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ARTICLE INFO ABSTRACT

Keywords: Graphene oxide (GO) addition to anaerobic digestion has been suggested to enhance direct electron transfer. The
Anaerobic biotransformation impact of GO (0.075 g GO g~! VS) and biologically and hydrothermally reduced GO (bio-rGO and h-rGO,
Bio-reduced graphene oxide respectively) on the methane production kinetics and removal of 12 pharmaceuticals was assessed in Fed-batch

Direct interspecies electron transfer
Methanogenesis
Micropollutants

reactors. A decrease of 15 % in methane production was observed in the tests with GO addition compared with
the control and the h-rGO. However, bio-rGO and h-rGO substantially increased the methane production rate
compared to the control tests (+40 %), in the third fed-batch test. Removal of pharmaceuticals was enhanced
only during the bio-reduction of GO (1st fed-batch test), whereas once the GO was bio-reduced, it followed a
similar trend in the control and h-rGO tests. The addition of GO can enhance the methane production rate and,
therefore, reduce the anaerobic treatment time.
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O. Casabella-Font et al.
1. Introduction

Anaerobic wastewater treatment is considered an alternative to
conventional aerobic treatment. This process consists of four steps in
which complex organic matter is transformed into methane, i.e., hy-
drolysis, acetogenesis, acidogenesis, and methanogenesis. Hydrolysis is
the limiting step of the entire process since it is necessary to release
extracellular enzymes (i.e., cellulases, proteinases, and lipases) to break
up the macromolecular structures (Chandra et al., 2012; Vavilin et al.,
2008). Besides hydrolysis, methanogenesis is the subsequent critical
step that has a direct effect on the methane production kinetics (Dong
et al., 2019; Kato et al., 2012).

The microbiome of anaerobic sludge is composed of a consortium of
microorganisms, each with different roles in the different steps. Thus,
interspecies communication is essential for the stability of the process.
The synergetic relationship between anaerobic microorganisms is
responsible for different biological reactions, often resulting in low
process kinetic rates leading to high retention times (Wu et al., 2020).
Interspecies electron transfer (IET) is the primary limitation of the
anaerobic processes since it is conducted through molecules that are
released into the mixed liquor (Luo et al., 2020; Zhong et al., 2022).
Alternatively, electrons can be exchanged through physical structures
(e.g., conductive material, and conductive pili) in a direct interspecies
electron transfer (DIET), thus overcoming the mass transfer limitations
associated with the usage of the dissolved biomolecules. Syntrophic
bacteria live on the metabolic by-products produced by other microor-
ganisms. The first evidence of DIET was published by Summers et al.
(2010), after observing the electron exchange in cellular aggregates.
Previous studies reported the impact of carbon-based conductive ma-
terials, e.g. granular activated carbon (GAC), biochar, and graphene, to
promote the electron exchange through a conductive material (Lin et al.,
2017; Luo et al., 2020). For example, the addition of 15 g L ! of GAC to
anaerobic batch reactors enhanced the methane production by 45 % in
the co-digestion of waste-activated sludge and food waste (Johnravindar
et al., 2020). Other studies have focused on the graphene-based mate-
rials such as graphene oxide (GO), which is biologically reduced under
anaerobic conditions to conductive reduced graphene oxide (bio-rGO).
It was observed that loadings of 50-500 mg GO L ™! negatively affected
the methane production and kinetic rate, reducing the specific methane
production by 10-20 %, whereas a loading of 5 mg/L did not signifi-
cantly decrease the methane production (Colunga et al., 2015; Dong
et al., 2019; Zhang et al., 2017). A recent study used the fed-batch (FB)
strategy to monitor the impact of GO (<25 mg GO g~ ! volatile solids
(VS)) on methane production during five sequential batch tests, and
reported that the total methane production was recovered after one feed
step (Ponzelli et al., 2022a). Therefore, anaerobic biomass seems to
require an adaptation period to GO, initially affecting its methane pro-
duction, but recovering after GO is incorporated into the sludge.

Besides methane production, many efforts are focused on the
occurrence and removal of emerging contaminants during anaerobic
wastewater treatment (Ponzelli et al., 2022b; Zahedi et al., 2022).
Anaerobic biodegradation of organic pollutants depends on the func-
tional groups present in their molecular structure, making some of them
very persistent to biological transformation (Ghattas et al., 2017).
However, the addition of conductive materials can enhance their
biodegradability (Liu et al., 2012). A previous study reported a 3.5-fold
increase in the removal rate of azo dyes (i.e., reactive red 2 and 3-chlor-
onitrobenzene) under methanogenic conditions by adding 5 mg GO L™}
(Colunga et al., 2015). Similarly, nitrobenzene biotransformation was
enhanced after amending anaerobic sludge with 150 mg GO L™} (Wang
et al., 2014). Moreover, the addition of GO has been recently reported to
enhance the overall removal of a wide range of pharmaceuticals (e.g.,
carbamazepine, sulfamethoxazole, roxithromycin) (Casabella-Font
et al., 2023b). However, the impact of GO on the removal rates was not
monitored.

The objective of this study was to assess the adaptation of the
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anaerobic sludge to GO, i.e., the formation of bio-rGO, focusing on the
effect of GO on the methane production and removal of pharmaceuti-
cals. We investigated the impact of GO addition at 0.075 g GO g~! VS
concentration on the methane production kinetics, both during the early
exposure of the anaerobic biomass to GO, as well as after the adaptation
of the biomass to (r)GO using a FB strategy. Upon addition, GO is rapidly
bio-reduced to bio-rGO. The results were compared with the experi-
ments run with the addition of hydrothermally reduced GO (h-rGO).
Furthermore, pharmaceuticals removal by the anaerobic microbial
community was assessed during the initial exposure with GO and h-rGO,
and after three sequential batch tests.

2. Materials and methods
2.1. Reagents and inoculum source

The anaerobic sludge (AnS) used as inoculum was collected from an
anaerobic digester that treats waste activated sludge in Girona’s
municipal wastewater treatment plant (Catalonia, Spain). Microcrys-
talline cellulose was used as substrate following the protocol published
by Anaerobic Digestion Specialist Group of the International Water As-
sociation (IWA) (Holliger et al., 2016), and was purchased from Sigma
Aldrich (Sigma Aldrich Inc., USA). All standards used for the micro-
pollutants stock solution and calibration curve were of analytical grade
and purchased from Sigma Aldrich (USA) and Toronto Research
Chemicals (Canada). GO was purchased from Graphenea (Spain) as 0.4
% w/w aqueous dispersion (>95 % of purity) with a monolayer size
lower than 10 pm. Hydrothermally reduced graphene oxide (h-rGO)
dispersion (0.4 % w/w) was prepared using a hydrothermal process
(180 °C for 12 h) using 0.4 % GO solution as a stock solution. Charac-
terization of graphene-based materials is provided in Supplementary
Material (Baptista-Pires et al., 2021).

2.2. Analytical methods

Analyses of total solids (TS) and volatile solids (VS) were performed
following the Standard Methods (APHA 2017). Target pharmaceuticals
were analyzed using ultra-high performance liquid chromatography
(UHPLC) (Waters Corporation, MA, USA) in tandem with a 5500 QTRAP
hybrid quadrupole-linear ion trap tandem mass spectrometer (AB Sciex,
Foster City, USA). Details of the analytical method are summarized in
previous studies (Gros et al., 2019).

2.3. Biochemical methane potential tests

2.3.1. Non-adapted sludge biochemical methane potential tests
Biochemical methane potential (BMP) tests were set up in 600 mL
glass bottles, using an inoculum to substrate ratio of two (in VS) (Zahedi
et al., 2018). Methane production was monitored online using a Gas
Endeavour instrument (Bioprocess Control, Sweden). The equipment
had incorporated a scrubber solution with 3 N NaOH to remove acid
compounds from the biogas produced. High-precision methane pro-
duction data was collected using 2 mL flow cells with a range of mea-
surement of 0.2 to 1500 mL h™!. To assess the removal of
pharmaceuticals, another set of BMPs was prepared by sealing the bot-
tles with a rubber stopper, which allowed sampling while keeping the
bottles airtight and under anaerobic conditions. Two mL of mixed liquor
was centrifuged at 11,000 g for 10 min. The supernatant was filtered
through 0.22 ym polyvinylidene difluoride (PVDF) filters and kept at
—20 °C until the analysis. To ensure anaerobic environment, the head-
space was flushed with pure N for two min. A mix of target pharma-
ceuticals, namely two macrolides (i.e., azithromycin (AZM) and
roxithromycin (ROX)), two tetracyclines (i.e., tetracycline (TTC) and
chlortetracycline (CTC)), two sulfonamides (i.e., sulfamethoxazole
(SMX) and sulfadiazine (SDZ)), three fluoroquinolones (i.e., enro-
floxacin (ENO), norfloxacin (NOR), and ofloxacin (OFX)), trimethoprim
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(TMP), carbamazepine (CBZ), and iohexol (IHX). The selected phar-
maceuticals are representative of four widely used families of antibiotics
(i.e., macrolides, fluoroquinolones, tetracyclines, and sulfonamides),
and include also CBZ and IHX, both highly persistent to biological
treatment, thus leading to their frequent detection in the environment.
Target pharmaceuticals were added to achieve initial concentrations of
1 pM each by adding 25 L of concentrated standard solutions (1/4, v/v,
methanol/water). Abiotic transformations and adsorption of pharma-
ceuticals onto GO and/or microcrystalline cellulose was investigated in
a separate set of experiments, in the presence of the same amounts of
substrate (1.09 g), pharmaceuticals, and GO/h-rGO (40 mL 0.4 % GO)
used in the biotic experiments (with inoculum), but replacing the
inoculum with water.

Three tests were conducted in triplicate: i) control (AnS) without GO
or h-rGO (Control); ii) addition of 0.075 g GO g’1 VS (AnS + GO); and
iii) addition of 0.075 g h-rGO g~ VS (AnS + rGO). GO and h-rGO were
added according to the VS content of the inoculum. This GO concen-
tration was chosen according to a previous study that reported an
enhancement in the removal of pharmaceuticals in the anaerobic
digestion of waste-activated sludge (Casabella-Font et al., 2023b).

2.3.2. Fed-batch biochemical methane potential tests

The second set of BMP tests was prepared with new/fresh inoculum
to study the impact of the addition of GO and h-rGO in midterm con-
ditions (45 days). A fed-batch (FB) strategy was employed to assess the
adaptation of the anaerobic sludge to both graphene-based materials, e.
g., to bio-rGO formation in the case of GO addition. A single dose of GO
or h-rGO was added at the beginning, while three doses of cellulose
(1.09 g cellulose each) were added on day 0, day 15, and day 30,
resulting in three sets of consecutive tests: FB1, FB2, and FB3. An extra
dose of microcrystalline cellulose for the subsequent sequential batches
(FB2 and FB3) was added after achieving a daily methane production of
< 1mLd™L. The removal of pharmaceuticals was monitored in FB3. The
same conditions were assessed in triplicate: i) control without adding
GO/h-rGO (Control_FB); ii) addition of 0.075 g GO g’l VS; (GO_FB); iii)
addition of 0.075 g h-rGO g’1 VS (h-rGO_FB). GO and h-rGO were added
according to the VS content of the inoculum.

2.4. Experimental data modeling

To describe and compare quantitatively the experimental data on the
methane production, we used the Gompertz mathematical model (Eq.
(1), a modified sigmoidal curve previously reported to describe methane
production of simple substrates degradation with an initial lag-phase
(Ware and Power, 2017). The Excel solver function estimated three
different parameters by fitting the experimental data and the theoretical
model using minimum squared error methodology. Each parameter was
represented in the model as follows: i) maximum specific methane
production (mL CHy4 g’1 VS) as M,,; ii) maximum methane production
rate (mL CHy4 g’1 VS d’l) as fimay; 1il) lag phase as 4 (days). To evaluate
the statistical differences between data, ANOVA tests were carried out
using Minitab 17 Statistical Software (State College, PA: Minitab, Inc.).

M(t):Mm~e{—e[”"1M;"‘.e-(/1—t)+l}} )

oo

2.5. 16S and functional gene expression characterization

RNeasy PowerBiofilm kit (QIAGEN, NL) was used to extract the total
RNA from the microbial samples. High-throughput sequencing of the
extracted RNA was then performed using the NovaSeq 6000 platform
(Illumina Inc., San Diego, CA). The extraction was done from the control
and GO conditions at different times of the non-adapted sludge experi-
ments, i.e., after 24 and 72 h for the control, and after 72 h for the GO. In
order to characterize the taxonomic composition of the metatran-
scriptomic dataset, reads were aligned against the NCBI non-redundant
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(NR) protein database (https://ftp.ncbi.nlm.nih.gov/blast/db/FASTA
/nr.gz, April 2023) using DIAMOND (version 2.1.6) with default pa-
rameters (Buchfink et al., 2014). The lowest common ancestor approach
implemented in MEGANG6 was used to assign reads at the phylum level
(Huson et al., 2016). Aligned reads were also assigned to the hierarchical
subsystems based on the KEGG database (Kanehisa et al., 2016). The
relative abundance of genes was determined by RPKM for normalization
(Xia et al., 2023). Data was deposited in the NCBI BioProject database
under the access number PRJINA1097379.

3. Results and discussion
3.1. Impact of GO and h-rGO on the methane production

Fig. 1 illustrates the impact of two graphene-based materials (GO and
h-rGO) on the methane production kinetics and the control condition
without the addition of any nanomaterial. The Gompertz model equa-
tion (Eq. (1) was fitted to the experimental specific methane production
(SMP) obtained to estimate the kinetic parameters that describe the
methane production, allowing a quantitative comparison between the
studied conditions. The results were presented as means with the stan-
dard deviation of each determined parameter (Table 1) and grouped
according to the result of the statistical analysis. The maximum specific
methane production (M,,) obtained in the presence of h-rGO was 365 +
5 mL CH, g~! VS, showing no significant statistical differences with the
Control (374 + 12 mL CHy4 g_1 VS). Thus, the addition of h-rGO had no
impact on the methane production during the anaerobic digestion of
cellulose. This finding differs from the previous studies that reported an
enhanced methane production of complex substrates such as cattle
manure and organic fraction of municipal waste with the addition of
rGO (Gokeek et al., 2021; Muratcobanoglu et al., 2021). Contrary to h-
rGO, the addition of GO significantly reduced the M, by ~ 15 %
(Table 1), resulting in SMP of 315 + 21 mL CH4 g’l VS. Negative effect
of GO addition on the SMP was also reported during the anaerobic
digestion of waste-activated sludge (Casabella-Font et al., 2023b; Dong
et al., 2019). The principal hypothesis was that a fraction of the avail-
able electrons in the substrate was scavenged by the GO reduction and
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Fig. 1. Experimental specific methane production (SMP) for each condition
tested (symbols) and Gompertz model curve (lines).
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Table 1

Summary of the kinetic parameters that fit the Gompertz model to experimental
specific methane potential expressed as means and standard deviation for the
three conditions tested.

Code M, (mL CH, g~ VS) Umax (ML CH, g71 VS d7Y) A (d)

Control 374 £ 124 80 + 8% 2.0 +0.3%
GO 315 + 218 115+ 54 4.1+ 0.6°
h-rGO 365+54 179 + 40° 1.9+014

*R? was greater than 0.99 for the three conditions; * and ® indicate statistical
differences between conditions for the same parameter.

formation of bio-rGO. Indeed, previous study (Ponzelli et al., 2022b)
demonstrated that the biological reduction of GO occurs during the first
hours of exposure of the anaerobic sludge.

The maximum methane production rate (upyax) Was another param-
eter used to describe the methane production kinetics. In this case, a
positive impact of the addition of both GO and h-rGO was detected. The
Umax Was increased by ~ 40 % (GO) and ~ 120 % (h-rGO), compared
with the maximum production rate obtained in the Control, with values
of 115 + 5 and 179 + 40 mL CH, g~! VS d~}, respectively. However,
further statistical tests revealed that only the data obtained for h-rGO
was statistically different (p < 0.05) compared with the Control. On the
other hand, the lag phase was increased by adding GO, being two times
longer as compared with the Control and h-rGO conditions (Table 1),
probably caused by the biological reduction of GO. The lower SMP but
higher pnmax, as well as the prolonged lag phase, supported the hypothesis
that the microorganisms use the substrate to reduce the GO at the
beginning of the experiment, instead of completing the anaerobic
digestion process by producing methane. Previous studies stated that the
biological reduction of GO mediated by c-type cytochromes uses the
oxygen functional groups in the GO structure as electron acceptors (Hua
et al., 2023; Shen et al., 2018). Thus, a fraction of the substrate is used as
electron donor to reduce the GO structure, resulting in a lower SMP due
to the electron scavenging effect of the bio-reduction of GO.

After the first set of experiments, a fed-batch strategy was used to
assess the mid-term impact of GO/h-rGO on the anaerobic digestion
process using fresh sludge as inoculum but with the same GO/h-rGO
concentration. This methodology allows to refeed the cultures to
expand the experimental period. However, it should be considered that
the substrate composition could compromise the microbiological ac-
tivity due to the deficit of micro and macronutrients. Fig. 2A-C presents
the maximum methane production rates obtained in each FB test, and
methane production kinetics profiles. The three-step fed-batch process
was divided into the first batch (FB1) (days 0-15), the second batch
(FB2) (days 16-30), and the third batch (FB3) (days 30-45). During FB1,
lower methane production was measured in the tests with addition of
GO (GO_FB1; Table 2), compared with the other conditions evaluated, in
agreement with the first set of experiments (Fig. 1). After statistical
analysis, the SMP obtained in GO_FB1 and the other conditions in this
period (Control FB1 and h-rGO_FB1) were statistically different
(Table 2). In this case, the SMP was reduced by ~ 22 % in comparison
with the Control FB1, and ~ 16 % after the addition of h-rGO (h-
rGO_FB1). Also, a prolonged lag phase was detected in the presence of
GO (3.5 £ 0.5 d) at the beginning of the experiment, compared with
Control FB1 and h-rGO_FB1 (1.6 + 0.2 d and 1.7 + 0.2 d, respectively).
Concerning the maximum specific methane production rates, no sig-
nificant differences were detected between the three conditions (Con-
trol FB1, GO_FB1, and h-rGO_FB1), showing values ~ 140 mL CH4 g’l
vsd! (Fig. 2C, Table 2). After achieving a daily methane production of
<1mLd, asecond dose of microcrystalline cellulose was added to the
microcosmos for the subsequent sequential batches (FB2 and FB3).
Compared with the FB1, a shorter lag phase (1 day) was detected for the
three conditions (Table 2). The SMP obtained in FB2 and FB3 were not
statistically different compared to the Control FB1 and h-rGO_FB1. This
confirms that the addition of GO only inhibits the methane production
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Fig. 2. (A) Experimental specific methane production (SMP) during the first
batch (0-15 d) for each condition assessed (symbols) and Gompertz model
curve (lines). (B) SMP during the third batch (30-45 d). (C) Specific methane
production rates (umax) obtained in the different sequential batches in the
presence of GO and h-rGO, and without (Control), using a fed-batch strategy.
Statistical differences are summarized in Supplementary Material.

Table 2

Kinetic parameters that describe the specific methane production by fitting the
Gompertz model to the experimental data obtained in the different sequential
batches. The results are expressed as the mean and standard deviation.

Name M, (ML CH4 g1 VS)  pmax ML CH, g1 VvSd™Y)  A(d)

Control_FB1 377 + 144 131 + 334 1.6 +024
GO_FB1 307 + 6° 141 + 324 3.5+ 0.5%
h-rGO_FB1 358 + 5% 150 + 24 AB 1.7 +024
Control FB2 377 £ 84 145+ 24 1.0+014
GO_FB2 359 + 34 193 + 2 ABCD 1.0+014
h-rGO_FB2 360 + 9% 228 + 13 BCP 11+014
Control FB3 369+ 54 171 + 21 A8 1.0+014
GO_FB3 370+ 5% 234 + 160 1.1+014
h-rGO_FB3 380 +124 243 + 24P 1.0+014

ABCD

R? was greater than 0.99 for the three conditions; indicate statistical dif-

ferences between conditions for the same parameter.

during the first exposure of the anaerobic biomass to the nanomaterial,
and that the total methane production is not increased by the addition of
GO/rGO.

The addition of GO/h-rGO had a positive impact on the specific
methane production rate. pp,.x significantly increased in the tests that
contained GO and h-rGO and also between the first (FB1) and second
(FB2) batches. Since the production rate was kept constant in different
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Control tests, the methane production rate enhancement obtained after
the addition of GO/h-rGO was associated with an increase of the elec-
tron exchange flux in the presence of both graphene-based materials.
However, there was no direct evidence of DIET except for the higher
methane production rate. No significant statistical differences were
detected between the second (FB2) and the third (FB3) tests.

The results obtained in the second set of experiments confirm that
the addition of GO led to electron scavenging, causing a prolonged lag
phase and lower specific methane production in FB1. After the GO was
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reduced by the anaerobic microbial community, methane production
rate increased by ~ 37 % compared with the Control (p > 0.05) during
FB3, showing equivalent results as h-rGO (Fig. 2).

The results obtained differ from the ones reported in the literature. A
previous study by Ponzelli et al., (2022a) investigated the impact of GO
on methane production. The experiments were conducted using GO
concentrations between 0.005-0.025 g GO g VS™! and reported that the
addition of GO did not enhance the maximum specific methane pro-
duction rate using the same standard substrate (i.e., cellulose). Although
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the authors report an enhancement of the specific methane production
rate when glucose was added, the hydrolysis step was not involved in the
process. In the present study, the GO concentration was 3.75-fold higher
and positively impacted the maximum methane production rate using
cellulose as carbon source. Enhancing the methane production kinetics
with the addition of GO implies a faster degradation of complex organic
matter, accelerating the reaction rate of the limiting steps. Thus, the
addition of both graphene-based materials studied may be considered as
an opportunity to improve the performance of anaerobic digesters and
enable the treatment of higher organic loads with smaller reactors.

3.2. Impact of GO and h-rGO on the removal of pharmaceuticals

The impact of GO and h-rGO on the biological removal of twelve
pharmaceuticals was assessed with fresh inoculum sludge (non-adapted
to GO/h-rGO) and compared with the GO/h-rGO adapted sludges ob-
tained in the GO_FB3 and h-rGO_FB3 conditions. Biotransformation and
adsorption on the GO/h-rGO were considered as possible removal
mechanisms. The removal of pharmaceuticals caused by abiotic factors
was assessed after 48 h in the tests without inoculum. Fig. 3 presents the
removal of pharmaceuticals obtained with the non-adapted sludge, and
in the abiotic tests.

TTC and CTC were adsorbed onto the GO/h-rGO to a significant
degree (i.e., 84 % and 78 % removal, respectively), which can be
justified by their molecular structure rich in double bonds and aromatic
rings, which promotes 7-n interactions and hydrogen bonds (Ai et al.,
2019; Gao et al., 2012; Ghadim et al., 2013). Moreover, both antibiotics
were also adsorbed onto cellulose, with 40 % and 60 % removal
observed after 48 h, respectively. Previous studies also reported tetra-
cyclines removal by adsorption onto microcrystalline cellulose and GO
(Amaly et al., 2022; Li et al., 2017; Sun et al., 2021).

Macrolides ROX and AZM were significantly adsorbed onto GO,
resulting in a removal of ~ 85 %. In the abiotic test with h-rGO, the
achieved removals were ~ 25 %. The concentration of ROX remained
unchanged in both the Control and abiotic tests with cellulose, indi-
cating that abiotic transformations or adsorption did not occur. AZM
removal was 39 + 10 % after 48 h, and 57 + 5 % after 72 h in the
Control test, attributed to its biotransformation given that it was not
removed in the abiotic control test with cellulose. In the presence of GO/
h-rGO, ROX presented similar behavior in the abiotic controls and tests
with anaerobic sludge, suggesting that it was removed more due to
adsorption onto the conductive material rather than due to biotrans-
formation. Thus, the main removal mechanism of ROX was adsorption
onto the GO/h-rGO structure, whereas AZM was biodegraded.

OFX, NOR, and ENO did not show significant differences between the
control, the GO and the h-rGO tests, and their removal was 65-75 %.
Since the three antibiotics presented the highest removals in the pres-
ence of anaerobic sludge, their removal could be attributed to
biotransformation. Although the overall achieved removal was similar
between the studied conditions, the removal of OFX and NOR was
enhanced in the presence of both GO and h-rGO.

The concentration of SMX decreased until reaching complete
removal by the end of the experiment in all three conditions tested. TMP
biotransformation was highly influenced by the addition of GO and h-
rGO, with removals of 90 + 2 % and 79 + 2 %, respectively, after the
first 24 h, significantly higher compared with the Control in which TMP
removal was 13 + 3 % after 24 h. TMP was completely removed in the
presence of GO and h-rGO in 36 h. The concentration of SDZ remained
constant in any of the conditions tested, indicating that this pharma-
ceutical was neither biotransformed nor adsorbed onto the biomass.

Abiotic experiments showed no adsorption of IHX onto GO/rGO. The
removal of [HX in the Control and with the added h-rGO was 20 % in the
first 36 h, whereas in the case GO the observed removal of IHX was 60 %.
By the end of the test, the removal of IHX in the presence of GO was
comparable to that obtained in the Control tests. In the presence of h-
rGO, the removal profile was similar to the Control, but achieved an
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overall removal of < 40 %. The differences in the removal suggested that
the removal of IHX in the presence of GO might follow a different
metabolic pathway than the Control.

CBZ had the highest removal enhancement by the addition of GO
compared to other pharmaceuticals. CBZ concentrations remained un-
changed in the Control experiment, whereas its removal in the presence
of h-rGO was 10 £ 5 % in the first 24 h and remained unchanged until
the end of the experiment (i.e., 13 + 8 %). On the other hand, in the
presence of GO, 22 + 1 % of CBZ removal was observed after 24 h and
was enhanced to up to 63 + 1 % after 40 h, which represented an
enhancement of ~ 50 % as compared with the h-rGO test. CBZ removal
can be associated with biological transformation since CBZ concentra-
tion remained constant in the abiotic conditions measured after 48 h.
Previous studies reported that CBZ was poorly removed or recalcitrant
during anaerobic digestion (Carballa et al., 2006; Malmborg and
Magnér, 2015; Narumiya et al., 2013). However, in a previous study, 57
% of CBZ removal was observed during the anaerobic digestion of waste-
activated sludge with the same concentration of GO (Casabella-Font
et al., 2023b).

The addition of GO induces modifications in both the sludge matrix
and the microbial communities, fostering the proliferation of phyloge-
netic groups that could benefit from the presence of a conductive ma-
terial (Casabella-Font et al., 2023a, 2023b). These studies observed the
adaptation of the microbial consortium to the presence of GO, and the
subsequent impact on the removal of pharmaceuticals during the
anaerobic digestion process of municipal wastewater and waste-
activated sludge. In the present study, the results obtained after FB3
tests allowed us to assess the impact of the adaptation to the conductive
material on the removal of pharmaceuticals (See Supplementary
Material).

CBZ was the pharmaceutical that presented the highest enhancement
in its removal by the addition of GO in FB1. However, after the adap-
tation period, the anaerobic sludge (both GO_FB3 and h-rGO_FB3)
exhibited the same behavior as the control condition, with hardly any
CBZ removal. This result suggests that the higher removal of CBZ
observed in FB1 was related with the biological reduction of GO.

Previously, adaptation of the anaerobic consortium to the conductive
materials (GO and h-rGO) enhanced the removal of fluoroquinolone
antibiotics (OFX, NOR, and ENO) (Casabella-Font et al., 2023b). Con-
trary to what was expected, in this study fluoroquinolone antibiotics
showed a lower removal percentage by the end of the experiment and
exhibited similar removal profiles to the Control experiments without
the presence of (r)GO. Since GO and h-rGO were incorporated into the
sludge matrix, it was not possible to investigate the adsorption of anti-
biotics onto these nanomaterials while excluding biotransformation.

SMX and TMP had similar removal, showing no difference between
the control and the GO/h-rGO tests, in contrast with the previous study
where the removal of these two compounds was enhanced by the
addition of GO during the operation of an anaerobic membrane biore-
actor amended with GO (0.005-0.1 g GO g*1 VS) (Casabella-Font et al.,
2023a). The adaptation of microorganisms to the conductive materials
did not have an impact on the removal of SDZ, for which the removal
remained below 5 %.

After the adaptation to GO/h-rGO, IHX presented a sharp decrease in
concentration. However, both conductive materials negatively affected
the removal of IHX in comparison to the Control. In the Control IHX was
completely removed within 48 h, whereas in GO_FB3 and h-rGO_FB3
IHX was ~ 90 % removed after 72 h. As was observed in the case of CBZ,
IHX profiles suggest that the removal of this pharmaceutical is enhanced
during the biological reduction of GO.

Tetracyclines (TTC and CTC) exhibited very different behavior with
the sludges adapted to GO/h-rGO. Neither TTC nor CTC were removed
in any condition (See Supplementary Material). Different conditions
presented similar profiles, suggesting that the GO/h-rGO material is
incorporated into the sludge structure, and the removal of both antibi-
otics during the FB1 was due to adsorption onto the graphene-based
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materials.

Although the sludges adapted to GO and h-rGO did not present
enhanced removal of ROX and AZM (See Supplementary Material), these
results also supported the hypothesis of the GO incorporation into the
sludge matrix, given that neither of the two macrolides was eliminated
in the presence of GO after the adaptation period (GO_FB3). Contrary to
what was previously reported during the operation of an anaerobic
membrane bioreactor (Casabella-Font et al., 2023a), ROX removal was
not enhanced by the presence of bio-rGO.

Overall, although it was expected that the addition of GO/h-rGO
would enhance the removal of the pharmaceuticals under anaerobic
conditions by the promotion of DIET, the removal was not enhanced
after the adaptation of the sludge to both graphene-based materials for
any of the pharmaceuticals. The lower removals observed after the
adaptation of sludge to the conductive material may be caused by
different phenomena, for example, changes in the microbial community.
Furthermore, as observed in the case of CBZ and IHX, biological
reduction of GO (and h-rGO) can impact the biotransformation of
organic contaminants because of the stress response of the microbial
community, and/or due to the expression of specific enzymes.

Previous studies reported that adding GO enhances the overall
removal of pharmaceuticals (i.e., from both liquid and solid phase)
during anaerobic digestion of waste-activated sludge (Casabella-Font
et al., 2023b). Likewise, the removal of azo and nitroaromatic dyes was
also reported in a synthetic medium under methanogenic conditions
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(Colunga et al., 2015). According to the results presented in this study,
the pharmaceutical removal under methanogenic conditions was only
improved when GO was added and no enhancement was observed after
this GO was biologically reduced.

It is worth noting that the methane production results (see section
3.1) demonstrate that GO enhances the anaerobic digestion kinetics,
accelerating the methane production rate, supporting the hypothesis
that GO promotes the DIET phenomena once it is biologically reduced,
but it negatively affects the methane production kinetics during the firsts
72-96 h (longer lag-phase). Conversely, the results assessing the impact
of GO did not show differences between conditions, although differences
were detected using non-adapted sludge and GO. Specifically, CBZ and
IHX presented higher removals in the presence of GO during the first
batch test, which were attributed to biotransformation since there was
no removal due to their adsorption. Nevertheless, during the test using
adapted anaerobic sludge, CBZ concentration remained unchanged, and
IHX presented better results with the sludge that did not contain GO/h-
rGO. Thus, enhanced removal of pharmaceuticals was likely not due to
bio-rGO enhanced DIET, but due to the stress response of the microbial
community caused by the addition of GO.

3.3. Impact of graphene oxide on genes expression levels

Expression of functional genes quantified by sequencing the extrac-
ted RNA samples was assessed after 24 and 72 h in the control condition,
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Fig. 4. Metatranscriptomic analysis. (A) Taxonomic annotation at phylum level according to 16S gene expression. (B) Functional gene expression at different times in
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as well as in the presence of GO after 72 h. The dataset was aligned
against the NCBI non-redundant (NR) protein database and the taxo-
nomic annotation at phylum level is shown in Fig. 4A. The expression of
the 16S gene showed that Candidatus Cloacimonadota (51 %) was the
most active phylum in the control condition, followed by Atribacterota
(19 %) and Chloroflexota (formerly Chloroflexi or green nonsulfur
bacteria) (16 %). These phyla are known as the dominants in anaerobic
digesters (Kim et al., 2022; Kirkegaard et al., 2017). Other active phyla
represented less than 5 % at this point of the experiment. After 72 h of
experiment, bacteria affiliated to the Candidatus Cloacimonadota
phylum were less active, representing 40 % in the control, and 23 % in
the presence of GO. At this point, the Atribacterota phylum benefited
from the GO addition, increasing their relative activity (34 %), and
remained constant in the control condition when comparing both sam-
pling times. Members belonging to the Chloroflexota phylum were also
promoted by the addition of GO, increasing their relative activity (20 %)
compared to the control (16 %) at 72 h. Spirochaetota (formerly Spi-
rochaetes) and Bacteroidota (formerly Bacteroidetes) doubled their
relative activity in the absence of GO, whereas GO addition did not
change. Bacteria affiliated to Bacillota (formerly Firmicutes) was the less
active phylum in the control at 24 h, representing ~ 1 %. However, their
activity increased in both conditions after 72 h, representing more than
5 % in the presence of GO. A recent study on the impact of GO on the
microbial community under anaerobic conditions revealed that Bacil-
lota and Chloroflexota were promoted by the addition of GO, increasing
their relative abundance in both cases. Furthermore, the relative abun-
dance of Spirochaetota and Bacteroidota was reduced in the presence of
GO (Casabella-Font et al., 2023b). A previous study suggested that some
bacteria (i.e., Clostridium spp., Bacillus spp., and Syntrophomonas spp.,)
have potential electrogenic ability, all of them surprisingly belonging to
the Bacillota phylum (Park et al., 2018). Electrogenic microorganisms
are those which can benefit from the presence of GO, taking advantage
of the DIET phenomena.

Expressed functional genes were classified according to the KEGG
database (Fig. 4B). Among the genes classified in the metabolism cate-
gory, a similar expression was determined concerning carbohydrate
metabolism, which includes the glycolysis pathway to oxidase glucose.
Although the methane production was negatively affected during the
early contact with GO (see section 3.1), the substrate was degraded,
supporting the previously stated hypothesis that part of the substrate
electrons was used to reduce the GO. Moreover, the genes responsible
for methane production (i.e., the autoclastic and hydrogenotrophic
pathways) were under-expressed in the presence of GO at 72 h in
comparison with the control at 72 h, confirming the hypothesis that the
substrate did not complete the anaerobic digestion process and it is used
as the electron donor for the bioreduction of GO.

GO could cause a cellular oxidative stress response, thus inhibiting
the microbial activity (Goodarzi et al., 2024). In this study, we aimed to
assess the expression of functional genes related to the stress response.
Concerning the genes classified in the genetic information processing
category, expression of genes classified in the folding, sorting, and
degradation group (according to KEGG database) were overexpressed in
GO at 72 h. The twin-arginine translocation (Tat) pathway is a protein
transport system that transports folded proteins (e.g., anaerobic respi-
ration, osmotic stress defense, and biofilm formation) from the cyto-
plasm to the membrane of bacteria and archaea microorganisms. Among
the different proteins that could be translocated to the membrane, some
of them could be associated with the stress response. The combination of
Tat system and peroxidases showed to be the key combination to
oxidative stress on a facultative anaerobic microorganism (Ochsner
et al., 2002; Zhang et al., 2015). The overexpression of the Tat system
might be related to the stress caused by the presence of GO and may also
be related to the formation of an observed hydrogel. Although the 12
antibiotics (i.e., fluoroquinolones, sulfonamides, macrolides, tetracy-
clines, among others) were spiked at 1 uM, the expression of antibiotic
resistance genes decreased after 72 h in both conditions, in comparison
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with the initial expression observed in the control at 24 h. Further
research is needed to identify the proteins associated with the biological
reduction of GO and that are also responsible for the transformation of
pharmaceuticals.

4. Conclusions

The addition of GO and h-rGO distinctively impacted the methane
production and the removal of pharmaceuticals during anaerobic
digestion. Initially, GO inhibits methane production. However, after GO
bio-reduction, the kinetic rates increase by ~ 37 %. The removal of the
pharmaceuticals is enhanced with the addition of GO/h-rGO, mainly
due to adsorption. However, the removal of CBZ and IHX is enhanced
during the initial bioreduction of GO. After the sludge adaptation to bio-
rGO/h-rGO, the removal of CBZ and IHX is not affected by the presence
of bio-rGO/h-rGO, suggesting the key role of GO bioreduction on the
enhancement of their anaerobic biotransformation.
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