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ARTICLE INFO ABSTRACT

Editor: Despo Kassinos This study investigates the impact of graphene oxide (GO) addition to anaerobic sludge and the formation of
biologically reduced GO (bioRGO) on both the anaerobic transformation of organic contaminants and the cor-
responding biogas production. A hydrogel-like material of anaerobic digestate and bioRGO was formed on the
first day after GO addition. Raman spectroscopy showed an increase in the Ip/Ig ratio from 0.74 to 1.01, con-
firming the reduction of GO due to anaerobic respiration. The anaerobic removal of model antibiotics sulfa-
methoxazole and trimethoprim was unaffected by the GO addition. Yet formation of bioRGO inhibited the
formation of the identified transformation products (TPs) of sulfamethoxazole, TP253 and TP257. Furthermore,
the formation of TP253 and TP257 biotransformation products of sulfamethoxazole in sterilized sludge
confirmed that their removal was likely achieved via intracellular enzymes that had enough thermal stability to
remain active after the sterilization. For trimethoprim, no transformation products could be detected using the
employed analytical method. The production of methane was generally inhibited up to 18% due to the presence
of high GO levels (>100 mg/L) (288 vs. 353 mL CHy4/g VS).
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1. Introduction

Climate change and population growth are putting increased pres-
sure on the implementation of technologies that address the water-
energy nexus and enable water, energy, and cost recovery. Conven-
tional wastewater treatment plants (WWTPs) employing aerobic acti-
vated sludge processes might become obsolete due to their high energy
demand, large amounts of sludge produced, and loss of nutrients [1].
Novel anaerobic wastewater treatment technologies can offset the en-
ergy and greenhouse gas costs of the activated sludge process and even
become net energy producers [2]. They offer an opportunity to recover
valuable soil amendment, drastically reduce the quantity of the pro-
duced sludge, and can facilitate the implementation of decentralized
wastewater treatment [3]. Nevertheless, anaerobic processes suffer from
long start-up times, low removal rates of organic pollutants, and sus-
ceptibility to disruptions by the organic overload [4].

The addition of low-cost conductive materials (e.g., granular acti-
vated carbon, biochar, magnetite, graphene-like materials) to anaerobic

systems is an attractive strategy to promote the interspecies electron
transfer (IET) between fermentative bacteria and the methanogens, and
thus enhance the degradation of organics and methane production [5,6].
Microbial reduction of graphene oxide (GO) to bio-reduced graphene
oxide (bioRGO) has drawn significant interest due to the changes it in-
duces in the morphology and behavior of the anaerobic consortia [7,8],
with some studies reporting the self-aggregation of the bacteria in a
hydrogel-like structure [8,9]. Microbial reduction of GO can be achieved
by single bacterial strains, such as Escherichia coli [10], Shewanella [11],
as well as by mixed microbial communities [12] and anammox bacteria
[13] too. However, working with laboratory-adapted sludge may not
represent the anaerobic culture present in the full-scale digestor. In
order to investigate the impact of GO on the behavior of the real culture
of the anaerobic digester, experiments in this study were conducted
using freshly sampled sludge.

Regarding the impact of the bioRGO on methanogenesis, several
studies reported an inhibiting effect at high GO concentrations (i.e.,
500-1440 mg/L) [14,15], likely due to the consumption of the electrons
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by GO reduction instead of methane formation [16]. Yet, graphene
material amended to anaerobic digestate leads to higher methane pro-
duction yields and rates, with up to 51.4% more when a concentration of
120 mg/Lis applied [17]. It is unclear whether GO exerts toxic effects on
the microorganisms. For example, Liu et al. [18] observed loss of E. coli
viability with GO addition (40 mg/L). On the contrary, Guo et al. [19]
reported a significant enhancement in E. coli and Staphylococcus aureus
cell growth and biofilm formation with the addition of GO, even up to a
concentration of 500 mg/L. Perreault et al. [20] demonstrated that the
antibacterial activity of GO is size-dependent, with smaller GO sheets
having a higher density of defects inducing higher oxidative stress to the
cells.

In addition, bioRGO was observed to enhance the biotransformation
and reduction of a range of organic and inorganic contaminants, such as
dyes [9,21], nitroaromatics [21-23] and halogenated aromatics [23,
24]. However, the fate of trimethoprim (TMP) and sulfamethoxazole
(SMX), two antibiotics commonly used in human and veterinary medi-
cine, in the anaerobic digestion with bioRGO was not explored yet. They
are typically administered together and were selected due to their in-
clusion in the third Watch List under the EU Water Framework Directive
(Directive 2008/105/EC) [25]. Moreover, high concentration levels of
SMX (above 5 mg/L) are known to negatively affect the anaerobic mi-
crobial population, while 0.5-5 mg/L level might positively affect the
anaerobic digestion performance [26-28]. In this study, environmen-
tally relevant concentrations were selected for both SMX and TMP (0.2
uM, i.e., 61 and 70 pg/L, respectively) [29,30].

In this study, we investigated the impact of GO addition in the range
from 10 to 500 mg/L of GO (i.e., 0.9-46.8 mg GO per g of volatile solids,
VS) on methane production and biotransformation of TMP and SMX.
Moreover, the microbial reduction of GO to bioRGO and changes in the
sludge morphology were characterized using Raman spectroscopy, op-
tical microscopy, and particle size analysis. The removal of contami-
nants by abiotic effects (e.g., adsorption onto the GO and the sludge
matrix) was checked by controlling with an aqueous GO solution and
sterilized sludge. Although sludge sterilization may change sludge
characteristics, it is still used to allow an indication of contaminant
adsorption. To gain insight into the biotransformation pathway of the
selected contaminants, several transformation products (TPs) were
tentatively identified.

The hypothesis tested in this study is whether the presence of bio-
RGO can significantly improve the biotransformation of the two selected
antibiotics and the methane production compared to a control.
Compared to previous approaches, this study followed the biochemical
methane potential (BMP) guidelines set by Holliger et al. [31], which
include the use of a standard substrate and specific termination criteria.
Additionally, the main novelty of this work is the investigation of the GO
impact on the anaerobic biotransformation of antibiotics, and their TPs
behavior, which is relevant for novel anaerobic wastewater treatment
processes, such as anaerobic membrane bioreactor (AnMBR), up-flow
anaerobic sludge blanket (UASB), anaerobic biofilm reactors, and
similar reactor configurations.

2. Materials and methods
2.1. Materials and chemicals

The GO was provided from Graphenea (San Sebastian, Spain) as a 4
g/L aqueous dispersion, with a flake size < 10 um. Analytical standards
for SMX and TMP and microcrystalline cellulose (MCC) were purchased
from Merck (Madrid, Spain). Isotopically labeled standards SMX-d4 and
TMP-d3 were purchased from LGC Standards (Barcelona, Spain). All
reagents used for sample preparation and analysis were of analytical
grade.
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2.2. Experimental setup

The inoculum used in the experiments was collected from the
anaerobic digester of the WWTP in Girona, Spain, working at mesophilic
temperature (35 °C) and treating primary and secondary sludge. The
content of total solids (TS) and volatile solids (VS) of the inoculum was
1.9% and 1.2%, respectively. The experiments were conducted with
MCC as substrate. As recommended when using MCC, the inoculum
substrate ratio (ISR) was set to 2 based on VS [31].

To study the impact of the GO and the presence of contaminants on
the formation of methane, BMP tests were conducted with inoculum,
substrate (MCC), 0, 10, 100, and 500 mg/L of GO, and with and without
the addition of antibiotics. BMP tests were performed in triplicate using
sealed 240 mL bottles with 150 mL of working volume. The sludge
characteristics are summarized in Table S1, Supporting material. GO,
MCC, and antibiotics were added to the inoculum prior to incubation,
and pH control was not controlled. Before sealing the BMP bottles, the
headspace was flushed with nitrogen gas for one minute to guarantee
anaerobic conditions. All the bottles were stored in a temperature-
controlled incubator at 35 °C. All bottles were placed on an orbital
shaker at 50 rpm to ensure sufficient mixing. Accumulated methane was
determined by measuring the biogas production and methane content
once a day for the first 10 days and every 3-4 days thereafter. Biogas
volume was measured with a pressure sensor (PM7097, ifm electronic,
Barcelona, Spain) at the bottle headspace. After each measurement, the
bottle headspace was vented to ambient pressure. CH4 concentration
was measured using an infrared sensor (GIR-3000, Gastron Co.,
Gyeonggi-do, Korea). According to the previously published guidelines,
the results were normalized to temperature, pressure, and water vapor
partial pressure [32]. Cumulative gas productions were calculated by
subtracting the endogenous methane production obtained from blanks,
i.e., assays containing only inoculum. Relative standard error bars based
on the triplicate measurements were calculated according to [33].

To evaluate the impact of the GO addition on the removal of target
antibiotics, experiments were performed using an additional set of BMP
bottles. Such extra bottles were not included in the determination of
methane production. SMX and TMP were added simultaneously at the
initial concentration of 0.24 uM each to have amounts comparable to
environmental concentrations observed in sewage sludge [29,30].
Samples (~2 mL) were withdrawn at designated time intervals. After
sampling, the bottles were purged with a gentle nitrogen stream to
remove the oxygen from the headspace. Prior to analysis, the samples
were centrifuged and filtered using a 0.2 um hydrophilic polytetra-
fluoroethylene (PTFE) membrane filter (Millex, Merck, Madrid, Spain).
To evaluate the adsorption of the contaminants on the GO, experiments
were performed using 500 mg/L of GO solution in milli-Q water.
Additional experiments with the sludge sterilized by autoclaving at 120
°C for 20 min were performed to evaluate the adsorption of the antibi-
otics on sterilized sludge. Table 1 summarizes all the different experi-
mental settings investigated. To identify possible TPs formed during
anaerobic biotransformation, experiments were performed by adding
SMX and TMP separately at higher initial concentrations (i.e., 40 uM) to
anaerobic sludge and varying concentrations of GO (i.e., 0, and 500
mg/L). The formation of the identified TPs was later confirmed in the
experiments conducted at lower initial concentration of antibiotics (i.e.,
0.24 uM).

2.3. Analytical methods

The target antibiotics were analyzed in the selected reaction moni-
toring (SRM) mode using a hybrid triple quadrupole-linear ion trap mass
spectrometer (5500 QTRAP, Applied Biosystems, Waltham, USA) with a
Turbo Ion Spray source, coupled to a liquid chromatograph (Waters
Acquity Ultra-Performance™, Waters Corporation, Milford, USA), ac-
cording to the previously published method [29]. To correct the matrix
interferences, the quantification was performed using isotopically
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Table 1
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Summary of the different experimental settings (n = 3, f:n=6). The following abbreviations are used: microcrystalline cellulose (MCC); sterilized sludge (SS); control

assays without antibiotics (CTRL); assays with antibiotics (ANT).

Inoculum Substrate Antibiotics GO concentration (mg/L) and experiment name
10 100 500
Absent None 0.24 uyM - - 500
Present None None Blank - - -
0.24 uM - - -
MCC None CTRL CTRL10 CTRL100 CTRL500
0.24 uM ANT' ANT10' ANT100' ANT500'

labeled standards (i.e., SMX-d4 and TMP-d3). Tentative identification of
the TPs of antibiotics was performed by full-scan mode of analysis,
isolation of the protonated molecular ions, collision induced dissocia-
tion (CID) MS? experiments in the positive electrospray mode, and mass
spectral comparison with the parent compound, as well as with the
literature data.

According to the Standard Methods, TS and VS were analyzed [34].
Total and soluble (filtered at 0.45 pm) chemical oxygen demand (COD)
were analyzed using LCK114 test kits (Hach Lange, Germany). Ammo-
nium (NHZ) concentration was measured via ion chromatography (IC)
(Dionex ICS-5000, Thermo Fisher Scientific, Waltham, USA), and total
alkalinity concentration was measured via titration (855 Robotic
Titrosampler, Metrohm, Filderstadt, Germany). pH and conductivity
were measured using a pH meter (GLP21 Crison, Hach Lange, Barcelona,
Spain) and a conductometer (GLP 31 + Crison, Hach Lange, Barcelona,
Spain). The size of the sludge flocs was evaluated using an inverted
optical microscope (Eclipse Ti-S, Tokyo, Nikon) and a laser diffraction
particle size analyzer (LS 13 320, Beckman Coulter Inc., Brea, USA). A
dispersive spectrometer (Jobin-Yvon LabRam HR 800, Horiba, Madrid,
Spain) coupled with an optical microscope (Olympus BXFM, Olympus
Iberia, Barcelona, Spain) was used for Raman characterization. The CCD
detector was cooled at — 64 °C, and a 532 nm laser line was used with a
dispersive grating of 600 lines mm " and a laser power at sample of 0.5
mW. The Raman spectroscopy analysis was performed for the sludge
inoculum with 500 mg/L of added GO on days 0, 1 and 15, to verify the
formation of the bioRGO. Moreover, Raman spectroscopy was also
performed on the sterilized sludge inoculum with 100 mg/L of added GO
to verify if any formation of bioRGO occurs without the viable microbial
community. To investigate the redox activity of the sludge supernatant,
cyclic voltammetry (CV) experiments were performed with the fresh
anaerobic inoculum and inoculum on day 15 of the experiments con-
ducted in the presence of 500 mg/L of GO, using a three-electrode
set-up, with glassy carbon as the working electrode, platinum elec-
trode as the counter electrode, and 3 M Ag/AgCl reference electrode
(BASi, Lafayette, USA). The CV was performed using a 5 mV/s scan rate
ranging from — 1.5 to + 1.5 V vs. Ag/AgCl, using a BioLogic
multi-channel potentiostat/galvanostat VMP-300.

2.4. Gompertz model and statistical analysis

A modified Gompertz kinetic model was used to get more informa-
tion on the methanogenic process, allowing the determination of the
maximum methane production rate (Ryax) and the lag-phase length ()

[35].
(R’@OX “(i-0)+1 >

Such parameters were calculated through iteration using the MS
Excel solver function. The objective function was the relative standard
square error (RSS), set as minimum. The relative root means square
error (rRMSE) and the coefficient of determination R?> were used to
assess the model’s fitness and efficiency [36]. Initial iteration values of
infinite methane production (B,), Rmax, and A are set at 1. All variables

B(t) = Bo-e™

are constrained to non-negative values (> 0), and ultimate BMP (B,,) is
constrained to values less than or equal to 414 mL CHy4/g VS. This upper
limit represented the maximum (100%) theoretical BMP for MCC
((Ce¢H1005)y), as provided by the Online Biogas App (OBA) [37].

Moreover, two-way analyses of variance (ANOVA) are carried out
using Origin2021 software (OriginLab Corporation, Northampton,
Massachusetts, US) to evaluate statistical differences among the
different experimental conditions, considering significant values of
p < 0.05.

3. Results and discussion
3.1. Characterization of the bioRGO-amended inoculum

Raman spectroscopy measurements confirmed the biological reduc-
tion of GO to bioRGO (Table 2). The level of defects in the initial GO and
bioRGO was calculated by measuring the intensity ratio of the D peak at
1347 cm™! (Ip) and the G peak at 1581 em™! (Ig) obtained using Raman
spectroscopy (Fig. 1). The Ip/Ig ratio of zero represents no defects, and a
higher ratio means higher content of graphene defects. At the beginning
of the experiments, the measured Ip/Ig ratio was 0.74 for the initial
anaerobic sludge (AS) with added GO. This ratio increased to 1.01 after
1 day of anaerobic incubation, evidencing a rapid microbial reduction of
GO to bioRGO and the formation of defects (Table 2). Similar rapid (<
1 day) reduction was reported previously for pure anaerobic cultures
amended with GO like Shewanella [38], E. Coli [39], Geobacter sulfur-
reducens [40], and others [8,9]. However, only Shaw et al. [13]
demonstrated biological reduction from the mixed microbial commu-
nity, but only after 9 days. Moreover, the Ip/Ig ratio decreased to 0.82 on
day 15, indicating further changes in the structure of bioRGO. This may
be due to an increased ordering of the sp? bonded graphitic domains and
reduction of oxygen moieties in the graphitic lattice [41,42]. The same
sample presents a peak at the D+D’ (around 2900 cm™'), which also
confirmed the formation of RGO [13]. In the experiments with the
sterilized sludge (SS) and added 100 mg/L of GO, the Ip/Ig ratio
remained relatively unchanged, with Ip/Ig ratios of 0.71 and 0.68 on day
1 and day 15, respectively (Fig. 1b, Table 2). This result confirms that
the microbial reduction of GO was occurring only in the presence of a
biologically-active microbial community.

The particle size analysis of AS with 500 mg/L of GO added showed a
progressive increase in the floc size, with the measured mean particle
diameters of 75 um and 195 pm on day 1 and 15 of the experiment,
respectively (Fig. 2a). On the other hand, control samples (i.e., sludge
without GO) showed no change in particle size, obtaining 51.3 and
57.5 um on days 1 and 15. In addition, for samples with GO, a right shift
of the differential volume peak towards higher particle diameters was
noted, and for the sample on day 15, the volumetric distribution curve
showed a higher percentage (>25%) of particles with an estimated
diameter > 200 pm. However, it is important to note that this size dis-
tribution measurement of the suspended particles was based on the
principles of light scattering and gives only an indicative size for non-
spherical particles, such as sludge flocs, as their irregular size and
shape makes them difficult to measure and quantify. From the optical
microscope images of the sludge (Fig. S1), it was evident that the
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Table 2
Peak intensities and relative Ip/Ig ratios for GO-amended anaerobic sludge (AS) and sterilized sludge (SS) samples.
AS+GO SS+GO
Ip (1347 em™) Ig (1581 em™ %) In/Ig Ip (1347 cm™Y) Ig (1581 em™ ) In/Ig
Day 0 98.89 134.06 98.89 134.06 0.74
Day 1 130.29 129.40 94.56 133.81 0.71
Day 15 109.68 132.97 91.21 134.21 0.68
7
150{ a) G AS+GO, day 0 a) ' T-m—No GO, day 1
D AS+GO, day 1 ~e— 500 mg/L GO, day 1
A —— AS+GO, day 15 y

2
‘@
[=
2
£
% —— 8S+GO, day 0
£ SS+GO day 1
<
o

—— SS+GO day 15

1000 2000 3000 4000
Wavenumbers (cm™)

Fig. 1. Raman spectra of a) anaerobic sludge (AS) with graphene oxide (GO)
added on day 0, 1, and 15, and b) sterilized sludge (SS) amended with GO on
day 0, 1 and 15.

formation of bioRGO led to a significant increase in the sludge floc size.
For example, the observed floc diameters of 63-131 um for anaerobic
inoculum were increased with 500 mg/L of GO to 325-689 pm after
1 day of anaerobic treatment and up to 1223 pm after 15 days.

Fig. 2b illustrates the cyclic voltammetry (CV) measurements ob-
tained for the anaerobic sludge inoculum samples on day 15 of the BMP
tests conducted in the absence and presence of 500 mg/L of GO. The
positive scan of the supernatant of the anaerobic inoculum did not show
any anodic peaks, whereas in the reverse scan there was a reduction
peak at — 0.6 V vs. the Standard Hydrogen Electrode (SHE). In the su-
pernatant from the sample with the bioRGO, two peaks appeared in the
CV scan, at 1.5V and — 1 V/SHE, indicating the presence of redox-
active compounds in the supernatant of bioRGO-modified sludge. In
addition, the larger area of the CV from the bioRGO assay indicates a
larger capacitance of this supernatant compared with the unmodified
anaerobic inoculum. This can be explained by the higher content of the
capacitive material (e.g., electron shuttles) formed in the bioRGO
inoculum, likely due to the enhanced activity exoelectrogens [43].
Increased capacitance with bioRGO was previously observed in the CV
measurements obtained from the GO-amended Geobacter sp. strain R4
[8].

It was demonstrated that the added GO was already bioreduced by
the mixed anaerobic culture within a few days. This bioRGO is highly
redox-active and tends to form a hydrogel with a larger floc size.
Whether the presence of the bioRGO impacts the overall anaerobic
digestion process is discussed in the next section.

3.2. Impact of bioRGO on the biogas production

The specific methane production (SMP) curves from each condition
investigated are depicted in Fig. 3. Dixon’s test revealed the presence of
two outliers with a significance level (p < 0.05) for both the conditions
with the addition of 100 mg/L of GO, with and without antibiotics
(Fig. S2). These two were excluded from further data analysis. For all the
conditions tested, an initial lag phase of about two days was noticed,

6/—A—No GO, day 15
—w— 500 mg/L GO, day 15

3125

625
Particle diameter (um)

b) 0.0
008 4 — No GO, day 15

R B 500 mg/L GO, day 15

0.06 -

0.04 -
0.02 -

0.00
002 A
0.04
006

Intensity of current (mA)

-0.08 A
-0.10 A
0.12 A

014 -

-0.16 T T T T
20 15 -1.0 05 0.0 05 1.0 15 20
Potential (V)

Fig. 2. a) Log scale of the particle size distribution for the sample with and
without added GO at 500 mg/L on day 1 and day 15. The results are presented
as mean values of three replicates with their standard deviations, and b) Cyclic
voltammetry (CV) of anaerobic sludge with and without 500 mg/L of GO on
day 15.

which is quite common when microcrystalline cellulose is used as a
substrate [44]. The two straight dotted lines of Fig. 3 represent the
minimum and maximum BMP of cellulose, i.e., 340-395 mL CH4/g VS,
which should be achieved to validate the test results [45]. In the ex-
periments without added GO, the SMP reached 354 + 31 and 373
+ 26 mL CH4/g VS in the absence and presence of antibiotics, respec-
tively. Thus, the addition of SMX and TMP at low initial concentrations
of 0.24 uM did not significantly influence biogas production. The addi-
tion of GO at lower concentrations (10 mg/L, i.e., 0.9 mg GO/g VS) did
not impact the SMP in the absence of antibiotics by 5%, but led to a
decreased performance when antibiotics were present (i.e., 15% inhi-
bition) (Fig. 4). The presence of 100 mg/L of GO (9.4 mg GO/g VS)
inhibited the anaerobic digestion process in both the absence (9% in-
hibition) and presence of antibiotics (21% inhibition). Thus, although
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Fig. 3. Specific methane production (SMP) of AS with different GO dosages,
with and without added antibiotics (at 0.24 uM initial concentration). See
Table 1 for details. The results are presented as mean values of triplicate
measurements (where applicable) with standard deviations. The straight dotted
lines represent the minimum and maximum validation BMP of cellulose, i.e.,
340 and 395 mL CH4/g VS.
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Fig. 4. Biogas inhibition for the different GO levels without and with antibi-
otics (CTRL and ANT, respectively), compared to the control assay with no GO
and antibiotics. The results are presented as mean values of triplicate mea-
surements (where applicable) with standard deviations.

the addition of antibiotics did not impact methane production, their
simultaneous presence with the GO led to a more pronounced inhibiting
effect within the range of 10-100 mg/L GO. In the experiments with
500 mg/L of GO (46.8 mg GO/g VS), biogas production decreased by
18% without antibiotics. However, in the presence of antibiotics
(ANT500), the inhibition at 500 mg/L GO was only 3%, resulting in an
overall higher amount of methane formed (i.e., 342 mL CHy4/g VS)
compared to CTRL500 (i.e., 289 mL CHy4/g VS), which had no antibi-
otics. Thus, while GO addition inhibits biogas formation linearly, similar
to previously reported findings [14], exposure of sludge to low pM
concentrations of antibiotics impacts the response of the microbial
community to the addition of an external electron acceptor (i.e., GO). In
the presence of antibiotics, the highest inhibition of the process by GO
addition was observed at 100 mg/L of GO. The literature previously
reported a bell-shaped impact of GO on biogas production and microbial
activity [15,46]. For example, Wang et al. reported a bell-shaped impact
of GO addition on the activity and extracellular polymeric substances
(EPS) production of annamox bacteria [46].

Therefore, the result of the BMP tests demonstrates that the GO
addition impacts the performance of anaerobic sludge. As illustrated in
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Fig. 4, increasing the GO concentrations led to increased biogas inhi-
bition. On the other hand, when antibiotics were amended, the biogas
inhibition behaved in a bell-shaped way. Hence, it is unclear which level
of GO concentration might not have an inhibiting impact on the
anaerobic activity and if BMP tests are the proper method to compre-
hensively elucidate its impact on anaerobic sludge. Furthermore, two-
way ANOVA analysis did not reveal any significant (p < 0.05) differ-
ences in biogas production between the assays containing antibiotics
and the ones without.

As already mentioned, the bioreduction of GO might indeed limit the
number of electrons otherwise available for methane production during
the first feeding phase [16]. Once the bioreduction GO is completed, it is
hypothesized that GO might not consume more electrons thereafter.
Continuously or with multiple refeed set-up, it might be helpful to
determine the real impact of GO reduction on the methane yield after
the initial phase.

3.2.1. Gompertz model and statistical analysis

As it can be inferred from Fig. S3, the experimental values of the
methane production perfectly fit the Gompertz model achieving an R? of
1.0 + 0.0 and an rRMSE of 0.0% for all tested assays (Table S2).

Moreover, the two-way ANOVA analysis revealed no significant
(p < 0.05) differences for B, and Ryjax across the different experimental
conditions. However, further statistical tests on the lag-phase length A
revealed a significant difference (p < 0.05) between conditions con-
taining 500 mg/L vs. 0 mg/L of GO and 500 mg/L vs. 10 mg/L of GO.
Therefore, it can be suggested that high GO concentrations (500 mg/L)
could play a major role in inducing significant delays in biogas pro-
duction. Fig. 5.

3.3. Impact of bioRGO on the removal of organic pollutants

Fig. 6 shows the observed removals of SMX and TMP in the presence
of different GO concentrations (0, 10, 100, and 500 mg/L) and the
control experiments conducted with the sterilized sludge and only GO
solution (500 mg/L) to understand their removal due to adsorption onto
sludge and GO nanosheets, respectively. In the control experiments with
sterilized sludge, both SMX (Fig. 6a) and TMP (Fig. 6¢) were rapidly
removed in the first few days. In the case of SMX, complete removal was
obtained already in the first 24 h, similar to the experiments conducted
with biologically-active anaerobic sludge (Fig. 6b). Even though the
sludge underwent sterilization procedures (i.e., 120 °C, 20 min), the
removal of SMX in the experiments with sterilized sludge was likely due

= CTRL
® ANT
32
2.8 o
c)
<
2.4 i /
\
2.0 4
TT T T
010 100 500

GO concentration (mg/L)

Fig. 5. Lag-phase length for condition without (CTRL) and with antibiotics
(ANT) at four GO levels (i.e., 0, 10, 100, 500 mg/L). Error bars represent
standard deviations (n = 3).
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conducted with anaerobic sludge with 0, 10, 100, and 500 mg/L of GO added, sterilized sludge (SS) and 500 mg/L of GO (500). See Table 1 for details. The results are

presented as mean values of triplicate measurements with standard deviations.

to biotransformation and not adsorption onto sludge, as explained
further below. The decrease in TMP concentration with sterilized sludge
(Fig. 6¢) was similar to the biologically-active anaerobic sludge (5d)
results, and TMP was entirely removed after three days. The gradual
decrease in TMP concentration in the experiments with sterilized sludge
also suggests biotransformation as the dominant removal mechanism, as
adsorption would lead to a more abrupt decrease in concentration.
Although autoclaving is considered as an efficient sludge sterilization
technique, more so than for instance inhibition of sludge with sodium
azide [47], this study indicated that the biological activity of the sludge
was maintained resulting in biotransformation of both TMP and SMX,
likely due to the presence of liberated intracellular enzymes that
maintained their activity after autoclaving.

The concentration of TMP in the 500 mg/L GO solution remained
unchanged in the first 3 days and then decreased to reach ~60%
removal on day 6 of the experiment. SMX disappearance was more
gradual in the presence of GO only, reaching around 65% removal by

day 14. Both TMP and SMX can interact with graphene nanosheets of
GO/RGO via 7-n electron donor-acceptor interactions, electrostatic in-
teractions, and hydrogen bonding [48-50]. TMP was present as un-
charged species at an experimental pH of 7.2 (pK, = 7.4, [51]) and
strong n-n interactions were previously determined as the dominant
adsorption mechanism of an uncharged TMP molecule at RGO nano-
sheets [50]. The decrease observed in the TMP adsorption onto GO be-
tween day 3 and 6 is likely a consequence of mild reduction and
wrinkling of GO nanosheets at 35 °C, which was the temperature
maintained in all experiments. Variations in the wrinkling of the gra-
phene nanosheets can have a pronounced effect on the energy distri-
bution of their adsorption sites and thus impact their interaction with
SMX and TMP [49]. SMX was present as an anion (pKy; = 1.4, pKyp =
5.8, [52]), and may have been adsorbed more gradually to GO and
partially reduced GO nanosheets due to the somewhat decreased n-n
interactions, as GO has a negative charge within the range of pH 3-11
[53]. Previously, SMX adsorption in the GO dispersion was observed to
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occur already within the first few hours [54,55].

In the experiments with biologically-active anaerobic sludge, SMX
and TMP were rapidly removed in the first two days of the experiment
and were not affected by the GO addition (6b, 6d). Similar results on
rapid removal of SMX and TMP by mixed anaerobic communities were
previously explained by the carbon-rich environment in the BMP assays,
which facilitates their removal through co-metabolic degradation pro-
cesses [55-57]. Thus, the presence of bioRGO did not further enhance
the anaerobic biotransformation of the target antibiotics. However, the
addition of GO had an impact on the amounts of the formed trans-
formation products (TPs) of SMX.

For TMP, no TPs could be identified in any of the conducted exper-
iments, including the target search for the previously reported products
of TMP anaerobic transformation, e.g., formed by anaerobic demethy-
lation [58]. Two TPs were identified for anaerobic degradation of SMX,
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including the protonated molecular ions, [M+H]" of 254 (TP253) and
[M+H]* 258 (TP257). Product TP253 exhibited the identical MRM
transitions as the parent compound (i.e., m/z 254—-m/z 156.1, and m/z
254—-m/z 92) but eluted at an earlier retention time (tg) of 3.4 min
compared with the tg of SMX (5.5 min) (Fig. 7, Fig. S4). This, together
with the identical mass spectra as compared to SMX (Fig. 7a), indicated
a rearrangement in the isoxazole moiety in the SMX molecule to form
TP253 (Fig. 7b). This rearrangement in TP253 was reported in a recent
study on SMX transformation by sulfate-reducing and methanogenic
communities [59]. In the same study, the authors observed another
product with the nominal mass of 255 Da (molecular ion at m/z 256),
formed by the cleavage of the N-O bond and isoxazole ring opening.
Based on the obtained mass spectrum of TP257 (Fig. 7¢), this product
was likely formed via a similar pathway but involved further hydroge-
nation of the double bond in the isoxazole moiety. Such TPs are common
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in anaerobic environments and are formed by sulfate-reducing bacteria
and methanogenic cultures [59-61]. Thus, the anaerobic biotransfor-
mation of SMX proceeded via isomerization and N-O bond cleavage and
reduction of the isoxazole moiety (Fig. S5), similar to previously re-
ported data [59].

Although the addition of GO did not impact the SMX removal ki-
netics of the parent compound, it had a pronounced inhibiting impact on
the formation of TP253 and TP257 (Fig. 8). For example, the amount of
TP253 (estimated based on the peak area of the m/z 254 and normalized
to the initial peak area of SMX) reached approximately 4% of the initial
amount of SMX in the absence of GO, whereas the addition of 500 mg/L
of GO lowered this value to a maximum of 1% (Fig. 8a). Similar behavior
was observed for TP257, which reached 40% of the initial amount of
SMX in the absence of GO, but only 16% in the presence of 500 mg/L of
GO. The presence of 100 mg/L of GO gave similar results as in the case of
AS without GO for both TP253 and TP257. This inhibiting effect of GO
addition on the formation of TP253 and TP257 may have been a
consequence of the consumption of the available electrons by the GO
being the external electron acceptor. Yet the removal kinetics of the
parent compound remained unchanged and the inhibiting effect of GO
in the biotransformation of SMX could only be noted after its TPs were
identified and their formation profiles determined. Furthermore, both
TP253 and TP257 were also detected in the experiments conducted with
the sterilized sludge. TP253 was rapidly formed and reached up to 12%
of the initial amount of SMX within the first 24 h of the experiment,
indicating that this compound was likely the primary biotransformation
product of SMX. This result is surprising considering that viable sludge
formed significantly lower quantities of TP253. Considering that the
autoclaving treatment led to sludge lysis, it is likely that the formation of
TP253 was enhanced by the liberation of specific intracellular enzymes.
Intracellular enzymes were previously reported to play a significant role
in the anaerobic biotransformation of antibiotics and other organic
pollutants [62,63]. A recent study indicated a lower metabolic potential
for the biotransformation of antibiotics via extracellular enzymes than
via intracellular enzymes [62]. In the biotransformation of ciprofloxacin
by the anaerobic sulfate-reducing bacteria, cytochrome P450 catalyzed
hydroxylation and desethylation reaction in piperazinyl ring [63].
Nevertheless, it should be noted that denaturation of the cytochrome
P450 enzyme is expected to occur at temperatures above 90°C [64], and
its contribution to the biotransformation of SMX, as well as the eluci-
dation of key intracellular enzymes that were active in the sterilized
sludge, require further study. From the qualitative profiles of TP253 and
TP257 presented in Fig. 8, it can be observed that the appearance of new
products does not occur simultaneously with the disappearance of the
parent compound. Thus, anaerobic biotransformation of SMX likely
included also other intermediate products that precede the formation of
TP273 and TP257, and that could not be identified in the present study.
The exception to this behavior is the experiment with the sterilized
sludge, where a sharp decrease in SMX concentration is followed by a
sharp increase in the amount of the formed TP253.

4. Conclusions and outlook

Rapid microbial reduction of GO to bioRGO occurred after one day of
incubation with mixed anaerobic sludge. However, the formation of
bioRGO negatively impacted the BMP (up to 21%) and did not influence
the removal of selected antibiotics. Nevertheless, the addition of incre-
mental amounts of GO led to a proportional decrease in the amounts of
the identified biotransformation products of SMX, TP253 and TP257,
formed via isomerization and N-O bond cleavage and reduction of the
isoxazole moiety. Thus, although it was not evident from the removal
kinetics of the parent compound, the anaerobic biotransformation of
SMX was affected by the bioRGO presence. Furthermore, these products
were measured in the sterilized sludge, indicating a prominent role of
intracellular enzymes liberated upon the autoclaving in the anaerobic
biotransformation of SMX. Thus, the results point out the necessity of a
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Fig. 8. Peak areas of: a) Transformation product 253 (TP253), and b) Trans-
formation product 257 (TP257), obtained from the extracted ion chromato-
grams (XICs) and normalized to the initial value of peak area of
sulfamethoxazole (SMX). Normalized concentrations of the parent compound
(SMX) are presented in dotted lines for comparison. See Table 1 for details.

comprehensive evaluation of the impact of GO on the biotransformation
of organic pollutants, including the analyses of their biotransformation
products. Moreover, it is noted that BMP tests are not suitable to prop-
erly evaluate the impact of bioRGO on biogas production and organic
micropollutants removal. Future studies should extend the investigation
period to continuous systems.
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