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Abstract—A new method for preparation of a composite based on graphene oxide and montmorillonite has
been proposed. A comparative characteristic of the adsorption rate for montmorillonite, graphene oxide, and
a composite based on them is given. It is shown that the composite has the best adsorption properties with
respect to methylene blue. The samples have been studied by IR and Raman spectroscopies, SEM, X-ray
powder diffraction, and TGA/DTA. The resulting composite material can be widely used as sorbents for
organic dyes in an aqueous medium and organic solvents.
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INTRODUCTION

At present, due to the increased burden on the
environment, in particular, severe pollution of rivers
and lakes located near large industrial enterprises and
cities, the problem of purification of domestic and
industrial wastewater is relevant [1—5]. The growth of
science-intensive industries leads to a complication of
the composition of wastewater, which may contain
emulsions and suspensions of particles and suspen-
sions in the submicron and nanoscale range, organic
solvents, oils, which complicates their treatment in
urban wastewater treatment plants, whose work con-
sists mainly in mechanical and biological cleaning
methods [6—9].

Chemical methods of wastewater treatment
include sedimentation and co-precipitation methods
based on the principles of chemical adsorption [10—
12]. The literature contains a large amount of work
aimed at developing new generation adsorbents [13—
16] and studying the processes accompanying adsorp-
tion [15, 16]. Thus, the authors [17] describe the
mechanism for obtaining nanosized needle-shaped
boehmite powder (AIOOH) by its recrystallization in a
subcritical aqueous medium. The synthesized acicular
boehmite has a developed specific surface area
(136 m?/g), which makes it possible to recommend it
as an adsorbent for the extraction of metals from
industrial wastewater [5, 18] and viruses and bacteria

from liquid media [19, 20]. It should be noted that the
method proposed by the authors [17] is interesting
from a scientific point of view, but rather difficult to
implement in industry, since it requires sequential
thermal and hydrothermal treatment.

Adsorbents based on various clays and clay materi-
als [21—23] are of interest due to their low cost, high
reactive specific surface area, hydrophobicity, poten-
tial for exchange processes, high content of cations,
etc. A similar material is montmorillonite, which has a
sandwich structure and consists of two layers of sili-
con-oxygen tetrahedra and one layer of aluminum-
oxygen octahedra with cations introduced into the
structure between the layers. In a number of works
[24—26], the possibility of independent use of mont-
morillonite as an adsorbent was considered.

To solve the problems of adsorption from liquid
media, it is interesting to use composites based on
montmorillonite and graphene oxide. The high
adsorption capacity of graphene oxide is achieved due
to the large specific surface area and the presence of
oxygen-containing functional groups, which allow to
increase the selective adsorption capacity [27, 28].
However, films based on graphene oxide are charac-
terized by the following processes: a change in the sur-
face structure over time and the adhesion of monolayers
with the formation of large blocks, which leads to a dete-
rioration in the adsorption capacity of the material.
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Table 1. Preparation method and composition of samples

IONI et al.

Sample no. Preparation method Composition

1 Oxidation of commercial graphite by the Hummers method fol- Graphene oxide (GO)
lowed by removal of water

2 Commercial Montmorillonite (Mt)

3 Mixing suspensions based on graphene oxide (GO) and montmoril-| Composite based on GO and Mt
lonite (Mt) in a ratio of 1 : 1 followed by removal of water

4 Mixing suspensions based on graphene oxide (GO) and montmoril-| Composite based on GO and Mt
lonite (Mt) in a ratio of 10 : 1 followed by removal of water

The purpose of this work is to develop a new
method for obtaining a composite based on graphene
oxide and montmorillonite and to compare the
adsorption capacity for organic dyes using methylene
blue as an example, both for individual components
(graphene oxide, montmorillonite) and for the com-
posite formed.

EXPERIMENTAL
Sample Preparation

Preparation of a dispersion of graphene oxide (GO)
(sample 1). A dispersion of GO was prepared by oxi-
dizing commercial graphite manufactured by Sigma
Aldrich (fraction 200 pm) according to the modified
Hummers method with further sonication (22 kHz,
1 W/cm?) in water for 30 min [29, 30]. As a result, an
aqueous dispersion of GO with a concentration of
5 mg/mL was obtained. Further removal of water from
the aqueous GO dispersion leads to the formation of
sample 1.

Sample 2. Purified Na-montmorillonite produced
by Kunimine Industries Co. Ltd. (Japan) containing
nearly 100% montmorillonite was used as sample 2.

Preparation of composites based on graphene oxide
(GO) and montmorillonite (Mt) (samples 3, 4). To
obtain composites based on graphene oxide and
montmorillonite, homogeneous aqueous suspensions
of each component were prepared separately. To pre-
pare the GO suspension, we used an 8-mL GO disper-
sion with a concentration of 5 mg/mL preliminarily
sonicated for 30 min. To prepare a suspension based
on Mt, Mt (40 mg) in the case of sample 3 and Mt
(4 mg) in the case of sample 4 were added to distilled
water (40 mL). Mt-based suspensions were sonicated
for 30 min. The subsequent mixing of the components
was also carried out using ultrasonic treatment for
10 min. The resulting homogeneous suspension was
placed for 42 days in a dark room without access to
ultraviolet rays at a constant temperature of 25°C for
slow water evaporation.

Table 1 shows the method of preparation and the
phase composition of the samples used in the work.
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Sample Study

The phase composition of the obtained samples
was identified using a Bruker D8 Advance setup oper-
ating in the reflection mode on CuK, radiation (40 kV,
40 mA, A = 1.54056 A) with a scanning step of
4 deg/min.

The surface morphology was studied on a Carl
Zeiss Supra 40 scanning electron microscope (Ger-
many). The samples were placed on a holder, which was
placed inside a chamber with a vacuum of ~6—10 mbar.
The accelerating voltage during imaging in secondary
scattered electrons was 1—10 kV, the aperture was
30 wm.

Transmission electron microscopy (TEM) was
performed on a JEOL Jem-1011 instrument at an
accelerating voltage of 80 kV. The samples were depos-
ited on copper grids coated with a carbon film by ultra-
sonic sputtering and then placed inside a chamber
with a vacuum of ~6—10 mbar.

Raman spectra were measured using an Inspectr
R532 portable Raman spectrometer (Russia) as part of
an Olympus CX-41 microscope (Japan). A laser beam
(wavelength 532 nm) was focused with an objective
onto a sample placed on an adjustable stage. The spec-
trograph ensured the recording of Raman spectra in
the range of 150—4000 cm~! with a spectral resolution
of 4 cm™!. The images were taken with a ToupCam 5.1
MP digital camera (China) built into the setup. The IR
absorption spectra of the samples were recorded on a
Bruker Alpha IR Fourier spectrometer with a Plati-
num ATR attachment in the range 400—4000 cm™!;
scanning step 4 cm~!. The obtained Raman and IR
spectra were analyzed on the basis of literature and ref-
erence data. The visible UV spectrum was recorded on
a Hitachi U-5100 spectrophotometer (Japan) in a
standard quartz cuvette 1 cm in diameter.

Synchronous thermal analysis of the powders was
carried out on a combined Netzsch STA 449
TGA/DSC TGA/DTA/DSC thermal analyzer with a
mass spectrometric detector in platinum-rhodium
open crucibles at a heating rate of 10 deg/min in a tem-
perature range of 20—1000°C in a stream of condi-
tioned air (60 mL/min). Al,O; was used as a reference.
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Fig. 1. X-ray diffraction patterns of synthesized samples of
graphene oxide, commercial montmorillonite, and com-
posites based on them (samples 1—4).

Methylene Blue Adsorption Study

The studied adsorbent (graphene oxide, montmo-
rillonite, composite based on them (samples 1-3),
10 mg) were placed into a beaker, then a 10 ppm aque-
ous solution of methylene blue (100 mL) was added.
The system was continuously stirred at 1000 rpm. Ali-
quots of 3 mL were taken at a certain time interval. The
taken samples were centrifuged (15000 rpm, 5 min) to
separate sorbent particles, and then UV-vis spectra
were recorded.

RESULTS AND DISCUSSION

As is known, montmorillonite is a silicate-contain-
ing structure of a layered type, consisting of a central
octahedral layer of aluminum oxide located between
two tetrahedral layers of silicon oxide. Crystal cell
parameters of montmorillonite are the following: a, =
523A,b,=9.06A,c,=9.6-20.5A, 0o=y=90°, B~
100°, Z =2 [24, 25, 31]. Between the layers of mont-
morillonite inside the structure, isomorphic substitu-
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tions occur, which induce a negative charge, which is
naturally balanced by the presence of inorganic cations
(Na*, Ca?', etc.) or water in the interlayer space and
leads to the hydrophilic nature of the substance [31].

Graphene oxide is a nonstoichiometric carbon
material with a layered structure and hydrophilic
properties [32, 33], which makes it possible to mix Mt
and GO suspensions to a homogeneous state, which is
achieved by the penetration of Mt particles into GO
layers. Ultrasonic treatment of the resulting homoge-
neous suspension of Mt and GO due to cavitation
leads to a coordination interaction between the oxy-
gen-containing functional groups of GO and Mt. The
removal of water from the structure and from the sur-
face of Mt and GO is a complex physicochemical pro-
cess. Of particular note is the formation of surface-
bound and internal cluster water in the structure of
disperse materials, the removal of which is accompa-
nied by a decrease in the enthalpy of water vaporiza-
tion [34—36].

The correct sequence of the described manipula-
tions makes it possible to synthesize a composite based
on Mt and GO with a thickness of no more than
30 wm.

Figure 1 shows the X-ray powder diffraction pat-
terns of the synthesized samples 1—4. The diffraction
pattern of sample 1 contains a reflection correspond-
ing to GO in the region 26 = 11.58° with an interlayer
distance of 7.64 A calculated using the Bragg formula
(A = 2sin0). According to [37], the reflection for sam-
ple 2 in the region 20 = 7.47° corresponds to d(001)
and indicates a distance of ~11.83 A between the Mt
layers, which can be filled, including with water mol-
ecules. The reflections in wider regions 20 = 28.50°
are reflections of the 001 reflection and coincide for
samples 2—4. Samples 3 and 4 are characterized by
broadening of the reflections at 20 = 7.76° and 7.35°,
which indicates the active inclusion of water mole-
cules in the structure of the synthesized composite.
Sample 3 is characterized by the absence of reflections
corresponding to the GO phase, which indicates the
disordering of the GO structure during the coprecipi-
tation of Mt and GO and the probable penetration of
GO monolayers between the Mt layers, which leads to
broadening of the Mt reflections in the diffraction pat-
terns. In the case of sample 4, the X-ray diffraction
pattern shows a GO reflection in the region 20 = 14°
during the formation of a composite based on
graphene oxide and montmorillonite in a ratio of 10 :
1, which indicates the formation of a dense layered GO
structure on the surface of Mt particles with a reduced
interlayer distance for GO, which is 7 A. Based on
X-ray powder diffraction, sample 3 was chosen as the
most promising for studying the adsorption capacity
for organic dyes.

The IR spectroscopy data (Fig. 2a) confirm the
X-ray powder diffraction results. The IR spectrum of
graphene oxide (sample 1) contains bands in the
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Fig. 2. IR and Raman spectra of synthesized samples 1—3.

region of 1036 cm~' corresponding to the C—O

stretching vibrations, at 1219 cm~! assigned to the C—
O—C stretching vibrations, at 1362 cm~! assigned to
the C—OH bending vibrations, at 1610 cm™~! assigned to
stretching vibrations of the aromatic system, at 1722 cm™!
assigned to the C=O0 stretching vibrations present at
the edges of the GO sheets in the form of carboxyl
groups and in lactone groups on the basal plane of
GO, and a wide band in the range of 3000—3500 cm™!
corresponding to the O—H stretching vibrations,
including those from adsorbed water molecules [32,
38, 39]. The IR spectrum of sample 2 (Mt) contains a
band at 520 cm~' corresponding to the Si—O—Al
stretching vibrations; bands at 600, 976, and 1119 cm™!
assigned to the Si—O stretching vibrations, at 905 cm™!
assigned to the AI-OH stretching vibrations, at 1637
and 3618 cm™! assigned to the OH stretching vibra-
tions, including those from adsorbed water molecules
[24, 34—36]. The IR spectrum of the composite (sam-
ple 3) contains bands characteristic of both graphene
oxide and montmorillonite structures. The spectra of
samples 3 and 4 almost completely coincide; for con-
venience, the IR spectrum of sample 3 is shown.

Raman spectroscopy completes data obtained by
X-ray diffraction and IR spectroscopy when studying
carbon-containing materials. Raman spectrum of
sample 1 (Fig. 2b) is characterized by the presence of
pronounced bands D (1358 cm™!) and G (1589 cm™').
As is known, band D reflects the degree of disorder of
the crystal structure and the decrease in symmetry
when the crystal lattice is distorted [39]. The presence
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of band G is due to in-plane tangential stretching
vibrations of carbon atoms in the plane and is observed
in the Raman spectrum for all carbon materials with
sp? bonds. The unoriented Raman spectrum of pure
montmorillonite (sample 2) at 532 nm laser radiation
is suppressed by fluorescence. Bands G and D in the
spectrum of sample 3 coincide with those in the spec-
trum of the starting sample 1, which indicates the
invariability of graphene oxide in the synthesized
composites. Raman spectra of samples 3 and 4, con-
taining different amounts of montmorillonite, coin-
cide.

To study the thermal stability up to 1000°C for GO
(sample 1) and a composite based on GO and Mt
(sample 3), studies were carried out by the method of
combined TGA/DTA/DSC analysis with a mass spec-
trometric study of the emitted gaseous products. Fig-
ure 3 shows the DTA/TG/DSC curves for sample 1
with exothermic effects: in the range of 100—280°C
with a maximum at 178°C, which corresponds to the
removal of functional oxygen-containing groups [32]
with a weight loss of 30.7%; in the range of 420—700°C
with a maximum at 563°C, corresponding to the oxi-
dative pyrolysis of the GO carbon framework with a
weight loss of 50.67%. The conclusion about the
removal of functional oxygen-containing groups over
the entire heating interval to 1000°C is confirmed by
mass spectrometry data: a significant release of a gas-
eous substance with a molecular weight of 44 g/mol
(CO,) is observed. For sample 3 (Fig. 4), the
TGA/DTA/DSC curves show three broad exothermic
effects. The effect in the range of 120—300°C with a
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Fig. 4. DTA/TG/DSC curves for sample 3.

maximum at 201°C is associated with the removal of
functional oxygen-containing groups [32] and sur-
face-bound water molecules from the composite
structure [34—36] with a weight loss of 14.7%, as evi-
denced by the presence of effects at 173 and 201°C on
the ion current curve for the removal of gaseous sub-
stances with a molecular weight of 44 g/mol (CO,)

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 68

and 18 g/mol (H,0). The effect in the range of 500—
650°C with a maximum at 585°C corresponds to the
oxidative pyrolysis of the GO carbon cage with a
weight loss of 14.36%, which is reflected in the ion
current curve for the removal of a gaseous substance
with a molecular weight of 44 g/mol (CO,). The effect
in the temperature range of 850—950°C with a maxi-

No.4 2023



492

IONI et al.

Fig. 5. (a) SEM and (b, ¢c) TEM images of sample 3.

mum at 899°C corresponds to the destruction of the
carbon framework of the GO and Mt composite with
a weight loss of 7.01%, which is also reflected in the
ion current curve for the removal of a gaseous sub-
stance with a molecular weight of 44 g/mol (CO,). In
this case, special attention should be paid to the pres-
ence of an effect at 645°C on the ion current curve for
the removal of a gaseous substance with a molecular
weight of 18 g/mol (H,0), which indicates the
removal of H,O molecules from sample 3, represented
by single strongly bonded OH groups, from the sample

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 68

composite structure located randomly in the sample
structure [34—36].

Figure 5 shows the SEM and TEM images of sam-
ple 3. When a homogeneous suspension based on GO
and Mt is treated with ultrasound, the initial layered
components are destroyed up to the nanoscale range,
as evidenced by the TEM image (Fig. 5a). After co-
precipitation of GO and Mt, the SEM image shows
crystallized Mt particles 200 nm—3 um in size coated
with GO sheets (Figs. 5b, 5c¢). It should be noted that
the interaction between GO and Mt is quite strong,
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Fig. 6. Results of the study of the sorption of methylene blue by GO (sample 1), Mt (sample 2), a composite based on them (sam-

ple 3) and a photograph of the experimental results.

since no destruction of the structure is observed
during subsequent sonication. This interaction can be
explained by the emerging van der Waals forces and
the formation of coordination bonds between the GO
surface and Mt.

To study the adsorption capacity of organic dyes
both as individual components—graphene oxide
(sample 1) and montmorillonite (sample 2) and as a
composite based on them (sample 3), methylene blue
sorption from an aqueous solution was chosen (Fig. 6).

As is known [27, 40—42], graphene oxide and
materials based on it are good sorbents for cationic
dyes due to the surface rich in oxygen-containing
functional groups. Figure 6 shows that graphene oxide
(sample 1) is capable of removing up to 90% of 10 ppm
methylene blue within 5 min of vigorous stirring.
However, complete removal of the dye from the aque-
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ous system does not occur with vigorous stirring for
60 min. Montmorillonite (sample 2) exhibits a similar
sorption capacity for methylene blue. According to the
obtained data and the presented sorption curves (Fig. 6),
the composite based on GO and Mt (sample 3) has a
higher sorption capacity with respect to methylene
blue than the previously studied samples 1 and 2. The
composite removes more than 90% of the dye in less
than for 2.5 min of intensive stirring of methylene blue
in an aqueous solution, and within 45 min, sample 3
completely adsorbs it from the solution. It should be
noted that the synthesized composite has an obvious
advantage over commercial Mt, which is a highly
hydrophilic substance, and centrifugation is necessary
after sorption to remove the sorbent. The synthesized
composite based on GO and Mt (sample 3) has a lower
dispersibility in water due to the partial closure of oxy-
gen-containing groups, which makes it possible to

No.4 2023



494

separate the solution after sorption by simple filtra-
tion.

CONCLUSIONS

A new method for preparation of a composite
based on graphene oxide and montmorillonite, which
can act as an effective sorbent for the removal of meth-
ylene blue from an aqueous solution, is presented. The
composite was studied by X-ray powder diffraction,
IR and Raman spectroscopies, and SEM, indicating
the presence of bonds between montmorillonite and
graphene oxide in the composite structure. The above
DTA/TG/DSC curves show the removal of internal
interlayer water and oxygen-containing groups over a
wide temperature range when heated to 1000°C.
A comparative study of the adsorption of methylene
blue (10 ppm) in the presence of a composite sample,
as well as the initial components, was carried out. It
was shown that the rate of dye adsorption on a com-
posite based on GO and Mt is higher than on samples
of graphene oxide or montmorillonite, which can be
used in the development of new materials and coatings
for the sorption of harmful substances in various
industries.
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