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Abstract: In nowadays, the synthesis of new composite nanomaterials based on graphene oxide (GO) modified
with cellulose and its derivatives, as well as nanocellulose, is an important direction and contributes to solve
many problems in various fields such as: nanotechnology, information technology, medicine, high-dielectric
materials and nanoelectronics. In this work, for the first time, for the production of GO and its membrane with
carboxymethylcellulose (CMC), local Kazakhstan “Ognevsky” graphite was used as the initial raw material. In
this regard, the preparation of nanocomposites of GO modified with cellulose derivatives, including CMC,
attracts great interest from scientists and expands its field of practical application due to the amazing changes of
physicochemical properties. In the work, the GO obtained by the Hummers method was modified by CMC, with
following study of its physicochemical, structural and electrical characteristics. The GO/CMC membrane was
synthesized by mixing 1% GO with crushed solid mass of CMC (0.03 g; 0.06 g; 0.15 g) and then was processed
by ultrasound. The surface morphology of the GO/CMC membrane were studied using Scanning electron
microscopy (SEM). It has been established that with an increasing in the mass of CMC (0.03 g; 0.06 g; 0.15 g),
polymerization of CMC occurs on the surface of GO nanosheets. Cross-sectional micrographs of GO/CMC show
the formation of sandwich-like layered structures.

Keywords: graphene oxide; carboxymethylcellulose; membrane; nanocomposite; resistivity

1. Introduction

At present, continuous studies of nanocomposites, nanomaterials based on graphene oxide (GO)
modified with cellulose, nanocellulose, including carboxymethylcellulose, make it possible to solve
many problematic issues in the field of nanotechnology, information technology, medicine, and high-
dielectric materials of nanoelectronics. GO can be obtained by oxidation and exfoliation of graphite
using the standard Hummers method, as a result of which hydroxyl, carboxyl and epoxy groups are
formed on the surface, increasing hydrophilic character of GO and further expansion of its possible
functionalization, therefore, expanding its scope of practical application as a sensing element in
various sensors, in biocomposite materials, also proposed for drug delivery and other biomedical
applications [1-19].

In the chemical structure of carboxymethyl cellulose (CMC), like GO, there are functional
oxygen-containing groups, which polymerizes well with graphene oxide, which contributes to a
change in the physico-mechanical, physico-chemical properties, electrical and structural
characteristics. In this regard, the preparation of nanocomposites of GO modified with CMC attracts
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the interest of scientists and expands its field of practical application due to the excellent physical
and chemical properties. The CMC is a common semi-synthetic natural polymer derived from
cellulose, which is an anionic linear biopolymer in which the hydroxyl groups of cellulose are
partially replaced by carboxymethyl groups [20, 21, 22]. Along with other biopolymers, CMC has
attractive properties such as water solubility, non-toxicity, hydrophilicity, film-forming ability,
bioadhesiveness, pH sensitivity, non-toxicity, low immunogenicity and gel-forming properties,
which are used in areas like coating liquids, binders, textiles, paper, food, drug delivery systems and
cosmetics [1, 23-26]. However, biocomposites based on CMC have poor mechanical properties and
low thermal stability compared to common polymers, which makes them almost impossible for
practical applications. Recently, scientists have been diligently engaged in the research and
production of a composite material based on GO/CMC. For example, [27] CMC/graphene oxide
nanocomposite hydrogel beads have been investigated as a drug delivery system that is highly
dependent on pH. Also, [1] researchers investigated the OG/CMC nanocomposite for dressing
materials. In recent study [28], by combining GO with CMC, a three-dimensional composite airgel
was obtained to achieve additional advantages and synergistic effects. The reusable carboxymethyl
cellulose/graphene oxide composite airgel with a large surface area was made by research team for
methylene blue adsorption [29].

Due to the multifunctional properties of GO and its possible functionalization with various
biopolymers, and also due to the presence of functional oxygen-containing groups, it provides a huge
opportunity for surface modification. In this regard, the modification of GO with CMC contributes
to the production of a biocomposite membrane of a certain thickness with uniform dispersibility and
a relatively flat surface with improved mechanical properties [30-32]. Therefore, in this work, GO was
modified with CMC using ultrasonic treatment and its physicochemical properties were studied.

The most important part in the production of GO and GO/CMC is the correct choice of the initial
raw material, which in turn affects the quality of GO/CMC, as well as the cost of the obtained product.
To obtain GO, synthetic graphite is mainly used, which is synthesized from graphitized carbon as a
by-product of oil at a temperature of 3000 °C [12, 13], which, in turn, is very expensive. The wide-
scale application of commercial graphite in many industries, as well as in the battery industry,
contributes to an increase in the price and demand for the product and other supply problems.
Therefore, one of the best ways to solve the problem of using graphite as a raw material for GO and
GO/CMC is to use natural graphite from local deposits of the Republic of Kazakhstan. Based on the
above, the main goal and novelty of this work is the use of local Kazakh graphite “Ognevsky” as a
raw material for the production of GO and GO/CMC and the study of their physicochemical
properties. The location of the raw material of graphite is in the Ognevsk ore field (Ognevka mine),
Kalbinsk ridge, Ulan district, East Kazakhstan region.

2. Experimental section
2.1. Materials

In this study next materials were used: potassium permanganate (KMnOs, 99%), sodium nitrate
(NaNOs, 99%), hydrochloric acid (HCl, 35%), graphite was obtained from a Ognevsk ore field
(Ognevka mine) located in Ulan district, East Kazakhstan region, Hydrogen peroxide (H20z, 31%),
glacial acetic acid (CHsCOOH, 285%), ethanol (C2H50H, 96%), Sulfuric acid (H2504, 98%), sodium
hydroxide NaOH, >99%), trichloroacetic acid (CIsxCHCOOH, 99%) were obtained from Alita LLP
(Kazakhstan) and deionized water. All other reagents were of analytical grade and were used
without additional purification.

2.2. Methods
2.2.1. Synthesis of GO

GO was obtained using the Hummers method, in which the synthesis was a two-stage oxidation
of graphite and exfoliation of graphite oxide. Graphite oxidation included a three-phase procedure
with low, medium and high temperature reactions, each of them occurred separately in time. In the
low-temperature reaction procedure, a beaker with 1 g of graphite was placed in a container filled
with ice at a temperature of 0 °C. Then, keeping the sequence, the following reagents were gradually
added: 94% H2SO4; NaNO:s (0.5g); KMnOs (3g) after adding each reagent, the mixture was stirred for
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15 min and left for 2 hours for continuous stirring on a magnetic stirrer. In order to carry out the
medium temperature reaction, the temperature was raised to 35° C, and held for 30 minutes. Then,
after adding deionized water, the temperature was raised to 90°C and stirring was continued for 30
minutes. Finally, 30% hydrogen peroxide was added until the color of the mixture changed to bright
yellow and gas evolution was detected. The product was then filtered through filter paper and
washed several times with 5% hydrochloric acid to remove residual metal ions, and at last was
neutralized with deionized water in a centrifuge (Centrifuge 5427R Eppendorf) to a pH of 7 (Figure
1).

At the stage of delamination of graphite oxide into few-layer graphene sheets, centrifugation
and ultrasonic treatment were used, as a result of which graphite oxide having functional oxygen-
containing groups was delaminated into multilayer sheets, even few-layer and single-layer sheets of
GO were present. The GO suspension was treated with a centrifuge at a rotation speed of 5000 rpm,
then processed by ultrasound at a frequency of 45 kHz (UZTA-0.15 / 22-0, Russia) at a temperature
of 25 °C for 60 minutes (Figure 1).

| 8)30% H,0,

7) Deionized
water

1) 35°C, 30 min
2) 90 °C, 30 min

4) NaNO;

3) H,S0,

ﬂ suspension

Exfoliation to
_——. few-layer graphene sheets

A By " e

2) Graphite

1) Ice bath

Ultra sonicated 5
60 min, 45 kHz GO suspension

S

Figure 1. The GO synthesis scheme

2.2.2. Synthesis of CMC

For the synthesis of CMC, 5 g of cellulose and 100 mL of 95% ethanol and 10 mL of 45% NaOH
solution were poured into a flask and mixed with a magnetic stirrer at a speed of 750 rpm at room
temperature for 60 min. After that, 5 mL of trichloroacetic acid was added to the mixture, stirring in
a water bath at a temperature of 600°C for 60 minutes, heating and cooling to room temperature, it
was neutralized with glacial acetic acid until the pH was 6-7. The prepared mixture was filtered with
filter paper and washed with 500 mL of 80% ethyl alcohol in a soxhlet for 3 hours. The prepared CMC
was dried at room temperature.

2.2.3. Synthesis of composite membrane based on GO/CMC

In order to obtain a GO/CMC membrane, 1% GO was continuously stirred for an hour with a
crushed solid mass of CMC (0.03 g; 0.06 g; 0.15 g) on a magnetic stirrer (Figure 2). The GO/CMC
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suspensions were treated at 800 rpm by magnetic stirrer (ES-6120 with heated, Russia) in a
temperature of 40 °C for 60 minutes. Then suspensions were processed by ultrasound at a frequency
of 45 kHz (UZTA-0.15/22-0, Russia) at a temperature of 30 °C for 60 minutes.

mixed 60 min, » Ultra sonicated
E t=40 °C 60 min, 45 kHz
z z —J
a) GO suspension b) CMC

(1 %)

Figure 2. The GO, GO/CMC (0.03 g; 0.06 g; 0.15 g) membranes synthesis scheme.

2.2.4. SEM analysis

The surface morphology of GO/CMC membranes were studied by scanning electron microscope
JSM-6390LV (Jeol, Japan). Measurements were carried out in a high vacuum mode using a secondary
electron detector at an accelerating voltage of 15 kV. The surface of the nano starch film was coated
with gold to improve the transfer of electrons. The specimens were mounted on aluminum pins with
carbon tape.

2.2.5. FTIR analysis

FTIR analysis of chemical structures of GO and GO/CMC membranes were performed on a
spectrometer FT-801 (Simex, Russia), with resolution 1 cm. Measurements were conducted in the
region between 450-4700 cm! according to the standard method using a single-use universal full
internal and mirror-diffuse reflection with the upper position of the model, at a temperature 25 °C.

2.2.6. X-ray diffraction

The crystal structures of GO and GO/CMC membranes were studied via X-ray diffraction on a
X'PertPROdiffractometer (Malvern Panalytical Empyrean, Netherlands) using monochromatized
copper (CuKa), at a scan speed of 0.05° for 10 s, with a K-Alphal wavelength of 1.54187 A. The
measurement in reflection mode, using an aluminium rectangular multi-purpose sample holder
(PW1172/01), was performed at a diffraction angle 20 between 10° and 40°, with the X-ray tube
voltage at 45 kV, current intensity at 30 mA, and a measurement time of each step 0.5 s.

2.2.7. Electrical Characterization

The electrical properties of GO and GO/CMC membranes were investigated by four-point
probes method. Electrical measurements were made using the traditional four-probe method, with
current measured on a Keithley 6485 (USA) and voltage applied with a Tektronix PWS2326.

3. Results and discussion

3.2.1. SEM analysis

The obtained SEM results of GO/CMC (0.03 g; 0.06 g; 0.15 g) demonstrated that CMC particles
are effectively dispersed in the GO matrix, almost in all samples (Figure 3). In some images of
OG/CMC (0.03 g; 0.06 g; 0.15 g) individual CMC clusters can be seen depending on the mass of added
CMC particles of composite membranes. In general, the surface morphology in comparison with the
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initial GO in all GO/CMC samples is smooth, only in single samples with an increase in the mass of
added CMC, small particles of CMC and slight wrinkles on the surfaces are observed.

cross-section

surface surface

surface

'

Figure 3. SEM images of GO, GO/CMC membranes: a) GO membrane; b) GO-1%, CMC - 0,03 g; ¢) GO-1%,
CMC - 0,06 g; d) GO-1%, CMC-0,15g.

According to the obtained cross section SEM images of the GO/CMC, depending on the mass of
the added CMC particles, all composite membranes have compact lamellar structures compared to
the original GO membrane, only some samples have slight coarse structures (Figure 3 (a, b, ¢, d)). In
addition, according to literature data, the formation of a compact lamellar structure and a stable bond
to impart a certain mechanical strength between GO/CMC is promoted by the presence of a large
number of carboxymethyl groups in CMC and various functional oxygen-containing groups in GO,
as well as hydrogen bonds between composite membranes [16, 33-36].

3.2.2. X-ray diffraction

The X-ray phase analysis of the obtained membrane from a liquid suspension of GO with 1%
concentration and GO/CMC membranes, was carried out in order to assess their crystallinity (0.03 g;
0.06 g; 0.15 g) (Figure 4). According to the obtained XRD spectrum of GO and GO/CMC the following
peaks were found: 20=7.06° (GO); 20=11.97° (GO/CMC-0.03 g); 20=11.22° (GO/CMC-0.06 g) and
26=9.45° (GO/CMC-0.15 g).

The intense peak characteristic of GO was equal to 26=7.06° (002), inter-layer distance d=10.2 A
(Figure 4 (0)), due to the presence of oxygen-containing functional groups attached to both sides of
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the graphene sheet, and atomic scale roughness arising from structural defects (sp? bond) formed on
the initially atomically flat graphene sheet. In the diffractogram of CMC, one peak characteristic of
amorphous carbon was recorded at 26=22.2° (Figure 4(1)) [37], which indicates that the hydrogen
bonds in the cellulose molecule were completely broken during the synthesis of CMC, and the
diffractogram of the obtained material corresponds to CMC [38, 39].

Intensity (a.u.)

20, degree

Figure 4. XRD analysis of GO and GO/CMC samples. (0) initial GO; (1) CMC; (2) GO/CMC 0.03 g; (2)
GO/CMC 0.06 g; (4) GO/CMCO0.15¢g

According to the results of XRD patterns, compared with the initial GO, after the addition of
CMC with a mass of 0.03 g, a shift of 26 from 7.06° to 11.97° is observed, then with an increase in the
added mass of CMC (0.03 g; 0.06 g; 0.15 g), a shift in peak positions is observed GO/CMC from 11.97°
towards lower values of 20 = 11.22° and 9.45° respectively. This is explained by the fact that due to
the hydrogen bond formed between GO and CMC, the space between GO layers (sheet graphene) is
saturated with CMC molecules, disrupting the order of arrangement of graphene layers (sheet
graphene), resulting in a shift of the diffraction peak to the right and an increase in the peak area [40,
41]. The existence of a hydrogen bond between GO and SMS is confirmed by the IR spectrum. Also,
the reason for the shift of 20 value in GO/CMC 0.06 g and 0.15 g samples to the initial GO value is
explained by the fact that as the mass of CMC increases, the hydrogen bond between GO and CMC
becomes more saturated and has a negative effect on the bond strength [42]. The obtained results are
consistent with the results of the study [41, 43, 34, 44-46].

3.2.3. FTIR analysis

According to the result of IR spectroscopy of GO, the following signals can be seen in the
absorption region: 3600-3000 cm O-H, aromatic ring 1585 cm! C=C, epoxy functional groups 1249
cm ! C-O, alkoxy groups 1054 cm™ C-O (Figure 5 (0)) [10].

According to the IR spectrum, CMC are observed at wavelengths hydroxyl group (stretching —
OH) at 3200-3600 cm-!, C-H stretching vibration at 3000 cm-!, carbonyl group (stretching C=0) at
1680 cm-!, hydrocarbon groups (cleavage —CHz) at 1450 cm~! and ester groups (stretch —O-) at 1000
1200 cm-! (Figure 5 (1)) [34, 36-44].
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Figure 5. FTIR spectra of GO and GO/CMC samples. (0) initial GO; (1) initial CMC; (2) GO/CMC 0.03 g; (3)
GO/CMC 0.06 g; (4) GO/CMC0.15 g.

Figure 5 (2; 3; 4) shows the IR spectrum of the GO membrane with CMC [34-45]. The results of
IR spectroscopy of the GO membrane with CMC show the following signals in the wavelength range:
3600-3000 cm! O-H, aromatic ring 1585 cm™ C=C, epoxy functional groups 1249 cm-* C-O, alkoxy
groups 1054 cm™ C-O (Figure 5 (2; 3; 4)). At wavelength, an decrease of intensity at a wavelength of
1679 cm™ denotes an ether bond (O=C-O) between hydroxyl groups (-OH) from GO and carboxyl

groups from CMC. In the IR spectra, new ether bonds -C=0O were found at a wavelength of 1679 cm-
1

3.2.5. Electrical Characterization

The electrical characterization of the GO and GO/CMC membrane was carried out using
Keithley picoammeter (Model 6485) by four-point probes method. Resistivity of the GO/CMC
membrane increases from 1,51 0106 to 1.26#107 Ohmem compared to the initial GO with an increasing
in amount of CMC (0.03 g; 0.06 g; 0.15 g) (Figure 6 (0; 1; 2; 3)).
1,4x107 1
1,2x107
1,0x107
8,0x10° 1

6,0x10°

4,0x10°

Resistivity (p, ohm-m)

2,0x10°

0,0

T T

0 1 2 3
GO, GO/CMC samples

Figure 6. Electrical Characterization of GO and GO/CMC samples. (0) initial GO; (1) GO/CMC 0.03 g; (2)
GO/CMC 0.06 g; (3) GO/CMCO0.15¢g

The value of the resistivity of the initial GO was equal to 1,51¢10¢, and for the GO/CMC sample
(0.03 g) it showed the following value 6.46-10¢ (Figure 6 (1)). On the following GO samples of added
CMC solid masses (0.06 g; 0.15 g) there is an increase from 9,27 -106 to 1,26 -107 (Figure 6 (2; 3)).
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In general, according to the obtained results of the specific resistance of the GO of the added
CMC particles (0.03 g; 0.06 g; 0.15 g) it is observed an increasing in resistivity compared to the initial
sample. According to researches, an increasing in the permittivity of the composite with GO is
associated with interfacial polarization that occurs at the CMC-GO interface [47, 48]. Moreover, the
increase in the dielectric constant was affected by the presence of polar functional groups of GO, such
as —OH, -CHO, -CO, -COOH providing good adhesion and corresponding local electrical contacts
that can lead to strong interfacial polarization. In the case of a pure GO sample, this polarization can
be due to the immiscible phase of the polymer matrix. Spatial polarization due to trap states leads to
the accumulation of charge carriers and to an increase in the value of the permittivity [47, 49].

4. Conclusion

Composite GO/CMC membranes by adding solid mass of CMC were obtained (0.03 g; 0.06 g;
015 g), on 1 % of GO suspension. For the production of GO and its membrane with
carboxymethylcellulose (CMC), local Kazakhstan “Ognevsky” graphite was used as the initial raw
material. SEM images of the surface and side section of GO/CMC showed that the obtained composite
membranes have a smooth surface and a compact lamellar structure compared to the initial GO
membrane, and only in some samples small particles of CMC were found on the surfaces, as well as
a slightly rough structure according to side section images. Analysis of XRD spectra showed that after
the intercalation of solid masses of CMC (0.03 g; 0.06 g; 0.15 g) to the sheet layers GO, peaks were
detected 26=34,92° (GO/CMC) that confirms crystal planes (041) CMC. In the IR spectra after the
modification of GO with CMC, new ether bonds —-C=0O were found at a 1679 cm wavelength.
Resistivity of composite membrane GO/CMC with increasing CMC mass (0,03 g; 0,06 g; 0,15 g), which
were added to the GO increased from 1,51¢106 to 1,26¢10” Ohmm compared to the initial GO. These
changes in resistivity values are presumably related to the interfacial polarization that occurs at the
CMC-GO interface, and it shows that obtained membrane can be a composite material, which has
dielectric properties.
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