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HIGHLIGHTS

e Aerobic granule sludge (AGS) sizes
affect micropollutant (OMP)
biotransformation

e Aerobic OMP biotransformation was
AGS-size dependent, faster in smaller
fractions

e Ky, values positively correlate with ni-
trifiers and aerobic heterotroph activity

e OMP biotransformation is lower under
anoxic denitrification than aerobic
conditions

o Eight OMPs were biotransformed in at
least one of the bioconversion
conditions
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ABSTRACT

Organic micropollutants (OMPs) are commonly detected in municipal wastewater. Conventional activated sludge
processes partially remove these compounds, allowing them to enter receiving waters and pose ecological risks.
Biotransformation, governed by microbial community composition and activity, is the main pathway for OMP
removal. Aerobic granular sludge (AGS), with its distinct structure and microbial communities compared to
conventional activated sludge, has emerged as a promising alternative. Full-scale AGS reactors contain pre-
dominately large granules (>1 mm), alongside medium (0.2-1 mm), and small (<0.2 mm) fractions, which differ
in morphology and microbial composition and may influence OMP biotransformation. To date, the potential of
different AGS size fractions for OMP biotransformation at environmentally relevant concentrations (1 ug LY
remains poorly understood. This study evaluated the biotransformation of 23 OMPs (pharmaceuticals and in-
dustrial compounds) under nitrifying, aerobic heterotrophic, and denitrifying conditions, using batch microcosm
with six AGS size fractions collected from a full-scale AGS plant. Eight OMPs (sulfamethoxazole, atenolol,
furosemide, benzotriazole, trimethoprim, diclofenac, metoprolol, and gabapentin) showed biotransformation
efficiencies above 10 % under at least one condition. Under aerobic conditions, smaller fractions showed higher
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biotransformation rate (Kp;,), reflecting increased nitrifier and aerobic heterotroph activity. Under denitrifying
conditions, three OMPs were biotransformed > 10 %, but Ky, did not correlate clearly with denitrifying activity,
likely due to heterogeneous denitrifier distribution across size fractions. At the system level, AGS showed slightly
lower Kpj, than activated sludge, as smaller, more active AGS fractions comprised less than 40 % of total biomass
in full-scale reactors. This study is the first to assess OMP biotransformation across AGS size fractions, high-
lighting the combined effects of granule size and bioconversion conditions. The findings provide insights for
optimizing AGS systems, including potential granule size adjustments, to enhance OMP biotransformation and

reduce environmental impacts.

1. Introduction

Organic micropollutants (OMPs), including pharmaceuticals and
industrial compounds, have been widely detected in municipal waste-
water [1-3]. In biological wastewater treatment systems, biotransfor-
mation is a primary removal pathway for OMP and typically occurs via
cometabolism rather than direct metabolism, as OMPs are present at
trace concentrations that are too low to serve as the main metabolic
substrate for microorganisms [4]. Under such conditions, primary sub-
strates are often required to activate nonspecific enzymes that drive
cometabolic transformation [5,6]. Previous studies have demonstrated
the OMP cometabolism potential in conventional activated sludge sys-
tems. For example, nitrifiers such as Nitrosomonas europaea and Nitro-
sospira gargensis can cometabolically degrade certain OMPs via
non-specific ammonia monooxygenase (AMO) [7-10], while hetero-
trophs possess low-specificity monooxygenases and deaminases that
mediate OMP biotransformation under aerobic or anoxic conditions [11,
9,12,13] Despite these potential processes was reported, overall removal
efficiencies for many commonly detected OMPs in municipal waste-
water remain below 50% in the conventional biological treatment
process [14], leading to their discharge into receiving water at ng L™! to
g L1 levels [6,15]. The persistence of these compounds in aquatic
environments has raised growing concern due to their potential eco-
toxicological effects on organisms and associated human health risks.

Among the emerging alternatives, the aerobic granular sludge (AGS)
process stands out for its lower energy consumption and reduced land
footprint compared to conventional activated sludge processes [16,17].
Unlike flocculent activated sludge, which maintains a fully aerobic
microenvironment, AGS granules develop multiple redox zones due to
limited oxygen diffusion, featuring an aerobic outer layer and an anoxic
or anaerobic core [18]. These spatially different microenvironments
support diverse functional microbial communities [19], enabling the
simultaneous removal of organic carbon, nitrogen, and phosphorus
within a single reactor [18]. Such redox diversity within a single granule
also creates potentially favorable conditions for the cometabolic
biotransformation of various OMPs, likely enhancing their removal via
multiple pathways within the AGS reactor.

Beyond the spatially different microenvironments within individual
granules, the presence of multiple AGS size fractions in a full-scale
reactor creates a variety of microhabitats that support diverse microbi-
al communities, likely further affecting OMP biotransformation. In full-
scale AGS systems, larger granules (>1mm) typically dominate,
comprising approximately 60 % of the total biomass, while medium-
sized (0.2-1 mm) and small-sized (<0.2mm) fractions account for
about 28 % and 11 % of the biomass, respectively [20]. These size
fractions harbour different microbial communities shaped by size and
the varying sludge retention times experienced within the reactor [21,
22]. For example, larger granules tend to be enriched with poly-
phosphate- and glycogen-accumulating organisms, due to their faster
settling, which provides these microorganisms with preferential access
to influent organic carbon [21], whereas smaller fractions often exhibit
higher nitrifier activities and a greater abundance of the amoA gene,
likely resulting from their relatively larger aerobic volume [23,24].
Given these differences, it is reasonable to hypothesize that different
AGS size fractions vary in their capacity for OMP biotransformation

under specific bioconversion conditions (aerobic heterotroph, nitrifying,
and denitrifying conditions) and thus contribute differently to overall
OMP removal in full-scale systems.

To date, several studies have assessed overall OMP removal in full-
scale AGS plants [20,25-27], and a few have specifically examined
OMP sorption using fresh AGS, reflecting real sludge morphology and
microbial communities [28,29]. In contrast, research explicitly
addressing OMP biotransformation has largely focused on granules
acclimated to synthetic wastewater in lab-scale bioreactors, where mi-
crobial diversity and function differ from full-scale systems [30-33].
Moreover, these studies have typically considered only large granules
(>2mm), neglecting the medium-sized (0.2-1 mm) and small-sized
(<0.2mm) fractions that coexist in full-scale reactors and host
different microbial communities. Consequently, the role of biotrans-
formation in OMP removal across different AGS size fractions remains
poorly understood, representing a critical knowledge gap that this study
aims to address.

This study aimed to evaluate the biotransformation behaviour of 23
selected OMPs (21 pharmaceuticals and 2 industrial compounds) at
environmentally relevant concentrations (1pgL™!) under different
bioconversion conditions simulating bacterial activity in AGS systems,
with a particular focus on six AGS size fractions. Specifically, the ob-
jectives were to: (1) determine biotransformation efficiencies and con-
version rate (Kpj,) under nitrifying, aerobic heterotrophic, and
denitrifying conditions; (2) assess the contributions of six AGS size
fractions to OMP biotransformation; and (3) compare overall biotrans-
formation performance between AGS and activated sludge. Two sets of
microcosm experiments were conducted: one with active biological
processes (biotransformation and sorption) and one with microbial ac-
tivity inhibited to isolate sorption. The difference in OMP removal from
the liquid phase between the two setups was attributed to biotransfor-
mation. Fresh AGS samples were collected from full-scale AGS reactors
ensuring that the microbial community in our microcosms was repre-
sentative of real operational conditions. Overall, this study offers critical
insights into potential granule-size-dependent OMP biotransformation
in full-scale AGS systems under different bioconversion conditions.

2. Materials and methods
2.1. Wastewater treatment plant and sludge sampling

Sludge samples were collected from two municipal WWTPs in The
Netherlands: a full-scale AGS plant in Utrecht serving approximately
430,000 population equivalents, and a conventional activated sludge
plant in Bennekom serving around 35,000 population equivalents
(Fig. S1). For each reactor, samples were collected at three locations and
three depths during the highly mixed aeration phase, resulting in a total
of 27 L of mixed liquor samples (1 Lx 3 locationsx 3 depthsx 3 reactors).
Additionally, 5 L of activated sludge was sampled from the aeration tank
of the selected activated sludge plant. All samples were transported to
the laboratory within 4 h of collection. Details on the WWTP configu-
rations and sampling strategy are provided in our previous study [20,
28].
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2.2. Sludge sizes and sieving

To evaluate the contribution of AGS size fractions to OMP
biotransformation in the full-scale systems, we fractionated mixed liquor
AGS samples into six size fractions: >4mm, 2-4mm, 1-2mm,
0.6-1 mm, 0.2-0.6 mm, and < 0.2 mm. These fractions were selected
based on both practical distribution in full-scale reactors and different
physicochemical properties (Text S1). The mixed liquor AGS samples
collected from the full-scale plant were wet-sieved using a series of
sieves with mesh sizes of 4, 2, 1, 0.6, and 0.2 mm [20,28]. After sieving,
the concentration of each sludge fraction (grams of suspended solids per
liter, g SS L~1) was measured (Table S1).

2.3. Degradation microcosm experiments

Two sets of microcosm experiments were conducted using six AGS
size fractions and activated sludge: (1) active biological microcosms
incorporating both biotransformation and sorption, and (2) microcosms
designed to isolate sorption processes. The difference in sorption be-
tween 4 °C and 20 °C is expected to be minimal and was therefore
neglected [34]. Experimental setup and results for the sorption-only
microcosms have been described in Feng et al. [28].

Microcosms assessing combined biotransformation and sorption
were conducted under nitrifying, aerobic heterotrophic, and denitrify-
ing conditions. Each microcosm was conducted in a 250 mL sterilized
glass bottle containing approximately 150 mL of synthetic wastewater
(Table S2) and one size fraction at a sludge concentration of 0.8 g SS L L
The bottles were wrapped in aluminum foil to prevent OMP photo-
degradation. Aerobic conditions for nitrifying and aerobic heterotrophic
microcosms were established by purging air into both the headspace and
liquid, while nitrogen gas was used to create anoxic conditions for
denitrifying microcosms. A stock solution of 23 selected OMPs prepared
in Milli-Q water was added to achieve an initial concentration of
1 ugL~L. To stimulate specific microbial activities, ammonium chloride
(NH4Cl), acetate, and a combination of sodium nitrate (NaNO3) and
acetate were added to stimulate nitrifying, aerobic heterotrophic, and
denitrifying microcosms, respectively.

Nitrifying microcosm: ammonia (NHZ) and oxygen were supplied to
support nitrifying activity. Each microcosm was spiked with NH4Cl to
achieve an initial NH4 concentration of 50 mg L™}, which is represen-
tative of municipal wastewater. Preliminary experiments indicated that
bacterial activity declined once NHa* concentrations fell below
10 mg L' after 72h, as evidenced by a reduced NH4* oxidation rate
under non-limiting oxygen conditions. To prevent substrate limitation,
NH.+* levels were monitored and re-spiked on Day 3 (72h) to restore
concentrations to 50 mgL™! (Text S2 & Fig. S2). In addition, to ensure
sufficient oxygen availability, the headspace was re-purged with com-
pressed air on Day 2 (48h) when oxygen levels approached 10 %
(0.6 mmol), thereby minimizing gas-liquid diffusion limitations (Text
S2). The pH value maintained between 6.5 and 7.5 by adding sodium
hydroxide (NaOH) as needed.

Aerobic heterotrophic microcosm: acetate was supplied as the carbon
source (measured as chemical oxygen demand, COD) at an initial con-
centration of 300 mgL ™! to support aerobic heterotrophs. To inhibit
nitrification and ensure selective aerobic heterotrophic activity,
allylthiourea (ATU) was added at 100 mg L1 (Text S3 & Fig. S3). Ace-
tate was re-spiked at Day 3 (72h) to maintain sufficient substrate
availability, and the headspace was re-aerated at Day 2 (48 h), following
the same procedure as in the nitrifying setup (Text S2).

Denitrifying microcosm: NaNOg and acetate were supplied at a molar
ratio of 1:1.3 (NO3:COD), based on the stoichiometric requirement for
complete denitrification. Due to the rapid nitrate consumption observed
in preliminary tests, an initial NO3 concentration of 300 mgL™! was
used, and nitrate was re-spiked every day (24 h) to maintain concen-
trations above 10 mg L1 (Text S2). The pH value was controlled be-
tween 6.5 and 7.5 using hydrochloric acid (HC]) as needed.
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Bottles were incubated at room temperature (20°C) and shaken at
120 rpm for 4 days. For each bacterial activity condition, triplicate mi-
crocosms were prepared for each sludge fraction (six AGS size fractions
and activated sludge), totalling 54 experimental bottles (triplicates x six
size fractions x three conditions). Samples (1 mL) were collected at O,
0.25, 1, 2, 3, and 4 days, ensuring cumulative sampling remained below
10 % of the total volume. Six additional control bottles (two for each
bioconversion condition) were prepared containing target OMPs at
concentrations of approximately 1pg L™, substrates, and synthetic
wastewater, but without sludge. All bottles wrapped in aluminum foil
were operated in parallel with experimental microcosms. Since the glass
bottles and lids were confirmed to have no sorption of selected OMPs,
any observed changes in OMP concentrations during the experimental
period were attributed solely to experimental and technical variability
among replicate microcosms. Operational details were provided in
Table S3.

2.4. Calculations for OMP biotransformation

To isolate the contribution of biotransformation, we compared two
microcosm experiments: (1) active biological microcosms (biotransfor-
mation and sorption), and (2) sorption-only microcosms. The potential
contribution of biotransformation was quantified by subtracting the
removal observed in the sorption-only microcosms from the total
removal observed in the combined biotransformation and sorption mi-
crocosms. OMP removal was determined from the reduction in liquid-
phase concentration. Efficiencies, rates, and Ky, for biotransformation
were determined accordingly (Text S4). All efficiencies and rates under
the tested conditions were calculated using Eqgs. (S1-S4), and Ky;, values
were derived based on pseudo-first-order kinetics as described in Eq.
(S5).

To evaluate experimental and technical variability associated with
replicate microcosms, six control bottles (two for each bioconversion
condition) were analyzed in parallel. The difference in OMP contraction
over 4-day experimental period in these control bottles reflects analyt-
ical uncertainty and replicate-to-replicate variability. For each of the 23
target OMPs, the upper 95 % confidence bounds of OMP decreased
percentages in the control bottles ranged from 5.4 % to 10.2 %. Based on
this assessment, a threshold of 10% was applied to conservatively
identify OMPs exhibiting removal signals attributable to biological
processes that are distinguishable from experimental variability after
correction for sorption.

2.5. Selected OMPs and quantification

A total of 23 OMPs, including 21 pharmaceuticals and 2 industrial
compounds, were selected as target compounds (Table S5 & S6). Among
them, 19 are current and former indicator compounds recommended by
the Dutch Foundation for Applied Water Research (STOWA) for moni-
toring OMP removal in WWTPs [14,35]. These compounds are
frequently detected in both the influent and effluent and typically
exhibit removal efficiencies below 50 % during conventional biological
treatment. The remaining four OMPs are representative antibiotics from
two major classes (quinolone and macrolide), several of which appear
on national watch lists in Germany or Switzerland due to concerns over
antibiotic resistance [36]. To ensure accurate quantification at low
concentrations, corresponding internal standards were spiked into each
sample (Table S7). OMPs were quantified using an Ultra High Perfor-
mance Liquid Chromatography (UHPLC, ExionLC™ AD 30) equipped
with a triple quad mass spectrometer (SCIEX Triple Quad™ 5500, USA).
Detailed analytical procedures are provided in Feng et al. [28].

2.6. DNA extraction and metagenomic analysis

DNA was extracted from the six AGS size fractions and used to pre-
pare composite samples for each fraction collected over 12 months (May
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2023 to April 2024) from the full-scale AGS plant in Utrecht, The
Netherlands (Fig. S1), with duplicates for each fraction. Genomic DNA
was processed for library preparation and sequenced using high-
throughput paired-end sequencing. Sequencing reads were subjected
to quality control, trimming, and taxonomic classification to profile
microbial communities. Detailed procedures for DNA extraction, library
construction, sequencing, and microbiome analyses are provided in Text
S6.

2.7. Other analytic methods

Concentrations of COD (acetate), ammonia (NHJ), and nitrate (NO3)
were measured with HACH Lange GMBH kits on a DR 3900 spectro-
photometer (HACH™, Germany). The sludge concentration (suspended
solids content, SS) was determined by standard methods [37].

2.8. Statistical analysis

To assess the overall biotransformation performance at the AGS
system level, independent of granule size, biotransformation efficiencies
(BE), rates, and Ky, values were normalized as described in Text S5. To
explore potential correlations between biotransformation and granule
size under three tested conditions, both simple and mixed-effects linear
regressions were applied to OMPs with BE> 10 % under corresponding
conditions. Statistical significance was evaluated using ANOVA, and
group differences were assessed with Student’s t-tests. All analyses were
performed in R (version 4.1.0).

3. Results and discussion

3.1. OMPs with biotransformation efficiencies above 10 % in the AGS
system

Biotransformation efficiencies (BE) exceeding 10 % under at least
one of the three bioconversion conditions simulating different bacterial
activity were observed for eight OMPs in the AGS system, including
sulfamethoxazole, atenolol, furosemide, benzotriazole, trimethoprim,
diclofenac, metoprolol, and gabapentin (Fig. 1). These eight compounds
are consistent with the OMPs previously reported to be potentially
biodegradable in a full-scale AGS plant [20]. Their removal was signif-
icantly affected by shortened hydraulic retention times, which reduced
the reaction time available for OMP biotransformation. Statistical
analysis further indicated that these compounds generally have signifi-
cantly lower molecular weights (p-value<0.05) and slightly higher hy-
drophilicity (p-value>0.05) compared to the remaining 15 compounds
with lower BE (Fig. S4). All eight compounds contain polar functional
groups mostly on side chains or directly attached to the aromatic rings
rather than embedded within ring systems (Table S5 & S6). These
structural characteristics increase their bioavailability to microbial en-
zymes and facilitate biotransformation. In contrast, several of the
remaining compounds, despite containing polar functional groups,
exhibit low BE, likely due to their rigid chemical structures (e.g., tet-
razole groups, tricyclic dibenzoazepine, macrocyclic lactone ring, or
fluorinated ring systems) (Table S5). Such structural rigidity may hinder
their enzymatic access and bond cleavage.

Under three bioconversion conditions, the different biotransforma-
tion potential of those eight compounds was investigated (Fig. 1). Sul-
famethoxazole, atenolol, and furosemide exhibited BE exceeding 10 %
under all conditions, suggesting their high removal potential within the
AGS systems. Benzotriazole and trimethoprim showed more condition-
specific biotransformation, occurring mainly under nitrifying or aero-
bic heterotrophic conditions, respectively [38-40]. This suggests that
their transformation is mediated by microbial enzymes that are active
under aerobic conditions, such as AMO under nitrification conditions.

Aerobic conditions generally promoted higher biotransformation
than anoxic conditions (p-value<0.05). Eight compounds exceeded
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Fig. 1. Biotransformation efficiencies (BE, %) exceeding 10 % for eight OMPs
after 4 days under nitrifying (with ammonia addition; grey bar), aerobic het-
erotrophic (with acetate addition; red bar), and denitrifying conditions (with
nitrate + acetate addition; yellow bar). The inset box plot illustrates the dis-
tribution of biotransformation efficiencies for the eight OMPs under three
conditions, with the number above each box indicating the number of OMPs
with BE > 10 % in that condition.

10 % BE under aerobic conditions, whereas only three compounds
(atenolol, furosemide, and sulfamethoxazole) reached this threshold
under anoxic denitrifying conditions (Fig. 1). Similar trends in overall
OMP removal were reported by Burzio et al. [27], with higher removal
observed under aerobic conditions compared to anoxic denitrifying
conditions. However, because abiotic removal was not isolated in their
study, Burzio et al. [27] reported only overall removal efficiencies, and
biotransformation removal data for individual OMPs were not available.

The higher OMP removal observed under aerobic conditions is likely
due to the activity of aerobic bacteria harboring diverse oxidative en-
zymes, such as monooxygenases, dioxygenases, and cytochrome P450s,
which facilitate OMP biotransformation via cometabolism [4,5]. These
enzymes require molecular oxygen as a direct reactant and are ener-
getically costly. In contrast, under anoxic conditions, their expression
and activity are generally lower due to limited oxygen and reduced
energy from nitrate respiration, restricting the resources microorgan-
isms can allocate to OMP biotransformation. Additionally, under aerobic
conditions, the presence and fluctuation of dissolved oxygen concen-
trations could also lead to the formation of reactive oxygen species
(ROS), such as superoxide, hydrogen peroxide, and hydroxyl radicals,
which probably activate relevant enzymes (superoxide dismutase,
catalase, and peroxidases); these can theoretically and incidentally
oxidize contaminants like OMP [41]. However, the mechanisms by
which ROS directly oxidize OMPs remain unclear.

Additionally, trimethoprim and gabapentin showed > 10 % BE only
under aerobic heterotrophic conditions (Fig. 1), which likely because
aerobic heterotrophs possess a broader diversity of non-specific oxida-
tive enzymes capable of mediating OMP biotransformation, whereas
under nitrification conditions, OMP transformation is primarily driven
by AMO [5]. Meanwhile, the higher electron transfer activity under
aerobic heterotrophic conditions provides greater metabolic energy
(Table S9), allowing microorganisms to more effectively produce and
maintain these oxidative enzymes, thereby enhancing OMP removal.
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3.2. OMP biotransformation under aerobic conditions across six AGS size
fractions

3.2.1. AGS size-dependent biotransformation rates and Kp;, under aerobic
conditions

Granule-size-dependent OMP biotransformation was investigated
under aerobic conditions (Fig. 2). Significant negative correlations were
observed between AGS sizes and both biotransformation rates and Kp;o
values under nitrifying and aerobic heterotrophic conditions (slope<O0;
R%>0.5; p-value<0.05) (Table S8, Fig. 3A & 3 C). These trends were
supported by mixed-effects linear model results (Fig. S5), indicating that
smaller AGS size fractions exhibit relatively enhanced OMP biotrans-
formation than larger fractions under aerobic conditions. These smaller
fractions, particularly those < 0.2 mm, typically have flocculate struc-
tures that provide a nearly fully aerobic microenvironment, favoring the
activity of aerobic bacteria, such as nitrifiers and aerobic heterotrophs.
These organisms could cometabolize OMPs via oxygen-dependent and
enzyme-mediated pathways using ammonia or organic carbon as pri-
mary substrates [9,42].

As AGS size increases, oxygen diffusion becomes progressively
limited, leading to the development of anoxic zones that limit aerobic
activity [18]. Previous studies have shown that the oxygen penetration

Journal of Hazardous Materials 504 (2026) 141385

depth in AGS is typically limited to about 80 pm, regardless of granule
size [24]. Consequently, smaller size fractions exhibit higher aerobic
zone volume (AZV) per gram biomass, likely explaining the higher
specific activity of aerobic bacteria observed in these size fractions [19,
24]. Notably, the AZV per gram biomass does not decrease linearly with
AGS sizes. Instead, it declines more sharply between 0.2 and 1.2 mm,
then gradually levels off in larger granules [24]. This non-linear trend
may explain why significant linear correlations were only observed in
AGS fractions smaller than 2 mm (Figs. 2, 3A & 3 C). Although both
biotransformation rates and Ky, values continued to decrease in AGS
larger than 2 mm, the decline was more gradual, aligning with the
slower reduction of AZV per gram biomass in these larger size fractions.

3.2.2. Correlation between Kp;, values and specific bacterial activity across
AGS size fractions

The potential roles of nitrifiers and aerobic heterotrophs in OMP
biotransformation were evaluated by examining the correlations be-
tween bacterial activity with Ky, values across six AGS size fractions.
Significant positive correlations were observed between specific sub-
strate oxidation rates and Ky;, values for four compounds under nitri-
fying conditions and seven compounds under aerobic heterotrophic
conditions (R*>0.5; p-value<0.05) (Fig. 2B & 2D; Table S10).
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Fig. 2. Biotransformation rates (ng g SS~* d!) of eight OMPs with BE> 10 % after 4 days under nitrifying, aerobic heterotrophic, and denitrifying conditions across

six AGS size fractions and activated sludge.
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Fig. 3. Biotransformation kinetic rate (Kp;,) of OMPs across six AGS size fractions under nitrifying (A)(B), aerobic heterotrophic (C)(D), and denitrifying conditions
(E)(F). Specific substrate oxidation/reduction rates are normalized by biomass concentration. Dotted lines in (A-D) indicate correlations between Ky, and AGS size or
substrate oxidation/reduction rates, determined by simple linear regression. For (A) and (C), regression lines were fitted using data from five AGS size fractions
(excluding the >4 mm fractions), while (B) and (D) include data from all six AGS size fractions. Corresponding R? values are shown next to the legend. Due to weak
correlation (R?><0.5 and p-value>0.05), no regression lines are shown in (E) and (F), as well as for diclofenac in (A) and (B).

Meanwhile, a mixed-effects linear model based on all compounds with
BE > 10 % under such conditions revealed a strong positive relationship
(R?>0.5) between Kpijo values and the specific oxidation rates of
ammonia or COD (Fig. S5). These correlations suggest the cometabolism

of OMPs and substrate by active nitrifiers or aerobic heterotrophs likely
occurs within the AGS system. Given that smaller AGS fractions, which
have higher AZV per gram biomass, exhibited higher specific substrate
removal rates than larger fractions (Fig. S6), their enhanced aerobic
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microbial activity likely contributes to the higher OMP biotransforma-
tion observed in these fractions.

The observed granule-size-dependent variation in aerobic bacterial
activity aligns with findings from several previous studies. For example,
Britschgi et al. [43] reported higher nitrifier activities in smaller AGS
fractions (<1 mm). Similarly, Mohamed et al. [22], using metagenomic
and metatranscriptomic analyses across three AGS size fractions, found
that smaller fractions (<0.2 mm) harboured more active nitrifiers (two
species of the genus Nitrosomonas) than larger granules (>1 mm).
Additionally, Sandeep et al. [44] observed greater aerobic heterotrophic
activity in thinner biofilms, as indicated by higher specific COD oxida-
tion rates compared with thicker biofilms. Moreover, Flavobacterium, a
potential atenolol degrader from the phylum Bacteroidota [45], showed
higher relative abundance and activity in smaller AGS fractions
(<0.2 mm) than in larger ones [22]. Overall, these studies suggest that
smaller AGS fractions, with higher AZV per gram biomass, provide more
favorable conditions for aerobic bacterial activity and likely play key
roles in OMP biotransformation through cometabolism.

3.3. OMP biotransformation under denitrifying conditions across six AGS
size fractions

Unlike the clear linear correlations observed under aerobic condi-
tions, no significant relationship was found between granule size and
either biotransformation rates or Ky, values for the three compounds
(BE>10 %) under anoxic denitrifying conditions (R2<0.5; p-val-
ue>0.05) (Fig. 2 & 3E). This weak correlation was confirmed by a
mixed-effects linear model (Fig. S5). Interestingly, specific nitrate
reduction rates decreased significantly with increasing AGS size (p-val-
ue<0.05), indicating higher denitrifier activity in the smaller fractions
(Fig. S6). However, this increased activity did not translate into
enhanced OMP biotransformation within the AGS systems. Similar ob-
servations have been reported in denitrifying activated sludge systems,
where increased denitrifier activity alone did not improve OMP
biotransformation; the authors suggested that a more diverse deni-
trifying community may be critical for effective OMP biotransformation
[12].

Meanwhile, the heterogeneous distribution of acetate-uptake de-
nitrifiers across six AGS size fractions may also lead to the weak corre-
lation between denitrifying activity and OMP biotransformation.
Previous studies have reported several acetate-uptake denitrifiers, such
as Candidatus Accumulibacter, Rhodoferax, Acidovorax, Thiothrix, Pseu-
domonas, Thauera, and Azospira [46-48]. In our microcosms supplied
with acetate as a carbon source, these denitrifiers are active and likely
participate in OMP biotransformation. Our metagenomic analysis
showed that Candidatus Accumulibacter was more abundant in larger
granules (>1 mm), both in absolute and biomass-normalized terms,
whereas the other six acetate-uptake denitrifiers were enriched in
smaller AGS fractions (<1 mm) (Fig. S7). Although all these taxa may
contribute to OMP biotransformation in microcosms with acetate sup-
ply, they likely operate through complete or partial denitrification
pathways and employ different enzymes. This functional and taxonomic
diversity across size fractions may explain the lack of a clear correlation
between overall denitrifier activity and OMP biotransformation in our
system.

3.4. Comparison of OMP biotransformation in AGS and activated sludge

Batch microcosm experiments using activated sludge showed that all
eight OMPs undergoing biotransformation (BE>10 %) in AGS systems
were also biotransformed in the activated sludge systems under at least
one bioconversion conditions (Fig. 2). This aligns with previous studies
conducted in activated sludge systems (Table S6). For example, sulfa-
methoxazole and atenolol were removed when the presence of
ammonia, and their biotransformation was correlated to AOB activity
[40,49]; Benzotriazole, that only biotransformed under nitrifying
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conditions in this study, likely due to the activity of AMO, which initi-
ates its degradation via aromatic ring hydroxylation [39]. These findings
suggest that, despite differences in overall microbial communities be-
tween AGS and activated sludge systems, OMP biotransformation may
proceed via similar cometabolic pathways or non-specific enzymes
when comparable substrates are available to the functional microbial
populations.

The system-level biotransformation potential of AGS was calculated
by summing the contributions from each size fraction, with individual
Kpio values weighted by their corresponding sludge proportions in the
full-scale AGS reactor (Text S5 & Table 1). The calculation was based on
the average sludge size distribution measured over one year in the full-
scale AGS reactor, allowing estimation of the potential Ky, values for
OMPs at the system level. The system-level biotransformation potentials
of AGS and activated sludge were also evaluated by comparing the
normalized Kpj, values derived from the six AGS size fractions
(normalized Kp;o,ags) with those measured for activated sludge (Kpio,as)
in the microcosm experiments (Table 1).

Under aerobic nitrifying and aerobic heterotrophic conditions, AGS
exhibited slightly lower normalized Ky;, values than activated sludge for
OMPs with BE> 10 % (p-value>0.05). This outcome is strongly influ-
enced by the biomass distribution among AGS size fractions in full-scale
AGS reactors. Although smaller fractions (<1 mm) exhibited higher Ky;,
values under aerobic conditions, they constituted less than 40 % of the
total biomass (Table S1), thus limiting their overall contribution to OMP
biotransformation at the system level. In contrast, the biomass-dominant
larger granules contributed less effectively to OMP removal due to their
relatively lower biotransformation potential.

Furthermore, the Ky, values observed for activated sludge were most
similar to those of the smallest AGS size fraction. This similarity is likely
because these two sludge fractions share a similar size range (<0.2 mm),
along with comparable morphology and microbial communities.
Moreover, bacteria originating from the influent are considered to be
major contributors to both the smallest AGS size fractions (<0.2 mm) in
full-scale AGS reactors and the flocculent sludge in conventional acti-
vated sludge tanks [21,22]. This common origin, along with morpho-
logical and microbial similarities, likely accounts for their comparable
OMP biotransformation performance.

3.5. Relevance for full-scale AGS plants

This study observed granule size-dependent patterns of OMP
biotransformation under aerobic conditions (nitrifying and aerobic
heterotrophic). Smaller AGS size fractions exhibited higher Ky, values,
supported by significant negative linear correlations between AGS size
and Kp;, values. This suggests that the proportion of smaller AGS size
fractions, which harbour aerobic functional bacteria with higher specific
activity (per gram biomass), is likely to improve OMP removal in AGS
systems.

However, the controlled microcosms featured simpler redox envi-
ronments and operational conditions than full-scale AGS reactors,
indicating that further research is required to evaluate the applicability
of these findings to full-scale AGS plants. Full-scale AGS systems typi-
cally operate in batch-fed mode, leading to gradual declines in substrate
concentrations over each cycle. For example, in the full-scale AGS plant
in Utrecht, The Netherlands, final effluent concentrations of ammonia
and COD were generally below 0.05 and 20 mg L™}, respectively [20],
indicating possible substrate limitation during operation. In contrast,
our microcosms were designed to minimize substrate limitations by
frequently spiking the required substrates, ensuring that sufficient car-
bon and nitrogen availability would not limit OMP biotransformation.
Consequently, the biotransformation rates observed here likely repre-
sent potential performance under substrate-rich conditions and may
overestimate actual rates in full-scale systems experiencing substrate
fluctuations. Therefore, future research should focus on bioreactor- and
full-scale studies incorporating multiple redox conditions and mixed
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Table 1
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Biotransformation kinetic constant (Kp;o, L g SS~ d ') for eight OMPs with BE> 10 % under nitrifying, aerobic heterotrophic, and denitrifying conditions. Values are
shown for system-level AGS (normalized Kp;o, ags), activated sludge (Kpio, as), and AGS fractions smaller than 0.2 mm (Ky;, in AGS<0.2 mm). Kp;, values were derived
from combined data across triplicate microcosm experiments; variability across triplicates was incorporated into the analysis, and thus standard deviations are not

reported separately.

Compounds Nitrification Aerobic heterotroph Denitrification
Normalized Kpjo, Kbio, Kpio in Normalized Kp;o, Kbio, Kpio in Normalized Kp;o, Kbio, Kpio in
Acs” as” AGS< 0.2 mm"” AGs” as” AGS< 0.2 mm"” AGS” as” AGS< 0.2 mm"
Sulfamethoxazole  0.218 0.425 0.387 0.166 0.228 0.227 0.063 0.079 0.057
Atenolol 0.169 0.19 0.229 0.115 0.197 0.225 0.083 0.061 0.089
Furosemide 0.116 0.119 0.203 0.107 0.135 0.134 0.096 0.085 0.105
Benzotriazole 0.174 0.195 0.183 - - - - - -
Trimethoprim 0.041 0.036 0.056 0.117 0.127 0.181 -
Diclofenac 0.041 0.045 0.058 0.077 0.045 0.043 -
Metoprolol 0.062 0.083 0.079 0.058 0.083 0.115 -
Gabapentin - - - 0.046 0.096 0.107 -

# Normalized Kpio, ags represents the potential Ky, for OMP biotransformation in the AGS reactor, taking into account the sludge distribution of six AGS fractions
(Table S1). It was calculated as the sum of the Ky, values from each size fraction, each multiplied by its corresponding sludge proportion in the AGS reactor (Eq. S1).
b Kpio, as Values in activated sludge and in AGS fractions smaller than 0.2 mm were obtained by simple linear regression using data from triplicate experiments.

AGS size fractions. Ideally, these studies would monitor OMP removal
throughout individual or multiple operational cycles to capture dynamic
changes in OMP concentrations in the liquid and sludge phases. This
research would provide deeper insights into how OMP biotransforma-
tion occurs under realistic operating conditions.

Additionally, characterizing transformation products via non-target
screening across different AGS size fractions, which harbour distinct
microbial communities and activities, would provide a more compre-
hensive understanding of OMP transformation pathways. Such analyses
could elucidate the mechanisms of OMP biotransformation under
varying bioconversion conditions in AGS systems.

4. Conclusions

This study evaluated the biotransformation potential of 23 OMPs at
environmentally relevant concentrations (1 pg LY across six AGS size
fractions under nitrifying, aerobic heterotrophic, and denitrifying con-
ditions. Two sets of batch microcosm experiments were conducted using
fresh AGS fractions collected from full-scale AGS reactors to ensure the
microbial communities closely reflected those in actual systems. Granule
size-dependent OMP biotransformation was observed under aerobic
nitrifying and aerobic heterotrophic conditions, where smaller AGS size
fractions exhibited relatively higher biotransformation rates. Kp;, of
these OMPs positively correlated to specific substrate oxidation rates (p-
values<0.05), suggesting potential cometabolism driven by nitrifiers or
aerobic heterotrophs. Under denitrifying conditions, Ky, values were
comparable across size fractions and showed no clear relationship with
denitrifying activities, likely due to heterogeneous denitrifier distribu-
tion. System-level comparison showed that slightly lower Ky;, in AGS
than in activated sludge, mainly due to the limited contribution of
smaller fractions, despite their higher biotransformation potential, in
the full-scale reactors. Overall, this study highlights how sludge size and
redox conditions affect OMP biotransformation in AGS systems,
providing important insights for further optimizing AGS systems to
enhance OMP control during wastewater treatment.

Environmental Implication

This study assessed the biotransformation of micropollutants (OMPs)
at environmentally relevant concentrations (1 pg L) in aerobic gran-
ular sludge (AGS) systems, highlighting the influence of granule size and
bioconversion conditions. OMP biotransformation rates were granule-
size dependent under nitrifying and aerobic heterotrophic conditions,
with smaller fractions exhibiting higher rates, correlating with enhanced
aerobic bacterial activity. These findings provide crucial knowledge to
support the future optimization of AGS systems, particularly through

adjusting granule size distribution, for improved OMP biotransforma-
tion and mitigation of their environmental impact.
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