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A B S T R A C T

With widespread occurrence and increasing concern of emerging contaminants (CECs) in source water, bio-
logically active filters (BAF) have been gaining acceptance in water treatment. Both BAFs and graphene oxide
(GO) have been shown to be effective in treating CECs. However, studies to date have not addressed interactions
between GO and microbial communities in water treatment processes such as BAFs. Therefore, in the present
study, we investigated the effect of GO on the properties and microbial growth rate in a BAF system. Synthesized
GO was characterized with a number of tools, including scanning electron microscopy (SEM), energy dispersive
x-ray spectroscopy (EDX), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and Raman
spectrometry. GO exhibited the characteristic surface functional groups (i.e., C-OH, C=O, C-O-C, and COOH),
crystalline structure, and sheet-like morphology. To address the potential toxicity of GO on the microbial
community, reactive oxygen species (ROS) generation was measured using nitro blue tetrazolium (NBT) assay.
Results revealed that during the exponential growth phase, ROS generation was not observed in the presence of
GO compared to the control batch. In fact, the adenosine triphosphate (ATP) concentrations increased in the
presence of GO (25 μg/L - 1000 μg/L) compared to the control without GO. The growth rate in systems with GO
exceeded the control by 20 % to 46 %. SEM images showed that GO sheets can form an effective scaffold to
promote bacterial adhesion, proliferation, and biofilm formation, demonstrating its biocompatibility. Next-
generation sequencing (Illumina MiSeq) was used to characterize the BAF microbial community, and high-
throughput sequencing analysis confirmed the greater richness and more diverse microbial communities
compared to systems without GO. This study is the first to report the effect of GO on the microbial community of
BAF from a water treatment plant, which provides new insights into the potential of utilizing a bio-optimized
BAF for advanced and sustainable water treatment or reuse strategies.

1. Introduction

Graphene and its derivatives have received significant attention
because of their unique properties with respect to thermal conductivity,
electron mobility, surface area, and mechanical strength (Andrijanto
et al., 2018; Tian et al., 2021). Currently, the most investigated and used
form of graphene is graphene oxide (GO), which has been widely applied
in numerous fields over the past decade, including environmental en-
gineering, medical devices, electronics, and energy (Dasari et al., 2017;
Tian and Wang, 2021; Zou et al., 2016). GO is a 2-D single-atomic
layered material made of sp2-bonded carbon atoms with a 0.142 nm
bond length (Guerrero et al., 2015). Its honeycomb-like structure in-
cludes hydroxyl (C–OH), carboxyl (COOH), carbonyl (C = O), and

epoxy (C–O-C) groups (Zhang et al., 2019). These oxygenated func-
tional groups significantly change the interplane interactions and
introduce the hydrophilic character (Hulagabali et al., 2023).

In recent years, GO has been exploited in treating contaminants
(Andrijanto et al., 2018; Xing et al., 2020) and as an antibacterial agent
to combat drug-resistant bacteria, fouling biofilms, and even fungal
pathogens (Anand et al., 2019; Azizi-Lalabadi et al., 2020; Yousefi et al.,
2017). For example, Wu et al. (2017) conducted in vitro and in vivo
studies revealing that GO exerts inhibitory effects on K. pneumonia
growth; this, in turn, led to increased survival rates of mammalian lung
cells, reduced tissue damage, and mitigated inflammation in various
organs. In their study, Wang et al. (2014) successfully developed a
ZnO-GO composite, demonstrating bacteriostatic properties against

* Corresponding author.
E-mail address: lisa.b.axe@njit.edu (L. Axe).

Contents lists available at ScienceDirect

Water Research
journal homepage: www.elsevier.com/locate/watres

https://doi.org/10.1016/j.watres.2024.122155
Received 24 May 2024; Received in revised form 23 July 2024; Accepted 25 July 2024

mailto:lisa.b.axe@njit.edu
www.sciencedirect.com/science/journal/00431354
https://www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2024.122155
https://doi.org/10.1016/j.watres.2024.122155


Water Research 263 (2024) 122155

2

E. coli. Furthermore, Grande et al. (2017) found that a GO-chitosan
composite film enhanced antibacterial activity, making it more suit-
able for food packaging applications. On the other hand, over the con-
centration range of 50 to 500 mg/L, GO was found to support microbial
growth in cultures of (pathogenic) bacteria (Guo et al., 2017; Ruiz et al.,
2011; Song et al., 2018). More recently, Kumar et al. (2020) effectively
degraded microcystin-LR (MC-LR) while removing other contaminants
using GO-coated sand co-cultured with Arthorobacter ramosus and Ba-
cillus amyloliquefaciens; these strains are known as potent MC-LR de-
graders. Other studies have begun to address how GO interacts with
microbial communities (Kedves et al., 2020; Lian et al., 2020; Sha et al.,
2020). For example, Sha et al. (2020) examined the effects of GO (5–25
mg/L) on the bacterial community in a simulated wastewater treatment
process and reported that at 25 mg/L, Firmicutes, Sphingobium, and
Leuconostoc showed significantly higher abundance than in control re-
actors. Furthermore, Sphingobium increased with increasing GO con-
centrations, while Klebsiella decreased. In another study, Luo et al.
(2022) explored the impact of GO concentrations on the bacterial
community of rhizospheric soil. Their investigation demonstrated that
increasing GO concentrations from 25mg/L to 500 mg/L led to a change
in bacterial community richness; specifically, Actinobacteria, Proteobac-
teria, Chloroflexi, Acidobacteria, Verrucomicrobia, and Nitrospirae exhibi-
ted the greatest increases in abundance. However, interactions between
GO and the microbial community in water treatment processes such as
biologically active filters (BAF) are still unknown. To better understand
how GO contributes to supporting biodegradation rates in water treat-
ment or water reuse, a more systematic study is needed with a microbial
community.

BAF in water treatment has been gaining acceptance for treating
contaminants of emerging concern (Hess andMorgenroth, 2021; Zearley
and Summers, 2012; Zhang et al., 2016, 2017). Granular activated
carbon (GAC), with its extensive surface area in the order of 900 m2/g,
micro-sized pores, and durable structure, provides a supporting sub-
strate for advancing sustainable biofilms in BAF systems (Zhang et al.,
2017). Interestingly, GO, which has demonstrated biocompatibility
through interactions with living organisms (Guo et al., 2017; Ruiz et al.,
2011; Sha et al., 2020; Song et al., 2018), has a greater specific surface
area in aqueous solutions (880–2391 m2/g) (Boulanger et al., 2022;
Zhang et al., 2020) than GAC, enabling potentially more interactions
between the substrates, contaminants, and microorganisms. Therefore,
GO may enhance microbial population growth and stimulate biodegra-
dation in a BAF system. In addition, GO exhibited superior adsorption
capacity compared to GAC in treating organic contaminants, including
halogenated aliphatic hydrocarbons, polychlorinated biphenyls (PCBs)
(Zhou et al., 2015), pesticides (Andrade et al., 2019; Xing et al., 2020),
and antibiotics (Gao et al., 2012) in aqueous solutions. Developing a
composite by impregnating GO into the GAC surface may improve sur-
face properties, including adsorption capacity and surface area, pro-
moting microbial adhesion and inducing its growth. With limited work
available on the impact of GO on biofilm growth and sustainability in
GAC-BAF systems, a systematic study is warranted.

In this research, we investigated the effect of GO on the properties
and growth of a GAC-based BAF. Specifically, the growth rate of the
microbial community in the GAC-BAF is investigated, along with the
generation of reactive oxygen species (ROS). We use scanning electron
microscopy (SEM) to observe the surface morphology of biofilm before
and after exposure to GO to examine the interactions of GO with GAC-
BAF samples. Additionally, changes in the microbial community are
investigated using Illumina MiSeq 16S rRNA sequence analysis. This
research offers valuable insights into the application of a bio-optimized
BAF for advanced and sustainable water treatment.

2. Materials and methods

2.1. Synthesis of graphene oxide

All the chemicals used were of reagent grade and purchased from
Fisher Scientific. GO was synthesized following the modified Hummer’s
method (Hummers, 1958). Briefly, graphite powder (140 g/L), K2S2O8
(100 g/L), and P2O5 (100 g/L) were heated in an Erlenmeyer flask at 80
◦C with concentrated H2SO4 for 5 h. Subsequently, the flask was placed
in an ice bath and diluted with H2O (17 % of total volume), which was
slowly added to stop the reaction. The solid sample remaining was
rinsed several times through vacuum filtration (0.2 μm) and dried
overnight. This pretreated graphite powder was then mixed with
concentrated H2SO4 (50 g/L), KMnO4 (140 g/L), and NaNO3 (20 g/L) in
the Erlenmeyer flask in an ice bath (at less than 10 ◦C). After 3 h of
reaction, the mixture was sonicated for 10 min, and 1000 ml (67 % by
volume) of deionized water (DI) was added slowly. Subsequently, H2O2
(40 ml/L) (30%) was added slowly to the mixture to remove the residual
manganese ions that precipitated as MnO2. The sample was then washed
sequentially using 1 M of HCl and DI water and dried for 48 h at room
temperature.

2.2. Methods for characterizing GO

The structure and morphology of synthesized GO were characterized
by using a number of analyses, including SEM, X-ray diffraction (XRD),
Fourier Transform infrared spectroscopy (FTIR), and Raman spectrom-
etry. The surface morphology of GO was evaluated with an SEM JEOL
JSM 7900F, operating at 12.0 keV. Before imaging, the GO films were
coated with AuPd (~10 nm) to improve conductivity and reduce
charging using an EMS Quorum sputterer (Aliyev et al., 2019). Energy
dispersive X-ray spectroscopy (EDX) analysis was performed to confirm
the weight percentage of oxygen and carbon atoms in the synthesized
GO. XRD analysis was performed using a scanning rate of 6◦ min−1 with
a PANalytical EMPYREAN XRD and Cu Kα radiation at voltage 45 kV and
current 40 mA. FTIR spectroscopy was carried out using an Agilent Cary
610 spectrometer over 400 to 4000 cm−1. For FTIR, powder samples
were prepared using the potassium bromide (KBr) pellet method
(Hulagabali et al., 2023). Raman spectroscopy was carried out using a
Bruker Scientific DXR Raman microscope (Model: DXR3xi) with a 532
nm wavelength laser and filter.

2.3. GAC-BAF sample collection and source water preparation

The GAC-BAF samples (Calgon Filtrasorb 820; diameter 1.0–1.2 mm)
were collected from the Passaic Valley Water Commission (PVWC) in
New Jersey. Samples were transported to the laboratory in High-Density
Polyethylene containers and maintained at 4 ◦C. Source water was
prepared to simulate the influent water composition of the treatment
plant and used as a culture medium for this study (Table SI-1). Prepa-
ration of the source water nutrients was adapted from a previous study
(Zhang et al., 2017). Briefly, carbon, nitrogen, and phosphorus were
added for a mass ratio of 15:5:1, ensuring that these nutrients promoted
microbial growth (without limiting any nutrient). A similar C:N:P ratio
was applied in other studies focused on drinking water biofilters (Liu
et al., 2001; Urfer and Huck, 2001). Sodium phosphate and sodium ni-
trate were used as phosphorous and nitrogen sources, respectively.
Formaldehyde (100 mg/L), glyoxal (30 mg/L), formate (400 mg/L), and
acetate (300 mg/L) were added to the simulated source water as carbon
sources that resulted in an initial dissolved organic carbon concentration
of 7.0 ± 0.1 mg/L and is consistent with other studies (Liu et al., 2001;
Urfer and Huck, 2001; Zhang et al., 2017). These biodegradable com-
pounds were selected because they tend to be generated in the greatest
yield as organic by-products from ozonation (Liu et al., 2001; Maeng
et al., 2011).
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2.4. Method of dosing GO to GAC-BAF sample

The GAC-BAF samples (200 mg/L) were studied in batch reactors run
in triplicate, where GO was added in concentrations ranging from 0 to
1000 μg/L from a stock solution of GO that was homogeneously
dispersed in DI water (2 mg/L) without producing any agglomeration.
The range of concentrations of GO used included 25, 100, 400, 750, and
1000 μg/L. Prior studies demonstrated that GO concentrations in the
25–300 mg/L range promoted microbial community growth in waste-
water treatment processes (WWTs) (Kedves et al., 2020; Lian et al.,
2020; Wang et al., 2013); however, the viable biomass based on ATP
concentration in WWTs (i.e., 2.2 mg ATP/g dry media to 3.7 mg ATP/g
dry media) (Jørgensen et al., 1992; Vang et al., 2014) is much greater
than that found in water treatment plants (1.96 × 10–4 mg ATP/g dry
media to 2.8 × 10–3 mg ATP/g dry media) (Magic and Kooij, 2004;
Velten et al., 2011; Zhang et al., 2017). Given the ATP concentrations,
lower GO concentrations were used in this study and are consistent with
the ATP:GO ratios applied in other studies. GAC-BAF samples were
incubated in the exponential growth phase up to 48 h, and samples were
collected at select incubation times (i.e., 18 h, 24 h, 30 h, and 48 h). This
research focused on addressing the potential benefits of GO amendments
in a GAC-BAF system to model and scale up. Therefore, reaction kinetics
during the exponential growth phase were investigated, and systems
with and without GO were compared quantitatively. Specifically, mi-
crobial growth parameters, including specific growth rate (μmax), Monod
constant (KS), and biomass yield (Y), were assessed.

2.5. Reactive oxygen species (ROS) generation and oxidative stress

GO-induced oxidative stress has been regarded as the most widely
accepted mechanism involved in the antibacterial activity of GO
(Gurunathan et al., 2012). The presence of oxidative stress has the po-
tential to disrupt vital cellular functions and interfere with bacterial
metabolism, ultimately resulting in the deactivation of bacterial cells.
Oxidative stress in cells is a well-established consequence of exposure to
ROS. Previous studies have documented concentration-dependent ROS
production by GO (Guo et al., 2017; Siqueira et al., 2022; Song et al.,
2018). Therefore, the evaluation of ROS production by GO during bio-
film formation was assessed using the nitro-blue tetrazolium (NBT)
reduction assay (Guo et al., 2017; Pelin et al., 2018). The assay takes
advantage of the ability of NBT, a yellow dye, to be reduced to formazan,
a blue-purple insoluble compound, in the presence of superoxide radi-
cals. This color change is equivalent to the levels of superoxide pro-
duction in cells. GAC-BAF samples exposed to GO concentrations
(discussed in Section 2.4) were collected after 18 h, 24 h, 30 h, and 48 h,
and ROS concentration in the bacterial biofilm was then quantified.
Briefly, the GO-exposed GAC-BAF sample was placed in a micro-
centrifuge tube with 0.5 mL of 1 mg/mL NBT and incubated for 30 min.
The insoluble formazan was then extracted with 2 M KOH and dimethyl
sulfoxide (96 %) (v/v: 1:3), and the absorbance was recorded at 630 nm
under the microplate reader (Guo et al., 2017). The negative control for
ROS generation did not include GO, whereas the positive control
included 3 mM of H2O2 for the oxidation of NBT (Gurunathan et al.,
2012). For the positive control, GAC-BAF samples were exposed to H2O2
for 45 min and then incubated with NBT for 30 min (Engelbrecht et al.,
2024). In this experiment, H2O2 was used as a positive control to verify
that reduced formazan was produced by superoxide radicals generated
when H2O2 breaks down, validating the experimental method (Coyle
et al., 2006). The results are expressed as % of ROS generation as
compared to control without GO.

2.6. Biofilm formation ability of microbes exposed to GO suspensions

Adenosine triphosphate (ATP) is vital in storing energy within cells
and is the primary energy currency for all living organisms (Velten et al.,
2007). In biofilm studies, ATP analysis has been used to assess the total

biomass of viable cells within a biofilm. Because ATP is present in living
cells, increases in ATP concentrations indicate increases in the number
of viable cells and, consequently, a more substantial biofilm formation
(Zhang et al., 2016). Therefore, ATP concentrations were used to
quantify biomass in GO-exposed GAC-BAF samples. GO concentrations
applied in the systems (i.e., 25 μg/L to 1000 μg/L) were dosed as
described in Section 2.4. The GAC-BAF samples were incubated over 48
h at room temperature with an orbital shaker at 100 rpm. Measurement
of ATP was assessed at select incubation times (18 h, 24 h, 30 h, and 48
h) following Velten et al. (2007). Briefly, samples exposed to GO were
collected from the reactor, and ATP was extracted using BacTiter-Glo™

reagent (1 g/L). The resulting luminescence was measured as relative
light units using a luminometer (GloMax®) and converted to an ATP
concentration using a calibration curve constructed with a pure ATP
standard.

2.7. SEM imaging of GO-exposed GAC-BAF

SEM imaging of biofilms was performed to observe the biofilm fea-
tures and structure as visible evidence of the interaction of GO with
GAC-BAF samples. Briefly, for SEM analysis, at the end of 48 h incu-
bation, samples were collected from each reactor and rinsed three times
with sodium cacodylate phosphate buffer (0.1 M, pH= 7.4) (Chen et al.,
2014). All samples were serially dehydrated with increasing concen-
trations of ethanol (20 %, 40 %, 60 %, 80 %, and 100 %) and vacuum
dried for 4 h (Dong et al., 2018). Each step has a minimum duration of
20 min, except the last step, during which the GAC-BAF samples are left
in pure ethanol overnight (Velten et al., 2007).

2.8. High-throughput Illumina amplicon sequencing and taxonomy
analysis

Untreated and GO-treated GAC-BAF samples were used in DNA
extraction using PowerSoil® DNA Isolation Kit (MoBio Laboratories,
USA) following the manufacturer’s instructions (Zhang et al., 2018).
Cell disruption and the subsequent extraction of DNA were accom-
plished through bead-beating techniques. The DNA in the extracts was
purified and concentrated using the Genomic DNA Clean& Concentrator
Kit (Zymo Research, USA) before measuring its concentration with a
Nanodrop spectrophotometer. Polymerase chain reaction (PCR) ampli-
con libraries for 16S rRNA gene sequences were constructed applying
primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R
(5′-GGACTACHVGGGTWTCTAAT-3′) (Li et al., 2019b; Zhang et al.,
2023; Zhou and Xu, 2020). PCR amplification was performed in Phu-
sion® high-fidelity PCR Master Mix (Thermo Scientific, USA) by initial
denaturing at 98 ◦C for 30 s, then running for 35 cycles of denaturing at
98 ◦C for 10 s, annealing at 48 ◦C for 30 s, and extension at 72 ◦C for 30 s,
and a final extension at 72 ◦C for 10 min (Li et al., 2019a). PCR products
were processed by 1 % agarose gel electrophoresis to validate target
amplicon bands. After that, target bands were selectively cut and puri-
fied using a GeneJET Gel extraction kit (Thermo Scientific, USA) for the
following sequencing. Triplicates of PCR products from the same sample
were composited to obtain a representative DNA sample, which is
consistent with other studies (Forstner et al., 2019; Lian et al., 2020; Sha
et al., 2020) as a comprehensive DNA sample improves the detectability,
reproducibility, homogeneity, and accuracy in Next-Generation
Sequencing (Litchfield et al., 2020). Because of the quality of
sequencing data and with no variability in the experimental setup, one
representative DNA sample for each GO concentration applied was used
for sequencing. Purified DNA amplicons were diluted to 20 ng/μL in 25
μL (500 ng) and sent out for amplicon sequencing at Azenta (South
Plainfield, NJ, USA). 16S amplicon sequencing data was processed by
vsearch (v2.15.2) combined with usearch (v10.0.240) in conda (23.3.1)
deployed in linux_x86_64 (Ubuntu 18.04.3 LTS) for primers cutting,
quality control (score≧20/fastq_maxee_rate = 0.01), denoise, ASV table
and taxonomy annotation (Edgar, 2010; Liu et al., 2021; Rognes et al.,
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2016). Taxonomy was annotated against Greengenes2 (v2022.10) for
bacterial community analysis (McDonald et al., 2023).

2.9. Statistical analysis

The statistical analysis was conducted using SPSS software. As the
data set was small (n < 10), significant differences between experi-
mental results were determined through a non-parametric test, the Sign
Test (Nahm, 2016), by comparing the median of independent samples
(GO-exposed samples: w/GO25 and w/GO1000) in terms of ROS gener-
ation to determine if they significantly differ from the control (w/o GO),

considering statistical significance at a p-value < 0.05.

3. Results and discussion

3.1. Characterization of GO

From the SEM analysis, the structure and surface morphology of the
synthesized GO (Fig. 1a) reveal exfoliation into thin nanosheets with the
characteristic wrinkled and folded structure. The presence of irregular
edges, rough surfaces, and crumpling results from the folding or rolling
of two-dimensional GO sheets and indicates that the graphene layers

Fig. 1. Characterization of synthesized GO: (a) SEM micrograph of GO (1 μmwith 3500 ×magnification); (b) EDX mapping of GO; (c) FTIR spectrum of graphite and
GO; (d) Raman spectra of graphite and GO.
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were fully oxidized to GO (Zhang et al., 2019). Other studies (Muniya-
lakshmi et al., 2020; Neelgund et al., 2013) also confirmed such corru-
gated and scrolling morphology of GO, which is attributed to the
presence of oxygen-containing functional groups on the chemically
modified GO sheets. To further assess GO properties, elemental analysis
was conducted to determine the C/O ratio in terms of the weight per-
centages. EDX mapping shows (Fig. 1b) that the majority of the GO is
carbon (29.4 % of mass), followed by oxygen (22.9 % of mass) with a
C/O ratio of 1.28. This ratio is slightly lower than the ratios (1.43–1.77)
reported in other studies (Alam et al., 2017; Guerrero et al., 2015) and
confirms that GO samples are oxidized.

The FTIR spectra reveal the presence of oxygenated functional
groups on GO surfaces (Fig. 1c). Specifically, a broad peak at 3369 cm-1

confirms the stretching and bending vibration of -OH groups from water
molecules adsorbed on the surface (Hidayah et al., 2017). This peak
supports the presence of intercalated water and graphene oxidation and
demonstrates the improved hydrophilicity of GO. The presence of two
absorption peaks at 1622 cm−1 and 1729 cm−1 can be attributed to
asymmetric vibrational stretching of sp2- hybridized C=C and C=O of
carboxylic acid and carbonyl groups found at the edges of GO (Alam
et al., 2017). In addition, the absorption peaks at 1224 cm−1 and 1058
cm-1 can be attributed to the stretching vibration of the epoxy groups
(C–O-C) (Guerrero et al., 2015). Finally, the absorption peak at 1384
cm−1 denotes O–H deformations in C–OH groups of carboxylic acid
(Xing et al., 2020). The FTIR results of the GO are consistent with other
studies (Alam et al., 2017; Xing et al., 2020). The initial graphite spec-
trum did not exhibit any of these peaks. Therefore, these
oxygen-containing functional groups are indicative of graphite
oxidation.

Raman spectroscopy is a non-destructive technique that is widely
used to obtain structural information about carbon-based materials
(Alam et al., 2017). The main features of pure graphite are the G and D
peaks and their overtones. The two most intense peaks are at 1578 cm−1

(G band), corresponding to the tangential stretching (E2g) mode of
highly oriented graphite and at 2725 cm−1 (2D band), which represents
the disorder in sp2 hybridized carbon atoms (lattice distortion) (Alam
et al., 2017; Zhang et al., 2019). Another characteristic peak is located at
approximately 1363 cm-1 (D band) and relates to the structural defects
and partially disordered structures of the sp2 domains. The Raman
spectra of GO (Fig. 1d) show the presence of a very strong D peak at
about 1363 cm−1 with an intensity comparable to that of the G peak at
approximately 1595 cm−1. This result demonstrates that GO samples are
distorted in the sp2 crystal structure and exhibit defects (Aliyev et al.,
2019). The intensity ratio (ID/IG) of GO samples, 0.85, indicates the
presence of sp2 carbon networks and an increase in edge planes and
various disorders, including defects, ripples, and wrinkles found in SEM
analysis (Krishnamoorthy et al., 2013). Other studies reported an in-
tensity ratio of 0.83 to 0.93 due to oxygen functionalities present at
defect sites (Xing et al., 2020; Zhang et al., 2018b). Weak and broad 2D
peaks at around 2690 cm−1 also indicate a disorder that can be attrib-
uted to double resonance transitions, resulting in the production of two
phonons with opposite momentum (Krishnamoorthy et al., 2013). A
defect-activated peak called D+G is visible near 2960 cm-1.

XRD analysis was employed to assess the structure of the synthesized
GO (Krishnamoorthy et al., 2013). For graphite, one sharp peak can be
observed at a 2θ of 26.61◦ (Figure SI-1). This peak confirms the pres-
ence of a well-ordered layered structure with 0.334 nm d-spacing along
the (002) orientation and is in agreement with the reference XRD pattern
(ICDD File 9,012,230) (Zhang et al., 2019; Hidayah et al., 2017). Upon
oxidation of graphite, its crystal structure is altered: the 2θ peak at 11.4◦
for GO indicates that the graphite was fully oxidized. Furthermore, the
interlayer distance of GO reveals a d-spacing of 0.775 nm. The increase
in interlayer spacing of GO from graphite is attributed to the intercala-
tion of oxygenated functional groups. The XRD findings of the GO are
consistent with other studies (Guerrero et al., 2015; Krishnamoorthy
et al., 2013). Characterization with SEM, EDX mapping, FTIR, Raman,

and XRD patterns demonstrate properties consistent with GO.
Characterization results provide insight into how GO will interact

with the microbial population present in the BAF system. For example,
in this study, SEM results showed wrinkled, corrugated, and folded
structures of GO surface with various defects and ripples, as confirmed
by Raman analysis. Such morphology increases surface roughness and
leads to strong adhesion of microbes, inducing growth (Zhang and
Tremblay, 2020). Moreover, FTIR and EDX results suggested that the GO
sheets used in this study include hydrophilic oxygenated groups on their
surfaces, enabling them to produce a stable dispersion in water. XRD
result suggests that GO was fully exfoliated in water and increased its
specific surface area (Zhang et al., 2020). The greater surface area of GO
provides a suitable environment for bacterial cell adhesion by offering
more reaction sites (Braylé et al., 2022; Sanchez et al., 2012). The basal
plane of GO enables biological cell attachment by noncovalent in-
teractions, whereas edges help adhere to biological molecules through
covalent interactions (Hui et al., 2014). Additionally, impurities were
not observed on the GO surface. With increased interactions with mi-
crobial populations in the BAF system, GO stimulated biodegradation
rates, that is expected to have a beneficial impact on CECs treatment
compared to conventional GAC and GAC-BAFs, decreasing treatment
time and cost.

3.2. Role of GO on ROS generation and oxidative stress

ROS generation, one of the primary factors for cellular dysfunction,
is often proposed as a common toxicological mechanism for GO. Studies
have indicated that GO may induce oxidative stress by directly gener-
ating ROS (Guo et al., 2017; Pelin et al., 2018; Song et al., 2018). To
further investigate the toxicity of GO to GAC-BAF, ROS production
during biofilm formation was measured using an NBT assay. The results
showed that during the exponential growth phase (up to 30 h),
compared to the control, the presence of GO showed no effect on ROS
generation under all concentrations examined (Fig. 2). Interestingly,
continued exposure to 48 h revealed a decrease in ROS generation by as
much as 30 % (p > 0.05) compared to the control batch. These results
suggest that oxidative stress observed due to exposure to GO was less
than the control (w/o GO), decreased with time, and did not affect cell
proliferation during the exponential phase. Prior studies also reported
such time-dependent ROS generation while exposed to GO concentra-
tions (Evariste et al., 2021; Guo et al., 2017; Siqueira et al., 2022). For
example, Siqueira et al. (2022) reported that zebrafish liver cells
exposed to GO produced less ROS after 72 h than 24 h compared to
control. This time-dependent ROS generation of GO can be ascribed to
the cells’ physiological state, which differs at each maturation stage
(Fallatah et al., 2019). In another study, Guo et al. (2017) investigated
the effects of GO on biofilm formation in pure bacterial cultures and
reported that GO enhanced microbial growth and biofilm formation up
to 500 mg/L without producing significant ROS at the GO concentration
range of 5–100 mg/L. In this experiment, H2O2 was used as a positive
control as it stimulates ROS production. The presence of 3 mM H2O2
resulted in a significant increase (60%) in ROS levels compared to the
ROS intensity observed in the control (Fig. 2).

3.3. Effects of GO on microbial growth and biofilm formation

The microbial interaction of GO was assessed through ATP analysis
by exposing the microbial community of GAC-BAF to GO concentrations
from 25 μg/L to 1000 μg/L over 48 h. Based on ATP concentrations
observed, GOwas biocompatible with the GAC-BAF, showing no toxicity
effect on viable cells within the biofilm (Fig. 3a). The initial ATP con-
centration in the GAC-BAF was 26–70 ng ATP/cm3 GAC. Zhang et al.
(2017) reported the initial ATP concentration of a 2-year BAF as 5–62 ng
ATP/cm3 GAC from PVWC, and after reaching steady-state conditions in
the lab, ATP concentrations increased up to 350 ng ATP/cm3 GAC. On
the other hand, Velten et al. (2011) reported an initial ATP
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concentration of 9.32 ng ATP/cm3 GAC and a steady-state concentration
of 500 ng ATP/cm3GAC for a drinking water GAC filter. In our study, the
average ATP concentration of GAC-BAF increased up to 660 ng ATP/cm3

GAC after 48 h without GO (control). However, ATP concentrations
increased in the presence of GO at 25 μg/L (52 %) and 400 μg/L (30 %)
(Fig. 3a). Although ATP concentrations increased as well at higher GO
concentrations (750–1000 μg/L), they peaked in the range of 25 to 40
μg/L. The GO used in this study formed a stable dispersion because of the
oxygenated groups on its surfaces, increasing the potential to interact
with microbial cells and thus induce cell differentiation and prolifera-
tion (Chen et al., 2014). These results are consistent with several studies
with pure bacterial cultures where significant bacterial growth was
observed in the presence of GO (Chen et al., 2014; Guo et al., 2017; Ruiz
et al., 2011; Song et al., 2018). For example, Wang et al. (2013) reported
that the microbial activity of anammox bacteria was enhanced (10.26
%) with GO at 100 mg/L. Another study by Yin et al. (2015) reported
that GO doses ranging from 0 to 100 mg/L increased anammox bacteria
activity, which enhanced nitrogen removal by 17.2 % compared to that
of the control experiment. Furthermore, GO enhanced extracellular

polymeric substances (EPS), increasing energy for the catabolism of
anammox cells (Wang et al., 2013). Moreover, EPS supports micro-
colonies that potentially increase the activity of bacteria (Yin et al.,
2015). GO sheets can form membrane scaffolds for bacterial attachment
and proliferation and also improve the mass transfer of nutrients and
metabolites between the bulk medium and bacteria, inducing growth
(Chen et al., 2014; Wang et al., 2013). Song et al. (2018) found that the
presence of GO, even up to 10 mg/L, enhanced the biofilm formation of
E. coli in a pure culture medium by 50 %. To explain the biofilm for-
mation mechanism, authors proposed that lower GO doses may inacti-
vate some microbial cells, resulting in a protective barrier to prevent the
other cells from contact with GO, and dead cells act as nutrient sources
for the remaining living cells, thus increasing biofilm formation (Song
et al., 2018). In our study, although the concentration of GO was
comparatively low, consistent with biomass concentrations in water
treatment plants, the loading of GO to biomass based on ATP was
consistent.

The growth rate and substrate consumption (TOC) were modeled
with the Monod Equations (Eqs. (1) and 2) to obtain best-fit rate

Fig. 2. ROS generation in GAC-BAF biofilm after incubation with varying GO concentrations. þ Control indicates H2O2 as an oxidizing agent.

Fig. 3. (a) Effect of GO on microbial growth after 48 h exposure to GAC-BAF; (b) Monod growth equation fitted to experimental data.
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constants (Liu, 2017). The mass balance for ATP and TOC, respectively,
in the batch reactor follows:
dX
dt =

μmax S
Ks + S× X (1)

dS
dt = −

μmax S
Ks + S×

X
Y (2)

Where μmax is the maximum specific growth rate (h-1), X is the ATP
concentration (mg/L), KS is the Monod half-saturation constant (mg/L),
S is the substrate TOC concentration (mg/L), t is the incubation time (h),
and Y is the biomass yield factor. An apparent lag time of 6 h was
observed, and after that, the cell concentration transitioned to an
exponential pattern (Figure SI-2). Solving the equations simulta-
neously, kinetic parameters were acquired (Table SI-2). After 48 h of
incubation, the maximum growth rate μmax in the control batch was
0.111 ± 0.025 h-1 (Table SI-2). The growth rates of microbes increased
when exposed to GO concentrations, with the greatest maximum growth
rate of 0.162 ± 0.026 h-1 at 25 μg/L (Fig. 3b). Moreover, GO-exposed
BAF samples showed slightly higher KS values of 4.06–5.05 mg/L
compared to the control sample (3.52 mg/L), suggesting less affinity of
cells to the substrate (Table SI-2). Enhanced biofilms with high cell
density due to the interaction of GO would lead to such a larger value of
the KS (Liu, 2007).

As discussed earlier, source water was prepared to simulate the
influent water composition of the treatment plant and nutrient con-
centrations were adapted from a previous study (Zhang et al., 2017).
Briefly, carbon, nitrogen, and phosphorus were added at a mass ratio of
15:5:1 ensuring microbial growth as applied in earlier studies focused on

drinking water biofilters (Liu et al., 2001; Urfer and Huck, 2001).
Moreover, this study was conducted for a short duration (48 h) to
evaluate the microbial growth parameters (i.e., μmax, KS, and Y) during
the exponential growth phase. These parameters will be used to design
column reactors for a full-scale BAF system, reducing the time, effort,
and cost associated with pilot studies (Acevedo et al., 2021; Badriyha
et al., 2003; Yuan et al., 2022). BAFs and other biological processes must
run at steady-state conditions in water treatment.

3.4. Interaction of GO with GAC-BAF samples

SEM images demonstrate the morphology and structure of biofilm
upon exposure to GO concentrations and provide visible evidence of
how GO sheets interact with bacterial cells. The SEM images (Fig. 4)
show that after exposure to GO for 48 h, the cell membranes remained
integrated, similar to the untreated BAF samples, and there were no
noticeable changes in cell structure. No evidence of wrapping was found
for GO in this study. Instead, GO sheets at higher concentrations (1000
μg/L) were observed to create a thin membrane that covered the surface
of bacterial cells (Fig. 4(c-d)). These results suggest that such thin
membranes may act as a scaffold for bacterial attachment, proliferation,
and biofilm formation (Chen et al., 2014). Our results are consistent
with several prior studies suggesting that GO showed no toxicity and
could serve as a nonspecific promoter of cellular growth (Guo et al.,
2017; Ruiz et al., 2011). Because of its hydrophilic nature, GO used in
this study can produce a stable suspension in the growth media at lower
concentrations (25 μg/L), thereby serving as a platform for increased
bacterial adhesion and proliferation even though no visible GO sheets
were observed (Fig. 4b). Other studies reported that GO could act as a

Fig. 4. SEM images of GAC-BAF after incubation with GO for 48 h. (a) Control without GO; (b) GAC-BAF exposed to 25 μg/L GO; (c) GAC-BAF exposed to 1000 μg/L
GO; (d) Higher magnifications of the regions in (c) as shown by the red arrows. Red arrows indicate the presence of GO sheets on the GAC-BAF sample.
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platform for concentrating nutrients to facilitate microbial growth (Chen
et al., 2014; Guo et al., 2017).

3.5. Richness and diversity of bacterial communities upon exposure to GO

To further explore the structure and biodiversity of the BAF micro-
bial community upon exposure to GO concentrations, samples were
collected after 48 h, and the 16S rRNA gene was amplified and
sequenced using high throughput sequencing. Two 16S rRNA libraries
were constructed via high-throughput sequencing of the bacterial

communities from the GO-exposed BAF samples (BAF w/GO25 and BAF
w/GO1000) and the control without GO sample (BAF w/o GO) generating
730,454, 467,385 and 435,908 high-quality reads respectively
(Table SI-3). The mean quality score (Q= −10 log10 (p) where p rep-
resents the probability that the base calling is incorrect) for the DNA
sequencing was 35.54, with an average % base of 91.58. For base calls
with a quality score of 35.54, approximately 3 base calls in 10,000 were
predicted to be incorrect; therefore, most of the reads were reliable data
without errors (Kwon et al., 2013). There were 1427, 1504, and 1484
operational taxonomic units (OTUs) found in BAF (w/o GO), BAF

Fig. 5. Relative abundance of microbial communities in BAF samples after exposure to GO concentrations: (A) Phylum level, (B) Class level, and (C) Genus level.
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(w/GO25), and BAF (w/GO1000), respectively, with a minimal relative
abundance at 3 %. The Chao1 and abundance coverage estimator (ACE)
indices for richness and the Simpson and Shannon indices for diversity in
the BAF samples exposed to different GO concentrations were assessed
(Table SI-3). Greater Chao1 and ACE indexes with GO exposure indicate
that GO promotes the growth of some bacteria and increases their
richness to a certain extent. GO exposure increased the Chao1 and ACE
indices compared to the control, peaking at 25 μg/L followed by a
decrease at 1000 μg/L. The overall trend of Chao1 revealed BAF w/GO25
> BAF w/GO1000 > BAF w/o GO; ACE, BAF w/GO25 > BAF w/GO1000 >
BAF w/o GO. Based on the Simpson and Shannon indices, greater di-
versity was observed in GO-exposed BAF samples (3.43–3.52) compared
to the BAF without GO (3.0). Moreover, lower GO concentrations
increased the richness of the microbial communities, whereas higher GO
concentrations increased the microbial diversity of the BAF samples
compared to the BAF without GO. Consistent with other studies (Du
et al., 2015; Lian et al., 2020; Yan et al., 2021), these results revealed
that BAF samples without GO exhibited less diversity than BAF samples
exposed to GO, suggesting a more diverse bacterial community formed
and attached to the BAF sample while interacting with GO.

3.6. Composition distinction between GO-exposed BAF samples at
different taxonomic levels

To characterize the changes in the BAF microbial community upon
exposure to GO concentrations, the bacterial OTUs were assigned to
phyla (Fig. 5A), classes (Fig. 5B), and genera (Fig. 5C). Eighteen bac-
terial phyla were identified in both BAF and GO-exposed BAF samples,
with Proteobacteria emerging as the predominant one. The detection of
Proteobacteria as the most dominant phyla was expected. Prior studies
also reported similar observations in water treatment plants where
Proteobacteria were the most abundant in filter media (Liao et al., 2013;
Zhang et al., 2018). In the BAF without GO, the relative abundance of
Proteobacteria was 77.1 %, followed by Chloroflexi (15.69 %), Actino-
bacteria (4 %), and Bacteroidota (1 %) (Fig. 5A). In an earlier study, Dong
et al. (2018) also reported the relative abundance of Proteobacteria as 87
%, followed by Firmicutes (8 %), Bacteroidetes (4 %), and Actinobacteria
(1 %) on GAC biofilm collected from a fluidized bed reactor. However,
results showed that the relative abundance of major microbial com-
munities in BAF samples varied with the applied GO concentrations. GO
exposure increased the relative abundance of Proteobacteria (81 % to 83
%) and Actinobacteria (6 % to 7 %) but decreased that of Chloroflexi (10
% to 8 %). Similar trends were also observed at the class level (Fig. 5B);
all samples showed a high proportion of Gammaproteobacteria (72 %−78
%), α-Proteobacteria (11 %−14.50 %), Anaerolineae (4 %−9.5 %), and
Actinomycetia (1.4 %−2.5 %), which accounted for >98 % of the total
abundance of the bacterial classes (Fig. 5B). Differences in bacterial
classes in all BAF and GO-exposed BAF samples were detected and
consistent with the results observed in bacterial phyla. These results are
consistent with several studies where Du et al. (2015) reported Proteo-
bacteria (24.23 %) and Chloroflexi (18.17 %) as the dominant phyla in
the bacterial community of GO-exposed soil samples and Yan et al.
(2021) observed Proteobacteria (60.46 %) and Firmicutes (19.59 %) in
GO-treated wastewater samples. Microbial communities in both BAF
and GO-exposed BAF samples showed no significant difference at the
phylum and class levels, which is consistent with other studies (Du et al.,
2015; Lian et al., 2020). However, greater differences were observed at
the genus level for Noviherbaspirillum, Bradyrhizobium, Ralstonia, Meso-
rhizobium, and Herminiimonas (Fig. 5C).

Community composition at the genus level with a minimal relative
abundance of 3 % accounted for 76 % of the BAF community without
GO, 80% w/GO25, and 81% w/GO1000 among the total genus-related
assigned sequences (Fig. 5C). Greater variations in the top 20 abun-
dant genera were observed, 75 % of which belonged to phyla Proteo-
bacteria for the BAF community without GO, 71% w/GO25, 72% w/
GO1000. Among all the genera, Burkholderia is the most dominant, which

belongs to the Proteobacteria phyla. Other studies also reported the
presence of the Burkholderia genus in water treatment, which can
tolerate and degrade various aromatic compounds (Cauduro et al., 2021;
Morya et al., 2020). Differences at the other genus level were observed
as well when BAF samples were exposed to GO concentrations. For BAF
w/o GO, 2.7 % of Noviherbaspirillum, 3.3 % of Bradyrhizobium, 2 % of
Ralstonia, 2 % of Mesorhizobium, 0.9 % of Sphingomonas, and 0.75 % of
Herminiimonas were observed; however, after exposure to GO concen-
trations changes resulted in overall increases in abundances (Fig. 5C).
All of these enriched genera belong to the Proteobacteria phylum and are
known as potential CEC degraders reported in other studies (Wang et al.,
2018; Yan et al., 2021; Zhang et al., 2018). It appears that several se-
quences (25 % for BAF w/o GO, 20 % BAF w/GO25, and 21 % BAF
w/GO1000) are assigned as unclassified, most of which belong to Chlor-
oflexi phyla. Prior studies reported that the microbial community
developed in GAC-BAF samples not only depends on the community in
the source water but is also affected by the water chemistry (e.g.,
nutrient concentration, background electrolyte, contaminants and
CECs) (Zhang et al., 2018; Zhou and Xu, 2020). In this study, GO was
spiked into the system, and results showed that the bacterial population
developed in the BAF sample is affected by the presence of GO in the
source water, specifically at the genus level, which is consistent with
other studies (Du et al., 2015; Kedves et al., 2020; Yan et al., 2021).

3.7. Implication to the water treatment system

Prior studies demonstrated that GAC-supported BAFs were effective
as an advanced water treatment process for CECs, including pesticides,
analgesics, and antibiotics at environmentally relevant concentrations
(Zhang et al., 2016, 2017). However, due to its microporosity, organic
contaminants partition and diffuse into GAC. As a result, microorgan-
isms may not have ready access to degrade organic compounds, poten-
tially extending treatment time and costs (Lu et al., 2020). In a
mixed-media process of GO-GAC-BAF, the benefits of GO include
increasing microbial growth as well as serving as a surface for increased
surface interactions with CECs. Mixed-media biofilters have recently
been gaining attention in treating CECs (Li et al., 2022) where, for
example, Li et al. (2018) successfully treated pharmaceuticals and per-
sonal care products (PPCPs) with a bench-scale GAC sandwiched slow
sand filter (SSFs) as did Xu et al. (2021). Recent works with GO-GAC
composites have shown greater adsorption capacity than GAC and
sand (Ahamed et al., 2020; Bhattacharyya et al., 2021; Januário et al.,
2022; Ndagijimana et al., 2023). A GAC-based mixed media BAF, opti-
mized with a GO-GAC composite, is expected to increase adsorption
capacity, further contributing to biodegradation rates by enhancing
microbial growth compared to sand and GAC. As such, parameters (i.e.,
μmax, KS, and Y) determined in this study are important for modeling a
full-scale BAF system (Acevedo et al., 2021; Terry et al., 2019; Yuan
et al., 2022). Moreover, the input parameters determined from this
bench-scale study would reduce the need for expensive and
time-consuming pilot-scale investigations.

4. Conclusion

The primary focus of this study was to assess interactions between
GO and the microbial community of biologically active filters from a
water treatment plant. Results demonstrated that GO did not increase
ROS levels during the exponential growth phase compared to the control
samples without GO. Interestingly, the presence of GO resulted in sig-
nificant increases in ATP concentrations, up to 52 %, compared to the
control batch. The Monod equation also revealed that GO suspension
increased growth rates over the duration of the study by 20 %- 46 %
compared to the control batch. Moreover, our observations indicate that
GO sheets can form an effective scaffold to promote microbial adhesion
and proliferation. These results suggest that GO is biocompatible and
could be impregnated into GAC to develop a bio-optimized GAC-BAF
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system as an advanced and sustainable water treatment process for
treating CECs. Moreover, results demonstrated that the composition and
dynamics of BAF microbial communities changed when exposed to GO,
as revealed by high-throughput sequencing. Overall, this is the first
study to demonstrate the effect of GO on the properties and growth of a
GAC-based BAF used in water treatment. This research provides a
foundation for the future advancement of bio-optimized BAF systems for
water treatment and reuse.
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