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ABSTRACT

BACKGROUND: Graphene materials have extensively been applied in several industries
due to their enhanced properties. Predictably, these materials also end up in wastewaters
generated from industrial sectors, and their effects on biological treatment systems are poorly
understood. The aim of the present study was to assess the acute effects of graphene oxide
(GO) with three different degrees of reduction (reduced GO (rGO) produced with a reduction

time of 1, 2 and 4 hours) on the methane production of an anaerobic consortium.

RESULTS: Synthesized rGO materials had a stimulatory effect increasing the maximum
methanogenic activity (MMA) up to 14% and 114% when glucose and starch were provided
as substrates, respectively, as compared to the MMA achieved in controls incubated in the
absence of rGO. Reduction of GO promoted physical-chemical changes in its structure, such
as removal of epoxy groups, which prevented grapping of starch granules by the produced
rGO sheets and triggered a better interaction between the latter and microorganisms.
Furthermore, this work showed that rGO stimulated starch disintegration into its components,
thus accelerating its hydrolysis, which was ultimately reflected in a higher MMA when this

particulate polymer was used as substrate.
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CONCLUSION: This study reports for the first time the acute effects of rGO on the
methanogenic activity of an anerobic consortium supplied with both soluble and particulate
substrates. This information is relevant to elucidate the effects of this graphene material in
anaerobic microorganisms and to improve the performance of anaerobic systems during the

treatment of industrial wastewaters.

Keywords: reduced graphene oxide; starch; anaerobic digestion; hydrolysis

Introduction

Graphene oxide (GO) is one of the main raw materials used in the manufacture of graphene-
like products because it is easy to reduce by different physical methods, such as thermal
treatment and laser irradiation, as well as electrochemical'> 2 and green chemical processes
using vitamins, sugars, amino acids and natural extracts.>*®* Reduced graphene oxide (rGO),
so called because not all oxygenated groups are removed in the reduction process, is expected
to prevail in natural environments and in wastewater treatment plants, since GO can be
reduced to rGO by bacterial respiration.” ® Therefore, the degree of reduction in rGO could
vary depending on the conditions of the manufacturing process and the environmental

conditions prevailing.
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Several carbonaceous materials have been used to improve the biotransformation of a wide
variety of pollutants as well as the methanogenic activity of anaerobic consortia. One of those
materials is activated carbon, which showed an enhancement on methane yield, especially
when it was supplied as a fine powder. Activated carbon increases methane production due
to the porosity of its particles, which serve as a proper niche to support microbial growth.
More recently, activated carbon derived from organic wastes has been shown to effectively
enhance the reduction of N>O by denitrifying microorganisms, in addition to improving
methane production in anaerobic consortia.” Additionally, the conductivity of activated
carbon favors direct interspecies electron transfer (DIET).!® Carbon nanofibers have also
been reported to enhance the anaerobic biotransformation of nitroaromatic compounds;
moreover, chemical surface modification played a relevant role, indicating that functional
groups, which are able to accept and donate electrons, such as quinone groups, take part as
redox mediators.!! In the field of carbon nanomaterials, GO was also applied as electron
shuttle for the reduction of recalcitrant pollutants by methanogenic sludge, but the
concentration used was 5 mg/L due to toxic effects found at higher concentrations.'? In
opposition to the toxic effect of GO, the use of carbon nanotubes, in concentrations in the
range of grams, showed an increase in methane production in a dose-dependent manner, but
these experiments suggested that DIET is not the driving factor for methane improvement

and probably other factors, such as the adsorption capacity may contribute to these results.'?
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Application of graphene in anaerobic digestion processes, at concentrations between 30 and
120 mg/L, showed a stimulation effect on methane production, specially favoring
acetoclastic methanogenesis. These studies include a comparison with quinones and revealed
that these moieties failed to replicate graphene stimulation, concluding that graphene did not
function as electron shuttle in this kind of systems and support DIET as the mechanism for
the observed methane enhancement.!* rGO has also been reported to increase degradation
processes, which was attributed to the electron shuttling capacity of its remaining oxygenated
functional groups as evidenced by chemical and biological experiments using rGO with
different reduction degree. Moreover, the results pointed out that the higher the reduction
degree of rGO, the higher the reduction rate observed in the studied pollutants and suggested
that the enrichment of carbonyl groups in rGO might be responsible for the enhanced
degradation observed. !> !¢ In all the previously discussed cases, the contaminants, as well
as the substrates, were soluble. Therefore, it is necessary to investigate what happens when
particulate matter serves as substrate since previous results have indicated that GO wraps
starch granules and therefore prevents its hydrolysis. In fact, the envelope of starch granules
is given by the interaction of the oxygenated groups of GO, which have negative charge, and
the hydroxyl groups in starch, which have positive charge.!” The above opens the questions
on what interactions between rGO and starch occur and what will be the effects when all

these components are present in anaerobic digestion processes.
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Starch is an energy reserve in plants and the second most abundant biopolymer on Earth. It
is mainly composed of two types of polysaccharides, amylose and amylopectin, which are
organized in multilevel structures of increasing complexity. Starch granules are structures
that vary in size (1-200 um) and shape (ovals, spheres, polygons, etc.) depending on the
botanical origin. Starch is of great importance within the food industry and is taking relevance
every day in other industrial areas, such as the manufacture of biodegradable materials.'® !

Glucose, on the other hand, can be released from starch hydrolysis and is a common

constituent of different industrial wastewaters.

The aim of the present work was to study the acute effects of rGO on the methanogenic
activity of an anaerobic consortium supplied with two different substrates: glucose as a
soluble model substrate and starch as a particulate model substrate. The goal of the study is
to provide evidence to understand the interactions of rGO, with different reduction degrees,

within the methanogenic consortium.

Materials and methods

Materials and chemical reagents

GO was purchased from Graphene Supermarket® and has the following characteristics:
concentration 6.2 g/L in aqueous dispersion, monolayer >80%, nominal particle size between

0.5 and 5 pm, C/O ratio 3.95. Ascorbic acid (L-AA, ACS grade) was obtained from Golden
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Bell® (Mexico City, Mexico), while starch, glucose and all other reagents used in this work
were reactive grade from either Sigma-Aldrich Company or Merck.

Solutions

The basal medium used for sludge activation was composed of (mg/L): NH4Cl (280),
K2HPO4 (250), MgS0O427H20 (100), CaCl2+2H>0 (10), NaHCOs3 (5000) and 1 mL/L of trace
elements solution composed of (mg/L): FeCl,*4H,O (2000), H3BOs3 (50), ZnCl> (50),
CuCL*2H,O (38), MnCl*4H,O (500), (NH4)sM070244H>0 (50), AlCl3+6H,O (90),
CoCl2+6H20 (2000), NiCl2#6H20 (92), Na2SeO3+6H20 (162), EDTA (1000) and 1 mL HCI
(36%); pH was adjusted to 7.0 + 0.2 using NaOH or HC1 0.1 N. In the case of batch assays,
NaHCO; was adjusted to 3.13 g/L in order to obtain a pH of 7 in combination with a mixture
of N2/CO2 (80%/20%, v/v) used as headspace. Distilled water was used to prepare all
solutions.

Chemical reduction of GO

Reduction of GO was carried out according to Toral-Sanchez et al.'> Briefly, 10 mL of GO
solutions (0.1 mg/mL) and 100 mg of ascorbic acid were placed in a 30 mL beaker.
Immediately, samples were vigorously stirred at room temperature. In order to obtain
materials with different reduction degrees, reduction kinetics were carried out for 1, 2 and 4
h. After the reduction time, samples were centrifuged at 10,000 rpm for 20 min in order to
remove all ascorbic acid remaining by decantation. Recovered rGO was rinsed with

deionized water three times, then dispersed in deionized water, and finally sonicated for 30
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min. rGO materials obtained from 1, 2 and 4 hours of reduction are referred to as rGO1,
rGO2 and rGO4, respectively, in the present study.

The concentration of the three rGO dispersions was measured by a gravimetric method,
which implied drying 1 mL of the dispersions in vials at constant weight at 45 °C under
vacuum and 1400 rpm for 6 hours using Vacufuge plus Eppendorf concentrator equipment.
Characterization of materials

Spectroscopic characterization

Functional groups of rGO1, rGO2 and rGO4 were identified by Fourier transform infrared
spectroscopy (FTIR) using a Thermo-Nicolet 6700 FT-IR equipment. Samples were prepared
using materials, which were dried for 4 h into a Vacufuge plus Eppendorf concentrator
equipment at 45 °C under vacuum and 1400 rpm, mixed with KBr in a 1:1000 ratio,
respectively, and compressed to form pellets. The pellets were analyzed by transmission
under conditions of 128 scans, resolution of 4 cm™!, CO, and H,O automatic correction.

The reduction degree of the materials, rGO1, rGO2 and rGO4, was also studied by Raman
spectroscopy using a RENISHAW Micro-Raman Invia spectrometer with laser frequency of
532 nm as excitation source through a 50x objective. The sample preparation implied the
formation of films on aluminum foil by dripping deposition of each material dispersions, and
then allowed to dry for 12 h prior to analysis.

Particle charge and size distribution
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Zeta potential ({) measurements were performed in aqueous solution for rGO1, rGO2 and
rGO4 at pH of 7, which is the pH value of the biological experiments performed. For this
purpose, dispersions of 150 mg/L of each rGO material were adjusted to the desired pH value
using NaOH or HCI 0.1 N as needed until the variation of pH values was less than 0.5 in
measurements conducted every 5 h. After pH stabilization, 1 mL of the sample was sonicated
using a Bransonic model B2510-DTH equipment at 40 kHz for 10 s and immediately placed
into the MICROTRAC Zetatrac NPA152-31A cell. Size distribution was measured by
Dynamic Light Scattering, using the same equipment, at pH 7 and with the same sample

preparation mentioned before.

Scanning electron microscopy (SEM)

Micrographs of rGO materials and starch were obtained with a FEI Helios Nanolab 600 Dual
Beam Scanning Electron Microscope, operated at 5.00 kV and 86 pA, and elemental analyses
were carried out by energy dispersive spectrometer (EDS) with the same equipment. Samples
were prepared on silicon wafers by dripping deposition and were dried under ambient
conditions overnight before microscope observation. Biological samples were examined
using a FEI model Quanta 250 SEM, adjusted to 25 kV, spot size 4.5 and WD 10 mm,
recording the micrographs using an Everhart Thornley Detector.

Biological assays

Inoculum
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Methanogenic granular sludge was obtained from a full-scale up-flow anaerobic sludge bed
reactor treating brewery wastewater (Mahou, Guadalajara, Spain). The sludge was stored at
4 °C and it was washed and crushed using a needle gauge 22G before its use in the
incubations. The content of volatile solids (VS) of the sludge was 6.96% of wet weight.
Sludge incubations with rGO

Batch assays were conducted in triplicates using serological bottles of 60 mL of volume. In
these experiments, 9 mL of basal medium containing starch or glucose (final concentration
of 2 g chemical oxygen demand (COD)/L) and 1.5 g VS/L of sludge were added to each
bottle and then flushed with a gas mixture of No/CO> (80:20, v/v) for 3 min. Subsequently,
bottles were sealed, and the headspace was further flushed using the same gas mixture for 3
min. The bottles were incubated overnight at 30 °C in an orbital shaker at 120 rpm for biomass
activation. After this period, 1 mL of deionized water was added to the control bottles and 1
mL from the corresponding stock solution of rGO material to amended cultures (10 mL as
total volume in all cases) in order to get a concentration of 300 mg/L of each GO material.
Once the GO materials were added, the headspace of all bottles was flushed again with the
N2/CO; gas mixture for 3 min and incubated at 30 °C in an orbital shaker at 120 rpm. Gas
samples (100 pL) were periodically taken for methane measurement by gas chromatography
as previously described.® Methane concentration was plotted against time to obtain the
maximum slope by linear regression from at least three points throughout the incubation

period and the maximum methanogenic activity (MMA) was then calculated.
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Results and discussion

Physical characterization of rGO

As known, zeta potential provides the materials surface charge. The results of the present
study revealed zeta potential values of -16.5 mV, 0.284 mV, 0.565 mV and 4.453 mV for
GO, rGOl1, rGO2, rGOA4, respectively, at pH 7. These data indicate that the higher the
reduction time to produce the rGO samples, the higher the zeta potential value obtained,
which is related to the loss of oxygenated functional groups through the reduction process.
In other words, the lower the concentration of oxygen-containing groups in GO materials,
the more positive the materials surface change. These results agreed with FTIR analysis,
which revealed the loss of some oxygenated functional groups through the reduction process
and indicated the prevalence of hydroxyl groups, which possess partial positive charge at pH

7.

The reduction process turned GO sheets more hydrophobic, so that they tended to stack
among them due to m interactions of the aromatic rings. Consequently, size distribution
moved to larger size of particles consistent with the increase in reduction time. Besides, low
values in { mean instability of colloidal dispersion, thus rGO sheets agglomerate easily.
Taking all these aspects into account, Fig.1 makes sense since most rGO1 particles showed
a size of 687 nm, while rGO2 particles were divided between sizes of 687 nm (37.4%) and

818 nm (34.7%). Finally, rGO4 particles predominated with a size of 8§18 nm.
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The morphology of GO and rGO materials was studied by SEM. Obtained images revealed
that GO is thinner, shows cracks and tends to fold over itself, while rGO materials have
thicker lamellae, due to the stacking of rGO sheets caused by the reduction treatment.
Furthermore, the extended sections found in the samples presented changes in transparency
and the way they fold; for example, lamellae of rGO2 and rGO4 were smoother and

apparently more rigid/denser, while rGO1 still presented fine sheets (see Fig. 2).

In the case of graphene materials mixed with starch, SEM images (Fig. 3) show that GO
perfectly wraps starch granules (Fig.3b), even following the shape of those that were broken
by the preparation procedure. Granules were easily found in examined samples, but when the
mixture contained any of the rGO materials, much smaller clusters were observed (rGO4 in
Fig. 3c). These clusters are essentially crystals from the basal medium, rGO sheets, and
particles with spherical/polyhedral and rod-like shapes (Fig.3d). The observed clusters agree
with the hierarchical structures integrating starch granules, being consistent with blocklets
and super helical structures, which seemed to be composed of a mixture of A-type and B-
type crystalline polymorphs that give them that “Cheetos-type” shape. 2!*?> These findings
indicate that rGO materials did not cover starch granules but broke them into smaller sub-
structures. The latter suggests that rGO materials promoted the disintegration of starch
granules, possibly due to catalytic activity of remaining carboxylic groups and/or defects at
edges of rGO sheets with unpaired electrons. 2> 2* However, further research is needed to

clarify what are the mechanisms that give rise to the observed results.
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When collected samples were observed, it was possible to find starch granules attached to
exopolysaccharides, bacteria and rGO sheets. Nevertheless, rGO sheets never wrapped starch
granules (rGO4 in Fig. 3e) as previously reported with GO,!” so that they were always
interacting with cells and exopolysaccharides (Fig. 3f). These results show that rGO
preferentially adheres to bacteria, which have a negative surface charge,>> while as it was
shown by the results of { values, rGO had a greater positive charge by increasing the
reduction time. Nonetheless, it must be considered that bacteria can adhere to rGO sheets,

because they serve as conductive material favoring DIET and facilitating bacterial growth.?®

Spectroscopic characterization of GO and rGO

Raman spectra (Fig. 4) of synthesized rGO materials and the original GO displayed the
characteristic D and G bands of carbon at ~1350 cm™ and ~1600 cm™!, respectively. D band
is associated with disorder-induced symmetry-breaking effects of sp? network, while G band
is related with the ordered structure of graphene hexagons and graphite crystallinity.
Additionally, Raman spectra show the 2D band at ~2676 cm!, which is sensitive to the ©
bond in the graphitic electronic structure and the number of layer. Also, D+G band at ~2950

cm!is observed, which is the combination of bands D and G induced by disorder. ?

The ratio Ip/Ig provides information of the amount of disorder linked to an oxidation process,
but in the case of a reduction process, the Ip/Ig ratio has been reported to rise by increasing
the reduction degree of GO. This could be corroborated by the Ip/Ig ratios obtained for GO,

rGO1, rGO2 and rGO4, which were 0.809, 1.011, 1.124 and 1.011, respectively. The
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previous values show small difference among the reduced materials; thus, the Iop/Ig ratio was
calculated since it has relationship with the measurement of sp® regions and with electron
mobility.28 The values of the Ip/Ig ratio for GO, rGO1, rGO2 and rGO4 were 0.164, 0.386,
0.295 and 0.278, respectively, and indicate larger graphitic domains and consequently higher
electron mobility in the reduced materials. Nevertheless, the observed trend for Ip/Ig and
Lo/l ratios disagrees with the expected increase in graphitization with increased reduction
time. The observed trend seems to point out that the reduction process is also creating defects,
something that is commonly seen in thermal reduction.?’ Additionally, the shape of the 2D
band indicates the presence of multilayer rGO, ** which agrees with observations collected

by SEM images.

FTIR spectra in Fig. 5 show the presence of oxygenated functional groups in GO at 3300 cm”
11730 ecm™, 1200 cm™ and 1100 cm™ associated with —OH, —-C=0, —-C—O—C and —C-O,
respectively. The reduction time triggered a decrease on the intensity of the bands related
with —C=0, -C—O-C and —C-0, suggesting that these groups were partly reduced in GO by
the reducing process with ascorbic acid. The intensity of those groups decreased in agreement
with longer reducing time, being rGO4 the material with the lowest content of these
functional groups. In contrast, the C=C band prevailed independently of the reduction time
since these groups did not react with ascorbic acid. Interestingly, only the spectrum
corresponding to rGO1 displayed a band at 2900 cm', which is attributed to C—H groups

together with a drastic decrease in the intensity of the band associated with the epoxy groups.
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However, the band of —OH showed a narrowing, while its intensity seemed to be the same.
This phenomenon could be explained considering that hydrophobicity increased with the
reduction degree of GO sheets, so that the amount of water physisorbed or intercalated among
stacks of rGO sheets would be less.>® Moreover, the prevalence of the band related to —-OH
groups agree with reports about the stability of these groups as compared to epoxy groups (—
C—0O—C) under the conditions prevailing in the reduction process. FTIR spectra also agree
with information indicating that epoxy groups are the most abundant and the most reactive,’
since they displayed a band with high intensity in the GO spectrum and the intensity

decreased with the increase of reduction time.

Acute effects of rGO materials on methanogenesis

Sludge exposed to rGO with different extent of reduction revealed a positive effect on
methanogenesis with both glucose (Fig. 6a) and starch (Fig. 6¢) as substrates. This positive
effect improved the amount of methane produced as well as the MMA. The most relevant
increase occurred in sludge incubations performed with starch, in which the difference
between the treatments with rGO and the control incubated without rGO is highly evident.
MMA could be calculated from the kinetic data (Table 1). For experiments performed with
glucose, it was observed that rGO1 increased 4.7% the MMA, while rGO2 and rGO4
promoted an enhancement of 13.8% and 8.9%, respectively, with respect to the control
incubated in the absence of rGO materials (Fig. 6b). Furthermore, rGO materials greatly

enhanced methane production in sludge incubations conducted with starch, especially with
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rGO1, which triggered an improvement of 114% on the MMA as compared to the control
treatment prepared without rGO materials. Meanwhile, materials rGO4 and rGO2 increased
the MMA by 86.4% and 70.6%, respectively, with respect to the control when starch was
provided as electron donor (Fig. 6d). These results suggest that rGO materials did not cover
starch granules, which was shown to occur in sludge incubations conducted with GO.!
Wrapping of starch granules by GO sheets caused mass transfer limitations negatively

affecting the methanogenic activity of anaerobic sludge.!”

In experiments performed with starch, it was observed that the highest methane production
was obtained with rGO1, which makes sense when considering the smaller particle size of
this conductive material as compared to the other reduced materials. Namely, rGO1 has a
greater exposed surface area than rGO2 and rGO4 and therefore greater interaction with
starch granules. However, contrary to what was observed in experiments conducted with GO,
13 the interactions with rGO1 promoted the disintegration of starch granules. This may be due
to the removal of epoxy groups through the reducing process of GO to rGO since these
functional groups were responsible for the wrapping of starch granules by GO.!” Moreover,
carbonyl functional groups, which prevail mainly at the edges of graphene sheets®' can
interact with the hydroxyl groups of the polysaccharide chains by hydrogen bonding, thus
fragmenting starch granules and producing the structures observed in Fig. 3d. In addition to
the disintegration of the starch granules, according to collected Raman spectra, rGO1 also

showed a great mobility of electrons, which can favor DIET. On the other hand, the lower
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MMA observed in sludge incubations amended with rGO2 or rGO4 as compared to those
performed with rGO1could be due to agglomeration of rGO sheets in rGO2 and rGO4, with
the resulting decrease in surface area. Additionally, a decrease in carbonyl groups in rGO2
and rGO4 (Fig. 5) could also explained the worse catalytic effect stimulated by these

materials on methane production.

The positive effects of rGO on anaerobic digestion reported here could be explained by
different aspects. In the case of micro-structures, they provide available surface and porosity,
which may protect microorganisms by creating a micro-environment. Additionally,
functional groups on the materials surface could serve as electron shuttles and their
conductivity could be involved in DIET. Moreover, large surface area promotes adsorption
of substrates, which are easily accessible to microorganisms attached to the materials.
Furthermore, rGO could also play a buffering roll against abrupt changes in concentration of
inhibitors and it promotes disintegration of particulate organic matter improving the
hydrolysis stage. The electrostatic interactions among microorganisms and their exo-
polymeric substances with rGO sheets and starch granules, discussed above and shown in
Figure 3, may also explain the greater enhancement observed in the MMA through
incubations performed with starch as compared to those conducted with glucose.
Furthermore, while addition of rGO consistently improved the MMA observed in the studied
consortium, there was not a clear trend depending on the extent of reduction of GO. Thus,

further studies are required to elucidate the interactions prevailing among bacteria, rGO
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sheets and substrate particles, which ultimately may govern the methanogenic activities in

anaerobic consortia.

Conclusions

The effects of GO with different degree of reduction were studied and the results indicate
that rGO promotes the methanogenic activity of an anaerobic consortium provided with a
soluble (glucose) or a particulate (starch) substrate. Interactions of rGO with starch granules
appeared especially important depending on the degree of reduction of GO, which directly
affects the disintegration of starch granules. Oxygenated groups present in the surface of rGO
interacted with the hydroxyl groups of starch polysaccharides promoting disintegration of
the granules into smaller elements, which increases the specific area and thus enhanced the
hydrolysis step. The knowledge generated by this study allows to predict the effects of the

different materials derived from GO when applied to anaerobic digestion processes.
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Figures Captions
Fig. 1. Size distribution of GO and rGO materials. Bars represent the percentage of
particles of a given size, while curves were added to show the pattern of size distribution

due to the reduction process.

Fig. 2. SEM images of untreated GO and reduced materials obtained at increasing

reduction time (rGO1, rGO2 and rGO4).

Fig. 3. SEM images of pristine starch granules (a), mixture of starch and GO (b), clusters
found in samples with rGO4 (c), structures inside the clusters (d) and a sample of the

bioassays using starch and rGO4 at low (e) and high magnification (f).

Fig. 4. Raman spectra of reduced and unreduced GO materials showing the main bands of

carbonaceous materials.

Fig. 5. FTIR spectra of reduced and unreduced materials. Shaded areas indicate the regions
of the oxygenated functional groups that underwent changes throughout the reduction

process.
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Fig. 6. Cumulative methane obtained with glucose (a) and starch (c) and their
corresponding maximum methanogenic activity (MMA; b and d) Numbers displayed in the
series legend indicate the concentration (mg/L) of rGO1, rGO2 and rGO4. Letters on top of
bars show statistical difference (p<0.05) respect to the control incubated in the absence of
rGO materials (letter a) and between treatments (letter b). Same set of letters means no

statistically difference.
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Table 1. Maximum methanogenic activity (MMA) obtained for experiments performed with

glucose or starch and rGO with different reduction degrees

Glucose Starch
Treatment Treatment effect”

Treatment MMA? + SD effect’ (%) MMA? £+ SD (%)

Control without

rGO 7.0 £ 0.1 - 0.20+0.01 -

rGO1 73 + 0.1 4.7 043 + 0.01 114.1

rGO2 79 £ 0.2 13.8 0.34 + 0.01 70.6

rGO4 7.6 £ 0.1 8.9 0.37 £ 0.01 86.4

"Maximum methanogenic activity calculated from 3 points of the kinetic data by linear

regression (mL CHy /g VS-h). ®Treatment effects are the difference on MMA using rGO (300

mg/L) compared to control treatments without rGO.
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