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This work is concerned with the bio-exfoliation of graphite using a soil bacterium. The isolated bacterium
showed a detectable ability to oxidize and change its physical appearance and chemical structure. Multiple
characterization procedures were used to study the physical and chemical changes. Raman and FTIR
spectroscopy proved that the isolate G3 partially exfoliated the graphite into multi-layer sp? graphitic
layers. Scanning electron microscopy (SEM) proved that there was a change in morphology between
untreated graphite waste and that manipulated by bacteria. Cyclic voltammetry results proved that the

green exfoliated graphite (GEG) was suitable for use in biosensor applications and showed a noticeable
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Accepted 5th January 2020 ability to detect methanol, even at lower concentrations. These findings are considered as promising for

the biological manipulation of graphite waste for environmental purposes. In addition, it is proved that

DOI: 10.1039/c9ra09602g the bacterial transformation of graphite into other GEG structures occurs without needing the
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Introduction

Recently, nanomaterial-based analytical methods have gained
continuous attention for use in different applications, such as:
biological research, medicinal and pharmaceutical analysis,
food safety and environmental monitoring. Nanomaterials are
considered as potential analytical probes, owing to their high
surface-to-volume ratio, exceptional physicochemical proper-
ties, high adsorption and reactive capacity and other beneficial
properties not present in bulk materials.*

Various nanomaterials have been employed to serve various
functions in the design of biosensors. A biosensor is a compact
analytical device which relies on the immobilization of bio-
molecules on a transducer surface.”> Among the various types
of biosensors available, electrochemical biosensors offer
numerous advantages over conventional methods due to their
simplicity, high sensitivity, and rapidity.
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chemically hazardous methods that are currently applied.

Graphene is considered to have the highest surface-to-volume
ratio with an optical transparency of 97% that results from its
existence as a single layer consisting of one-atom thickness.® Its
electrical and thermal conductivities are currently reported to be
superior to most conductive elements such as silver, copper and
gold.** These powerful, thermal, mechanical, and electrical
properties suggest that it is possible to use graphene in various
applications such as batteries, hydrogen storage, bioanalytics,
photocatalysis, drug carriers, and sensors.™ The two predomi-
nant methods that include chemical vapor deposition (CVD) and
exfoliation are mainly used for the preparation of graphene.
However, there are several drawbacks to using the CVD method
because it is expensive and difficult to scale up for use industri-
ally.”*** The exfoliation method is composed of two steps: the first
one is the oxidation of graphite into graphene oxide followed by
its reduction into reduced graphene oxide or graphene as the
second step.'** However, the second step involves the use of
hazardous substances such as hydrazine which adds undesired
nitrogen groups onto the surface and shows elevated energy
demands.**"”

There is a wide distribution of ethanol in many applications
including alcoholic beverages and liquid cosmetics, and it is not
harmful in small quantities. However, methanol can be con-
verted into strongly toxic metabolites which can cause damage
to the nervous system and finally lead to death.'® In some
countries, commercial fraud is used to blend methanol with
alcoholic beverages instead of ethanol to reduce the production
costs. The serious problem comes from the fact that both
alcohols have the same physical properties and cannot easily be
distinguished. Therefore, finding a reliable method to detect
small amounts of methanol in ethanol is essential.*’
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The aim of the current work is concerned with maximizing
the benefits of graphite waste and reducing its undesired
environmental impacts. It depends on the isolation of a bacte-
rial isolate that can manipulate the graphite powder waste and
convert it, using green chemistry, into other precious and eco-
friendly forms such as the GEG structure. The work was
extended to characterize the carbonic structure obtained by
instrumental analysis using Raman, Fourier transform infrared
(FTIR) and SEM techniques. The benefits of the structure ob-
tained were investigated by testing its ability to be used as
biosensor for the detection of environmental hazardous mate-
rials such as methanol especially at very low concentrations.

Experimental work
Graphite waste

The graphite waste (GO) was obtained as unused powder that
originated by cutting a big graphite bar into small electrodes
prepared for electrochemical applications at City of Scientific
Research and Technological Applications.

Sample preparation

Soil samples were collected from different locations at the New
Borg El-Arab City. Each sample was serially diluted from 10" to
107 using sterile normal saline.

Isolation of graphite manipulating bacteria

The isolation of graphite manipulating bacteria was dependent
on the ability of bacterial isolates to grow on Luria-Bertani agar
plates (LB) supplemented with graphite powder. In the begin-
ning, LB agar medium was prepared and supplemented with
0.25 g L' graphite powder. The prepared LB-graphite bottle
was autoclaved at 115 °C and 6.9 kPa for 20 min. After sterili-
zation, the agar medium was poured into sterile Petri plates and

Fig. 1 The ability of the G3 isolate to grow on a graphite-containing
agar plate.
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Fig. 2 Raman spectra of samples GO and GEG (G3).

transferred into 4 °C for solidification. Soil dilutions were
spread over the plates with a sterile glass spreader using 50 pL
of each dilution. The plates were incubated at 30 °C for three
days. The formed bacterial colonies were picked up and purified
on LB agar plates and considered as presumptive graphite
manipulating bacteria.

Liquid broth manipulation process

The purified isolated graphite manipulating bacteria were re-
cultivated in a graphite containing broth medium for the
examination of their real ability to bio-convert graphite into
other carbon structures. The process was dependent on the
inoculation of 1 mL of microbes grown overnight in 10 mL of
sterile minimal broth containing (g L™"): NaCl, 0.5; K,HPO,, 0.3;
KH,PO,, 0.4; yeast extract, 0.1; distilled H,O, 1000 mL, and with
addition of 0.25 g L' of graphite. The flasks were incubated at
30 °C and 150 rpm for 72 h.

Lysis of bacterial cells

After incubation, the bacterial cells were lysed and washed out
leaving the transformed carbon structure in a pure form for
subsequent characterization. The lysis procedure started with

Table 1 A summary of the Raman parameters

Band GO GEG

D Peak 1342 1343.5
Ip 306.9264 239.5548
FWHM 51.561 68.374

G Peak 1570 1567
Is 1566.78 1929.771
FWHM 30.649 32.476
In/lg 0.195896 0.124136

2D Peak 2685 2688
Lp 602.861 624.8059
Lpllg 0.384777 0.32377
FWHM 77.695 84.986
R? 0.936 0.9368

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Raman 2D bands of (a) graphite (GO) and (b) GEG (G3); both plots show the measured data profile fit.

centrifugation of the culture containing bacterial cells at
6000 rpm for 5 min, followed by removal of the supernatant.
The carbon-bacterial pellets formed were dispersed in 2 mL of
10% sodium dodecyl sulfate solution (SDS) for 30 min at 50 °C,
followed by centrifugation at 6000 rpm for 5 min. The super-
natant was discarded and the pellets were washed twice with
1 mL of absolute ethanol and once with 1 mL of distilled water
with centrifugation at 6000 rpm after each washing step. The
carbonic pellets were finally air dried and were submitted for
the instrumental characterization.

Microbial identification

DNA extraction. DNA of the isolate G3 was extracted using
the Amshag DNA extraction kit according to the instruction
manual (SRTA City, Egypt).

Amplification and sequencing of the 16S rRNA gene. The
PCR amplification of the 16S rRNA gene of the isolate G3 was
achieved using universal primers. The PCR components were
composed of 12.5 uL of master mix (Takara Bio, Japan), 1 uL of
forward primer (27F) 5'-AGAGTTTGATCMTGGCTCAG-3', 1 uL of
reverse primer (1492R) 5-TACGGYACCTTGTTACGACT-3’, and 1
puL of extracted DNA. The amplified gene was checked by
migration through 1.5% agarose gel in 1x TBE buffer followed
by UV visualization and photography using a UV trans-
illuminator and gel documentation system (SynGene, Ger-
many). The specific band was excised from the agarose gel,
purified, sequenced, and submitted to GenBank to be compared
with the other genes deposited in its database. The sequence
obtained was then deposited in GenBank under a specific
accession number.

Characterizations

Structural characterizations. The morphological structures
of the graphite and GEG powders were performed using SEM
(JSM-6360LA, Jeol, Japan). The chemical structures of the
graphite and GEG powders were investigated by Raman scat-
tering spectrometer (Senterra, Bruker, Germany) and Fourier
transform infrared (FTIR) spectroscopy (FTIR-8400S, Shimadzu,

Japan).

This journal is © The Royal Society of Chemistry 2020

Electrochemical characterization. The graphite powder
before and after exfoliation was used to fabricate an electro-
chemical working electrode as follows: 2.5 mg of both powders
were dispersed separately in a solution containing 50 uL of
Nafion (10 wt%) in 450 puL of isopropyl alcohol. Each suspension
was sonicated in an ultrasonic bath for about 30 min. A portion
(10 pL) of the homogeneous prepared ink was drop coated on
a previously polished glassy carbon electrode.

The electrochemical experiments were conducted on
a potentiostat (Autolab 87070, Metrohm) in a three electrode
configuration system. All electrochemical experiments were
carried out in a cell containing 100 mL of phosphate buffered
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Fig. 4 FTIR spectra of (a) graphite powder and (b) GEG powder.
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saline solution (PBS, pH 7.0) or 100 mL of ethanol. Each elec-
trolyte was amended with different doses of methanol (0-1.0
mL/100 mL). A graphite rod was used as the auxiliary electrode,
an Ag/AgCl wire as the reference electrode, together with the
previously prepared working electrode.

Results and discussion
Isolation of graphite manipulating bacteria

After the cultivation and incubation of serially diluted soil on
the graphite containing plate, the grown bacterial isolates were
collected up and purified. As shown in Fig. 1, only one isolate
was able to grow and formed a single white big colony. This
bacterial isolate was considered as the presumptive graphite
manipulating isolate and was transferred to graphite contain-
ing broth to confirm its ability to manipulate the graphite.

Raman spectroscopy

Raman spectroscopy is considered to be a fast and non-
destructive method, which provides a direct understanding of
the electron-phonon interactions, which indicate a high
sensitivity to electronic and crystallographic structures.” Fig. 2
compares the Raman spectra of samples GO and GEG measured
at 532 nm excitation. The three most intense peaks were
observed at ~1340 cm ™" (D band), ~1570 cm ™" (G band) and
~2670 cm ™! (2D band).

188%mm, "

o p”.
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The D band is recognized as the disorder, or defect band,
whereas, the G band is the results of an in-plane vibrational
mode of the sp”® hybridized carbon atoms that comprise gra-
phene sheets.> Raman spectra could be used to characterize the
level of disorder in carbon nanostructures using the peak ratio
of Ip/Ig. Herein, this ratio decreased from 0.195896 to 0.124136
which may be due to the increasing defect density.

However, the 2D band is at almost double the frequency of
the D band and originates from the second order Raman scat-
tering process. This band is used to determine the graphene
layer thickness, and the degree of defects could be confirmed by
using the ratio Lp/lg. In the present study this ratio was
0.384777 and 0.32377 for the graphite and GEG samples,
respectively. Al-Sherbini et al., prepared graphene sheets with
a high number of defects and a large number of graphene layers
were exfoliated from graphite with an I,p/I; of 0.46.%°

Herein, these peaks hardly shifted. The full width at half
maximum (FWHM) together with the intensity of the peaks
could express more about the structure. Table 1 summarizes the
positions, intensity and FWHM for the main three peaks for
both samples. Sample GEG has a much broader and upshifted
2D band with respect to the GO sample, which indicated that
GEG has multilayered graphene formed form graphite (G0).*
Moreover, the 2D band of graphene was more uniform
compared to that of the graphite sample as shown in Fig. 3.>

) ety
R1/8@0  180m

)

Fig. 5 SEM micrographs: (a and b) low and high magnification images of graphite powder, and (c and d) low and high magnification images of

GEG.
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Roscher et al., reported that, the R* value of graphene was
higher than that of graphite.”

FTIR analysis

The FTIR spectra of graphite (Fig. 4a) indicate the chemical
inertness of bulk graphite.> Whereas, the FTIR spectra of GEG
showed various functional groups (Fig. 4b). A highly intense
band at 3428 em ™" was due to the O-H stretching vibration
which indicated the presence of OH and/or COOH functional
groups within the structure. Very weak bands at 2857 cm ™' and
2924 cm ' were due to the symmetric and asymmetric
stretching vibration of C-H bond, respectively. Carbonyl C=0
stretching vibration (1739 em™"), C=C stretching vibration of
the unoxidized graphitic domain (1641 cm '), O-H deforma-
tion (1462 cm™'), C-O stretching of epoxy groups (1237 cm ™)
were seen in the FTIR spectra of GEG.”>*® Thus, the results ob-
tained from FTIR confirmed the presence of various oxygen

View Article Online

RSC Advances

containing functional groups such as hydroxyl, epoxy, carboxyl,
carbonyl, within the GEG structure. The results of the FTIR
analyses performed by Song et al.,*” Marcano et al.,”> Galpaya
et al.,>* Bao et al.,”® and Chowdhury et al., were in agreement
with the results obtained in the current research.

Scanning electron microscopy (SEM)

Fig. 5 shows the SEM micrographs of both of graphite and GEG.
The GEG represented have a lamellar structure with two char-
acteristics figures, (i) aggregated layers in a cluster form, and (ii)
needle-like growth. These two different shapes indicate that the
microbial isolate has significantly effects on the graphite
powder morphology and structure, and a new morphological
structure was formed. These results were matched with the
Raman and FTIR results which proved the structural change
between the original graphite powder and the newly formed
GEG structure.
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Fig. 6 Phylogenetic position of Bacillus toyonensis THT within other related strains deposited in the GenBank. The branching pattern was
generated by a neighbor-joining tree method with a bootstrap of 500 and the Genbank accession numbers of the 16S rRNA nucleotide

sequences are indicated in brackets.
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Fig.7 Cyclic voltammograms of prepared electrodes of (a) GO, and (b)
GEG in PBS buffer solution (pH 7.0) with different concentrations of
methanol (0—1.0 mL/100 mL buffer).

Suggested BIO mechanism for the formation of GEG structure

The exfoliation of graphite into graphitic layers is practically
associated by two primary methods that were applied sepa-
rately. The first method was mainly dependent on an oxidation
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Fig. 9 Cyclic voltammograms of the prepared electrode of GEG in
ethanol with different concentrations of methanol (0—-1.0 mL/100 mL
ethanol).

process that involves the chemical incorporation of an atom
between the sheet flakes of graphite. Liu et al., proposed that
the bacterial cells probably produced metabolites that served as
surfactants and promoted the contact of the bacterial cells to
the graphitic material."* This contact can result in extracellular
electron transfer pathways at the cell/graphitic material inter-
face that finally resulted in the formation of graphite oxide or
graphene oxide.** The other method was dependent on an
incorporation of a big molecule (other than oxygen) that helped
in the exfoliation of the stacked sheets of graphite, which was
accompanied by chemical modifications. The current exfolia-
tion mechanism is assumingly attributed to the first method.
The large number of oxygen atoms detected by the character-
ization process outbalanced the ability of the isolated microbe
to oxidize the graphite waste and exfoliate its flakes into other
oxygenic graphitic structures.

-0.5V

+0.3V

0 0.2 04

0.6 0.8 1 12

Amount of methanol (%)

Fig. 8 Calibration curves obtained for methanol at —0.5V and +0.3 V.
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Fig. 10 Calibration curves obtained for methanol in ethanol at —0.5V and +0.3 V.

Molecular identification of the G3 isolate

The PCR amplification of 16S rRNA from the extracted genomic
DNA of isolate G3 showed a 1500 bp amplified band when
compared with a 1 kb DNA ladder. The amplified gene obtained
was collected from the agarose gel, extracted, purified and
submitted to sequencing (Sigma, Germany). The sequence ob-
tained was compared with the 16S rRNA sequences deposited in
the GenBank database and revealed that the sequence was 100%
similar to that of Bacillus toyonensis strains. The sequence was
deposited in the GenBank database under the accession number
MN606105. The relatedness of the current isolate and other similar
strains are represented in the phylogenetic tree shown in Fig. 6.

Electrochemical measurements

In PBS buffer (pH 7.0). Fig. 7 shows the cyclic voltammogram
of the prepared electrodes. The biosensor response was tested
in 100 mL PBS solution (pH 7.0) in the presence of different
amounts of methanol (0.0-0.01 volume ratios). It was noticeable
that there were two response ranges at (+0.3 V) and (—0.5 V) for
the GEG electrode sample (Fig. 7b). Calibration curves of these
two ranges are presented in Fig. 8. The material obtained has
remarkable electrochemical sensing to methanol, starting at
very low concentrations.

However, the blank graphite electrode (G0) had no sensing
behavior towards methanol in PBS buffer solution as shown in
Fig. 7a.

The previously described measurements suggest that the
sensing mechanism was as follows: firstly, methanol was
adsorbed on the electrode surface, which was followed by its
dissociation through various steps.** The organic intermediate
species of methanol oxidation were dissociated on the electrode
surface by interacting with the surface OH™ species.* Finally,
the adsorbed species effected the electrochemical behavior of
the electrode.

This journal is © The Royal Society of Chemistry 2020

In ethanol. The same three electrochemical configuration
cells were used to distinguish the presence of small amounts of
methanol in 100 mL of ethanol.

As shown in Fig. 9, the biosensor response of the GEG elec-
trode towards methanol was tested in 100 mL ethanol in the
presence of different concentrations of methanol (0.0-0.01
volume ratios). It was noticeable that, there was a detectable
response behavior of the GEG electrode even at relatively low
concentrations of methanol. Calibration curves of the two
ranges of potential (+0.3 and —0.5 V) are presented in Fig. 10.

The sensing efficiency of the GEG electrode towards meth-
anol in PBS buffer was higher than the detected efficiency in
ethanol solution as shown in Fig. 8 and 10. The two regions of
potential (+0.3 and —0.5 V) were used in both electrochemical
tests of buffer and ethanol media for comparison.

Conclusions

The current work describes the use of green method to substi-
tute the hazardous chemical materials previously used for
graphite exfoliation process. The formation of GEG was char-
acterized using Raman and FTIR spectroscopy combined with
SEM. The GEG obtained presented high sensitivity toward low
concentrations of methanol in both of phosphate buffered
saline solution and ethanol. This applied green method is
considered to be ecofriendly and a cost-effective method for the
bioremediation of graphite waste into valuable graphitic
material. It is recommended that more effort is made with this
research for the complete exfoliation of graphite into carbon
nanostructures.
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