










loss was observed in the range of 180–340°C. The highest
weight loss of these samples happened in the range of
320°C up to 380°C. On the other hand, weight loss
around 320°C was related to the decomposition of the
oxygen functional groups in GO and RGO. Furthermore,
the degradation rate for composite textiles possessing
PPy and RGO was also lower than pure cotton or
those samples coated only with RGO or GO. For samples
of OTS/20%PPy/12RGO/CT, OTS/40%PPy/9RGO/CT,
OTS/60%PPy/6RGO/CT, OTS/80%PPy/3RGO/CT, and
OTS/100%PPy/CT, the second weight loss stage was
around 57%, 42%, 32%, 29%, and 28%, respectively, which
was due to the first degradation of polymer. However, for
the 12RGO/CT and 12GO/CT samples, the most weight
loss between 320°C and 340°C was 71% and 75%,

respectively. PPy in the OTS/PPy/RGO/CT composites
system may have hindered the heat accumulation
between RGO layers. Therefore, by increasing the
amount of PPy, the rate of degradation and weight loss
of the composites were decreased. The TGA patterns of
samples before and after treatment with OTS were almost
the same, which could be due to the less amount of OTS
being loaded on the samples, considering that the amount
of OTS was optimized to the lowest quantity in order to
prevent damage to the modified samples. In conclusion,
the sample treated with GO and PPy had a different
TGA weight loss curve compared with pure cotton sam-
ple. These results suggested that PPy, GO, and RGO acted
as a retardant and the thermal stability of the all samples
increased after modification. However, the curves showed

FIGURE 2 Field emission scanning

electron microscopy images of samples (a)

CT, (b) GO/CT, (c) RGO/CT, (d) PPy/CT,

(e) PPy/RGO/CT, (f) OTS/12XRGO/CT,

and (g) OTS/20%PPy/12XRGO/CT

composites

YAGHOUBIDOUST ET AL. 5 of 12



that the retardant property of PPy was more than GO and
RGO due to lack of oxygen functional groups attached to
aromatic carbon structure. In this regard, the highest
thermal stability was obtained in samples with higher
loading of PPy.

Figure 5 showed the XRD pattern of textile modified
by polypyrrole, reduced graphene oxide, and OTS at 2θ
value of 5°–40°. The pristine cotton had three diffraction
peaks at 15°, 16.4°, and 22.6°, which were assigned to
101, 102, and 200 planes, respectively.17,18 XRD results
showed reduction in fibre crystallinity after treatment
with polypyrrole and OTS.18 Studies showed that the
PPy powder exhibited a weak and broad diffraction peak
at 2θ = 25.9°, which indicated the amorphous structure of
PPy particles.19 It is difficult to find the characteristic
peak of GO in the patterns of modified cotton fabrics
due to the low amount of GO loaded.20 The crystallinity
of the cotton was reduced in polypyrrole‐coated cotton.
Amorphous polypyrrole showed only a reflection at 21°.

The relationship between catalytic activity and the crys-
tallinity of the composite especially in inorganic com-
pound was reported in another study.21 They found that
the crystallinity of the specimen strongly affected the cat-
alytic activity of ZrOxNy and TaOxNy. However, there is
no report on the relation between graphene materials,
crystallinity, and their catalytic activity.

Figure 6 showed the water adsorption capacity within
6 hr and also the weight gain of catalysts that were mea-
sured initially every 30 min and followed by every 1 hr till
5 hr. It was interesting that Langmuir isotherm was
observed with first‐order kinetic reaction, showing that
the water molecules adsorbed to a maximum of one
monolayer on the solid surface. The maximum percent-
age of water adsorption was achieved for OTS/12RGO/
CT, where increasing amount of PPy components led to
decrease of 25% at 5 hr. OTS/12RGO/CT had the highest
water adsorption capacity of around 37%, and this
implied that the composite functionalized with reduced

FIGURE 3 EDX images of (a) 12XRGO/CT/OTS, (b) 20%PPy/12XRGO/CT/OTS, and (c) OTS/100%PPy/CT composites
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graphene oxide was highly hydrophilic. As reported in
Figure 6, the water adsorption capacity of the samples
gradually increased by increasing the amount of RGO.

The presence of PPy on the top of composite increased
the hydrophobicity. However, the hydrophilic effect of
the RGO was more than the hydrophobic effect of PPy.
Therefore, the hydrophobicity of the catalyst was evi-
dently decreased. The observations indicated that water
capacity of all the samples was almost constant, which
could be related to the water saturation of the superficial
reduced graphene oxide and PPy groups. However, the
GO showed hydrophobic effect that may be due to of its
unsmooth surface and abundant of oxygen functional
group (steric hindrance).

3.1 | Catalytic oxidation of styrene in
stirring condition by using OTS/PPy/RGO/
CT as the catalyst (stirring condition)

The oxidation of styrene was conducted at room temper-
ature in a glass vessel, with acetonitrile as the solvent
and hydrogen peroxide as the oxidant. The oxidation
products were analysed by GC. The products of styrene
oxidation were benzaldehyde, styrene oxide, and
phenylacetaldehyde, which was in agreement with previ-
ous study.22 Meanwhile, the commercial compounds that
might be produced in this reaction were also character-
ized by GC. The retention time of the chemical com-
pounds in this analysis was summarized in Table 1. In a
blank experiment (Figure 7), the conversion of styrene
was relatively low in the absence of any catalyst, and
the results showed that trace activity around 3% was
observed over a 24‐hr run. When graphene oxide was
used as catalyst for the styrene oxidation, a moderate con-
version was obtained. Moreover, the selectivity towards
benzaldehyde was almost 99%, with no side product.
However, when reduced graphene oxide‐coated textile
and the graphene oxide‐coated textile catalyst were used
in this reaction, benzaldehyde and styrene oxide were
found to be the main products in the styrene oxidation.
A relatively high styrene conversion of 21% and 17% was
observed, whereas the selectivity towards styrene oxide
dramatically increased to 72% and 80%, respectively. Sim-
ilar to titanium containing zeolite,23 graphene is able to
decompose H2O2.

24 We believe that this characteristic
explains the catalytic oxidation activity of the graphene
catalyst. Typically, oxidation of alkanes/alkenes/aro-
matics followed the Langmuir–Hinshelwood mecha-
nism.25 Accordingly, it was proposed that styrene
oxidation was initiated with concurrent adsorption of
H2O2 and styrene over the surface of the catalyst. This
was in the same direction with the study reported by Yang
et al.24 The formed surface oxygen species and the H2O2

active intermediates would interact with nearby adsorbed
styrene upon the surface of RGO in a way to create the

FIGURE 4 Thermogravimetric analysis curves of CT, 12GO/CT,

12RGO/CT, OTS/20%PPy/12RGO/CT, OTS/40%PPy/9RGO/CT,

OTS/60%PPy/6RGO/CT, OTS/80%PPy/3RGO/CT, and OTS/

100%PPy/CT composites

FIGURE 5 X‐ray diffractometer patterns for CT, OTS/CT, RGO/

CT, OTS/RGO, PPy/GO/CT, OTS/PPy/CT, and OTS/PPy/RGO/CT
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desired oxidized products. The present research showed
that GO, if not reduced to RGO and kept in its oxidized
form, demonstrated still an appropriate selectivity towards
benzaldehyde. When coated to the cotton, the activity
increased, but it showed higher selectivity towards styrene
oxide instead of benzaldehyde.

To make a deeper insight into this phenomenon, fur-
ther research was carried out on transformation of H2O2

to the active oxygen species over a series of catalysts.24

As shown in previous studies, it could be observed that
di‐oxygen was formed on RGO and GO catalysts, with a
slower decomposition rate for GO compared with that
of RGO.24 As they found, higher oxygen species from
H2O2 transform rate was directly related to the π charac-
ter of reduced graphene oxide and graphene oxide26,27;
however, the two substances possess similar surface
areas. On GO, oxidation partly destroyed the π system
of graphene. A considerable disruption occurred to the
π system because the oxygen‐functional groups were
introduced on the GO surface. C/O ratio of RGO, which
was computed using XPS, was 3.11, whereas that of GO
was 2.0. It changed the sp2 carbon in the graphene net-
work to sp3 hybridized carbon. On the contrary, upon
those catalysts that had lower catalytic performance

(i.e., GO), fewer surface sites existed for styrene adsorp-
tion because of imperfect π system or confined surface
area. Reasonably, when more sites exist for styrene
adsorption, the probability of contact and interaction of
the adsorbed styrene with the transient reactive surface
oxygen species increases; meanwhile, styrene would be
oxidized more probably.

Over the catalyst, an improvement occurred in the oxi-
dation of styrene with benzaldehyde, and the styrene
oxide would be the most important product. As demon-
strated in Figure 7, when no cellulose and cotton fabrics
were present in the catalysts, the selectivity towards benz-
aldehyde was increased. On the other hand, by enhancing
the loading of GO, RGO, and PPy, the catalytic selectivity
towards benzaldehyde was increased too. Moreover, for
selectivity of styrene oxide, this trend was reversed.
When the cellulose fabrics were attached to the GO
and RGO materials, the catalytic selectivity towards
styrene oxide was increased, whereas the selectivity for
phenylacetaldehyde was low, and this product appeared
only when the catalyst contained cellulose fabrics.

Cotton was chosen as it has relatively high network
surface area, abundance of hydroxyl functional group,
and ability to immobilize graphene and graphene oxide
on its surface. The immobilization of graphene and
graphene oxide is important to prevent wrinkling and
agglomeration of graphene. In this regard, the graphene
oxide‐coated cotton catalyst showed higher catalyst activ-
ity compared with the graphene oxide. Same phenomena
happened for reduced graphene oxide too. This was due
to the increase in the surface area of OTS/12XGO/CT
and OTS/12XRGO/CT compared with the pure powder
ones and also the prevention of agglomeration. However,
the conversion of the OTS/12XGO/CT increased in the
oxidation of the styrene, but the selectivity was towards
styrene oxide. It was observed that RGO/CT had higher

FIGURE 6 Water adsorption capacity (%) of modified cotton textiles

TABLE 1 The retention times of acetonitrile and styrene and its

derivatives

No. Compound Retention time (min)

1 Acetonitrile (solvent) 0.907

2 Styrene 1.885

3 Benzaldehyde 2.326

4 Phenylacetaldehyde 2.530

5 Styrene oxide 3.825
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conversion of styrene and selectivity of styrene oxide
compared with OTS/12XGO/CT.

More effort has been made to study the catalytic activ-
ity and selectivity of the OTS/PPy/RGO/CT series cata-
lysts. The catalyst activity after the attachment of
RGO/CT with 20%PPy decreased. However, the selectiv-
ity towards benzaldehyde increased. By attaching more
PPy and reducing the amount of RGO, simultaneously,
in OTS/PPy/RGO/CT series samples, the most effective
active site towards benzaldehyde was changed to N+

functional group inside the polypyrrole structure, which
was located on top of the composite. Therefore, by
increasing the amount of PPy active sites on the top of
the modified cotton composite, the catalyst selectivity
towards benzaldehyde was increased. However, the
best catalyst in terms of styrene conversion was found
to be OTS/12XRGO/CT with the maximum amount of
graphene. In the catalyst's selectivity point of view, it
could be seen that the selectivity towards styrene oxide
for all the catalysts was higher than that for benzalde-
hyde, whereas graphene and graphene oxide were
attached to the cotton material, and there was no PPy
attached on the top of cotton. On the other hand, cellu-
lose increased the selectivity towards styrene oxide. In
contrast, when GO, RGO, and PPy were applied as the
catalyst, the selectivity was towards benzaldehyde.

One would expect that the mentioned catalysts (GO,
RGO, and PPy) and also the cellulose fibres grafted by
polypyrrole favoured the carbon–carbon bond cleavage.
Consequently, when PPy particles increase, bond scission
reaction was preferred, which caused the creation of
more benzaldehyde (path I, Figure 8). This concept was
in the same agreement with the reported work by Nur

et al.15 where highest loading amount of TiO2 generated
more benzaldehyde in comparison with the styrene oxide.
Another pathway for the synthetization of styrene oxide
from styrene was through oxidation reaction to form sty-
rene oxide (path II, Figure 8). Figure 8 displayed a sche-
matic picture of the conceivable pathway in styrene
oxidation. The two different pathways may occur in par-
allel; however, in case of this catalyst, O─H group of cel-
lulose and fabrics had a great impact on promoting the
oxidation of styrene by path II, through increasing the
adsorption of H2O2 with the help of abundant hydroxyl
groups on the surface of cellulose structure. In contrast,
the π–π character inside PPy, GO, and RGO was respon-
sible for helping the oxidative cleavage of bond in styrene
(path I, Figure 8).

3.2 | Catalytic activity of OTS/PPy/RGO/
CT series catalyst induced by electrical
current in static condition

Catalytic activity of OTS/PPy/RGO/CT series catalysts in
the oxidation of styrene with H2O2 was performed at
room temperature for 24 hr induced by electrical current.

FIGURE 7 Oxidation of styrene by hydrogen peroxide using octadecyltrichlorosilane/polypyrrole/reduced graphene oxide/cotton (OTS/

PPy/RGO/CT) as catalyst at room temperature for 24 hr. (a) Blank, (b) GO, (c) PPy, (d) CT, (e) OTS/CT, (f) cellulose, (g) OTS/12XRGO/

CT, (h) OTS/12XGO/CT, (i) OTS/20%PPy/12XRGO/CT, (j) OTS/40%PPy/9XRGO/CT, (k) OTS/60%PPy/6XRGO/CT, (l) OTS/80%PPY/3XGO/

CT, and (m) OTS/100%PPY/CT

FIGURE 8 Pathway in styrene oxidation reaction
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The reaction mixture containing styrene (10 ml) and
H2O2 (10 ml) was put in the customized reactor, which
was made for special application of electrical current on
layered catalyst. The prepared catalyst (0.861 g) was able
to float between the organic and aqueous phase. The
reaction was carried out in the customized reactor under
25 V of electric voltage. The products of the reaction were
analysed by a Shimadzu gas chromatograph using a
hydrophobic column. For this series of catalysts,
OTS/20%PPy/12XRGO/CT, OTS/40%PPy/9XRGO/CT,
OTS/60%PPy/6XRGO/CT, OTS/100%PPy/3XRGO/CT,
and OTS/100%PPy/CT had the ability to conduct electri-
cal current. Due to this property, the idea to replace
stirring was emerged. These series of reaction were per-
formed without help of any stirring and in static condi-
tion, and the conductivity of this catalyst series was
measured by Van der Pauw method. Figure 10 showed
the conductivity results of composite series with various
amount of RGO and PPy. It was found that the role of
PPy on textile conductivity was more effective than
RGO as shown in Figure 9. OTS/20%PPy/12XRGO/CT
and OTS/40%PPy/9XRGO/CT samples, with moderate
conductivity of 4.47 and 15.58, respectively, achieved
higher catalytic activity due to the RGO active sites in-
side these samples. However, no catalytic activity was
recorded when no electrical current was used and in
static condition. These results suggested that the high

amount of RGO in the presence of current showed a trace
activity. One expected that electrical current may have
helped in increasing the adsorption rate of H2O2 on the
surface of layered catalyst.

However, these results (Figure 10) still could not
prove that styrene oxidation using OTS/PPy/RGO/CT
series as PBC was affected by electrical current. The
products obtained were in trace amounts. Therefore,
more study is still needed to explore the effects of elec-
trical current on the catalytic activity and selectivity.
On the other hand, the measured magnetic that has pro-
duced from the applied current (0.50 mA) through sam-
ples was limited to less than 0.5 mT. Meanwhile, it
seemed that the small quantity of magnetic field was
not enough to cause a significant enhancement in cata-
lytic activity by improving the adsorption process. In
conclusion, decreasing the resistance of the cotton tex-
tile fibres still remained a challenge in this research.
Therefore, more efforts for future work is required to
improve the electrical properties of the fibres.

4 | CONCLUSION

We investigated the catalytic activity of OTS/PPy/RGO/
CT in stirring and static condition by aim of electrical
current. Results demonstrated that styrene oxidation
using OTS/PPy/RGO/CT series as a PBC was not affected
by electrical current. In the case of catalytic performance
of OTS/PPy/RGO/CT as heterogeneous catalyst, the best
catalyst activity was reported, it was related to
OTS/RGO/CT sample when reduced graphene oxide‐
coated textile catalyst was used in the styrene oxidation
reaction in stirring condition, the high catalyst activity

FIGURE 9 Oxidation of styrene by hydrogen peroxide using

octadecyltrichlorosilane/polypyrrole/reduced graphene oxide/

cotton (OTS/PPy/RGO/CT) series as catalyst at room temperature

for 24 hr in static condition by induced electrical current. (a) OTS/

12XRGO/CT, (b) OTS/20%PPy/12XRGO/CT, (c) OTS/40%PPy/

9XRGO/CT, (d) OTS/60%PPy/6XRGO/CT, (e) OTS/80%PPY/

3XRGO/CT, and (f) OTS/100%PPY/CT

FIGURE 10 The electrical conductivity of

octadecyltrichlorosilane/polypyrrole/reduced graphene oxide/

cotton (OTS/PPy/RGO/CT) series by using Van der Pauw

techniques. (a) OTS/12XRGO/CT, (b) OTS/20%PPy/12XRGO/CT,

(c) OTS/40%/9XRGO/CT, (d) OTS/60%PPy/6XRGO/CT, (e) OTS/

80%PPy/3XRGO/CT, and (f) OTS/100%PPy/CT

10 of 12 YAGHOUBIDOUST ET AL.



was achieved up to 21%, and the selectivity towards sty-
rene oxide dramatically increased up to 80%. Another fact
about the selectivity of styrene oxidation towards oxidized
product has been found. In this regard, in the presence of
cellulose fibres, the selectivity was towards styrene oxide.
In contrast, in GO, RGO, and PPy catalysts or when the
cellulose fibres were blocked by PPy, the selectivity was
towards benzaldehyde. Therefore, it would be expected
from these results that when the cellulose fibres were cov-
ered by polypyrrole or without the presence of cellulose
fibres, the catalyst favoured the carbon–carbon bond
cleavage. Conversely, by the introduction of the cellulose
fibres in catalyst series, the conversion led to styrene
oxide as the main product.
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