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Biological exhibit variable extents of (MP)
biotransformation. We hypothesize that the unique wastewater microbial communities in conventional
activated sludge (CAS) and up-flow anaerobic sludge blanket (UASB) processes will perform different types
of MP biotransformations at different rates. To test this hypothesis, we collected influent and effluent
samples from a full-scale CAS and a pilot-scale UASB. We measured each sample by means of high-
resolution mass spectrometry and frequently detected 39 MPs in both systems. We identify 17 MPs that
exhibited better removal in the CAS, 15 MPs that exhibited better removal in the UASB, and 7 MPs that
exhibited similar or no removal in both processes. We also conducted batch experiments in bioreactors
seeded with wastewater microbial communities harvested from the CAS and UASB into which we spiked a
mixture of 24 MPs of interest. Analysis of biotransformation products revealed that those formed
exclusively in the batch CAS experiments were the result of oxidations and those formed in both batch
CAS and UASB experiments were the result of redox-independent hydrolyses. Androsterone yielded
different biotransformation products in the CAS and UASB experiments that align with the disparate redox

wastewater treatment processes micropollutant

conditions. Together, our data provide novel insights on the relative functioning of two wastewater
microbial communities. Our study demonstrates the potential of the UASB to biotransform MPs and the
relative biotransformation potential of CAS and UASB processes. We also present structures of eight
biotransformation products, four of which have not been previously reported in the literature.

In this study, we explore the differential biotransformation of micropollutants in conventional activated sludge and up-flow anaerobic sludge blanket

processes. We couple field-scale measurements with laboratory-scale experiments to identify micropollutants that exhibit preferential biotransformation in

each type of biological process. We also identify structures of biotransformation products and link putative biotransformations to the redox conditions of

each process.

Introduction

Surface water systems that receive wastewater effluent often
contain complex mixtures of organic MPs (and their

Micropollutants (MPs) are defined as organic chemicals that
can have a negative impact on the environment at
concentrations in the pug L™ range and lower."” For example,
pharmaceuticals and personal care products are down-the-
drain chemicals that are conveyed to wastewater treatment
plants (WWTPs) where they may only be partially removed
before being discharged into receiving surface waters."**
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biotransformation products) that are known to have adverse
effects on aquatic ecosystems.”® A variety of studies have
reported higher incidences of antibiotic resistance, endocrine
effects, and reduced ecosystem diversity and functioning in
effluent-dominated  surface water systems.*”® These
observations motivate current research into enhanced
removal of MPs during wastewater treatment.’

Conventional wastewater treatment relies on biological
processes (e.g., conventional activated sludge (CAS) processes)
to remove bulk carbon and nutrients from wastewater.'®""
Decades of studies on CAS processes have likewise
demonstrated that some MPs can be removed during
conventional wastewater treatment.>'® There are two main

This journal is © The Royal Society of Chemistry 2024
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mechanisms of MP removal: sorption to sludge'” " and
biotransformation.'**°* Sorption to sludge is relevant for
more hydrophobic or apolar MPs (logK,, > 4 or logKq >
1)."® Data have shown that adsorption can be a primary
mechanism of MP removal for triclosan, perfluoroalkyl
substances (PFASs), and fragrances used in personal care
products.”*** However, many MPs are polar or semi-polar
and are not removed to a significant extent by means of
adsorption.*® Previous research has demonstrated that some
MPs are readily biotransformed by the wastewater microbial
communities in CAS processes whereas other MPs are never
biotransformed in CAS processes.'>'*'®**2” The majority of
MPs exhibit variable extents of biotransformation in CAS
processes around the world reflecting some relationship to
operational and environmental conditions that shape the
structure and functioning of the wastewater microbial
community."***3* However, little is known about the
operational and environmental conditions that might
enhance the biotransformation of certain MPs and therefore
it is not possible to optimize the performance of WWTPs for
the removal of MPs.

Although most municipal WWTPs contain CAS processes,
there is an increasing interest in alternative biological
processes that might be better suited for certain wastewater
characteristics or treatment objectives.**** One such
alternative biological process is the up-flow anaerobic sludge
blanket (UASB) reactor.>*?**%3° UASB reactors can be
advantageous in that they generate potentially valuable
biogas during operation and consequently less biosolids for
disposal.®® UASB reactors harbor microbial communities
whose morphology and diversity are clearly distinct from
those in the CAS process due to the formation of granular
colonies.”” *®  Whereas UASB reactors demonstrate
competitive performance with CAS reactors when treating
bulk carbon substrates, their potential to biotransform MPs
has not been extensively studied.*” The UASB reactor is an
interesting system in which to study MP biotransformations
because of the wunique morphology, structure, and
functioning of the wastewater microbial community.****

The objectives of this research were to: (1) characterize MP
removal (or biotransformation) at a full-scale CAS process
and in a pilot-scale UASB reactor operating in parallel at the
same WWTP; (2) identify MPs that exhibit comparatively
faster biotransformation in one biological process over the
other; and (3) identify biotransformation products for MPs
that undergo differential biotransformations in the two
systems. To meet these objectives, we first conducted a field
sampling campaign in which we collected 1 L grab samples
from the influent and effluent of both biological processes
and quantified the MPs in each sample. We then conducted
batch experiments with wastewater microbial communities
harvested from each of the biological processes and spiked
with 24 MPs that exhibited biotransformation in at least one
of the biological processes. We found that several MPs
exhibited differential biotransformation rates and products
due to distinct redox conditions within each reactor. Our data
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reveal  specific  biotransformations that determine
biotransformation rates in disparate biological processes
operated in parallel.

Methods

Micropollutant standards and reagents

We selected 175 MPs for this study (the original mixture
contained 184 MPs as previously described,”” but nine MPs
could not be measured due to analytical issues related to
their assigned isotope-labelled internal standard). The
selected MPs are commonly observed in WWTPs and consist
of pharmaceuticals, industrial chemicals, pesticides, human
metabolites, and food additives. The selected MPs also
encompass a broad range of chemical structures. Stock
solutions of all MPs were prepared at 1 ¢ L™" in either LC-MS-
grade methanol (OmniSolv, VWR), nanopure water (EMD
Millipore), LC-MS-grade acetonitrile (Fisher Chemical),
ethanol (Decon Labs), or dimethyl sulfoxide (Macron Fine
Chemicals) and stored at —20 °C. A standard mixture of all
MPs was created in nanopure water at 5 mg L™" and stored at
—-20 °C. A list of the MPs, along with their CAS numbers,
chemical formulas, and analytical parameters are provided in
Table S1 of the ESL} Similarly, a mixture of 51 isotope-
labeled internal standards (ILIS) was created in nanopure
water at 5 mg L' and stored at —20 °C. A list of the 51 ILISs
is provided in Table S2. Finally, an experimental mixture
containing a subset of 24 of the MPs that exhibited
biotransformation in at least one of the biological processes
was prepared in nanopure water at a concentration of 20 mg
L™" and stored at —20 °C until use in batch experiments. A list
of the 24 MPs in the experimental mixture is provided in
Table S3.7

Field sampling campaign

We designed a field sampling campaign to characterize MP
removal (or biotransformation) at a full-scale CAS within a
municipal WWTP and in a pilot-scale UASB reactor operating
at the same WWTP. The sampling campaign took place on
September 20, 2022. Grab samples were collected in 4 L
amber glass bottles that had been cleaned in an acid bath
and pre-rinsed with methanol to remove any impurities and
completely dried before use. Triplicate influent grab samples
were collected at 1 hour intervals over two hours (three time
points) to capture any temporal variability and triplicate
effluent grab samples were offset from influent samples by
the hydraulic retention time of the CAS (8 hours) and the
UASB (9.5 hours). A total of three influent grab samples and
three effluent grab samples were collected in this way from
the CAS and the UASB process and processed individually as
described in the following. The influent samples for the CAS
process (noted as CAS inf) were collected after primary
settling and before mixing with the return activated sludge.
The effluent samples for the CAS process (CAS_eff) were
collected at the downstream end of the aeration basin. The
UASB process is operated as a pilot-scale system at the same
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WWTP. The influent samples for the UASB process (UASB_inf)
were collected from the outlet of a peristaltic pump that feeds
untreated wastewater (after bar screening) to the UASB. The
effluent samples from the UASB process (UASB_eff) were
collected at the downstream end of the UASB. Schematics of
the CAS and UASB processes along with sample locations are
provided in Fig. S1 (ref. 43) and S2 of the ESL{ Bulk
performance of the CAS and UASB processes is summarized
in Table S4 of the ESL}

Preparation of wastewater samples

All samples were filtered through Bunn coffee filters at the
WWTP immediately after sampling to remove any unwanted
solids and residue that would interfere with subsequent
sample preparation. Triplicate influent samples (CAS_inf,
UASB_inf) were collected in the morning, stored on ice until
all triplicate samples were collected, and then immediately
transported to the laboratory for sample preparation. Upon
arrival in the laboratory, subsamples were collected to
measure total suspended solids (TSS).**** The wastewater
samples were then filtered with glass-fiber filters (grade GF/F,
diameter 4.7 cm, pore size 0.7 um, VWR) to remove
suspended solids and subsequently with cellulose acetate
filters (diameter 4.7 cm, pore size 0.45 um, VWR) to generate
sample filtrate for solid-phase extraction (SPE). CAS_inf and
UASB_inf samples were diluted by a factor of ten in nanopure
water. One liter of each triplicate influent sample (diluted
and undiluted CAS_inf and UASB_inf) was titrated to a pH of
6.5 using dilute formic acid and spiked with 20 pL of the ILIS
mixture such that each sample had an ILIS concentration of
100 ng L' before loading onto mixed-bed SPE cartridges to
concentrate the samples by a factor of 1000 as previously
described**** and as detailed in the ESL{ Triplicate effluent
samples (CAS_eff, UASB_eff) were collected in the afternoon,
stored on ice at the WWTP until all triplicate samples were
collected, and then immediately transported to the laboratory
for sample preparation and SPE.

Batch experiments with wastewater microbial communities
from the UASB and CAS

Batch experiments with wastewater microbial communities
harvested from the UASB and CAS were conducted in 100 mL
clear glass serum bottles and 100 mL clear glass reactors
(Corning), respectively. All reactors were covered in
aluminum to block ambient light, and the experiments were
carried out in triplicate. UASB microbial communities were
harvested under anaerobic conditions from the base of the
UASB reactor in 2 L amber glass bottles with no headspace.
Harvested microbial
immediately transported to the laboratory and placed in an
anaerobic chamber with a controlled atmosphere containing
pure N, and H,. The wastewater microbial communities were
aseptically transferred into a 1 L clear glass bottle and diluted
with deoxygenated wastewater effluent to a final TSS
concentration of approximately 1 g L™ to approximate the

wastewater communities  were
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TSS of the CAS microbial communities and enable more
robust comparisons of microbial activity (Table S47). We then
transferred 30 mL of the diluted wastewater microbial
communities into triplicate serum bottles with a pipette and
crimp sealed them with an airtight rubber stopper. CAS
microbial communities were harvested from the middle of
the CAS in 2 L amber glass bottles with ample headspace. We
then transferred 30 mL of the collected microbial
communities into triplicate glass reactors and capped them
loosely to allow them to remain aerobic.

The respective reactors were then spiked with the mixture
of 24 MPs using a hypodermic needle to achieve a starting
concentration of 100 pg L™" for each MP and placed on a
rotary shaker at 20 °C; all incubation experiments were
spiked within 5 h of sample collection. We collected 0.5 mL
samples from each reactor after 5 min, 2 h, 6 h, 18 h, 30 h,
54 h, 69 h, 95 h, 118 h, 140 h, 165 h, and 190 h, transferred
the samples to a 1.5 mL centrifuge tube (Eppendorf) and
centrifuged the samples at 13000 rpm for 5 min at 4 °C.
Then, 400 pL of the supernatant was transferred to a 2 mL
amber glass vial (VWR), capped, and stored at —-20 °C until
analysis. An adsorption control experiment was conducted
with the same procedure, except reactors were autoclaved
twice (120 °C, 1.3 bar, 20 min, 4 h apart) and spiked 24 h
after the start of the active incubation experiment. A baseline
MP control reactor was included to assess background
concentrations of the 24 MPs and microbial activity in the
absence of spiked MPs; this reactor contained the wastewater
microbial community but was not spiked with MPs.

Sample analysis

We adopted a previously described analytical method for MP
quantification and  biotransformation  product (TP)
identification in samples collected in the field campaign and
in the batch experiments’®™® as described in the ESLf
Analytical parameters for each target MP and its assigned
ILIS are provided in Tables S1 and S2.}

Biotransformation product analysis

We used the Eawag-Pathway Prediction System (Eawag-PPS)’"
to generate a list of predicted TPs with masses greater than
100 Da for select MPs that were biotransformed in the batch
experiments. We generated SMILES for each of the predicted
TPs and used ChemDraw Professional (2018 version
18.2.0.48) to calculate the exact mass of the [M + H]" and [M
- H] ions for each predicted TP. We then used Xcalibur
Qualbrowser (Thermo Scientific, Version 4.0.27.19) to visually
screen HRMS acquisitions for evidence of TP formation in
the samples from the batch experiment or the CAS_eff and
UASB_eff samples. Evidence of biotransformation product
formation includes: (i) peak areas greater than 1 x 10°% (ii)
reasonable peak shape; (iii) presence of a peak in the active
reactors and absence of a peak (or a peak area less than 1 x
10*) in control reactors; and (iv) increasing or increasing and
then decreasing peak area over time (batch experiments).

This journal is © The Royal Society of Chemistry 2024
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Quality control

Because the wastewater samples from the field sampling
campaign had a complex matrix, some of the 51 ILISs that
we included in this study did not ionize efficiently. Therefore,
we had to eliminate some ILISs from our processing method
and reassign some of the target MPs to ILISs that could be
measured across all samples. The results of this exercise are
summarized in Table S2.f Reported concentrations from
CAS_inf and UASB_inf samples are from the diluted samples
and were corrected for the dilution. We used an in-house R
script to match MS2 fragments to candidate target MP peaks
in the wastewater samples from the sampling campaign (R
script available at https://github.com/cmc493). Confirmed MP
detection in any sample required at least one diagnostic
fragment in one of the triplicate sample measurements. We
only report concentrations of MPs where linear calibration
curves consisted of at least three points and had an R?
greater than 0.85. Data quality parameters such as R> and
LOQ for target MPs are provided in Table S5.f

Data analysis

We used CAS eff, UASB._eff, (%R_CAS or
%R _UASB) and pseudo first-order biotransformation rate
constants (kbio,cas OF kpio,uass) as metrics to describe the
performance of the two biological processes. The %R was
calculated as:

MP removal

Cing = C
%R = 100 x 2 _eff 1)

inf
where Cj,¢ is the concentration of an MP in the influent
sample for the CAS or UASB (CAS_inf or UASB_inf) and Ce is
the concentration of an MP in the effluent sample for the
CAS or UASB (CAS_eff or UASB_efff).
The ki, was calculated as:

- Cett\ (1
Koo = 1“<cmf>< 7HRT) )

where HRT is the hydraulic retention time of the CAS or the
UASB process. We also estimated a ki, for each MP in the
batch experiments by means of nonlinear regression and
assuming pseudo-first order biotransformation kinetics. We
found that the effect of sorption was limited for all of the
MPs studied and we therefore used the first time point (¢ = 5
min) in the active reactors as C(0) in the model.*®**> Two-
tailed t-tests were performed to compare MP concentrations,
removal percentages, and biotransformation kinetics between
the CAS and UASB.

Results and discussion
Summary data from sampling of full-scale CAS and UASB

We collected triplicate grab samples from the influent and
effluent of a full-scale CAS and pilot-scale UASB process at
the same WWTP and measured each sample in triplicate
(nine total data points for each sample location). The average
TSS of the UASB was 21.8 g L™ and the average TSS of the
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CAS was 1.2 g L™" (Table S47). We prepared the samples and
measured them to assess the occurrence of up to 175 MPs.
Our quality control requirement that MPs had linear
calibration curves consisting of at least three points and an
R? greater than 0.85 reduced the number of possible MPs
that could be quantified to 138. After matching MS2
fragments to candidate target MP peaks, we quantified 69
MPs in at least one of the CAS_inf samples and 68 MPs in at
least one of the UASB_inf samples. Likewise, we quantified 79
MPs in at least one of the CAS_eff samples and 58 MPs in at
least one of the UASB eff samples. This accounting is
summarized in Table S5t and average concentrations
measured in each sample location is provided in Table S6.f
Many of the MP quantifications were sporadic, and
sometimes only one of the triplicate samples from a single
sample location and time contained a quantifiable MP. When
comparing the two systems, we identified 39 MPs that were
consistently present in the influent samples from both the
CAS and UASB processes. We summarized the concentrations
of these 39 MPs in each of the samples as box plots in
Fig. 1. The concentrations of all 39 MPs range from <LOQ
to 169 ug L' (the highest observed concentration was for
benzoylecgonine in a UASB_eff sample). In the UASB and
CAS influent, the highest average MP concentrations were
observed for acetaminophen at concentrations of 111 + 14
ug L™ and 61 + 3 ug L, respectively. Whereas in the UASB
and CAS effluent, benzotriazole methyl-1H displayed the
highest average concentrations of 70 + 8 pg L' and
47 + 6 pg L', respectively, revealing a shift in the
predominant compounds from the influent to the effluent of
the UASB and CAS systems (see Fig. 1 for additional details).

Comparing MP removal performance in both systems

We then evaluated the performance of the CAS and UASB for
removing (or biotransforming) the 39 MPs that were
measured in the influent samples from both processes. To do
this we defined three metrics. First, we used a direct
comparison of the average CAS_eff and UASB_eff data for each
of the 39 MPs. Because we collected samples at three time
points and measured each of the samples in triplicate, these
data represent the average of nine measurements for each of
the 39 MPs. We reasoned that the overall process (ie., the
CAS and UASB biological processes and all preceding
treatment processes) that achieved a lower average C,y for a
given MP was performing better for that MP. Second, we
calculated MP removal (%R_CAS or %R _UASB) as defined in
eqn (1). MP removal was again calculated using the average
of nine measurements for each MP. This metric allows us to
compare the performance of each of the wastewater
microbial communities and accounts for the different C,
concentrations for each process. Third, we calculated pseudo-
first order biotransformation rate constants (kpiocas OF
kpiouass) as defined in eqn (2). Biotransformation rate
constants were calculated with the average of nine
measurements and incorporates the hydraulic retention time
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UASB Influent UASB Effluent CAS Influent CAS Effluent
Benzoylecgonine 4 9 ¢ -9 & 9 P 9
Acetaminophen 4 L] $|9 ¢ |9 i 9
Caffeine 4 b (e &b |9 ¢l dix 8
Benzotriazole_methyl-1H @b |9 4|9 ¢ |o ¢ |9
Acesulfame $ o ¢ 9 @ | ) 9
Ritalinic_Acid 4 [2%) 9 adb< |9 ¢ 8 E 9
Lidocaine fii%o) 9 4 |9 53 9 & 9
DEET - o |9 ¢ 9 P 9 P 9
Gabapentin P 9 ¢ 9 ¢ 9 4 9
Theophylline i 9 4fith 9 & 9 P 1
Desmethylvenlafaxine 4 ¢ 9 b 9 & 9 L3 9
Ethyl_butylacetylaminopropionate A qd 9 [ 9 b 9 i3 9
Mecoprop A ddo 9 £ 3 9 P 9 $ 9
Atenolol_Acid - 4ip 9 $ 9 L) 9 ) 9
Methocarbamol x @ 9 i) 9 @@ 9 & 9
Adrenosterone 4 i 9 4k 9 [ 9 i 9
Bupropion 4 ¢ 6 ¢ 9 i 9 b 9 [ Herbicides/Fungicide
Lamotrigine 4 k) 9 3 9 (] 9 dk 9 [ Hormones
Testosterone P 9 ¢ 9 ¢ 9 di 9 [ Metabolites
Atenolol 9 ¢ 9 @) 9 & 9 [ Other
Corticosterone oo} 9 dip 3 xdp 9 0 [ Personal care product
Amphetamine 1 o 8 b 9 P 9 & 6 [ Pharmaceuticals
Diphenhydramine - %b 7 ¢ 3 4 9 Ei3 9 X (outlier values)
Tramadol 4 ¢ 9 e 9 $ 9 $ 9
Metoprolol o 9 4 9 i 8 ) 9
Serotonin 4 P 9 ) 9 ¢ 9 @ 9
Fluconazole X b 9 ¢ 9 ¢ 9 & 9
N4-acetylsulfamethoxazole 1 B 9 ® 4 ¢ 9 d 9
Venlafaxine - @ 9 B 9 * 9 ¢ 9
Sotalol { 4b 5 a ] ¢ 8 & 9
Metalaxy! 1 o 9 4k 9 i 9 xoffp 9
Losartan 4 db 9 i 8 b 9 &b 9
2,4-D e-ed gp 9 |x 4 9 @ 9 P 9
Carbamazepine-10,11-epoxide 3 5 $ 9 L) 9 dx 9
Oxcarbazepine g 5 § 9 4 9 d 9
N,N-didesmethylvenlafaxine o | aipe 8 afp 9 ¢ 8 xdfp< 9
Ketoprofen 4 i) 8 ¢ 2 4ib 9 P 2
Metolachlor-OXA 4 dap 9 ¢ 9 ¢ 9 [ 9
Bentazon{ = & B 9 i 9 | x{ig 9 | & 9

10° 10 10? 10° 10" 10°

10° 10 102 10° 10" 10°

10° 101 10° 10° 107 105  10° 10 10 10% 10" 10°

Micropollutants Concentrations (ng/L)

Fig. 1 Concentrations of MPs in field sampling organized by chemical class. Each MP was subject to nine measurements (triplicate sampling and
instrumental analysis) in UASB influent, UASB effluent, CAS influent, and CAS effluent. The number of measurements that exceeded the limit of
quantification for each MP was indicated on the right of each box. The line inside the box represents the median of the dataset. The top and
bottom edges of the box correspond to Q3 and Q1, respectively. The whiskers are lines that extend from the box and reach out to individual data

points that are not considered outliers.

(HRT) of each process. This metric allows us to compare the
relative activity of the wastewater microbial communities by
normalizing removal to the amount of time available for
biotransformation.

A comparison of the average CAS_eff and UASB_eff data for
each of the 39 MPs is provided as measures of significant
differences in Table 1. These data demonstrate that eleven of
the 39 MPs have significantly lower effluent concentrations
in the UASB versus the CAS. These include ketoprofen, N-
acetylsulfamethosazole, 2,4-D, diphenhydramine, bupropion,
methocarbamol, losartan, tramadol, lamotrigine, metoprolol,
and fluconazole. It is difficult to assess whether the effluent
concentrations are the result of sorption to sludge or
biotransformation. One could expect more sorption in the
UASB because the TSS was 18.2x higher than in the CAS.
Further, more sorption would be expected for more
hydrophobic MPs with relatively high logK,, and logK,.
values. To test this expectation, we compared the log K, and
log K, values (Table S3t) of the eleven MPs that had lower
effluent concentrations in the UASB to the other 28 MPs and
found no statistically significant difference. This finding

940 | Environ. Sci.: Water Res. Technol.,, 2024, 10, 936-948

suggests that adsorption is not likely to be a governing
removal process in the UASB and that biotransformation in
the UASB is likely important for at least for some of these
eleven MPs. Six MPs did not exhibit significantly different
effluent concentrations between the UASB and the CAS.
These include atenolol acid, carbamazepine-10,11-epoxide,
oxcarbazepine, sotalol, corticosterone, and venlafaxine which
are MPs that are often found to be persistent during
wastewater treatment.”>* The remaining 22 MPs exhibited
significantly lower effluent concentration in the CAS and are
presumed to be better removed in the CAS process based on
this metric.

The middle columns in Table 1 can be used to compare
the average percent removal between the CAS and UASB.
These data demonstrate that twelve of the 39 MPs have
significantly higher %R_UASB than %R_CAS. These include
ketoprofen, N,-acetylsulfamethosazole, 2,4-D,
diphenhydramine, bupropion, methocarbamol, metalaxyl,
sotalol, atenolol, mecoprop, tramadol, and lamotrigine. Eight
of these also had lower UASB_eff than CAS._eff highlighting
the better performance of the UASB for these MPs using two

This journal is © The Royal Society of Chemistry 2024
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Table 1 MPs that were determined to be better removed in the CAS or UASB across 3 metrics

Effluent concentration Percent removal First order rate kinetic
Micropollutant (MP) CAS UASB NS CAS UASB NS CAS UASB NS
Ketoprofen ** HEE *
N4 ek ek X
2,4-D koK EESS X
Diphenhydramine HEE HHE *k
Adrenosterone * * X
Acetaminophen K ** ok
Bupropion o K *
Methocarbamol * ok X
Losartan * X X
Caffeine ok ok ok
Theophylline ok ok *
Acesulfame okok ok *
Amphetamine K HHE K
Metalaxyl * * *
Bentazon *k X X
Gabapentin K HE *
Sotalol X ok *
Atenolol * * X
Mecoprop K * X
Tramadol ok ok wok
Lamotrigine HHE * *
Atenolol_acid X XX X
CBZ-10,11-E X * *
Oxcarbazepine X * *
Metoprolol HHE XX XX
N,N * XX XX
Venlafaxine X XX XX
Serotonin okok ok ok
Metolachlor-OXA * ok X
Corticosterone X X X
Fluconazole ok XX X
BTM1H * XX XX
DMVF ** XX XX
Testosterone ok k XX X
Lidocaine ok XX XX
Ritalinic_acid Hk Hk *
Benzoylecgonine o o K

Abbreviations: N, = Ny-acetylsulfamethoxazole, EBAP = ethyl_butylacetylaminopropionate, CBZ-10,11-E = carbamazepine-10,11-epoxide, N,N = N,
N-didesmethylvenlafaxine, BTM1H = benzotriazole_methyl-1H, DMVF = desmethylvenlafaxine. NS = no significant difference between UASB and
CAS performance. *p < 0.05, **p < 0.01, ***p < 0.001, X = not statistically significant, XX = no removal, negative removal, or negative rate

constant.

independent metrics. The other four MPs did not have
significantly different or lower effluent concentrations in
CAS_eff compared to UASB_eff (metalaxyl, sotalol, atenolol,
and mecoprop). In these cases, accounting for the higher
UASB_inf concentration (relative to CAS_inf) demonstrates
better removal of these MPs. We believe that the lower
concentration of these MPs in the CAS_inf sample is due to
some removal during primary sedimentation.>® Interestingly,
losartan, metoprolol, and fluconazole were found to have
lower effluent concentrations in the UASB than the CAS, but
the percent removal was not significantly different in the
UASB and CAS. Indeed, there were nine MPs that exhibited
no removal or negative removal in both systems including
atenolol acid, metoprolol, N,N-didesmethylvenlafaxine,
venlafaxine, fluconazole, benzotriazole-methyl-1H,

This journal is © The Royal Society of Chemistry 2024

desmethylvenlafaxine, testosterone, and lidocaine. The
phenomenon of negative removal has been reported before
for some of these MPs>*** and is attributed to formation
resulting from back-transformation of human metabolites or
the MP being a TP itself’®>® or variable biotransformation
within a biological process.””> The remaining 15 MPs
exhibited significantly higher removal in the CAS and are
presumed to be better removed in the CAS based on this
metric (¢-test, p < 0.05).

A direct comparison of the pseudo first-order
biotransformation rate constants (kpio,cas OF Kbio,uass) for
each of the 39 MPs is provided in the last three columns of
Table 1. These data demonstrate that seven of the 39 MPs
have significantly higher kpio uass than kpio cas. These include
ketoprofen, diphenhydramine, bupropion, metalaxyl, sotalol,
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tramadol, and lamotrigine. Five of these MPs also had lower
average MP concentrations in UASB_eff than CAS_eff and
higher %R _UASB than %R_CAS highlighting the better
performance of the UASB for these five MPs using all three of
our defined metrics. In fact, ten of the 15 MPs were identified
as being better removed in the UASB by at least two separate
metrics; the exceptions are losartan, fluconazole, atenolol,
metoprolol, and mecoprop which were only identified by one
metric. We also report on six MPs that exhibited pseudo first-
order biotransformation rate constants equal to zero (or a
negative value suggesting formation, which is a phenomenon
previously reported in the literature as described in the
preceding).’®>®  These  include  metoprolol,  N,N-
didesmethylvenlafaxine, venlafaxine, benzotriazole-methyl-
1H, desmethylvenlafaxine, and lidocaine. We also report on
13 MPs that did not exhibit significantly different rate
constants between the UASB and the CAS, and the remaining
13 MPs exhibited significantly higher kpiocas than kpiouass-
The 13 MPs that exhibited significantly higher kpi, cas than
kovio,uass Were identified by at least one of our other metrics
as MPs that are better removed in the CAS system.

In summary, our analysis identified 15 MPs that exhibited
significantly better removal in the UASB based on at least one
of our metrics (ketoprofen, N,-acetylsulfamethosazole, 2,4-D,
diphenhydramine, bupropion, methocarbamol, losartan,
metalaxyl, sotalol, atenolol, metoprolol, mecoprop, tramadol,
lamotrigine, and fluconazole) and 17 MPs that exhibited
significantly better removal in the CAS based on at least one
of our metrics (adrenosterone, acetaminophen, ethyl-
butylacetylaminopropionic  acid, caffeine, theophylline,
acesulfame, amphetamine, gabapentin, carbamazepine-10,11-
epoxide, oxcarbazepine, serotonin, metolachlor-oxa,
corticosterone, DEET, testosterone, ritalinic acid, and
benzoylecgonine). Seven of the MPs exhibited no removal or
similar removal in both systems. It is interesting to note that
there was nearly an even split of MPs that were better
removed by the two processes. This was also somewhat
unexpected because previous studies show that MPs are
readily biotransformed in aerobic biological processes
whereas anaerobic biological processes often perform MP
biotransformations more slowly or not at all.’**>*° To
investigate these findings further, we performed batch
experiments to assess biotransformation rates and explore
the formation of biotransformation products.

Batch experiments - biotransformation kinetics

We performed batch experiments in bioreactors seeded with
microbial communities harvested from the UASB and CAS
processes. We selected 12 MPs that were found to be better
removed in the pilot-scale UASB (ketoprofen, N,-
acetylsulfamethosazole, 2,4-D, diphenhydramine, bupropion,
methocarbamol, losartan, bentazone, sotalol, mecoprop,
tramadol, and lamotrigine) and 12 MPs that were found to be
better removed in the full-scale CAS (adrenosterone,
acetaminophen, ethyl-butylacetylaminopropionic acid,
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caffeine, theophylline, acesulfame, amphetamine,
gabapentin, serotonin, DEET, ritalinic acid, and
benzoylecgonine). A mixture of the 24 MPs was spiked into
each of the triplicate prepared bioreactors to reach a starting
concertation of each MP of 100 pg L. Samples were
collected over a period of eight days and the resulting data
were used to estimate pseudo-first order biotransformation
rate constants. The results of this analysis demonstrate that
18 of the 24 MPs were biotransformed in the UASB batch
experiments and all 24 of the MPs were biotransformed in
the CAS batch experiments. The six MPs that exhibited no
biotransformation in the UASB batch experiments include
three that were removed to greater extents in the pilot-scale
UASB (mecoprop, tramadol, and lamotrigine) and three that
were removed to greater extents in the full-scale CAS
(amphetamine, gabapentin, and ritalinic acid). Notably, only
2,4-D exhibited faster biotransformation kinetics in the UASB
batch experiments compared to the CAS batch experiments.
Together, these observations suggest that the batch systems
are not replicating the MP biotransformation rates that were
observed in the pilot-scale UASB and the full-scale CAS. There
are several likely reasons for this discrepancy. First, we
diluted the UASB sludge by a factor of 33.3x to ensure that
we have equivalent biomass densities in the respective batch
experiments to allow us to compare the relative activities of
the two microbial communities. However, dilution can lower
the diversity of the microbial community through the
bottleneck effect and can eliminate low abundance members
of the microbial community that may participate in MP
biotransformations.®” This could explain why we observed no
biotransformation of mecoprop, tramadol, and lamotrigine
in the batch experiments with the UASB sludge. It is also
possible that some of the removal observed in the pilot-scale
system was driven by adsorption to sludge and that removal
by means of adsorption significantly decreased when we
diluted the sludge. Although this is a plausible explanation
for some MPs, an analysis of log K, and log K, values (Table
S371) along with literature reported sludge-water distribution
coefficients'®**> suggests that sorption is not a major
removal mechanism for these MPs. Finally, we note that
harvesting wastewater microbial communities from full-scale
or pilot-scale systems that are operating at steady-state and
placing them in batch reactor in the lab is likely to cause
some changes in microbial community structure and
function. This has been discussed in the literature to some
extent when evaluating MP biotransformations in bioreactors
seeded with sludge from CAS processes,®*®* and is likewise
relevant here for the experiments with the UASB sludge. In
the latter case, the bioreactors were established under
anaerobic conditions in an atmosphere consisting of N, and
H,. These conditions might not align with those in the pilot-
scale system which further complicates this comparison.
Nevertheless, it is important to emphasize that we did see
biotransformation of 16 MPs in the batch experiments
seeded with sludge from the UASB. This is an important
observation in its own right because the performance of

This journal is © The Royal Society of Chemistry 2024
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wastewater microbial communities from UASB systems to
biotransform MPs has not been studied to a significant
extent. Also, we note that the difference in the magnitudes of
the rate constants between the UASB and CAS batch
experiments are smaller for the MPs that were observed to be
better removed in the pilot-scale UASB. To explore this latter
observation more deeply, we corrected the rate constants for
the MPs in the UASB experiment to account for the 33.3x
dilution factor used to equalize the biomass concentrations.
The results of this analysis are presented in Fig. 2. Here we
can see that six of the nine MPs that were biotransformed in
our batch experiments and were better removed in the pilot-
scale UASB have significantly greater rate constants in the
UASB batch experiments than in the CAS batch experiments
(t-test, p < 0.05). The other three MPs do not have
significantly different rate constants in both sets of batch
experiments. In contrast, only two of nine MPs that were
biotransformed in our batch experiments and were better
removed in the full-scale CAS have significantly greater rate
constants in the UASB experiments than in the CAS
experiments. This correction demonstrates that
biotransformation rates measured in batch can represent
trends observed at pilot- and full-scale when one corrects for
biomass dilution.

Batch experiments - biotransformation products

Our final objective was to screen the high-resolution mass
spectral acquisitions from the batch experiments for evidence
of biotransformation product formation. This evidence will
allow us to infer whether there were differential metabolic
functions performed between the two types of wastewater
microbial communities. To do this, we used the Eawag-PPS
to predict biotransformation products for 14 of the 24 parent
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MPs (2,4-D, acetaminophen, adrenosterone, amphetamine,
benzoylecgonine, bupropion, caffeine, diphenhydramine,
ethyl-butylacetylaminopropionate, gabapentin, N,-
acetylsulfamethoxazole, theophylline, serotonin, and sotalol).
The selected 14 MPs were observed to have a pseudo-first
order rate constant higher than 0.01 h™' in the CAS batch
test, and a pseudo-first order rate constant higher than 0.005
h™ in the UASB batch test. We reasoned that only those MPs
with a measurable rate constant would generate TPs that we
could actually measure. We predicted TPs with relative
reasoning turned off and allowed the Eawag-PPS to predict
both aerobic and anaerobic biotransformations. This resulted
in a list of 104 predicted first-generation biotransformation
products for the 14 parent MPs. We used the exact masses of
the [M + H]" and [M - HJ| parent ions for each of the
predicted TPs to screen our high-resolution mass spectral

acquisitions. More details on our approach to
biotransformation = product  screening is  provided
elsewhere.*>>°

We identified eight TPs for six of the 14 parent MPs in at
least one of the batch experiments. All TPs were identified
with a confidence of level 3.°° A summary of the TP
structures is provided in Fig. 3 and 4 and additional details
are provided in Table S7 It must be noted that no evidence
of predicted biotransformation products was observed for
eight of the 14 parent MPs. These included 2,4-D,
acetaminophen, benzoylecgonine, bupropion, gabapentin,
theophylline, serotonin, sotalol. We contend that
biotransformation products for these TPs were either not
accurately predicted or subsequently biotransformed into
other products before they could be measured.®® Fig. 3a-c
shows TPs for diphenhydramine, caffeine, and amphetamine.
TPs for these MPs were measured exclusively in the
experiments seeded with wastewater microbial communities

2
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Fig. 2 Log rate constants of the MPs in batch tests after correcting for dilution of the UASB sludge. The red box indicates MPs that are predicted
to be better removed in the UASB, while the MPs in the black box are predicted to be better removed in the CAS according to our respective

metrics for evaluating reactor performance.
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Fig. 4 Differential biotransformation pathways observed in UASB and
CAS for adrenosterone.

harvested from the CAS system. The observed
biotransformations include monohydroxylations
(diphenhydramine and amphetamine), ether dealkylation
(diphenhydramine), and amine dealkylation (caffeine). These
are all oxidations that have previously been reported in
aerobic environments.®” However, to the best of our
knowledge, this is the first report of transformation products
for diphenhydramine (monohydroxylation and ether
dealkylation) in a CAS system. Fig. 3d and e shows
biotransformation pathways for N-acetylsulfamethoxazole
and ethyl-butylacetylaminopropionate. TPs for these MPs
were measured in the experiments seeded with both
wastewater microbial communities harvested from the CAS
or UASB system. The observed biotransformations are ester
hydrolysis (ethyl-butylacetylamino-propionate) and amide
hydrolyses (acetylsulfamethoxazole). These
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biotransformations are not expected to be redox dependent
which can explain why we see these types of
biotransformations in experiments seeded with wastewater
microbial communities harvested from CAS and UASB
systems. Both of these biotransformations have been
previously reported in other types of biological wastewater
processes, further highlighting the ubiquity at which these
biotransformations may be performed.®® Fig. 4 shows the
biotransformation pathways for adrenosterone which
exhibited different TPs in CAS and UASB experiments. In the

CAS experiment we observe the formation of a
monohydroxylation — product which is an oxidative
biotransformation one would expect in an aerobic

environment, but to the best of our knowledge has not been
previously reported.®> In the UASB we observe a
hydrogenation reaction which has not been previously
reported but could be expected in an anaerobic
environment.”® This latter observation is of particular interest
because it  demonstrates rapid yet  differential
biotransformation of a MP in CAS and UASB processes.
Together, data from our batch experiments demonstrate that
MPs can be biotransformed with relevant rates in batch
experiments and the observed biotransformation products
align with the expected metabolisms of the respective
wastewater microbial communities. Previous research has
demonstrated  differential extents of micropollutant
biotransformation in wastewater treatment exhibiting
variable redox zones (e.g:, biological nutrient removal
systems),”"”® a phenomenon often linked to more
functionally diverse microbial communities.®”* Our study
provides further context to previous work by demonstrating
differential biotransformation resulting in the formation of
biotransformation products that align with the expected
metabolisms of the respective wastewater microbial
communities. Finally, we returned to our UASB_eff and
CAS_eff samples to screen for the TPs that formed in our
batch experiments. We found evidence of the ether
dealkylation product of diphenhydramine and the amide
hydrolysis product of N-acetylsulfamethoxazole in UASB_eff
and CAS_eff samples and the ester hydrolysis product of
ethyl-butylacetylamino-propionate in CAS_eff samples. These
observations agree only in part with our data from the batch
experiments and the interpretation linked to redox
conditions. This may be due to a variety of analytical factors
(e.g., concentrations in full- or pilot-scale system too low to
observe TP) or biological factors (e.g., insufficient time to
completely biotransform a MP). Nevertheless, taken together,
our data demonstrate the differential biotransformation of
MPs in the two processes.

Conclusion
This study aimed to investigate the differential
biotransformations of micropollutants in conventional

activated sludge (CAS) and up-flow anaerobic sludge blanket
(UASB) processes. Our study is timely because alternative

This journal is © The Royal Society of Chemistry 2024
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biological processes are being developed for wastewater
treatment applications focused on resource recovery and
solid waste elimination. Overall, our data provide novel
insights on the relative functioning of two wastewater
microbial communities operated under different redox
conditions. Our study demonstrates the potential of the UASB
reactor and reports on four TPs that have not been previously
reported in the literature. These findings support the
continued development of UASB reactors and other
alternative biological processes for wastewater treatment
around the world.
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