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A B S T R A C T

The chronic responses of aerobic granular sludge (AGS) to the presence of graphene oxide nanoparticles (GO
NPs) (5, 15, 25, 35, 45, 55, 65, 75, 85, and 95mg/L of GO NPs for 7 days) during biological wastewater
treatment processes were investigated. Bioreactor performance, extracellular polymeric substance (EPS) secre-
tion, and microbial community characteristics were assessed. The results showed that the effects of GO NPs on
bioreactor performances were dependent on the dose applied and the duration for which it was applied. At
concentrations of 55, 75, and 95mg/L, GO NPs considerably inhibited the efficiency of organic matter and
ammonia removal; however, nitrite and nitrate removal rates were unchanged. Biological phosphorus removal
decreased even when only low concentrations of GO NPs were used. The secretion of EPS, which could alleviate
the toxicity of GO NPs, also changed. The increased amount of nanoparticles also resulted in significant changes
to the bacterial community structure. Based on the amplicon sequencing of 16S rRNA genes, Paracoccus sp.,
Klebsiella sp., and Acidovorax species were identified as the most tolerant strains.

1. Introduction

Carbon-based nanomaterials, such as fullerenes, carbon nanotubes,

and graphene derivatives, are extensively used (Lalwani et al., 2016;
Wang et al., 2019a), and thus, their global production is continuously
increasing (Nguyen and Rodrigues, 2018). The global graphene
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productions market is expected to grow $195 million by 2022 (Lin
et al., 2019) or even approximately $1.3 billion by 2023 (Zhou et al.,
2019a). Graphene oxide nanoparticles (GO NPs) are typically synthe-
sized via chemical oxidation of graphite (Krishnamoorthy et al., 2012).
As a result of their excellent electrochemical properties, they are widely
used in industry as sensors and semiconductors as well as in energy
storage and water purification (Serrano-Luján et al., 2019; Ren and
Cheng, 2014; Xiong et al., 2019); however, the biomedical applications
of GO NPs is also increasing (Nanda et al., 2015). Due to their facile
preparation and the variety of possible applications, GO is the most
commonly produced carbon-based nanomaterial (Tiwari et al., 2018).
The GO NPs are biotoxic to rhizobacteria (Gurunathan, 2015), Pseu-
domonas putida (Combarros et al., 2016), phytopathogenic bacterium
(Chen et al., 2013), and marine organisms (Katsumiti et al., 2017) and
are known to reduce soil enzyme activity (Chung et al., 2015); however,
the changes in microbial community weaken with increase in time and
the effect of GO NPs on microbial community can be reversed after a
single dosage (Xiong et al., 2018). The worldwide production and ap-
plication of GO will, however, gradually promote their release into the
environment (Kiser et al., 2009) and greater concentrations can be
expected into the effluent wastewater (Suárez-Iglesias et al., 2017).
Moreover, dispersion and long-term stability of GO NPs in water, these
particles would inevitably reach in the wastewater, accumulate in
wastewater treatment plants (Nguyen and Rodrigues, 2018; Zhou et al.,
2019a; Ünşar et al., 2016; Ahmed and Rodrigues, 2013; Guo et al.,
2018; Batley et al., 2013) and present potential risks to biological
wastewater treatment processes (Chen et al., 2016); therefore, it is an
urgent need to assess their potential negative effects. Keller and
Lazareva (2013) reported that the engineered nanomaterial (ENM) can
be detected in the effluent wastewater, although with high content of
the biosolid ENM at approximately 150mg/kg (Keller and Lazareva,
2013).

The conventional activated sludge (CAS) process is the most com-
monly used technology in the biological treatment of sewage, wherein
the microbial community degrades organic matter and removes excess
nutrients (nitrogen and phosphorus) (Suárez-Iglesias et al., 2017). The
concentration of pollutants in wastewater continuously increases, its
composition changes, and the microorganisms used are sensitive to
these environmental changes (Ren, 2004; Wang et al., 2019b; Zhou
et al., 2019b). Therefore, during the biological wastewater treatment
processes, the use of chemical additives is frequent, according to the
European Urban Waste Water Treatment Directive 91/271/EC
(Kelessidis and Stasinakis, 2012). GO NPs have a probable negative
effect on the activity of microorganisms during the biological process.
According to recent research, GO NPs proved to be a hazardous com-
ponent with a negative effect on CAS processes (Nguyen and Rodrigues,
2018; Ahmed and Rodrigues, 2013).

The aerobic granular sludge (AGS) processes is a relatively new
procedure in wastewater treatment and is a current research focus
among scientists and engineers (Szabó et al., 2017; Corsino et al.,
2017). AGS processes have many advantages when compared with the
activated sludge, for example, tolerance to toxic compounds, excellent
settling ability, rich microbial composition, and simultaneous organic,
nitrogen, and phosphorus removal (He et al., 2016; Szabó et al., 2016).
Furthermore, AGS can also be used to treat high-strength wastewater
(Li et al., 2008; Angela et al., 2011). During granulation, numerous
bacterial strains produce extracellular polymeric substances (EPS),
mostly polysaccharides and proteins, in which are embedded different
microbial strains (Zhang et al., 2016; Adav et al., 2008) capable of the
adsorption of various nutrients (Yan et al., 2016). AGS is resilient to
shocks and toxins, because of the specific microbial interactions (Quan
et al., 2015); furthermore, owning to the high amount of EPS exerting a
protective effect (Liu et al., 2009), it is applicable to the removal of
various xenobiotics, including phenols (Jiang et al., 2004), anilines (Dai
et al., 2015), dyes (Franca et al., 2015), and pharmaceuticals (Zhao
et al., 2015).

The electronic waste is typically disposed via landfills. Although the
landfills are insulated, the leachate is able to escape back into the soil.
Because the effects of GO particles have a high mobility in the soil and
has been already studied (Chung et al., 2015; Xiong et al., 2018; Qi
et al., 2014); we desired to investigate the effects of GO NPs in another
final destination, in a wastewater treatment system. The long-term ef-
fects of GO NPs on AGS have not been investigated thoroughly. In
limited previous publications on this topic, the effect of GO NPs at
60mg/L concentration on the AGS was evaluated. The change in ni-
trogen and phosphorus removal efficiency during batch tests were
measured for 4–5 h (Liu et al., 2017a). The effect of chronic exposure of
GO NPs on AGS bioreactor performance, EPS production, and microbial
community thus remains unstudied.

We have limited available information regarding its impact on
conventional wastewater treatment (in the case of AGS, we have in-
formation only from batch test results), we set up sequencing batch
reactor (SBR) systems able to give a realistic approach, in order to
gather more detailed information about the effect of nanoparticles on
AGS processes.

The aim of this study was to assess the chronic response of several
concentrations of GO NPs on the biological treatment processes, nu-
trient removal, EPS production, and microbial community in the case of
granulated SBR. For the most common CAS processes, GO NPs have a
negative effect, even at low concentrations. Granulated bioreactors
were fed with different concentrations of GO NPs for 7 days. The
chronic exposure was investigated based on the Nguyen and Rodrigues
(2018), where the applied experimental time in their study was longer
(10 days) than ours and the number of applied cycles was 20 (12 h cycle
duration) (Nguyen and Rodrigues, 2018). In this study the experimental
time was 7 day; however, 42 cycles for each experiment were applied;
accordingly, we have adopted the expression “chronic exposure” for our
study.

During these experiments, we monitored reactor performance by
measuring the chemical oxygen demand (COD) and the removal of
ammonium nitrogen (NH4-N), nitrite nitrogen (NO2-N), nitrate nitrogen
(NO3-N), and phosphorus (PO4-P). GO NP release in the effluent was
also measured using Raman spectroscopy. After exposure, the amounts
of biomass and EPS were also examined. Furthermore, changes in the
microbial community were investigated using 16S rRNA gene sequence
analysis.

2. Materials and methods

2.1. Preparation and characterization of GO NPs

A modified Hummer’s method was used to prepare GO NPs (Varga
et al., 2018). All chemicals used were of reagent grade (Sigma-Aldrich).
Firstly, 9 g of graphite powder and 9 g of sodium nitrate (NaNO3) were
mixed with 420mL concentrated sulfuric acid (H2SO4) solution at 0 °C
in an ice bath for 30min. This solution was oxidized by slowly adding
54 g of potassium permanganate (KMnO4) and stirring at ambient
temperature for 1 day. The mixture was then supplemented with
1000mL deionized water and 20mL 30 % (w/w) hydrogen peroxide
(H2O2) and stirred at 0 °C for 1 h. Thereafter, the product was washed
with an excess of distilled water, and the resulting brownish GO NPs
were freeze-dried. For these measurements, 15 g/L GO stock solution
(in distilled water) was prepared and stored in the dark for the duration
of the experiment.

To assess particle size and morphology of the prepared GO NPs,
transmission electron microscopy (TEM) at 200 kV and scanning elec-
tron microscopy (SEM) at 10 kV accelerating voltage were used (FEI
Tecnai G2 20 X-Twin microscope and Hitachi S-4700 Type II FE-SEM
microscope). For TEM imaging, the GO suspension was drop-casted
onto a carbon grid (0.05mg/ml), whereas the GO samples were lyo-
philized and analyzed in powder form on carbon tape for SEM mea-
surements. The crystalline structure of the particles was characterized
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via X-ray diffraction (XRD) using a Rigaku MiniFlex II powder X-ray
diffractometer with a Cu Kα irradiation source. The scanning rate was
2°min−1 over a 2θ range of 5°–40°. The molecular structure of the
particles obtained was investigated through Raman spectroscopy using
a Senterra II Raman microscope at 532 nm excitation wavelength,
6.25mW laser power, and 1 cm−1 spectral resolution in the range of
1000–3000 cm−1. Samples were placed on a clean SiO2/Si substrate
prior to measurement. Dynamic light scattering (DLS) analysis using a
Zetasizer Nano Instrument was used to assess the average hydro-
dynamic diameters (Z-average) and zeta potentials (ζ-potential) of the
particles.

2.2. Configuration of AGS reactors

Activated sludge (AS) was obtained from an urban wastewater
treatment plant (Szeged, Hungary). The AGS was cultivated in a SBR
with a height to diameter ratio of 7 and an effective working volume of
1.4 L. Air bubbles (superficial air velocity of 2.2 cm/s), which provided
oxygenation and guaranteed complete mixing, were supplied by diffu-
sers located at the bottom of the reactor. The decant/feed volume was
50 % of the total volume for each cycle, and the hydraulic retention
time was 8 h. The granulation process was accomplished using the
biomass washout method (Wang et al., 2004).

The bioreactor was operated at 20 °C ± 3 °C in cycles of 4 h, in-
cluding filling (5min), aeration (225min), settling (5min), and with-
drawal (5 min) periods. pH was continuously measured and kept at
7.2 ± 0.2 using 1M sodium hydroxide (NaOH) and 1M hydrochloric
acid (HCl) solutions. Peristaltic pumps were used for the filling and
withdrawal of wastewater at controlled flow rates. The reactors were
fed with synthetic wastewater (SWW), consisting of (per liter) 1300mg
COD added as glucose, 120mg NH4-N added as NH4Cl, 20mg PO4-P
added as KH2PO4, 200mg NaHCO3, 25mg CaCl2, 45mg MgSO4, and
1mL trace element solution (Zheng et al., 2017).

During the experiments, six AGS bioreactors [each reactor con-
taining 6.2 g/L mixed liquor suspended solids (MLSS)] were operated
and fed with GO NP-contaminated SWW at different concentrations (5,
15, 25, 35, 45, 55, 65, 75, 85, and 95mg/L GO NPs) and followed the
cycle described above over 1 week (42 cycles for each experiment). The
COD, NH4-N, NO2-N, NO3-N, and PO4-P concentrations were de-
termined after every third cycle, and samples were taken at the end of
each experiment to monitor the possible changes in EPS content, bio-
mass, and microbial composition. During the experiments, samples
from the effluents were analyzed using Raman spectroscopy to detect
the presence of GO NPs, thereby evaluating the performance of was-
tewater treatment of the granular sludge. The measurement setup for
the Bruker Senterra II Raman Spectroscope was as described above.

2.3. Analytical methods

At every third cycle, the water chemistry of the effluent was ana-
lyzed using HACH kits (Hach Lange, Düsseldorf, Germany) and an UV-
VIS spectrophotometer (DR5000, Hach–Lange, Co., USA) to detect the
following nutrients: COD (LCI400), NH4-N (LCK304), NO2-N (LCK341),
NO3-N (LCK339), and PO4-P (LCK349). Furthermore, the MLSS, mixed
liquor volatile suspended solids (MLVSS), and sludge volume index

were also measured at 30 and 5min (SVI30 and SVI5) using standard
methods (Vashi et al., 2019).

During the extraction of EPS, 20mL MLSS from the reactors was
washed three times with deionized water. After centrifugation (5000 g,
4 °C, 10min), the supernatant was discarded and the pellet re-
suspended. The sludge mixture was then heated at 80 °C for 30min
under continuous stirring (200 rpm), and the resulting mixture was
centrifuged and its supernatant filtered (0.45 μm) (Li and Yang, 2007).
The polysaccharide (PS) and protein (PN) contents in the EPS were
assessed using the Anthrone (glucose as the standard) and modified
Lowry (bovine serum albumin as the standard) methods (Zhang et al.,
2017). The EPS was considered to be the sum of PN and PS. All analyses
were performed in triplicate.

SEM was used to investigate changes in the structure and mor-
phology of granular sludge due to GO NP addition. SEM sludge samples
were prepared by fixation with 2.5 wt% glutaraldehyde in 0.1M
phosphate buffer at 4 °C overnight. Thereafter, samples were washed
with 0.1M sodium cacodylate buffer, dehydrated with ethanol, and
freeze-dried. Before SEM imaging, specimens were spray-coated with
silver (Quorum Technologies, SC7620) to improve the electrical con-
ductivity of the sample surface (Araujo et al., 2003).

2.4. DNA extraction, polymerase chain reaction (PCR) amplification,
denaturing gradient gel electrophoresis (DGGE), and 16S rRNA gene
amplicon sequencing

In order to reveal the shifts in microbial community structure during
the granulation process and after GO NP exposure (15, 25, 35, and
95mg/L), samples were obtained from the AS, initial granular sludge,
and the GO NP-exposed AGS at the end of each experiment. From each
sample, DNA was extracted, and PCR amplification and DGGE was
performed.

A volume of 1.5mL of each sample was centrifuged at 5000 g and
4 °C for 2min to remove the supernatant. The DNA was isolated from
the pellets using DNeasy PowerSoil Kit (Qiagen) according to manu-
facturer instructions, and the extracted DNA was used as a template for
PCR. DNA concentration was measured via fluorimetry (Qubit,
Invitrogen).

Bacteria-specific primers used in this study are shown in Table 1.
The eubacteria-specific primers EubA and EubB were used to amplify
the 16S rRNA gene fragments. In the first PCR reaction, 30 μL reaction
mixture contained 0.6 U of KOD Hot Start DNA polymerase (Novagen),
3 μL of 10× buffer for KOD Hot Start DNA polymerase, 1.8 μL of MgSO4

(25mM), 3 μL of dNTPs (2mM of each), 0.9 μL of primers (10 μM), and
1 ng of DNA template. Amplification used a PTC 200 Peltier Thermal
Cycler (Bio-Rad Laboratories) system with a 5min initial denaturing
step at 95 °C, followed by 30 cycles of 20 s at 95 °C, 10 s at 55 °C, and
40 s at 70 °C, and the final extension was performed for 5min at 70 °C
(Balázs et al., 2013). The size and quality of PCR products were ana-
lyzed by electrophoresis on a 1 % agarose gel.

In the second PCR, amplification of V3-V8 variable region of the 16S
rRNA gene and the attachment of GC-clamp were conducted using the
primers 341 F-GC and 907R. Every reaction mixture (in 30 μL total
volume) consisted of 0.6 U of KOD Hot Start DNA polymerase, 3 μL of
10× buffer for KOD Hot Start DNA polymerase, 1.8 μL of MgSO4

Table 1
Primers used in this study.

Primer Position Sequence (5’-3’) References

EubB (27 F) 8-27 AGAGTTTGATCMTGGCTCAG (Suzuki et al., 1996)
EubA (1522R) 1509-1522 AAGGAGGTGATCCANCCRCA (Suzuki et al., 1996)
341 F 341-357 CCTACGGGAGGCAGCAG (Watanabe et al., 2001)
341 F-GCa 341-357 GC-clamp-CCTACGGGAGGCAGCAG (Teske et al., 1996)
907R 907-928 CCCCGTCAATTCCTTTGAGTTT (Teske et al., 1996)

a GC-clamp connected to the 5 end of 341 F: CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGG.
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(25mM), 3 μL of dNTPs (2mM), 0.9 μL primers (10 μM), and 1 μL of
16S rRNA gene amplicon. The PCR program was performed with a
2min initial denaturing step at 95 °C, followed by six cycles of dena-
turation at 95 °C for 20 s, touchdown annealing at 63 °C for 10 s (with
the temperature decreasing 0.5 °C at every cycle), and an extension at
70 °C for 15 s. Nine additional cycles were carried out at an annealing
temperature of 55 °C, and the final extension lasted at 70 °C for 5min.
The PCR products were analyzed by electrophoresis on a 1.5 % agarose
gel. Each PCR reaction was carried out in triplicate.

DGGE was conducted using a DCode System (Bio-Rad Laboratories).
A volume of 6 μL PCR products were separated onto a 7 % poly-
acrylamide gel (acrylamide bisacrylamide ratio of 37:1 in 1×TAE
buffer) containing a linear denaturing gradient of between 50 % and 60
% urea and formamide (100 % denaturant composed of 40 % for-
mamide and 7M urea). Electrophoresis was performed at 100 V and
60 °C (constant) for 16 h, after which the gels were soaked for 30min in
1×TAE buffer containing ethidium bromide (0.5 mg/L).

Digitalized DGGE banding patterns were analyzed using PyElph 1.3
software and the unweighted pair group method with arithmetic mean
(UPGMA) based on the similarity matrices obtained to create the den-
drogram (Brânduşa Pavel and Ioan Vasile, 2012). Redundancy analyses
(RDA) was performed to assess the relationship between the predefined
environmental factors and microbial communities (Xiong et al., 2018).

Amplicon sequencing of 16S rRNA genes was used to reveal the
impact of GO NP exposure on the bacterial strains which could play a
vital role in AGS wastewater treatment processes. Individual bands
were excised from gels and incubated in 50 μL Milli-Q water at 4 °C for
12 h. A volume of 5 μL of water from the supernatant was used as the
template for re-amplification. Amplicons were subjected to DNA se-
quence analysis at the automatic sequencing facility of Microsynth AG
with 341 F and 907R forward and reverse sequencing primers. Finally,
the sequences were analyzed by comparing with those available in the
National Center for Biotechnology Information (NCBI) database using
the standard nucleotide–nucleotide BLAST program (Benson, 2003), in
order to ascertain their closest relatives.

3. Results and discussion

3.1. Characterization of GO NPs

Samples were investigated by TEM and SEM to evaluate the mor-
phology of their nanoparticles. TEM and SEM images (Fig. 1a–b)
showed that the GO sheets were smooth and had a tendency to scroll
and wrinkle (Stobinski et al., 2014; Stankovich et al., 2006). The XRD
pattern of the graphite powder is illustrated in Fig. 1c. A strong, sharp
reflection peak at 26.44° referred to a higher-order structure and cor-
responds to an interlayer spacing of approximately 3.36 Å (0.336 nm).
The XRD patterns of GO samples showed that, with oxidation, a new
broad peak formed at 2θ=11.24° with an interlayer spacing of ap-
proximately 7.86 Å (0.786 nm) (Perez et al., 2017). Raman spectro-
scopy was used for further structural analysis. In the case of graphite
powder, the D peak located at ∼1350 cm−1 was absent, but this peak
was present in GO NPs. Raman spectra of graphene oxide demonstrated
the characteristic G (1602 cm−1) and D (1354.5 cm−1) bands of car-
bonaceous materials (Fig. 1d) (Gurunathan, 2015; Zhu et al., 2010).
Based on DLS measurements, the zeta potential of sheets was around
−21 ± 0.5mV, and particle sizes ranged from 24.4–190 nm (Fig. 1e).

3.2. Effects of GO NPs on reactor performance

In freshly collected AS, small granules formed (0.5–0.7 mm in size)
after 18 days. After 4 weeks of operation, the bioreactor reached a
steady state, and the granules attained a nearly spherical shape and an
increased size of 2–10mm. The granules had a compact and dense
structure (Fig. 2a–b). At the surface, numerous microbes were found in
the EPS matrix, especially cocci (Fig. 2a). The interior contained many

aggregated rods and cocci (Fig. 2b). During the granulation process, the
MLSS increased to 6.2 from 2.3 g/L, whereas SVI5 decreased to 32 from
219mL/g. The AGS had an outstanding settling capacity, because its
settling velocity increased from 0.2–53m/h.

The effluent COD, NH4-N, NO2-N, NO3-N, and PO4-P contents were
83 ± 1.65, 0.05 ± 0.01, 0.03 ± 0.01, 0.312 ± 0.01, and
0.79 ± 0.12mg/L. The removal efficiencies of COD, NH4-N, and PO4-P
were 93.5 %, 99.95 %, and 96 %, respectively.

The performance of the built-up AGS reactors in the chronic re-
sponse of GO NPs at different concentrations (5, 15, 25, 35, 45, 55, 65,
75, 85, and 95mg/L) was monitored by measuring the major water
chemistry parameters: COD, NH4-N, NO2-N, NO3-N, and PO4-P; fur-
thermore, the properties of the sludge (MLSS, settling velocity and SVI5)
were also determined. In order to avoid the interpretation of crowed
figures, we solely demonstrated those results that led to changes in the
systems. The results of the addition of GO NPs at 5, 45, 65, and 85mg/L
concentrations are provided in the supporting information (Figs. S1, S2,
and S3).

Throughout the experiments, the presence of GO NPs in the effluent
was monitored using Raman spectroscopy in order to avoid their entry
into the environment. According to these measurements, GO NPs were
not detected in the effluent, even when the inlet contained 95mg/L GO
NPs. This suggests that the nanoparticles accumulated in the granular
sludge and did not reach the environment to cause further adverse ef-
fects in aquifers.

3.2.1. COD removal
After the addition of GO NPs at 15mg/L concentration, COD re-

moval remained relatively stable compared with the control reactor,
and only a slight increase of COD was observed in the effluent after 6.5
days (Fig. 3). When the SWW contained 25 or 35mg/L GO NPs, the
concentration of COD in the effluent increased moderately after 5.5 and
4 days. After 7 days, COD concentrations were 151 ± 3.9 and
173 ± 2.9mg/L. The COD removal rate started to decrease after 2 days
and dropped significantly after 4 days with the addition of GO NPs at
55mg/L concentration. In the case of 75mg/L GO NP, a rapid negative
impact on the COD removal was observed. This suggests that micro-
organisms in the granular sludge were able to adapt to the new en-
vironmental conditions, when the amount of GO NPs was increased
slowly. This phenomenon has also been observed in other materials
during wastewater treatment processes (Amin et al., 2014; Chen and
Gu, 2005). In the case of the addition of 95mg/L GO NPs, COD con-
centrations in the effluent continuously increased after the first day of
experiment. After 7 days, the COD value was around 342 ± 2.5mg/L,
and the removal efficiency dropped to 73.7 %.

These observations correspond to the literature, where authors re-
ported that short- and long-term exposure of GO NPs on AS had a ne-
gative effect on COD removal. For example, chronic toxicity was ob-
served after 5.5 and 3 days, when the amounts of accumulated GO
nanoparticles were 3.6 and 12.8mg. COD concentrations in the effluent
exceeded the limit permitted by Directive 91/271/EEC during the
fourth day of the experiment (Nguyen and Rodrigues, 2018).

Ahmed and Rodrigues (2013) also showed in a short-term exposure
study (5 h, 20mL activated sludge) that the addition of 10mg/L GO NP
negatively influenced organic carbon removal in AS (Ahmed and
Rodrigues, 2013). In our study, we also observed an inhibitory effect on
COD removal after 6 days of dosage at 25mg/L GO NPs, when the
calculated amount of nanoparticles was approximately 577mg in the
AGS. Our results suggest that the granules were more tolerant to GO NP
exposure than the AS, because the negative effect occurred at much
higher accumulated particle volume.

3.2.2. Nitrogen removal
In our experiments, the addition of GO NPs at different concentra-

tions did not influence the removal of nitrite and nitrate. In all analyses,
the concentrations of these components remained stable throughout the
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whole operation period, even in the control bioreactor. These results
are in accordance with previous AGS studies wherein nanoparticles
(CuO NPs and Ag NPs), even in high concentration (50mg/L), the ni-
trite and nitrate removal remained unaffected; moreover, it could be
enhanced (Quan et al., 2015; Zheng et al., 2017). Ahmed and Rodrigues
(2013) and Nguyen and Rodrigues (2018) also reported that in case of
CAS the removal efficiency of nitrate was stable by addition of GO
(Nguyen and Rodrigues, 2018; Ahmed and Rodrigues, 2013). This may

be caused by EPS protection of the microbial community (Fig. 2c);
furthermore, less nitrate was being produced due to the reduced am-
monia oxidation (Nguyen and Rodrigues, 2018; Zeng et al., 2016).
Denitrifying bacteria, which can remove these components, are pre-
dominantly anoxic or facultatively anaerobic and are predominantly
located inside the granules; thus, they are protected against GO NPs
(Quan et al., 2015). This indicates that the nanoparticles were not able
to exert a negative impact on the interior of the granules and could not

Fig. 1. a) Transmission electron microscopic image of GO NPs; b) scanning electron microscopic image of GO NPs; c) XRD spectra of graphite and GO NPs; d) Raman
spectra of graphite and GO NPs; e) DLS characterization of GO NPs.

Fig. 2. SEM images of AGS. a) exterior of granules; b) interior of granules; c) a sheet of GO NP on the surface of AGS; d) the surface of AGS after exposure of 95mg/L
GO NPs.
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penetrate into the granular structure.
NH4-N removal was also significantly affected by GO NPs (Fig. 4). In

the control AGS system, the removal efficiency of NH4-N was 99.95 %.
When aerobic granules were fed with 15mg/L GO, no change in am-
monia removal efficiency was observed. At 25 and 35mg/L GO NPs,
NH4-N concentration in the effluent increased marginally after 5.5 and
4 days. After 7 days, the concentrations of ammonia were 2.36 ± 0.03
and 3.29 ± 0.03mg/L, respectively. In the case of 55mg/L GO NPs,
the ammonia concentration slightly increased after 3 days, and its final
concentration was 7.21 ± 0.29mg/L after 7 days. When nanoparticle
concentrations were 75 and 95mg/L, the effluent NH4-N content in-
creased to 13.47 ± 1.06 and 21.69 ± 1.23mg/L, whereas the final
removal rate decreased considerably to 88.7 %±1.5 % and 81.9
%±1.1 %.

He et al. (2017) reported similar observations, i.e., that ammonia
nitrogen removal rate also decreased to 75.25 %, in their case, after
long-term exposure of ZnO nanoparticles, due to increased nanoparticle
concentrations in the AGS (He et al., 2017a). Nguyen and Rodrigues
(2018) reported that GO NPs at low concentration (5mg/L) were al-
ready able to negatively impact NH4-N removal rates in the case of AS.
After 4 days, the effluent quality was inadequate for discharges, since
the removal efficiency had decreased to approximately 30 % (Nguyen
and Rodrigues, 2018).

According to a previous study (short-term exposure, 60mg/L GO NP

concentration), the nitrification and denitrification processes were not
influenced after 4 h (Guo et al., 2018). In our study, after the addition of
55mg/L GO NPs, the nitrification rate decreased after 2.5 days. In the
case of 95mg/L GO NP exposure, nitrification decreased within a day,
when the amount of accumulated GO NPs was above 285mg. This
suggests that GO NPs also had a negative effect on the nitrification in
the AGS, but only at higher concentration and after a certain time had
passed.

3.2.3. Phosphorus removal
GO NPs also had a negative impact on phosphorus removal, even at

low concentrations (Fig. 5). In the control AGS reactor, the effluent
phosphate concentration remained below 1mg/L. At 15 and 95mg/L
GO NPs, the PO4-P concentration was 3.39 ± 0.07 and
6.32 ± 0.11mg/L, and the removal decreased to 83.05 % and 68.4 %
on the seventh day.

These results are in accordance with previous studies wherein GO,
even in low concentrations, also had a negative effect on CAS after 7
days, when the removal efficiency decreased to 40 % (Nguyen and
Rodrigues, 2018). When the aerobic granules were exposed to other
nanoparticles, for instance, Zn or Cu NPs, the phosphorus removal rate
also decreased, but only at higher concentrations of nanoparticles
(above 20mg/L) (Zheng et al., 2017; He et al., 2017a, b).

A possible reason for the different effects between the nanoparticles
and GO NPs is their material and structural differences. The examined
ZnO and Cu NPs had a nearly spherical shape, whereas the GO consisted
of layered sheets (Fig. 1a and b). During the wastewater treatment
process, granules in the reactor are constantly moving. Therefore, due
to the layered structure of GO NPs, these particles can cause a physical
damage to the granules. It is possible that GO NPs inhibited the pro-
duction of polyhydroxyalkanoates (PHA) and negatively influenced the
metabolism of polyphosphate-accumulating microorganisms (PAOs).
Furthermore, increased ammonia concentrations could also inhibit
phosphorus removal, because PAOs are sensitive to high concentrations
of ammonium (Zheng et al., 2013).

3.2.4. Impact of GO NPs on MLSS
Experiments were initiated with 6.2 ± 0.1 g/L MLSS. In the control

AGS system, this value remained stable. In the case of 15mg/L GO NPs,
the MLSS content increased to 7.9 ± 0.14 g/L, suggesting that the
nanoparticles had a positive effect on the amount of biomass. At 25 and
35mg/L GO NP exposure, the MLSS content increased (7.6 ± 0.07 and
7.02 ± 0.11 g/L MLSS) relative to the control but was lower than in
the system containing 15mg/L GO NPs. In the case of 75 and 95mg/L

Fig. 3. COD in the effluent of control AGS reactor and the AGS reactors exposed
to GO NPs at different concentrations: 15, 25, 35, 55, 75, and 95mg/L. Error
bars are the standard deviation of triplicate measurements.

Fig. 4. NH4-N concentrations in the effluent of the control AGS reactor and the
AGS reactors exposed to GO NPs at different concentrations: 15, 25, 35, 55, 75,
and 95mg/L. Error bars are the standard deviation of triplicate measurements.

Fig. 5. PO4-P concentrations in the effluent of the control AGS reactor and the
AGS reactors exposed to GO NPs at different concentrations: 15, 25, 35, 55, 75,
and 95mg/L. Error bars are the standard deviation of triplicate measurements.
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GO NP exposure, MLSS decreased drastically to 3.4 ± 0.24 and
3.3 ± 0.31 g/L. After the addition of 95mg/L GO NPs, the settling
velocity decreased to 21m/h, and the SVI5 increased to
182 ± 0.16mL/g. In addition, some structural changes in the AGS
could be recognized. For example, filamentous microorganisms ap-
peared on the outer surface of the granulated sludge (Fig. 2e), and the
granules lost their initial compact and dense structure.

These results corroborate previous studies describing that biomass
concentration influenced the removal of COD, nitrogen, and phosphate.
The decreasing amount of biomass could adversely affect the removal of
COD, nitrogen, and phosphate (De Kreuk et al., 2005). Our results
confirmed that AGS establishes resilience to the presence of GO NPs at
low concentrations, but GO exposure at high concentrations can ne-
gatively affect the reactor performance (the nanomaterials accumulated
in the AGS due to continuous feeding), and the nanoparticles may have
a negative effect both on biomass production and on biological COD,
nitrogen, and phosphorus removal. This inhibitory effect has also been
observed in the case of other nanoparticles, such as silver, zinc oxide,
and cooper oxide, and in most cases, the decreasing nutrient removal
efficiency is related to the rate of EPS secretion (Quan et al., 2015;
Zheng et al., 2017; He et al., 2017a, b).

3.3. Effects of GO NPs on secretion of EPS in AGS

The EPS contents in AGS were measured at different concentrations
(5, 15, 25, 35, 45, 55, 65, 75, 85, and 95mg/L) of GO NP exposure on
day 7. The effects of GO NPs on EPS production during the experiments
are illustrated in Figs. 6 and S4. In the control system, EPS, PS, and PN
contents were 5.95, 3.27, and 2.67mg/g MLVSS, and the ratio of PN to
PS (PN/PS) was 0.81.

GO NPs at 15, 25, and 35mg/L concentrations had a positive effect
on EPS secretion, which increased to 11.66, 8.44, and 8.17mg/g
MLVSS, respectively. PS concentrations slightly decreased, whereas the
secretion of PN increased considerably to 8.28, 5.87, and 5.21mg/g
MLVSS. Therefore, EPS concentration and PN/PS ratio also significantly
increased probably due to the induction of heat shock-like proteins
against environmentally foreign matter (Zheng et al., 2017).

Nevertheless, when increasing the concentration of GO NPs to 55,
75, and 95mg/L, EPS production decreased. At 95mg/L GO NP con-
centration, the EPS, PS, and PN contents decreased to 3.07, 1.48, and
1.59mg/g MLVSS, respectively, i.e., twofold lower than in the control
granular sludge.

These observations suggest that a high amount of protein protects
microorganisms against the negative effects of GO nanoparticles. When
the secretion of EPS was stimulated by GO NPs, their values were higher

than in the control system, and in the removal of organic matter and
nitrogen, no obvious negative effects were observed. In contrast, high
concentrations of GO NPs (55, 75, and 95mg/L) reduced the amount of
EPS in the AGS; thereby, both the reactor performance and biomass
concentration also decreased. Furthermore, we also observed that
changes in EPS affected the NH4-N removal rate, whereas a decrease in
the amount of PN resulted in an increased ammonia concentration in
the effluent wastewater.

A previous study showed that EPS probably has a significant role in
biological phosphorus removal, because phosphorus can accumulate in
the EPS matrix (Wang et al., 2014). Furthermore, the anaerobic con-
dition decreases inside the granules as well as the amount of EPS, which
might contribute to decreased PAO function (Angela et al., 2011). In
our study, when granular sludge was exposed to low concentrations of
GO NPs, phosphorus removal immediately decreased despite the high
EPS content, contrary to previous findings. This difference may have
originated from microbial communities in different systems (Zhao et al.,
2013).

Previous literature reports that the secretion of EPS and preferential
production of PN over PS show a considerable dependence on the
concentration of nanoparticles used. Our results are similar to those
observed with long-term exposure of CuO particles. PN secretion was
stimulated by the addition of nanoparticles at low concentrations (5
and 20mg/L), whereas a decrease in the concentration of PN along
with the diversity and richness of the microbial community at higher
nanoparticle concentrations (50mg/L) were observed (Zheng et al.,
2017). ZnO NPs under shock-loading also stimulated the secretion of
PN, whereas the concentration of PS remained relatively stable (He
et al., 2017b). In the case of long-term exposure of ZnO NPs over
10mg/L, EPS production and nitrogen removal were negatively influ-
enced, and bacterial diversity was also decreased (He et al., 2017a). In
contrast, in case of Ag NPs at 50mg/L, Quan et al. (2015) experienced a
significant reduction in the ammonia oxidation and denitrification
rates, whereas the microbial community remained stable owing to the
high amount of EPS (Quan et al., 2015).

The physical, chemical, and biological interaction mechanisms of
the EPS with NPs are not yet fully understood. In the literature, the
most important described physicochemical interactions between the
EPS and NPs were the electrostatic, hydrophobic, and steric interac-
tions. After the NPs attached to the EPS surface, they were able to
migrate within the EPS matrix and cause cell death by interrupting the
electron transport chain, or causing cell membrane breakage, pepti-
doglycan damage, protein denaturation, and enzyme disruption
(Qayyum and Khan, 2016; Fulaz et al., 2019). The decreased secretion
of EPS in our systems was probably caused by the mentioned phe-
nomena.

EPS certainly plays a vital role in the AGS wastewater treatment
processes. Our results indicate that microbial populations were able to
endure toxic chemicals up to certain concentrations (35mg/L) probably
due to the high amounts of EPS in the granular sludge. Decreasing the
EPS concentration can be explained by the accumulation of GO NPs in
the AGS and might result in microbial cell death; moreover, it is pos-
sible that the granular sludge loses its ability to produce polymeric
substances. To clarify this phenomenon, we performed microbial
community analysis.

3.4. Microbial community analysis

To determine the influence of GO NPs on the diversity of the biome
existing in AGS, microbial community analyses were performed.
Extracted DNA was amplified by PCR followed by DGGE separation,
and the dominant bands were sequenced. Microbial analyses were
performed on the initial activated and granular sludge samples and also
on AGS systems fed with synthetic wastewater contaminated with GO
NPs at different concentrations. We carried out analyses on AGS sys-
tems, in which GO NPs began to negatively influence reactor

Fig. 6. Composition and content of EPS in the control reactor (0 mg/L GO NPs)
and in the AGS reactors after the addition of GO NPs at different concentrations:
15, 25, 35, 55, 75, and 95mg/L. Error bars are the standard deviation of tri-
plicate measurements.
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performance, according to preliminary experiments. Therefore, we ex-
amined systems containing 15, 25, 35, or 95mg/L GO NPs. In the latter
case, the AGS bioreactor performance considerably collapsed and was
compared with the initial granular sludge after nanoparticle exposure
on the seventh day.

The extracted DNA concentration in the initial AS was 41.19mg/g
MLVSS, whereas the granular sludge contained 81.46mg/g MLVSS
(approximately a twofold increase), possibly due to increased biomass
density (Dahalan et al., 2015). At 15mg/L GO NP concentration, the
DNA content was 84.2 mg/g MLVSS. In the case of 25, 35, and 95mg/L
GO NPs, the DNA concentration decreased rapidly to 47.98, 39.52, and
23.08mg/g MLVSS, respectively. Due to the membrane disruptive ef-
fect of GO NPs (Liu et al., 2011), when it reaches a critical concentra-
tion, bacteria were unable to maintain their EPS and MLSS synthesizing
activities. In the long term, it may cause cell destruction that can be
detected via decreased DNA concentration. The remaining viable cells,
which are less in number, were unable to remove the same amount of
nutrients.

DGGE analysis was used to investigate the variations in microbial
community composition with or without GO NPs. During sludge gran-
ulation, some strains disappeared; however, some intensified fragments
were also observed. Hence, the composition of the community sig-
nificantly shifted (Fig. 7a). Moreover, this observation was indicated by
the result of the UPGMA cluster analysis, because the similarity be-
tween the CAS and AGS was low (75.8 %) (Fig. 7b), which is in
agreement with previous studies (Song et al., 2010).

From the DGGE banding patterns, it is obvious that the addition of
GO NPs resulted in a change in the community composition. Due to the

increased amounts of nanoparticles, bacterial populations extremely
changed in the reactors. According to the results of cluster analyses, in
the case of 15mg/L GO NP addition, the lane similarity compared with
AGS was 96 %, and the GO NPs had a moderate impact on the microbial
population. This result is similar with the previously described ob-
servation that the GO NPs at 15mg/L concentration had a slightly ne-
gative effect on the reactor performance. By further increasing GO NP
concentration to 25 and 35mg/L, a relevant decrease in the similarity
values (80.2 % and 79.9 %) of DGGE lanes could be observed. In the
case of 95mg/L GO NP addition, the band profile (the intensity and the
number of bands) dramatically changed in the case of lower con-
centrations. The detectable number of bands was the lowest in this case,
indicating the low degree of similarity between this lane and the
granular sludge (71.5 %).

DGGE analyses highlighted that the presence of GO NPs influenced
the initial microbial community structure, resulting in the decrease of
the similarities in the community composition. Hence, the community
composition shifted significantly. Previous studies have also reported
that an increase in nanomaterial concentration results in a reduction of
the microbial community (Nguyen and Rodrigues, 2018; Zheng et al.,
2017; He et al., 2017a).

In order to gain further comprehensive insights into the impacts of
GO NPs on the microbial community, the dominant individual bands
from the DGGE fingerprint were cut, re-amplified, and sequenced (16S
rRNA gene amplicon sequencing), and samples were subjected to
phylogenetic analyses. The results and the phylogenetic classification of
bacterial sequences at phylum and class levels are shown in Fig. 7c.
According to these results, two major known bacterial phyla, the

Fig. 7. Variation of the microbial community during experiments. a) DGGE study of the microbial communities in the activated (initial) sludge, in the granular
sludge, and in the AGS system after 7 days exposure of GO NPs at different concentrations (15, 25, 35, and 95mg/L). The designated arrows represent the excised
bands; b) cluster analysis of DGGE profiles. Scale bar illustrates the percentage (%) of similarity; c) results of the 16S rRNA sequences excised from DGGE bands.
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Proteobacteria and Actinobacteria, were detected in the AGS. The
presence of these two phyla is essential, because they take part in the
formation of aerobic granules (Song et al., 2009).

The most sensitive strains for the GO NP exposure were Aquincola
sp. and Nakamurella sp., because at above 15mg/L of GO NP con-
centration, they disappeared from the granular sludge. These bacteria
were isolated from wastewater, AS, granular sludge, and membrane
bioreactors. They are capable of accumulating large amount of EPS
utilizing glucose as the carbon source (Nancharaiah and Reddy, 2018;
yun Ma et al., 2012; Lechner et al., 2007; Liu et al., 2017b; YOSHIMI
et al., 1996). As shown in Figs. 3, 6, and 7, in the case of 15mg/L GO
NPs, COD slightly increased in the effluent, and the EPS concentrations
were highest. In the case of higher GO NP concentrations, COD further
increased and EPS production decreased. This indicates that the two
microorganisms measurably influenced EPS concentrations in the AGS
and were able to degrade glucose. The Hydrogenophaga sp. is more
tolerable against GO NPs and is absent only when the SWW contained
95mg/L graphene oxide. These strains, previously isolated from AGS,
play a role during wastewater treatment processes (Wang et al., 2017).
Furthermore, they are capable of producing biopolymer from glucose
(Venkateswar Reddy et al., 2016) and reducing nitrate in wastewater
(Mantri et al., 2016). This can explain the low EPS concentration in the
case of 95mg/L (Fig. 6), because of the disappearance of the bands
(Fig. 7). NO3-N concentration was very low in the effluent during the
experiments, so their role in the nitrate reduction is probably negligible.

Despite the high amount of GO NPs introduced, Paracoccus sp.,
Acidovorax sp., and Klebsiella sp. remained detectable in all experi-
ments. This was maintained for 7 days, when the NP concentration was
highest (95mg/L). Paracoccus sp. and Klebsiella sp. are able to remove
the nitrate (Jiang et al., 2015; Feng et al., 2018); thus, they play a
probably important role in the effective NO3-N removal rate in our
system, because the bands remained (Fig. 7). Furthermore, Paracoccus
sp. were able to biodegrade the N,N-dimethylformamide (DMF) when
the cells were immobilized onto a polymer graphene oxide (PGO) mi-
crocomposite material (Zheng et al., 2016). Acidovorax sp. plays an
essential role in organic matter degradation during wastewater treat-
ment processes (Schulze et al., 1999). The presence of GO NPs caused a
decrease in their band intensity value (Fig. 7); thus, their cell numbers
probably decreased and were unable to remove all organic matters. The
strain Rhodovarius sp., to the best of our knowledge, is not involved in
wastewater treatment processes. Rhodovarius lipocyclicus was isolated
during an industrial hygiene control (Kämpfer et al., 2004).

In order to assess the relationship between the predefined en-
vironmental factors and microbial communities, RDA was performed.
The RDA plot shows the changes in the chemical parameters and mi-
crobial community of AGS, which are influenced by different GO NP
concentrations (Fig. 8). The addition of GO NPs in the bioreactor in-
fluenced the structure of microbial community as well as resulted in
changes in the effluent chemical properties. In case of the highest
concentration (95mg/L) dosage of GO NPs, Klebsiella sp. was pre-
dominant, followed by the Paracoccus sp., Acidovorax sp., and Rhodo-
varius sp. However, the effluent COD and NH4-N contents increased,
whereas that of the EPS decreased. The RDA also indicates that the most
sensitive strains in the granular sludge were the Aquincola sp. and Na-
kamurella sp. When the GO NP concentration was 15mg/L, these strains
were the closest to the control. The phosphate concentration in the
effluent began increasing when GO NP concentrations were already
loaded at low concentration, whereas the EPS production was positively
influenced by the lower GO NPs concentrations. But in the case of
95mg/mL dosage, this process was also restrained.

4. Conclusions

The effects of chronic exposure of GO nanoparticles (5, 15, 25, 35,
45, 55, 65, 75, 85, and 95mg/L) on nutrient removal, EPS secretion,
and microbial community of AGS SBRs were assessed. The introduction

of GO NPs at 5, 15, 25, and 35mg/L concentrations stimulated protein
production; therefore, the removal efficiency of NH4-N and COD was
not significantly reduced after 7 days. However, in cases of higher
graphene oxide concentrations (55, 75, and 95mg/L), the removal of
nutrients and the production of EPS decreased considerably. The re-
moval of nitrite and nitrate was not negatively influenced, although
PO4-P removal decreased in the case of GO NP addition, even at low
concentrations. When the influencing solution contained 15 and 95mg/
L GO NPs, the phosphorus removal rate dropped to 83 % and 68.4 %
after 7 days. Furthermore, GO NPs also resulted in a change in the
microbial community composition. The detectable number of DGGE
bands decreased with increasing graphene oxide concentration.
Paracoccus sp., Klebsiella sp., and Acidovorax sp., which play a vital role
in wastewater treatment processes, proved to be the most tolerant
strains against GO exposure. Based on our results, the AGS was able to
degrade the nutrients from the wastewater with high efficiency (up to
35mg/L GO NP concentration) due to the compact structure of the
granules, providing considerable protection against accumulated GO
NPs. During the experiments, the presence of GO NPs in the effluent
was not detected; they accumulated instead in the granular sludge.
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