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Organic or inorganic fillers such as sili-
cates, clay, carbon fibers and carbon nano-
tubes have been extensively studied in
both academic and commercial communi-
ties over the past decades [1, 2]. In the re-
cent trend, graphene derivatives such as
graphene oxide (GO), reduced graphene
oxide (RGO) and modified graphene oxide
(MGNO) have received attention as fillers
in composites [3]. The dispersion of the fill-
ers within the polymer matrix is important
to form intercalated or exfoliated compos-
ites and to improve the thermal and me-
chanical properties of the composites [4].
Pristine graphene is hydrophobic, tends to
agglomerate irreversibly [5], does not dis-
perse well in polymers and has a tendency
to form phase separated composites [6].
GO has attracted interest because of its
easy synthesis, solution processability,

Graphene oxide (GO) was prepared by oxidation reaction of graphite
(GF) using the Hummers’ method and modified by a cationic surfactant
(cetyltrimethylammonium bromide - CTAB) followed by chemical re-
duction using hydrazine monohydrate (N,H, x H,0) to obtain MGNO
powders. The structural and thermal properties of GO and MGNO pow-
ders were studied using zeta potentiometer (ZP), Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron
microscopy (SEM) and thermogravimetric analysis (TGA). The results
demonstrated that CTAB was successfully grafted onto the surface of
the GO through non-covalent modification between CTA" ions and GO
for all MGNO powders. A reasonable improvement in thermal stability
of the MGNO powders was also observed. FTIR results showed the suc-
cessful intercalation of CTA" ions for all MGNO powders. The optimum
concentration of surfactant was found to be 120 mg x I (MGNO-120)
by using analysis results. The ease of synthesis of MGNO-120 with
both excellent intercalation and thermal stability will greatly facilitate

potential applications.

large surface area and layered structure [3,
7, 8]. Usually, GO is prepared from oxida-
tion of graphite (GF) by Hummers’ method.
GO containing hydroxyl and epoxide
groups on the basal plane and carboxylic
acid groups at the edges (see Figure 1) are
hydrophilic and capable of forming stable
colloidal suspensions [4, 9]. Additionally,
functionalized or modified GO synthesized
by chemical modification of graphene us-
ing surfactants are used to provide better
interactions with the host polymers com-
pared to pristine graphene or GF [10, 11].
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The surface modification of graphene can
be performed by chemical bonds (covalent
modification) or m-r interactions (noncova-
lent modification) and followed by reduc-
tion [6]. Noncovalent modification is gener-
ally preferred because it does not destroy
the intrinsic structure of graphene and
preserves its excellent properties [12].

In this study, cetyltrimethylammonium
bromide (CTAB), a type of cationic sur-
factant, is used to modify GO via noncova-
lent modification and this molecule consists
of a cationic ammonium head group and a

oy Figure 1: The schematic
diagram of the oxidation
reaction of GF [17]
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Figure 2: Structure of a CTAB molecule [18]

long alkyl chain as tail (see Figure 2) [13].
The negatively charged carboxyl group of
GO can interact with the positive charged
CTA" through ionic interactions, and then,
the CTAB-GO is reduced by hydrazine
monohydrate (N,H, x H,0) to form MGNO
(see Figure 3) [5, 14]. In previously papers,
only one concentration of surfactants for
modification and prepared powders was
used as a filler to fabricate polymer matrix
composites [10, 14-16]. However, there are
no published data concerning the effect of
the various initial concentrations of CTAB
on the structural and thermal characteris-
tics of MGNO. The aim of this work is to in-
vestigate the interactions between GO
sheets and CTA" ions in aqueous disper-
sions and the structural and thermal charac-
teristics of MGNO by using ZP, FTIR, XRD,
SEM and TGA as a function of various initial
concentrations of CTAB, and prepared
MGNO powders can be used as a filler to fab-
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Figure 3: The schematic
diagram of the
preparation of MGNO
from GO

ricate high-performance graphene-based
polymer composites or nanocomposites.

| Experimental details

Materials. GF powder (45 um nominal par-
ticle size), CTAB and N,H, x H,0 were of
reagent grade and purchased from Merck.
All these agents were used without further
purification.

Preparation of modified graphene ox-
ide (MGNO). GO was synthesized using
the modified Hummers’” method [19] and
the details of the process were given previ-
ously [20]. GO was modified using CTAB in
ultrasonic bath as follows: GO (0.1 g) was
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dispersed in 100 ml distilled water with
various initial concentrations of CTAB (30,
120, 200, 300 mg x I'!) under ultrasonic
agitation, then 2 ml N,H, x H,0 was added
into the mixture. Then, the mixture was
heated to 95°C for 12 h. After that, the
mixture was centrifuged to remove excess
hydrazine and CTAB. By changing the vari-
ous initial concentrations of CTAB in the
resulting powders, a series of MGNO pow-
ders was prepared and coded as MGNO-30,
MGNO-120, MGNO-200 and MGNO-300.
Characterization. Surface charges of
powders dispersed in water using ultrasoni-
cation were measured by Zetasizer (Malvern
Instruments Ltd., UK). Structural analyses of
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the samples were carried out by FTIR spec-
tra (Spectrum 100, Perkin Elmer) in the
range of 4000-400 cm™ and X-ray diffraction
(XRD, PAN analytical, Empyrean) in the
range of 20 = 5-40° using Cu K, radiation
(A =0.15405 nm). The surface morphology
was examined by a scanning electron mi-
croscopy (SEM, Supra 40VP, Zeiss) coupled
with energy dispersive spectrometer (EDS).
Thermogravimetric analysis (TGA, STA 409,
Netzsch) was performed by heating the sam-
ples from 25°C to 600°C at a rate of
20 °C x min! in nitrogen atmosphere.

| Results and discussion

Zeta potentials (ZP) measurements. The
change of the surface charge of the GO due to
the CTAB treatment was confirmed by ZP
measurements. The zeta potential distribu-
tion and surface charge values of GO and
MGNO dispersions are shown in the Fig-
ures 4a to 4e and the orientation and stack-
ing mechanisms which predominate at vari-
ous initial concentrations of CTAB have been
schematically shown in the Figures 5a to 5d.

The ZP value of GO was found to be
-34.7 mV. The negative ZP values were due to
the presence of oxygen containing functional
groups formed at the graphite lattice during
the oxidation (see Figures 1 and 4a) [21]. Net
ZP increased with modification of GO by vari-
ous initial concentrations of CTAB. As shown
in Figure 4b, the ZP value for MGNO-30 was
-13.2 mV. This value can be compared to the
ZP of GO (-34.7 mV). The lower negative ZP of
the MGNO-30 was due to a decrease in oxy-
gen containing functional groups by reduc-
tion. However, the negative sign of the sur-
face charge did not change in the 30 mg x I'!
concentration of CTAB because the number of
CTA" ions was not enough to change the sur-
face charge sign (see Figure 5a). When the
concentration of CTAB increased to
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120 mg L’

120 mg x I'!, the ZP value was +25.3 mV (see
Figure 4c). This significant shift of ZP would
be an evidence for the best modification of
CTA" ions on the GO surface. So, the posi-
tively charged CTA" ions are attached with
the negatively charged OH and COOH groups
of GO through the electrostatic interactions,
resulting in stable sheets with CTA* immobi-
lized on the edge or surface of GO sheets (see
Figure 5b). Both MGNO-200 and MGNO-300
exhibited net positive ZP values with the dis-
tribution peaks centered at 0.0869 and
0.303 mV, respectively (see Figures 4d and
4e). At the same time, multiple peaks were
observed in the same ZP curves because CTA*
ions aggregated at high CTAB concentrations
(200 mg xI'' and 300 mg xI1) (see Fig-
ures 5c¢ and 5d). For electrostatic reasons, col-
loidal particles with a ZP value less than
-15 mV or more than 15 mV are expected to
be stable [22, 23]. In this case, MGNO-30 and
MGNO-120 had higher stability than MGNO-
200 and MGNO-300.

FTIR analysis. Figure 6 shows the FTIR
spectrum of GO powder and MGNO pow-
ders synthesized with various initial con-
centrations of CTAB. Characteristic peaks
were observed for GO: the broad peak at
3000-3500 cm! could be assigned to the
O-H stretching vibrations of carboxylic,
carbonyl, epoxy and hydroxyl groups in GO
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[11]. Two peaks located at 1768 cm™ and
1652 cm! belong to the C=0 (carbonyl
and carboxyl) and the C=C skeletal
stretching vibrations, respectively [24]. In
addition, the characteristic C-O (epoxy) and
C-O (alkoxy) stretching vibration bands
could be observed at 1213 cm™ and
1000 cm!, respectively. These results sug-
gested that the GO sample was fully oxi-
dized [25] as given in Figure 6. FTIR spec-
trum of MGNO powders showed that the
bands of GO at 3342 cm?! of O-H and
1768 cm! of carboxyl disappeared and also
the intensity of bands at 1213 cm! and
1000 cm! decreased. These results showed
that functional groups containing oxygen
were removed by hydrazine [26]. The
bands at 1555 cm™! were assigned to N-H
bending vibration which showed the coex-
istence of the amide bond generated with
amino groups in the CTAB, and carboxy
groups in the GO in all MGNO powders
[14]. The bands at 2926 ¢cm™ and 2855 cm'!
in curves of all MGNO powders were as-
cribed to C-H stretching vibrations of the
alkyl chain of CTAB [15]. These peaks
seemed more severe at the FTIR spectrum
of MGNO-120. The band at 1039 ¢cm! (C-O-
C stretching vibrations) for the MGNO-120
indicated the interaction between CTAB
and the epoxy group of GO [27]. The FTIR
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Figure 6: FTIR spectrum of GO and MGNO powders
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results showed the successful intercalation
of CTA" ions for all MGNO powders, but the
best intercalation was observed for the
MGNO-120 powder.

XRD analysis. The XRD patterns of GF, GO
and MGNO powders are shown in Figure 7.
The crystalline GF powder presented a typical
diffraction peak at 20 =26.4°. The corre-
sponding interlayer distance was observed to
be 0.33 nm. After oxidation, the diffraction
peak of GO appeared at about 26 = 9.9°, indi-
cating that the interlayer space increased to
0.88 nm. The increase in the interlayer dis-
tance from 0.33 nm to 0.88 nm was due to
oxygen containing functional groups interca-
lated within the layered structure [3, 11, 28].
From the XRD pattern of powders (see Fig-
ure 7), a small diffraction peak at 26 = 10.6°
appeared in the MGNO-30 powder, and both
the MGNO-200 and MGNO-300 powders
showed a broad diffraction peak at 26 = 8.5°
which indicated the coexistence of CTAB and
GO in the MGNO powders [14]. This is sup-
ported by the results of FTIR (see Figure 6).
Meanwhile, a small diffraction peak in MGNO-
30, MGNO-200 and MGNO-300 was observed
at 20 =21.8°. This confirmed the reduction

process from GO to MGNO by hydrazine
monohydrate [26]. In the XRD pattern of
MGNO-120 (see Figure 7), there was a weak
and wide diffraction peak located at
20=21.1°, indicating that the graphene
sheets were intercalated totally after the modi-
fication. No other diffraction peaks were ob-
served except the weak diffraction peak of
MGNO-120. This meant that GO layers were
completely separated [29]. Wu et al. [14] re-
ported that CTAB made the GO layers thinner.

SEM analysis. Figures 8a to 8f show the
SEM images of the GF and prepared GO
and MGNO powders. It could be clearly
seen from the SEM image of Figure 8a that
GF had a thin plate stacked structure [30].
The aggregated and randomly accumulated
sheets for GO with a worm-like structure
were observed, which were consistent with
previous studies (see Figure 8b) [31, 32].
According to EDS results of the GF and GO,
GF exhibited oxygen content of 22.59 at.-%.
After oxidation, GO had oxygen content of
47.95 at.-%, which indicated full oxidation.
From Figure 8c, it could be seen that the
MGNO-30 powder exhibited a smooth lay-
ered structure showing the effect of low

Figure 8: SEM images (magnification 10.000%) of a) GF, b) GO, ¢) MGNO-30, d) MGNO-120,
e) MGN0-200, f) MGNO-300

concentration of CTAB. As shown in the
Figures 8d to 8f, the SEM images of the
MGNO-120, MGNO-200 and MGNO-300
powders exhibited wrinkle, layered and
dense stacked structure due to reduction
and modification reactions [15, 16]. From
Figure 8d, it could be observed that, when
the content of CTAB was 120 mg x I'1, GO
layers were separated from each other
which was also supported by the XRD pat-
tern of MGNO-120 (see Figure 7).

TGA analysis. The TGA and derivative
thermograms (DTG) curves of GO and
MGNO powders are shown in Figures 9a to
9e. Peak temperature (T ), weight loss (%)
and residue amounts (%) obtained from TGA
and DTG curves are summarized in Table 1.

As shown in Figure 9a, the first weight
loss was observed in 78 °C for the GO, cor-
responding to the loss of water molecules
[33]. GO showed a major weight loss at the
DTG peak at 185 °C (see Table 1) assigned
to the removal of most of the oxygen con-
taining functional groups [34]. A small
weight loss at 269 °C from pyrolysis of the
unstable oxygen functionalities was attrib-
uted to CO, CO, and steam release [16]. The
last step at 558 °C was related to pyrolysis
of the remaining oxygen-containing groups
as well as the burning of ring carbon [35]
(see Figure 9a and Table 1). GO exhibited
about 13 % residual weight at 600 °C.

The MGNO powders showed a medium
weight loss at the temperature range of 53-
66 °C, clearly due to evaporation of water
molecules. As shown in Figures 9b to 9e
and Table 1, the main step of degradation
appeared at 209 °C and 232 °C (T,) for the
MGNO powders. This main step of thermal
degradation was the decomposition of
CTAB in the interlayer of GO [14] and the
last decomposition occurred in the range of
288-351 °C (Tpz), which correspond to the
loss of remaining oxygen functionalities of
MGNO [6]. All the MGNO powders exhib-
ited higher T,, and Tp; temperatures than
GO, indicating that the presence of CTAB
could increase thermal stability. Such high
thermal stability of the MGNO powders
could be attributed to the very strong inter-
actions between CTA" ions and GO [36].
When the temperature reached 600 °C, the
weight losses for MGNO0-30, MGNO-120,
MGNO-200 and MGNO-300 powders were
almost 31.7, 60.7, 61.0 and 46.6 %, respec-
tively. These values were less than the
86.7 % loss at 600 °C for GO (see Table 1).
These results showed that MGNO powders
had much higher thermal stability than GO
because of successful intercalation be-
tween CTA" ions with GO.
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| Conclusions

The main findings of the study can be sum-

marized as follows:

* All analysis results showed that GO was
successfully synthesized from natural
graphite by Hummers’ method.

* The high negative ZP of GO was due to the
oxygen containing functional groups. Af-
ter the CTAB treatment, the negative sign
of the surface charge did not change in the
MGNO-30, but the MGNO-120 with the
highest positive ZP value (25.3 mV) which
demonstrated the highest stability.

e The FTIR results showed the successful
intercalation of CTA" ions for all MGNO
powders, but the best intercalation was
obtained for the MGNO-120 powder.

e For all MGNO powders, the interlayer
distance of GO sheets was increased by
the CTAB modification, but GO layers
were completely separated at MGNO-
120. These observations were confirmed
by XRD and SEM analysis.

MATERIALOGRAPHY/ANALYSIS OF PHYSICAL PROPERTIES

e TGA analysis results revealed that
MGNO powders showed a superior ther-
mal stability compared to GO.
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