tration in Conditions I-III was within a similar concentration range
(88.37 + 11.95 pg L’l), while the residual GCZ in Condition IV was
nearly two times the residual GCZ concentration in the earlier condi-
tions. Petrie et al. [32] previously reported the persistency of GCZ in the
application of horizontal sub-surface flow constructed wetlands. How-
ever, the removal of GCZ in this study was consistent with the outcome
of a separate anaerobic incubation period study that recorded 83% of
GCZ removal at the end of their experiment [26].

Compared to GCZ, the removal of CAF was much higher in Condition
I, at 71 4+ 6%. The removal of CAF was almost at the same level (84 +
5%) for Conditions II-IV. No CAF was detected in the solid samples at all
conditions. This outcome is comparable to the biotransformation
recorded in previous batch experiments [26,33] and in anaerobic
membrane reactor experiments at trace level concentration [34] and as
sole substrate [35].

For PRZ, the concentration of the compound was below the LOQ in
most effluent samples, except in the early stages of Condition IV (10.28
+0.12 pg L™1). The analysis of PRZ in the sludge, however, revealed that
36% and 4% of PRZ concentration in Conditions I and II was sorbed to
the solid phase. The concentration of PRZ in the sludge was below the
LOQ in Conditions III and IV, respectively. The results from this study
corresponded to the rapid removal of PRZ in the previous study by
Azizan et al. [26].

Overall, the UASB bioreactor was capable of removing more than
70% of pharmaceutical compounds in all conditions except for GCZ in
Condition I. The removal performance was not hindered and was able to
remove a higher fraction of the compounds despite being present at
higher concentrations in the latter experiments. This outcome may be
contributed by the adaptation of the inoculum to the compounds. It was
also inferred that a prolonged treatment period for each condition would
not further improve the removal efficiencies as the threshold limit of the
capability of the bioreactor to achieve lower residual concentrations
could not be improved. Table 2 compares the removals recorded in this
study to those of the previous studies.

3.2. Biotransformation and sorption of CAF, GCZ, and PRZ

Biotransformation accounted for most of the compound removals,
while sorption was not a major removal pathway for all three com-
pounds in this study, despite sorption occurrences for GCZ in Condition I
and PRZ in Conditions I and II. Additionally, the increase in the initial
concentration of the compounds in the wastewater promoted the
treatment to favour biotransformation rather than sorption.

Biomass and Bioenergy 163 (2022) 106511

The biotransformation performance of the pharmaceutical com-
pounds in this study is mainly driven by the chemical structures of the
respective compounds. For instance, CAF has electron donating group
amine and amide, and nitrogen atoms in its molecular structure [34],
which makes it favourable to biotransform under anaerobic conditions.
Meanwhile, the lower biotransformation of GCZ relative to CAF in this
study may be influenced by the electron withdrawing group sulfonyl-
urea in the chemical structure of GCZ. Sulfonylurea is commonly present
in herbicides and is notable for its persistency when treated at neutral
pH [37]. In the instance of PRZ, multiple electron donating groups
within the piperazine structure of the compound resulted in consistently
high biotransformation performance under methanogenic conditions,
and at a greater magnitude compared to CAF and GCZ in this study.

Sorption was not a major removal route of the examined compounds
in this study. While the hydrophilicity of CAF was consistent with the
results from previous studies [34,38], this study has shown mild to no
sorption for GCZ and PRZ in the UASB reactor. When sorption was
relevant in Conditions I and II, PRZ displayed a

higher sorption degree compared to GCZ. The degree of sorption was
correlated with the log D value of the respective compounds (log D ¢z
pH 7 = 0.79; log D prz pn 7 = 1.22), whereby the larger coefficient rep-
resented the greater distribution of the compounds in the solid phase.
The operational pH in the neutral range may have also contributed to
this outcome, favouring PRZ (pK, = 7.24) to have more neutral species
and have a greater affinity towards the negatively-charged sludge sur-
face [39]. Consistent with the results by Azizan et al. [26], the dynamic
changes in sorption degree for GCZ and PRZ did not cause any accu-
mulation in the sludge, and their concentration amount sorbed to sludge
was reduced as the experiment continued. The probable reason for this
occurrence may be due to sorption being an intermediary medium for
the biotransformation of hydrophobic compounds [34]. However, as
good biotransformation performance was achieved in most conditions,
the sorption effect may not determine the biotransformation perfor-
mance [40]. Instead, the biotransformation was attributed to the pres-
ence of electron donating groups within the chemical structure of the
compounds [27].

3.3. Anaerobic process performance

The assessment of the UASB bioreactor performance verified that the
process remained stable throughout its operation, and pharmaceutical
concentrations from 100 to 1000 pg L™* do not adversely impact the
reactor stability. Fig. 2 provides the graphical representation of the
bioreactor process performance. From the first day of introducing the
pharmaceutical compounds in the wastewater flow until the end of the
experiment, the COD removal efficiency was not significantly affected
by the changing experimental conditions and was maintained at 93 +

Table 2
Comparison of the removal efficiencies of CAF, GCZ, and PRZ achieved in this study and those in the literature.
Configuration Wastewater type and pharmaceutical Operational condition Removal efficiency (%) Reference
trati
concentration CAF Gez PRZ
Laboratory-scale UASB Synthetic wastewater, 0.1-1 mg L™ ! of Continuous operation with HRT 71-91 8-87 64 - This study
reactor pharmaceutical mixture 36-48 h >99
Anaerobic incubation Synthetic wastewater, 1 mg L~! of pharmaceutical ~ 90 days incubation under mesophilic >99 83 >99 Azizan et al.
mixture condition [26]
Anaerobic incubation Synthetic wastewater, 1 mg L' of pharmaceutical 10 weeks incubation under >99 - - He et al. [33]
mixture mesophilic condition
Laboratory-scale Coffee processing wastewater (caffeine as sole Continuous operation with varying 87.5 + - - Chen et al.

substrate), up to 2000 mg L' of pharmaceutical
compound

anaerobic membrane
reactor

HRT 5-55 days under thermophilic 5.3 [35]
(55 °C) condition

Horizontal sub-surface Effluent from full-scale trickling filter, 83.8 + Continuous operation with HRT of 14 - 13 + 12 (result - Petrie et al.
flow constructed 10.7 ng L ™! of pharmaceutical compound (actual + 2 h for 12 months after 12 [32]
wetlands occurring concentration) months)

Laboratory-scale aerobic Raw municipal wastewater (105-215 mg COD 30 days continuous operation with - 39 41 Mat Zaini

sequencing batch L"), 1 mg L™! of pharmaceutical mixture

reactor

HRT 12 h,

et al. [36]
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2%. The inoculum pH was also within the neutral pH range (6.87 +
0.29). Hydrogen gas was not detected in this study; thus, it is assumed
that the whole hydrogen was present in a soluble form.

Although the differences are not too immense, it was rather evident
that the biogas production fluctuated as the experimental conditions
changed. In Condition I, methane production increased by 21% on
average compared to the production prior to the introduction of the
pharmaceutical compounds. However, the addition of 400 pg L™! of the
mixed pharmaceuticals returned the methane gas production level to the
Baseline condition. The biogas production was recovered (0.184 +
0.034 L CHy4 d’l) due to the change of HRT from 48 h to 36 h in Con-
dition III, but again it declined as 1000 pg L~! of the mixed pharma-
ceuticals was introduced in Condition IV. It is also worth mentioning
that the methanisation throughout the experiment did not significantly
deviate from the Baseline values.

These results showed that the concentration of CAF, GCZ, and PRZ
may be an influencing factor for biogas production. The pharmaceuticals
displayed stimulatory behaviour towards methane production at lower
concentrations (100 pg L_l); however, it posed minor inhibition towards
methane production at higher concentrations (400 pg L™ and 1000 pg
LY. In the study conducted by Faberova et al. [22], CAF as an indi-
vidual compound at concentrations of 10 and 500 pg L' mildly
inhibited the methane generation. Since there is a lack of information
about the stimulatory-inhibitory behaviour of GCZ and PRZ, these two
compounds may possibly provide stimulation towards methane pro-
duction to a certain extent and balance the total biogas production. The
stimulatory behaviour was previously recorded for the psychostimulant
carbamazepine and non-steroidal anti-inflammatory drugs (NSAIDs)
diclofenac and ibuprofen, achieving up to an additional 60% of total

methane production [22].

Further investigation on the biogas production resulted in no sig-
nificant correlation between the utilisation of the three compounds and
the methane yield throughout Conditions I-IV (p > 0.05) as shown in
Fig. 3. Instead, the methane yield corresponded to the overall substrate
utilisation in the UASB reactor (p < 0.05). This indicates that the
methane yield was independent of the biotransformation of CAF, GCZ,
and PRZ at concentrations below 1 mg L™! and proved the theory of co-
metabolic reactions between the biotransformation of these compounds
and reduction of organic constituents present in the wastewater stream
[40].
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Based on the total VFA production, the concentration of VFA corre-
lated with the biogas generation. VFAs were observed to be the most
affected parameter in this study and provided an indication that the
biotransformation of the pharmaceutical compounds influenced the
acidogenesis process. The fluctuation in the acetic acid production was
recorded between Conditions I and IV. While Condition II favoured the
acetic acid production (58.89 + 5.93 mg COD L~1) more than Condition
1(43.70 £ 6.17 mg COD L’l), the production of acetic acid in Conditions
III and IV dropped by 55% and 41% with respect to Condition II. Be-
tween the Baseline and Condition I, the propionic acid production
remained below 12 mg COD L~!. As Condition II experiment was
ongoing, the propionic acid concentration increased gradually and
reached its peak (115 mg COD L™Y) in the early stages of Condition III.
The propionic acid production later declined and was maintained at
approximately 50 mg L™} until the end of Condition IV. In the case of
valeric acid, its production was reduced to an insignificant level from the
introduction of the mixed pharmaceuticals until the end of the experi-
ment. There were also not many changes in butyric acid production
except between the end of Condition II and the beginning of Condition
III; however, its concentration remained below 10 mg COD L%

In the study of antibiotics removal in anaerobic treatment, phar-
maceutical compounds were found to promote the production of VFAs,
notably acetic acid and propionic acid, as reported in this study. These
VFAs increased significantly in the presence of sulfamethoxazole [17],
tetracycline [17,41], and ciprofloxacin [16], as well as for the mixture of
sulfamethoxazole, tetracycline, and erythromycin [18]. These results
were attributed to the growing abundance of fermentative bacteria
related to the production of these VFAs [16]. The authors in Ref. [16],
however, examined the pharmaceutical compounds at concentrations of
more than 1 mg L™}, and the effect on the VFA production was consid-
erably higher than the impacted VFAs in this study.

3.4. Shift in microbial diversity

3.4.1. Diversity assessment

The alpha- and beta-diversity of the samples were first calculated to
assess the diversity. Alpha-diversity quantifies the richness or abun-
dance of species within the same sample, whereas beta-diversity com-
pares relative OTUs between multiple samples [42]. According to the
result of alpha diversity, the presence of the pharmaceutical compounds
effectively enriched and increased the abundance of OTUs. This was
revealed through the calculation using the Chaol and Shannon methods,
which evaluate the species abundance and richness, respectively [42].
Additionally, the result of beta-diversity using the PCoA method showed
that the diversities of OTUs in Conditions II and IV were similar to each
other but deviated from the Baseline sample. The results of the diversity
calculations are presented in Table 3.

3.4.2. Taxonomical unit information

The results of OTUs were further compared according to their com-
positions in the respective samples. As provided by the diversity calcu-
lations, both archaeal and bacterial composition were significantly
shifted from Baseline to Conditions II and IV.

In the archaeal composition (Fig. 4), the presence of pharmaceutical
compounds shifted the abundance from aceticlastic methanogens to
hydrogenotrophic methanogens. Aceticlastic methanogens reduce ace-
tate to produce methane and carbon dioxide, while hydrogenotrophic

Table 3
Alpha- and beta-diversity for Baseline, Conditions II and IV sludge.

Condition Alpha-Diversity Beta-Diversity
Chaol Shannon PCoA

Baseline 690.27 3.85 0.459, 0.204

Condition II 817.53 4.48 —0.090, —0.269

Condition IV 877.40 4.21 —0.009, —0.269
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Fig. 4. Archaeal composition in Baseline, Condition II, and Condition
IV samples.

methanogens grow on carbon dioxide and hydrogen to generate
methane [43]. The abundance of Methanosaeta in the Baseline (35%)
was decreased slightly in Condition II (31%), and further reduced in
Condition IV (15%). Methanosarcina, which may act as an aceticlastic
methanogen or hydrogenotrophic methanogen, fluctuated between 8
and 11% of the total archaeal genus composition. Considering that
Methanosaeta grows strictly on acetate [8], its abundance is proportional
to the production of acetic acid throughout the experiment. Compara-
tively, Methanosarcina was not as sensitive to the change in acetic acid as
Methanosaeta probably due to the dominance of Methanosaeta as an
aceticlastic methanogen in the bioreactor [44].

The pharmaceutical compounds were discovered to stimulate the
growth of Methanobrevibacter and Methanobacterium from Baseline (0%
and 16%) to Condition II (18% and 38%) and Condition IV (39% and
29%). In return, Methanocella, which was abundant in the Baseline
(37%), became insignificant upon the introduction of the compounds.
Based on the growth of these hydrogenotrophic methanogens, it is
evident that the propionic acid and possibly a portion of acetic acid were
oxidised to carbon dioxide and hydrogen as the substrates for these
species, rather than directly or syntrophically converting to acetate for
the aceticlastic pathway [43]. Previously, Methanobrevibacter species
were discovered to grow in the presence of antibiotic oxytetracyline
(20-80 mg LhH during the anaerobic treatment of cow manure [45],
while Methanobacterium grew under the influence of antibiotic cipro-
floxacin (0.5-50 mg L™!) during the anaerobic incubation of sewage
sludge [16].

Phyla Firmicutes was dominant among other bacteria in all condi-
tions and became enriched as the experiment continued from Baseline
(23%) to Condition II (34%) and Condition IV (37%). Spirochaetota was
the second most abundant phyla in the Baseline sample (27%), but its
abundance declined in Condition II (8%) and Condition IV (16%). The
reduction in abundance was also recorded for Acidobacteriota from 13%
in the Baseline sample to an insignificant amount in Conditions I and IV
(1%). Instead, the proportion of Bacteroidota surpassed other phyla in
Condition II (31%) and Condition IV (27%). Phyla Desulfobacterota,
which consists of mostly the genus Desulfovibrio, also grew significantly
from only 2% in Baseline sample to 8% in Condition II and 4% in Con-
dition IV. Fig. 5 depicts the bacterial compositions in the samples.



N.A.Z. Azizan et al.

Verrucomicrobiota F
Patescibacteria
Desulfobacterota
Acidobacteriota
Synergistota
Proteobacteria
Spirochaetota
Bacteroidota

Firmicutes

Others

0% 10% 20% 30% 40%

B Baseline # Condition IT = Condition TV

Fig. 5. Bacterial composition in Baseline, Condition II, and Condition
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Firmicutes and Bacteroidota have been linked to the degradation of a
variety of organic matters for VFA production [46]. Among the enriched
Firmicutes in Condition II of this study include genera Clostridium sensu
stricto and Oscillibacter of class Clostridia, which may either be important
acetogens [47] or syntrophic acetate-oxidising bacteria coupled with
hydrogenotrophic methanogenesis [48]. In Condition IV, a significant
growth was recorded for the genera Megasphaera and Pectinatus of the
class Negativicutes, which are related to the production of various acids,
including acetic and propionic acids [49]. Meanwhile, the enrichment of
Bacteroidota in this study may be attributed to the pharmaceutical
compounds as similar enrichment was recorded during the removal of
ciprofloxacin [16], carbamazepine [50], and diclofenac [51]. Similarly,
the growth of sulfate-reducing bacteria Desulfovibrio was previously
connected to the biotransformation of various organic pollutants [52]
and enriched in the removal of ciprofloxacin [16].

The results of the microbial assessment justified the variation level of
VFAs production at each condition based on the growth or inhibition of
fermentative bacteria. The change to the abundance of fermentative
bacteria also provided an indication that these communities may be
responsible for the biotransformation of CAF, GCZ, and PRZ in the UASB
bioreactor, as claimed by He et al. [53] for the removal of amide
pharmaceuticals in their study. Additionally, these bacteria affected the
methanogenic pathway and seemed to divert some of the methano-
genesis processes from aceticlastic to hydrogenotrophic pathway. As the
growth of hydrogenotrophic methanogens thrived in the presence of the
pharmaceutical compounds, it can be assumed that the methane gas
generation by these methanogens made up for the loss of methane gas
due to the reduction of aceticlastic methanogens.

4. Conclusions

The application of the UASB bioreactor to this study successfully
removed up to 87-99% of CAF, GCZ, and PRZ, mainly through
biotransformation. UASB operation remained stable with consistent
methane yield throughout the experiment. However, under the influ-
ence of the three compounds, correlations were made between key
anaerobic performance indicators and microbial diversity. It was
revealed that the dominance of hydrogenotrophic methanogens over the

Biomass and Bioenergy 163 (2022) 106511

aceticlastic compounds caused fluctuations in the methane gas pro-
duction. Meanwhile, the favourable production of acetic acid and pro-
pionic acid corresponded with the shift of hydrolytic and fermentative
bacteria compositions in the UASB reactor. These changes proved that
key anaerobic performance indicators were susceptible to the presence
of CAF, GCZ, and PRZ at the examined concentration level. This study
also revealed that an actual continuous anaerobic process would
continuously produce biogas for energy recovery despite the diversity
shift of the methanogens in the process, in comparison to the inhibitory
effect when examined in batch experiments. To the best of our knowl-
edge, this is the first report of the PRZ removal in an anaerobic
bioreactor.

Acknowledgements

This work was supported by the Universiti Teknologi Malaysia
(Grant No. 4J284) and Ministry of Higher Education (MOHE), Malaysia
(Grant No. 5F167). The authors also acknowledge Apical Scientific Sdn
Bhd for facilitating the molecular analyses for this research.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.biombioe.2022.106511.

References

[1] F.F. Al-Qaim, M.P. Abdullah, M.R. Othman, Z.H. Mussa, Z. Zakaria, J. Latip, W.
M. Afiq, Investigation of the environmental transport of human pharmaceuticals to
surface water: a case study of persistence of pharmaceuticals in effluent of sewage
treatment plants and hospitals in Malaysia, J. Braz. Chem. Soc. 26 (6) (2015)
1124-1135.

[2] S.Li, J. Wen, B. He, J. Wang, X. Hu, J. Liu, Occurrence of caffeine in the freshwater
environment: implications for ecopharmacovigilance, Environ. Pollut. 263 (2020),
114371.

[3] N. Hashim, A. Yuzir, F.F. Al-Qaim, N. Yahaya, Occurrence and distribution of 17
targeted human pharmaceuticals in various aquatic environmental matrices in
Southeast Asia with particular reference to Malaysia: a comprehensive review,

J. Mex. Chem. Soc. 65 (3) (2021) 434-456.

[4] N.A.Z. Azizan, H. Kamyab, A. Yuzir, N. Abdullah, Y. Vasseghian, I.H. Ali,

M. Sohrabi, The selectivity of electron acceptors for the removal of caffeine,
gliclazide, and prazosin in an up-flow anaerobic sludge blanket (UASB) reactor,
Chemosphere (2022), 134828.

[5] R. Tanoue, Y. Sato, M. Motoyama, S. Nakagawa, R. Shinohara, K. Nomiyama, Plant
uptake of pharmaceutical chemicals detected in recycled organic manure and
reclaimed wastewater, J. Agric. Food Chem. 60 (41) (2012) 10203-10211.

[6] C. Sun, L. Chen, Z. Shen, Mechanisms of gastrointestinal microflora on drug
metabolism in clinical practice, Saudi Pharmaceut. J. 27 (8) (2019) 1146-1156.

[7] N.A.F. Mohd Mohsi, A. Apandi, M.J. Megat Mohd Noor, F.N. Md Akhir, N. Sugiura,
M. Utsumi, N.a. Othman, Z. Zakaria, H. Hara, Elucidation of prazosin
biodegradation by isolated Bacillus spp. from the tropical environment, J. Gen.
Appl. Microbiol. (2019).

[8] C.P.L. Grady Jr., G.T. Daigger, N.G. Love, C.D.M. Filipe, Biological Wastewater
Treatment, third ed., Taylor & Francis Group, LLC, 2011.

[9] L. Appels, J. Baeyens, J. Degreve, R. Dewil, Principles and potential of the
anaerobic digestion of waste-activated sludge, Prog. Energy Combust. Sci. 34 (6)
(2008) 755-781.

[10] M. Harb, E. Lou, A.L. Smith, L.B. Stadler, Perspectives on the fate of
micropollutants in mainstream anaerobic wastewater treatment, Curr. Opin.
Biotechnol. 57 (2019) 94-100.

[11] A.-K. Ghattas, F. Fischer, A. Wick, T.A. Ternes, Anaerobic biodegradation of
(emerging) organic contaminants in the aquatic environment, Water Res. 116
(2017) 268-295.

[12] R.B. Carneiro, L. Gonzalez-Gil, Y.A. Londono, M. Zaiat, M. Carballa, J.M. Lema,
Acidogenesis is a key step in the anaerobic biotransformation of organic
micropollutants, J. Hazard Mater. 389 (2020), 121888.

[13] N.H. Tran, M. Reinhard, K.Y.H. Gin, Occurrence and fate of emerging contaminants
in municipal wastewater treatment plants from different geographical regions-a
review, Water Res. 133 (2018) 182-207.

[14] L. Gonzalez-Gil, M. Carballa, J.M. Lema, Cometabolic enzymatic transformation of
organic micropollutants under methanogenic conditions, Environ. Sci. Technol. 51
(5) (2017) 2963-2971.

[15] J.O. Ighalo, C.A. Igwegbe, C.O. Aniagor, S.N. Oba, A review of methods for the
removal of penicillins from water, J. Water Proc. Eng. 39 (2021).

[16] D.T. Mai, D.C. Stuckey, S. Oh, Effect of ciprofloxacin on methane production and
anaerobic microbial community, Bioresour. Technol. 261 (2018) 240-248.


https://doi.org/10.1016/j.biombioe.2022.106511
https://doi.org/10.1016/j.biombioe.2022.106511
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref1
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref1
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref1
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref1
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref1
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref2
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref2
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref2
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref3
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref3
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref3
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref3
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref4
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref4
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref4
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref4
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref5
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref5
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref5
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref6
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref6
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref7
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref7
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref7
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref7
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref8
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref8
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref9
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref9
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref9
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref10
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref10
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref10
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref11
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref11
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref11
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref12
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref12
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref12
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref13
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref13
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref13
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref14
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref14
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref14
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref15
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref15
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref16
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref16

N.A.Z. Azizan et al.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Z. Cetecioglu, D. Orhon, How do sulfamethoxazole and tetracycline affect the
utilization of short chain fatty acids under anaerobic conditions? J. For. Environ. 6
(1) (2018) 1305-1313.

S. Aydin, Z. Cetecioglu, O. Arikan, B. Ince, E.G. Ozbayram, O. Ince, Inhibitory
effects of antibiotic combinations on syntrophic bacteria, homoacetogens and
methanogens, Chemosphere 120 (2015) 515-520.

N. Beneragama, S.A. Lateef, M. Iwasaki, T. Yamashiro, K. Umetsu, The combined
effect of cefazolin and oxytertracycline on biogas production from thermophilic
anaerobic digestion of dairy manure, Bioresour. Technol. 133 (2013) 23-30.
N.H. Tran, T. Urase, H.H. Ngo, J. Hu, S.L. Ong, Insight into metabolic and
cometabolic activities of autotrophic and heterotrophic microorganisms in the
biodegradation of emerging trace organic contaminants, Bioresour. Technol. 146
(2013) 721-731.

B. Du, R. Wang, Q. Yang, H. Hu, X. Li, X. Duan, Impact of tetracycline on the
performance and abundance of functional bacteria of a lab-scale anaerobic-aerobic
wastewater treatment system, Biochem. Eng. J. 138 (2018) 98-105.

M. Faberova, L. Ivanova, P. Szabova, M. Stolcovd, I. Bodik, The influence of
selected pharmaceuticals on biogas production from laboratory and real anaerobic
sludge, Environ. Sci. Pollut. Res. 26 (31) (2019) 31846-31855.

International Coffee Organization Coffee Consumption in East and Southeast Asia:
1990 - 2012, International Coffee Council, United Kingdom, 2014, 3-7 March,
2014.

Ministry of Health Malaysia Malaysian Statistics on Medicines 2011 - 2014,
Pharmaceutical Services Division, Ministry of Health Malaysia, 2017.

Ministry of Health Malaysia Malaysian Statistics on Medicines 2015 - 2016,
Pharmaceutical Services Division, Ministry of Health Malaysia, 2020.

N.A.Z. Azizan, A. Yuzir, F.F. Al-Qaim, N. Abdullah, In anaerobic treatment
performance in presence of pharmaceutically active compounds, in: The 7th AUN/
SEED-Net Regional Conference on Natural Disaster (RCND 2019), Putrajaya, 25 -
26 November, IOP Publishing: Putrajaya, 2019, 012029.

H.V. Phan, R. Wickham, S. Xie, J.A. McDonald, S.J. Khan, H.H. Ngo, W. Guo, L.
D. Nghiem, The fate of trace organic contaminants during anaerobic digestion of
primary sludge: a pilot scale study, Bioresour. Technol. 256 (2018) 384-390.

S. Aydin, B. Ince, Z. Cetecioglu, O. Arikan, E.G. Ozbayram, A. Shahi, O. Ince,
Combined effect of erythromycin, tetracycline and sulfamethoxazole on
performance of anaerobic sequencing batch reactors, Bioresour. Technol. 186
(2015) 207-214.

E.M.P. Brandt, F.B. de Queiroz, R. Afonso, S.F. Aquino, C.A.L. Chernicharo,
Behaviour of pharmaceuticals and endocrine disrupting chemicals in simplified
sewage treatment systems, J. Environ. Manag. 128 (2013) 718-726.

C. Reyes-Contreras, V. Matamoros, 1. Ruiz, M. Soto, J.M. Bayona, Evaluation of
PPCPs removal in a combined anaerobic digester-constructed wetland pilot plant
treating urban wastewater, Chemosphere 84 (9) (2011) 1200-1207.

APHA, Standard Methods for the Examination of Water and Wastewater, twenty-
second ed., American Public Health Association, 2012.

B. Petrie, S. Rood, B.D. Smith, K. Proctor, J. Youdan, R. Barden, B. Kasprzyk-
Hordern, Biotic phase micropollutant distribution in horizontal sub-surface flow
constructed wetlands, Sci. Total Environ. 630 (2018) 648-657.

Y. He, N.B. Sutton, H.H.M. Rijnaarts, A.A.M. Langenhoff, Pharmaceutical
biodegradation under three anaerobic redox conditions evaluated by chemical and
toxicological analyses, Sci. Total Environ. 618 (2018) 658-664.

K.C. Wijekoon, J.A. McDonald, S.J. Khan, F.I. Hai, W.E. Price, L.D. Nghiem,
Development of a predictive framework to assess the removal of trace organic
chemicals by anaerobic membrane bioreactor, Bioresour. Technol. 189 (2015)
391-398.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Biomass and Bioenergy 163 (2022) 106511

R. Chen, H. Jiang, Y.-Y. Li, Caffeine degradation by methanogenesis: efficiency in
anaerobic membrane bioreactor and analysis of kinetic behavior, Chem. Eng. J.
334 (2018) 444-452.

Y.M. Mat Zaini, N. Abdullah, A. Yuzir, Effects of pharmaceutical load on the
effluent quality using sequencing batch reactor, IOP Conf. Ser. Earth Environ. Sci.
479 (1) (2020), 012030.

W. Zheng, S.R. Yates, S.K. Papiernik, Transformation kinetics and mechanism of
the sulfonylurea herbicides pyrazosulfuron ethyl and halosulfuron methyl in
aqueous solutions, J. Agric. Food Chem. 56 (16) (2008) 7367-7372.

S. Yang, J. McDonald, F.I. Hai, W.E. Price, S.J. Khan, L.D. Nghiem, The fate of trace
organic contaminants in sewage sludge during recuperative thickening anaerobic
digestion, Bioresour. Technol. 240 (2017) 197-206.

M. Narumiya, N. Nakada, N. Yamashita, H. Tanaka, Phase distribution and removal
of pharmaceuticals and personal care products during anaerobic sludge digestion,
J. Hazard Mater. 260 (2013) 305-312.

L. Gonzalez-Gil, M. Mauricio-Iglesias, D. Serrano, J.M. Lema, M. Carballa, Role of
methanogenesis on the biotransformation of organic micropollutants during
anaerobic digestion, Sci. Total Environ. 622 (2018) 459-466.

Z. Cetecioglu, B. Ince, M. Gros, S. Rodriguez-Mozaz, D. Barceld, D. Orhon, O. Ince,
Chronic impact of tetracycline on the biodegradation of an organic substrate
mixture under anaerobic conditions, Water Res. 47 (9) (2013) 2959-2969.

B.R. Kim, J. Shin, R.B. Guevarra, J.H. Lee, D.W. Kim, K.H. Seol, J.H. Lee, H.B. Kim,
R.E. Isaacson, Deciphering diversity indices for a better understanding of microbial
communities, J. Microbiol. Biotechnol. 27 (12) (2017) 2089-2093.

J. van Lier, G. Zeeman, Anaerobics for Wastewater Treatment, 2008.

S. Chelliapan, Treatment of Wastewater by Anaerobic Stage Reactor, University of
Malaya Kuala Lumpur Press, 2009.

X. Ke, C.-y. Wang, R.-d. Li, Y. Zhang, Effects of oxytetracycline on methane
production and the microbial communities during anaerobic digestion of cow
manure, J. Integr. Agric. 13 (6) (2014) 1373-1381.

X. Zheng, Y. Su, X. Li, N. Xiao, D. Wang, Y. Chen, Pyrosequencing reveals the key
microorganisms involved in sludge alkaline fermentation for efficient short-chain
fatty acids production, Environ. Sci. Technol. 47 (9) (2013) 4262-4268.

K. Kiisel, H.L. Drake, J. Reitner, V. Thiel, in: Encyclopedia of Geobiology, Springer
Netherlands, Dordrecht, 2011, pp. 1-5.

F. Mosbaek, H. Kjeldal, D.G. Mulat, M. Albertsen, A.J. Ward, A. Feilberg, J.

L. Nielsen, Identification of syntrophic acetate-oxidizing bacteria in anaerobic
digesters by combined protein-based stable isotope probing and metagenomics,
ISME J. 10 (10) (2016) 2405-2418.

A. Haikara, I. Helander, M. Dworkin, S. Falkow, E. Rosenberg, K.-H. Schleifer,

E. Stackebrandt, in: The Prokaryotes: Volume 4: Bacteria: Firmicutes,
Cyanobacteria, Springer US, New York, NY, 2006, pp. 965-981.

J.-R. Thelusmond, E. Kawka, T.J. Strathmann, A.M. Cupples, Diclofenac,
carbamazepine and triclocarban biodegradation in agricultural soils and the
microorganisms and metabolic pathways affected, Sci. Total Environ. 640-641
(2018) 1393-1410.

J.W. Hu, J.W. Zhao, D.B. Wang, X.M. Li, D. Zhang, Q.X. Xu, L. Peng, Q. Yang, G.
M. Zeng, Effect of diclofenac on the production of volatile fatty acids from
anaerobic fermentation of waste activated sludge, Bioresour. Technol. 254 (2018)
7-15.

W.C. Li, Q.G. Niu, H. Zhang, Z. Tian, Y. Zhang, Y.X. Gao, Y.Y. Li, O. Nishimura,
M. Yang, UASB treatment of chemical synthesis-based pharmaceutical wastewater
containing rich organic sulfur compounds and sulfate and associated microbial
characteristics, Chem. Eng. J. 260 (2015) 55-63.

K. He, Q. Yin, A. Liu, S. Echigo, S. Itoh, G. Wu, Enhanced anaerobic degradation of
amide pharmaceuticals by dosing ferroferric oxide or anthraquinone-2, 6-
disulfonate, J. Water Proc. Eng. 18 (2017) 192-197.


http://refhub.elsevier.com/S0961-9534(22)00173-8/sref17
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref17
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref17
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref18
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref18
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref18
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref19
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref19
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref19
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref20
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref20
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref20
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref20
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref21
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref21
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref21
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref22
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref22
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref22
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref23
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref23
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref23
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref24
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref24
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref25
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref25
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref26
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref26
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref26
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref26
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref27
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref27
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref27
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref28
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref28
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref28
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref28
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref29
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref29
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref29
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref30
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref30
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref30
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref31
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref31
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref32
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref32
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref32
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref33
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref33
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref33
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref34
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref34
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref34
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref34
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref35
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref35
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref35
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref36
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref36
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref36
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref37
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref37
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref37
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref38
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref38
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref38
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref39
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref39
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref39
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref40
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref40
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref40
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref41
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref41
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref41
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref42
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref42
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref42
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref43
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref44
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref44
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref45
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref45
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref45
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref46
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref46
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref46
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref47
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref47
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref48
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref48
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref48
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref48
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref49
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref49
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref49
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref50
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref50
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref50
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref50
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref51
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref51
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref51
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref51
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref52
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref52
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref52
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref52
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref53
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref53
http://refhub.elsevier.com/S0961-9534(22)00173-8/sref53

	The effects of caffeine, gliclazide, and prazosin on the performance and microbial diversity in an up-flow anaerobic sludge ...
	1 Introduction
	2 Materials and methods
	2.1 Selection of pharmaceuticals
	2.2 Synthetic wastewater
	2.3 UASB reactor set-up
	2.4 Experimental protocol
	2.5 Analytical method
	2.5.1 Pharmaceutical compounds analysis
	2.5.2 Anaerobic process performance

	2.6 Molecular analyses

	3 Results and discussion
	3.1 Pharmaceutical compounds removals
	3.2 Biotransformation and sorption of CAF, GCZ, and PRZ
	3.3 Anaerobic process performance
	3.4 Shift in microbial diversity
	3.4.1 Diversity assessment
	3.4.2 Taxonomical unit information


	4 Conclusions
	Acknowledgements
	Appendix A Supplementary data
	References


