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Abstract: The endocrine disruptor bisphenol A (BPA) is one of the most commonly found micropol-
lutants in the environment. However, the biodegradation of BPA under anaerobic (methanogenic)
conditions is still an understudied process in wastewater treatment systems. The current study
thus addresses the need for a simple and user-friendly analytical method for the rapid and accurate
quantification of BPA in complex matrices such as digested and co-digester sludges. We established a
microwave-assisted extraction method, followed by derivatization and gas chromatography-mass
spectrometry to quantify BPA by comparing it with a deuterated internal standard. The BPA removal
capabilities of three digester sludges and three co-digester sludges were examined under mesophilic
methanogenic conditions in biogas plants. The endogenous BPA concentration (dry weight) ranged
from 1596 to 10,973 ug kg*1 in digested sewage sludges, and from below the limit of quantification
to 9069 ug kg_1 in co-digester sludges. When BPA was added to the sludges, the removal capabilities
ranged from not significant to 50% after 21 days of incubation. Biogas production was unaffected by
the addition of BPA (228 ug kg~!) to the aqueous sludge. The study demonstrated that BPA could
be removed under anaerobic conditions in accustomed inoculates. The findings have far-reaching
implications for understanding BPA persistence and detoxification under anaerobic conditions.

Keywords: anaerobic digestion; bisphenol A; complex matrix; methanogenic conditions; biogas;
digested sludge; co-digester sludge; GC-MS

1. Introduction

Bisphenol A (BPA) is a micropollutant that is commonly found in the environment [1].
It is an almost ubiquitous, pseudo-persistent xenoestrogen and has been identified as an
endocrine disruptor [2]. Due to the adverse effects of BPA on people and the environment,
the European Chemicals Agency (ECHA) has listed BPA on the Candidate List of sub-
stances of very high concern (SVHC) and recommended BPA to be included in the REACH
authorization list [3]. The hormone-like properties of BPA lead to the lowest observed
effect concentrations (LOECs) between 0.1 and 1 ug L~! for many aquatic organisms [4],
while its production in 2020 was estimated to be 6.2 million tons [5]. It is mainly used as a
monomer for polycarbonates and epoxy resins, although its use as a developing dye for
thermal paper has the most significant impact on the environment [6]. For example, when
the thermal paper is recycled into toilet paper, BPA is carried over to the recycled product
and ends up in sewage, where it is only partially removed during the water treatment
process [7]. Municipal wastewater treatment plants (WWTPs) discharge BPA through
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treated wastewater and the disposal of digested sludges. Thus, WWTPs function as pri-
mary point sources, but BPA also leaches from landfills into the environment [8-10]. It
is necessary to determine BPA in environmental samples to understand its transfer and
accumulation in matrices and to assess the risk of endocrine disruption [11].

Anaerobically digested sewage sludge contains elevated amounts of BPA (up to
36.7 mg kg~! dry weight) [12] due to the adsorption of BPA on primary and activated
sludge in the water treatment process. As a result of this adsorption, sludges that enter
anaerobic digesters contain high amounts of BPA. These sludges are defined as: (i) primary
sludge, which consists of settleable solids removed in a clarifier during primary treatment,
and (ii) waste activated sludge, which is removed through sedimentation after secondary
treatment. Therefore, the mode of action of BPA during anaerobic digestion has been
assessed and discussed in several studies (Table 1). Our study addresses the need for a user-
friendly and straightforward analytical method for the rapid and accurate quantification of
BPA in complex matrices such as anaerobic sludges.

Under aerobic conditions, BPA is biodegraded in activated sludges with reaction
constants between 0.028 and 0.804 h—1 [13,14]. Currently, there is no evidence of anaerobic
biodegradation or transformation, except for when electron acceptors other than oxygen
(e.g., Fe3*, NO%*, SO,%) are present [15]. For example, only the facultative anaerobic
bacterial strain Bacillus sp. GZB biodegraded BPA under anaerobic conditions with Fe* as
the electron acceptor [16]. In another study, 93% and 89% anaerobic biodegradation was
observed after 120 days in river sediment under nitrate- and sulfate-reducing conditions,
respectively [17].

Table 1. Anaerobic removal of bisphenol A (BPA): comparison of BPA changes in other studies.

Experimental Setup Sample/Inoculum BPA Change Study
Sample of 6 German WWTPs Anaerobic digester +68% [22]
Sample of 83 Canadian WWTPs Anaerobic digester +50% [24]
Semi-continuous, 37 °C, stirred, Germany Digested sludge +180 + 113% (20 d) [23]
Semi-continuous with recuperative thickening, 35 °C, . o
recirculated, Australia. Digested sludge 0% (30 d) [19]
Semi-continuous, 35 °C, stirred, Australia Digested sludge 0% (20 d) [20]
Buffer solution batch, 25 °C, five days of incubation . o
before BPA addition, daily shaking, USA Digested sludge 0% (28 d) [21]
Carbonate buffer solution batch, 35 and 55 °C, not stirred, . o
45 days of incubation before BPA addition, France Digested sludge 0% (327 d) [18]
Semi-continuous, 37 °C, stirred, 130 days of . o
incubation before BPA addition, Spain Digested sludge —39+8%(20d) [25]
Semi-continuous, 37 and 55 °C, stirred, 20 days of . o
incubation before BPA addition, Greece Digested sludge —80 £ 15% (20 d) [26]
Continuous, anaerobic membrane bioreactor, 35 °C,
recirculated, 4 months of incubation before BPA Digested sludge —99.9 + 0.0% (4 d) [27]

addition, Australia

Positive value: increase in BPA; negative value: removal of BPA; d: hydraulic retention time (incubation time for batches) in days.

In many studies, no significant biodegradation of BPA has been observed under anaero-
bic methanogenic conditions [18-21], whereas an increase in BPA concentration was reported
for five out of six German anaerobic mesophilic WWTP digesters [22]. This was attributed to
the degradation of polymers (e.g., polycarbonates), which released the monomer BPA [22].
Moreover, in a lab-scale experiment, mesophilic anaerobic sludge treatment increased BPA
concentrations by 80 & 113% [23]. Additionally, Canadian anaerobic WWTP digesters in-
creased BPA concentrations in dry sludge from 360 pg kg~ to 540 pg kg ! (n =83, p < 0.01),
potentially through “the substantial reduction of volatile solids” [24].
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While three studies reported decreases in BPA concentrations under anaerobic
methanogenic conditions (Table 1), none provided unequivocal proof of removal. The first
study reported 39 £ 8% biotransformation of BPA within 20 days [25]. In the second study,
increased BPA removal of up to 80 &+ 16% was observed during anaerobic digestion of
sewage sludge within 20 days [26]. The third study reported 99.9 + 0.0% removal by an
anaerobic membrane bioreactor [27]. However, all three studies applied extraction and
clean-up of complex matrices without using internal standards, and the reported removal
capabilities might be affected by sorption processes and low recoveries. The use of an
isotopically labeled internal standard is a common technique to compensate for analyte loss
during the analytical process, e.g., due to extraction. The removal of BPA under anaerobic
conditions has never been investigated using this technique. Therefore, previous studies
reporting the anaerobic removal of BPA lack unequivocal evidence.

Until this point, the biological degradability of BPA under anaerobic (methanogenic)
conditions has been a very controversial topic. Im and Loffler (2016) concluded that proof
of anaerobic BPA co-metabolism and degradation is still missing [15]. The reason for the
observed removal in three studies (Table 1) might be different biological activities of the
sludges used as inoculum sources but could also be due to different experimental setups or
variable recovery rates due to the complex matrix. Moreover, several sampling strategies
for the influent and effluent do not account for sorption processes in the reactors (such as
anaerobic sludge blanket reactors) [28-32]. At the same time, there is great interest in the
anerobic biotransformation processes of BPA [33-37].

Our research is thus motivated by: (i) the varied results from some research groups,
which generally do not provide clear evidence for BPA removal under anaerobic condi-
tions; (ii) the limitations of studies using only one inoculum; and (iii) methodological
improvement through using an internal 1*C- or deuterium-labeled standard.

In summary, BPA in sludges must be quantified quickly and accurately using simple
and user-friendly analytical methods to obtain reliable data. To overcome the difficulties
of safely quantifying BPA, a mass spectrometry-based analytical method was developed
using deuterated BPA (D;4-BPA) as an internal standard.

Upon setting up an analytical methodology, our study aimed to compare the BPA
removal efficiency of different sludges under standardized anaerobic (methanogenic)
conditions, using deuterated BPA as an internal standard to account for adsorption losses.
We tested inoculates from three different co-digesters and three sewage sludge digesters
(Table S1) to measure the removal capability of different inoculates, while also monitoring
their biogas production. We chose inoculates from digesters with diverse conditions
(different substrates and processes), which were reportedly associated with various stable
microbiome compositions [38].

2. Materials and Methods
2.1. Seeding Sludges and Chemicals

In this study, inoculates were retrieved from three co-digesters and three sewage
sludge digesters in Germany (Table S1). The following chemicals were obtained: bisphe-
nol A (BPA), 97+% (Alfa Aesar GmbH and Co. GK., Germany); bisphenol A-d16 (D-
BPA, 4,4'-(propane-2,2-diyl-1,1,1,3,3,3-dg)bis(phen-2,3,5,6-d4-0l-d)), 99.1% d1¢ (CDN Iso-
topes, Canada); N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA, Macherey-Nagel,
Germany); pyridine 99.8+% (Merck KGaA, Germany); and methanol, UHPLC gradient
grade (VWR International, Germany).

2.2. Experimental Setup

For the anaerobic digestion experiments, 1 L glass bottles were used for batch ex-
periments, according to the German standard VDI 4630 (Figure 1a) [39]. For each bottle,
600 g of the respective aqueous sludge types were used as the seed sludge. All batches
were operated under mesophilic conditions at 38 °C in an orbital shaker at 80 rpm for
21 days. Digestion experiments were conducted in triplicate after adding 137 ug of BPA
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(concentration in aqueous sludge = 228 ug kg~! = 1 umol kg~!). An additional untreated
control for each inoculum was incubated without spiking. All batches were supplemented
with microcrystalline cellulose (mass concentration = 0.2%) as an additional carbon source.
To ensure anaerobic conditions at the beginning of the experiment, the bottles were flushed
with N, before being closed. Biological triplicates were sampled before and after 21 days
of incubation for the spiked sludges. Analogously, analytical triplicates were sampled for
the untreated sludges. The biogas volume was measured in liquid displacement systems,
and biogas composition was measured daily with the COMBIMASS® GA m gas analyzer
(Bindergroup, Germany).

b

Sludge samples

Addition of internal standard D,s-BPA
Lyophilisation
v * Microwave assisted extraction (MAE)

Extract

+ Drying (gentle N, stream)
* Resuspension in Pyridine
v * Derivatisation with MSTFA

38°C Analytical sample
80 rpm
21 d +  GC-MS measurement
2 « Data processing
v * Quantification of BPA

BPA concentration

Figure 1. Experimental design: (a) Anaerobic batch test following German standard VDI 4630, and
(b) analytical workflow. Inoculates were digested in bottles (al) under anaerobic mesophilic con-
ditions (38 °C) in an orbital shaker (a2) connected to eudiometers (a3) with levelling bottles (a4) to
allow quantitative and qualitative measurements of the produced biogas.

2.3. Calculation of Methane and Carbon Dioxide Yields Produced by the Anaerobic Batches

The methane yields of the anaerobic experiment were calculated according to VDI
4630 [39]. The dry biogas yield was calculated using

(p—pw) In
Vdry,N = VTZ‘]T (1)

where Vj,, n = volume of the dry gas in the normal state in mL, V = measured volume in
mL, p = pressure of the gas phase at the time of measurement in hPa, p,, = vapor pressure
of water at the measured temperature in hPa, T = temperature of the gas phase at the time
of measurement in K, pn = standard pressure (1013 hPa), and Ty = standard temperature
(273 K). The produced methane volume was calculated using

96CFQ
No——CHs
YocH, + %co,

@

Ver, = Vary,
where Vcp, = methane yield in mL, V4, y = volume of the dry gas in the normal state in

mL, %cp, = methane percentage, and %cp, = carbon dioxide percentage. The carbon
dioxide yield was calculated using

0/o(jo2
N0
YocH, + Yoco,

®)

Veo, = Vary,

where Vo, = carbon dioxide yield in mL, Vj,y v = volume of the dry gas in the normal
state in mL, %cy, = methane percentage, and %cp, = carbon dioxide percentage. The
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produced volumes were calculated for each day. For the spiked triplicates, an average value
was calculated. The sum curves and total volumes produced were calculated from the daily
volumes produced [39]. Additionally, the theoretical maximum methane potential of 1.2 g
cellulose was calculated according to the methods reported by Buswell and Mueller [40]. The
maximum methane potential was corrected to determine the biochemical methane poten-
tial [41]. Lastly, the theoretical gas curve was estimated based on the Gompertz model [42].

2.4. Analytical Methodology for Quantification of BPA

The aqueous sludges were spiked with 228 ug kg ! of the internal standard, deuter-
ated BPA (D14-BPA), during the earliest step of the analytical process (Figure 1b). Samples
were incubated with the internal standard for 1 h, frozen in liquid nitrogen and freeze-dried
to obtain a constant weight. Next, the samples were extracted via microwave-assisted
extraction (MAE) with the MARS 5 microwave extraction system (CEM Corporation, US).
About 1 g of dry matter was extracted in 55 mL PFA MARS Xpress vessels with 10 mL
methanol at 120 °C, 1200 W, and 100% power with a 20 min ramp, 15 min hold time
and 30 min cooldown. Afterwards, 2 mL of the extracts were dried, first under a gentle
stream of nitrogen and then at 30 mbar, before they were each resuspended twice in 100 uL
pyridine. For each sample, the two 100 pL solutions were combined and 50 pL of each
mixture was derivatized with 25 uL. of MSTFA at 60 °C for 60 min.

One pL of each prepared sample was injected into the gas chromatograph-mass
spectrometer ISQ trace GC ultra (Thermo Fisher Scientific, Waltham, MA, USA) with the
AS3000 autosampler (Thermo Fisher Scientific, Waltham, MA, USA). A split/splitless
injector with a split ratio of 50 was applied at 250 °C. Helium was used as a carrier gas with
a constant flow of 1.2 mL min~!. A ZB-SemiVolatiles GC column (Phenomenex, Torrance,
CA, US, 5% phenyl phase, length 30 m, diameter 0.25 mm, and film thickness 0.25 um) was
used. The GC temperature program started at 80 °C and was held for 2 min, then ramped at
20 °C min~! to 120 °C and held for 1 min, further ramped at 5 °C min~! to 250 °C and held
for 3 min, and finally ramped at 10 °C min ! to 320 °C and held for 2 min. The MS transfer
line temperature was 250 °C, and the ion source electron impact ionization temperature
was 280 °C. Lastly, the mass range of 50600 m/z was scanned every 0.3 s.

2.5. Calculation of the BPA Concentration

BPA concentrations were determined from the peak areas of the extracted ion chro-
matograms (Figure 2a) of the most abundant specific fragments of the TMS derivatives
of the analyte, BPA (m/z = 357 = 0.5, [M-CH3]*), and the internal standard, D;4-BPA
(m/z =368 £ 0.5, [M-CDj3]*) (Figure 2b). Furthermore, the presence of BPA in samples
was confirmed with the co-injection of a 50:50 mixture of the sample and a BPA standard
solution with a similar concentration (Figure 2c). The molecular ions at m/z = 372 + 0.5
(BPA) and m/z = 386 £ 0.5 (D14-BPA) were used for confirmation. The quantifier ions were
caused by the cleavage of a methyl group or a deuterated methyl group, respectively. For
quantification, the response factor (f;) was determined by comparing the quantifier ion
isotope patterns of the BPA and Dy4-BPA standards within the linear working range.

The BPA concentration in aqueous sludge was calculated according to

Ass7 4+ 05 @)

CBPA = CDy—BPA X 7 ¢
10 Azeg + 05 X fr

where cppy = BPA concentration in aqueous sludge (ug kg’l), ¢p,s—BrA = added concen-
tration of D16-BPA, Ass; 1 o5 = peak area of EIC m/z 357 £ 0.5, A3es + 05 = peak area of
EICm/z 368 & 0.5, and f, = response factor = 1.109. The peak areas were calculated for the
EICs with the Xcalibur software (Thermo Fisher Scientific, US), using a baseline window of
40, an area noise factor of 5, and a peak noise factor of 10. The final ratio of cgpa /cp,,—ppa
ranged from 0.15 to 2.5, in which linearity was proven. The limit of quantification (LOQ)
for BPA was calculated using the signal-to-noise ratio (S/N) for each sample [43]. An S/N
of 10 was considered acceptable for the calculation of the BPA concentration.
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Figure 2. Analytical methodology, method development, and method evaluation: Bisphenol A measurements in the

complex matrix: (a) Total ion chromatogram (TIC) and extracted ion chromatograms (EICs) of the most abundant fragments
of analyte (BPA) and standard (D14-BPA) used for quantification. (b) Mass spectra of the analyte (BPA) and the internal
standard (D14-BPA) in the complex matrix. The mass spectra (1m/z 330—400) at retention time 26.02-26.06 min (BPA) and
25.88-25.92 min (D14-BPA) show isotopic distributions of the molecular ions (red; m/z = 372, 386) and the most abundant
fragments (m/z = 357, 368) of TMS-BPA and TMS-Dy4-BPA, respectively. Structures of the molecular ions of the TMS
derivatives are depicted, and fragment loss is highlighted. A matrix peak can be seen at m/z 339 in the BPA spectrum. (c) The

presence of BPA was confirmed by co-injection of the sample and the BPA standard solution with a similar concentration.

The concentration of BPA was calculated in pg per kg of aqueous (wet) sludge for
several reasons: (a) due to the viscosity and biological activity of several sludges, their
volumes could not be measured; (b) the internal standard had to be added to aqueous
sludge to account for sorption; (c) for normalization of the removal, the concentration in
dry sludge was a misleading parameter, since the dry mass was drastically reduced during
incubation, but the aqueous mass was relatively stable. However, for all samples except
the sludge from CoD1, the density was around 1.0 kg L~!, and concentration in pg kg ™!
was equal to the concentration in pg L1

Removal efficiencies were calculated using

_ CBPA21d

% removal ef ficiency = <1 CBoAD 1

) x 100% (5)

where cgpa o 4 = BPA concentration in aqueous sludge (ug kg_l) before incubation, and
cppA21 4 = BPA concentration in aqueous sludge (ug kg’l) after incubation.

2.6. Statistical Analysis

The methane yields of reactors with and without additional BPA were compared
through a paired two-tailed t-test (n = 6). The carbon dioxide yields were compared
in the same manner. In addition, the BPA concentrations before and after fermentation
were compared. Depending on the equality of variances, Student’s or Welch’s t-test (both
two-tailed) was performed to compare the concentrations before and after fermentation.
Pearson correlation coefficients were calculated for endogenous BPA concentrations and
concentration changes (removal) in untreated (n = 5) and spiked sludges (n = 6). The
differences were considered statistically significant for p < 0.05.

3. Results and Discussion

After establishing the analytical methodology, we studied BPA removal in six different
anaerobic digester sludges. Removal was defined as the relative decrease in BPA concen-
tration in aqueous sludge through incubation experiments. In particular, BPA removal
in sludge samples spiked with BPA (228 nug kg ') was compared with that in untreated
control samples, considering the endogenous BPA content of the samples. In addition,
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this study compared the biogas production in untreated and spiked sludges to assess the
potential influence of BPA on the microbiome of the three digested sewage sludges and
three co-digester inoculates.

3.1. Bisphenol a Fragmentation and Matrix-Matched Calibration

To quantify BPA in the complex matrix of sludge, we used Dj4-BPA as an internal
standard. This involved applying MAE, derivatization (trimethylsilylation), and, subse-
quently, gas chromatography—mass spectrometry (GC-MS). Matrix-matched calibration
with a deuterated internal standard was the most straightforward calibration strategy,
allowing a high throughput of samples. As expected, the deuterated standard eluted
several seconds before the analyte (Figure 2a) [44]. The addition of the deuterated internal
standard before extraction allowed direct quantification despite high matrix interference
and varying recovery rates [45]. In this case, MAE generally had high recovery rates and
was well suited for dried sludge samples. Moreover, GC-MS of the derivatized samples
provided reliable limits of detection (LOD) and quantification (LOQ), and an efficient
linearity range.

Importantly, the base fragment [M-CD3]* (m/z 368) was used as a quantifier for
D14-BPA. To enable comparison with the base peak [M-CHj3]* (1m/z 357) of the analyte
BPA, a response factor was calculated. This response factor takes into account the fact that
there are more possibilities for the formation of the [M-CH3]* fragment than for [M-CDs]*,
since the silylated alcohol groups (TMS) are not deuterium-labeled. Furthermore, isotopic
signatures were used to determine the impact of partially labeled D;4-BPA molecules. The
response factor also corrected for this effect.

3.2. Biogas Production of Various Anaerobic Sludges in the Presence of BPA

To characterize the influence of BPA on biogas production, untreated inoculums were
compared with those spiked with BPA in three digested sewage sludges (DSS) and three
co-digester inoculates (CoD) (Figure 3). Notably, only negligible differences in methane and
carbon dioxide production were observed upon BPA addition (228 pg kg ~! BPA) (Figure 3a).
In addition, a paired t-test showed no significant changes in either carbon dioxide (p = 0.669)
or methane (p = 0.394) production (Figure 3b). On a related note, previous studies have
reported that the addition of small amounts of BPA (3.6 ug L~!) inhibited methanogenesis
by approximately 24% in anaerobically digested sludge [46]. In contrast to these results,
elevated amounts of BPA administered to the sludges in the present study (228 pg kg~!) did
not significantly change methane production. The microbiomes associated with five sludges
were probably adapted to high BPA concentrations (see Figure 4). However, the apparent
resilience of the microbiome of the sixth sludge (CoD1) could not be explained by adaptation,
since the sludge did not contain endogenous BPA. The microbiome of CoD1 might be more
resilient due to different taxonomic compositions, as observed by Abendroth et al. [38],
or the higher cell and particle content (11.7% dry mass) of the sludge. Furthermore, the
inoculates revealed high endogenous methanogenic activity compared with the estimated
contribution of the added substrate (Figure 3a, black line).

3.3. Endogenous Concentrations of BPA in Various Sludge Types

The BPA concentration in untreated samples was measured for anaerobic sludges to
determine the endogenous content before spiking with BPA (Figure 4). The concentration in
the sludges (dry weight) varied strongly. In the digested sewage sludges, the concentration
ranged from 1596 to 10,973 pg kg1, and in the co-digester sludges, the values ranged from
below the LOQ up to 9069 pug kg~ !, depending on the individual digester. The endogenous
BPA concentration in digested sewage sludge was at the higher end of the reported spectrum
of BPA concentrations in digested sewage sludge. It was relatively similar to other German
WWTPs (1 = 15, ¢ = 152-28,380 pug kg~ !, median 712 pg kg 1) [22,23], but higher compared
with Canadian WWTPs (1 = 78, ¢ = 27-4600 ug kg~!, median 290 pg kg~1) [24].
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BPA is commonly found in industrial wastewaters, particularly from paper
recycling [47,48]. As the sampled DSS received wastewater from a paper recycling plant,
DSS1 potentially had far higher concentrations of BPA than the other two digested sewage
sludges.

Furthermore, the determined endogenous BPA concentration in the co-digested
sludges was consistent with the expected BPA content of the various substrates for the
co-digesters (Figure 4, CoD1-3). CoD1 received silage, farm manure, and livestock and
farming waste, which should contain low amounts of BPA, according to a European Union
risk assessment report [49]. Conversely, CoD2 received packaged—and subsequently
shredded—food waste, which was likely contaminated with BPA [50]. CoD3 received the
organic fraction of municipal solid waste, which was very likely to contain receipt slips,
known for their high BPA content [51], thus explaining the BPA values.

3.4. BPA Removal under Anaerobic Conditions

Most importantly, our study demonstrated varying BPA removal capabilities under
anaerobic conditions, depending on the inoculum (Figure 5). BPA removal efficiencies
ranged from 16 to 57%. We observed significant BPA removal in two of six sludges
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without additional BPA spiking (DSS1, CoD2) and four of six sludges with BPA spiking
(228 nug kg~ !). Throughout the treatments, no change in BPA concentration was recorded
in the other four cases without BPA spiking and the other two cases with spiking. Notably,
even the addition of BPA did not cause any change in the two sludges (DSS2, CoD1).

700 -34% -23% -27% -57% -50% -16%
*%* *% ns ns ns * ns *%* *k% ns *

600 - =

500 - -

4001 -

BPA in aqueous sludge (ug kg™")

300
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4 gg
95 B
J |
0. | § A
d sewage sludges (1-3) Sludge Digestate Leachate
(DSS2) (DSS3) (CoD1) (CoD2) (CoD3)

Il Sludge -BPA, 0d [ |Sludge +BPA,0d  Change after incubation (%)
Il Sludge -BPA, 21d [ |Sludge +BPA, 21d  Significance (*)

Figure 5. The anaerobic removal efficiency of bisphenol A for different sludge types. BPA concen-
trations in aqueous sludge (ug kgfl) are shown before and after digestion for 21 days in different
anaerobic sludges. Spiked sludges (+BPA) received 228 ug kg~! of BPA, and untreated samples
(—BPA) were used without additional BPA. Anaerobic batch digestion occurred with three different
digested sludges from WWTPs and seed sludges from three different co-digester plants. Standard de-
viations of the triplicates are represented by error bars. The significance level of removal is highlighted
above each pair of bars, with the percentage change of BPA concentration (= —% removal efficiency)
for significant values. A p-value > 0.05 was considered not significant (ns), while p-values < 0.05 were
considered significant, with p < 0.05 (*), <0.01 (**), and <0.001 (***).

We observed that the higher the BPA concentration, the higher the absolute removal
(—BPA: Pearson correlation coefficient r = 0.921, n = 5, p < 0.05; +BPA: r = 0.858, n = 6,
p < 0.05; Figure 6), which indicated a first-order reaction.
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Figure 6. Correlation of removal of bisphenol A with endogenous BPA concentration. Spiked sludges
(+BPA) received 228 ug kg‘1 of BPA, and untreated samples (—BPA) were used without additional
BPA. Absolute removal and endogenous BPA concentration were calculated for six aqueous sludges
(—BPA: Pearson correlation coefficient r = 0.921, n = 5, p < 0.05; +BPA: r = 0.858, n = 6, p < 0.05).
Standard deviations of triplicates are represented by error bars. Linear regressions were calculated
with x and y errors according to York et al. (2004) [52].
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High endogenous BPA concentrations may trigger BPA removal due to potential
acclimation of the microbial community and subsequent triggered BPA degradation. This
conclusion is supported by the observation that BPA addition induced removal within
21 days in two sludges (Figure 5, DSS3, CoD3). Additionally, the two sludges that removed
BPA without spiking showed high endogenous BPA concentrations (>8000 pug kg~! dry
weight, Figure 4).

In our study, high recovery rates (98.7-100.6%) of BPA from sludge samples were
achieved using MAE, which was comparable to other studies [53,54]. More importantly,
the internal standard can compensate for analyte loss in the analytical process. Therefore,
we conclude that adsorption and biosorption are negligible for the BPA removal observed
in our study. Notably, even in sludge with the highest TS content (11.7 £ 0.3%, CoD1),
no significant change in BPA concentration was measured, whereas sludge with a low TS
content (2.7 £ 0.03%, DSS1) showed BPA removal. Therefore, reasons other than sorption
processes must be considered for the observed BPA removal. We suggest that syntrophic
bacteria degrade BPA, which is typical for aromatic compounds under methanogenic
conditions. For example, benzoate, gentisate, and hydroquinone are degraded by syn-
trophic co-cultures [55]. Thus, BPA might be transformed and subsequently degraded
via the benzoyl-CoA pathway [56]. Indeed, several bacteria that can degrade aromatic
compounds under methanogenic conditions in a Birch-like reaction are often found in
anaerobic sludges (e.g., the mixotroph Rhodopseudomonas palustris and nitrate-reducing
Thauera aromatica) [57-59].

4. Conclusions

In summary, the mass spectrometry-based methodology and the application of an
internal standard allow BPA to be quantified, even in complex matrices. Unfortunately,
no inter-laboratory tests or certified standards for BPA are available for digested sludges.
To our knowledge, this is the first study that unequivocally demonstrates anaerobic BPA
removal by applying D;4-BPA. The BPA removal capability and its persistence under anaer-
obic conditions depended on the sampled digesters. Interestingly, inoculates with already
high endogenous BPA concentrations removed BPA efficiently (up to 57%), presumably
because BPA-degrading bacteria were adapted to high BPA concentrations. We propose a
combination of several inoculates with well-adapted microbiomes to aid in the biodegrada-
tion of micropollutants, as the underlying mechanism of microbiological degradation is
largely unknown.
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