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Abstract: Polymer/graphene nanocomposites have attracted significant attention from the research

community over the past two decades. In this work, nanocomposites of polystyrene-co-acrylonitrile

(SAN) and graphene oxide (GO) were prepared using a solution blending method with tetrahydrofu-

ran as the solvent. The GO loadings used were 0.1, 0.25, 0.5, and 1.0 wt.%. Fourier transform infrared

spectroscopy, X-ray diffraction, and scanning electron microscopy were employed to characterize the

structure and morphology of SAN/GO nanocomposites. Thermal analysis showed increases in the

glass transition (Tg) and peak thermal degradation (Td
peak) temperatures of SAN by the additions of

GO, with Tg increasing by 3.6 ◦C and Td
peak by 19 ◦C for 1.0 wt.% GO loading. Dynamic mechanical

analysis revealed that the storage modulus of SAN was also enhanced with the incorporations of

GO by up to 62% for 1.0 wt.% loading. These property enhancements may be attributed to a good

dispersion of GO in the polymer matrix and their interfacial interactions.

Keywords: polystyrene-co-acrylonitrile copolymer; graphene oxide; nanocomposites; structure;

thermo-mechanical properties

1. Introduction

The field of polymer nanocomposites has attracted significant interest from researchers
around the globe due to the important role played by nano-fillers in enhancing the perfor-
mance of polymers and extending their applications. Nanocomposites can be defined as
a combination of two or more distinct and physically separable phases with at least one
of the phases in nanoscale, which show superior or distinctive properties compared to
their individual constituents. Many factors influence the behavior of polymer nanocom-
posites such as the structure and properties of the polymer matrix and the nano-fillers, the
dispersion of nano-fillers, and the interface in the nanocomposite [1]. The optimization
of the aforementioned factors may lead to promising outcomes represented by, but not
limited to, polymer nanocomposites of low density, good thermal stability, and unique me-
chanical performance. Furthermore, the optimization of processing parameters is another
important factor to obtain polymer nanocomposites with targeted physical and mechanical
performance [2].

Since the seminal work by Geim and co-workers in 2004 [3], graphene has drawn
significant attention from researchers due to its outstanding mechanical, thermal, and
electrical properties. Graphene is a two-dimensional material of monolayers of carbon
packed in a hexagonal structure. The geometry of graphene, e.g., high surface area and
high aspect ratio, plays a crucial role in making it an efficient reinforcing filler in polymer
matrices at low loadings [4,5]. Graphene-based polymer nanocomposites have become
widely researched during the last two decades attributable to their excellent physical and
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mechanical performance [6]. Similar to the cases with other polymer nanocomposites, the
improvement in the physical and mechanical performance of graphene-based polymer
nanocomposites is also intimately associated with substantial prerequisites represented
by favorable interfacial adhesion between polymer matrices and graphene, as well as
the effective dispersion of graphene sheets in these matrices. The achievement of a good
dispersion of pristine graphene in polymer matrices is a challenging task due to the lack of
functional groups on its surfaces for interacting with polymer matrices, the strong tendency
of nano-sheets to stack together, etc. The production of GO has overcome these drawbacks
and paved the way for the preparation of polymer/graphene nanocomposites with high
performance [5].

Graphene oxide (GO) has oxygenated functional groups both in the periphery (car-
boxylic acid) and the basal plane (epoxy and hydroxyl) of graphene nano-sheets. These
functional groups confer GO easy dispersion in water and some organic solvents, as well
as strong interfacial interactions with many polymers. GO nano-sheets can be derived from
low-cost natural or synthetic graphite through oxidation to form graphite oxide, which is
subsequently exfoliated to become GO. This chemical approach allows for the production
of GO on larger scales and so the preparation of bulk polymer/GO nanocomposites. Due
to its surface functional groups, high modulus, high aspect ratio, and large specific surface
area, GO is considered to be an efficient reinforcing nano-filler for many polymers. The
resulting polymer/GO nanocomposites may be utilized in different kinds of applications
such as automotive, energy, filtration, and biomedical products [7–9].

Styrene-co-acrylonitrile (SAN) copolymer is a transparent copolymer with attractive
features including dimensional stability, high strength, rigidity, and high thermal stability.
It also has good resistance to chemicals such as chlorinated and aliphatic hydrocarbons, fats,
various oils, and household detergents. It has been widely used on its own, for example
in oil hoses and lining materials, as well as capacitors and electromagnetic interference
shielding when incorporated with nano-fillers to prepare SAN nanocomposites [10–12].

A range of loadings of carbon nanotubes (CNTs, 0.1–3.0 wt.%) were used to reinforce
SAN using an in situ polymerization approach to prepare nanocomposites with enhanced
tribological properties [13]. The results showed that highest wear resistance and lowest
friction coefficient were achieved for SAN/CNT 1.0 wt.%, whilst the micro-hardness was
significantly improved with a CNT content below 1.0 wt.%. Substantial improvement in
fire retardance and thermal properties, along with a 20% increase in Young’s modulus,
was achieved, when 3.0 wt.% montmorillonite clay was incorporated into the SAN matrix
by using a water-assisted extrusion approach [14]. The effect of sulfanilic acid-reduced
graphene oxide (SRGO) on the thermo-mechanical properties of SAN nanocomposites was
investigated [12]. An increase of storage modulus by 46% was found with 4.0 wt.% SRGO,
in comparison with the value for GO reinforcing SAN. The majority of studies published
previously were focused on reinforcing SAN with different carbonaceous derivatives in-
cluding CNTs and reduced graphene oxide [12–14]. The studies associated with reinforcing
SAN with GO are quite limited. This work aims to investigate the structure and properties
of SAN reinforced by different loadings of GO. The nanocomposite structures were char-
acterized using Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
and scanning electron microscopy (SEM), while the thermal and mechanical properties
were measured using thermogravimetric analysis (TGA), differential scanning calorimetry
(DSC), and dynamic mechanical analysis (DMA).

2. Materials and Methods

2.1. Materials

SAN pellets (Tyril 790), with an average molecular weight of 165,000 g mol−1, were ob-
tained from Dow Chemicals. Graphite powder (≤20 µm), sulfuric acid (95–98%), potassium
permanganate (97%), sodium nitrate (>99%), hydrochloric acid (36.5% in water), hydrogen
peroxide (29–32% in water), and tetrahydrofuran (THF, >99.5%) were obtained from Sigma
Aldrich. All the materials were used as received.
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2.2. Preparation of Graphene Oxide

Graphite oxide was prepared according to a modified Hummers’ method [15], purified
by centrifugation and dialysis, and then sonicated and dispersed in water to obtain an
aqueous GO suspension, followed by freeze drying to produce GO powder, according
to the method described in our earlier publication [16]. Specifically, a beaker was used
to mix 6.0 g of graphite with 3.0 g of NaNO3 for 2 h under magnetic stirring. Next,
138 mL of H2SO4 was added to the beaker that was placed in an ice bath for controlling
the exothermic reaction and minimizing the temperature. Afterwards, 36 g of another
oxidizing agent, KmnO4, was added gradually over two days. All these reactions were
carried out under continuous stirring at 200 rpm. Following the reactions, 15 mL of H2O2

was added to the beaker under stirring to remove the excess KmnO4. Then, 100 mL of HCl
was diluted with 400 mL of distilled water, which was used to remove metal impurities.

Centrifuges (Eppendorf, Hamburg, Germany and Richmond Scientific Limited, Chor-
ley, UK) were employed for washing graphite oxide with distilled water at a speed of
8000 rpm. After many cycles of centrifugation, the sediment in the centrifuging tubes
was placed inside dialysis bags (D014, Fisher Scientific, Schwerte, Germany) that were
immersed in a container of distilled water. A water pump was fitted inside the container to
facilitate water circulation and speed up the purification process. The distilled water in the
container was changed after 72 h. After 144 h of dialysis, a pH of 6~7 for the graphite oxide
suspension was achieved. The resulting suspension of graphite oxide was sonicated for 1 h
and centrifuged for 30 min, and the supernatant was collected, which was a GO suspension.
This GO suspension was cast into a Teflon-coated metal tray and left to freeze in a freezer
for 24 h at −40 ◦C. The frozen GO suspension was then placed inside the chamber of a
freeze-drying machine (Bradley Refrigeration, Sheffield, UK) for 48 h under a pressure of
around 10−1 bar. Finally, GO loose powder was obtained and stored for further use.

2.3. Preparation of SAN/GO Nanocomposites

SAN/GO nanocomposites were prepared using THF as the solvent. An amount of
10 g of SAN pellets was dissolved in 100 mL of THF by magnetic stirring for 2.0 h at
600 rpm. Separately, 200 mg of GO was dispersed in 200 mL of THF, which was stirred
for 2 h at 600 rpm and sonicated for 30 min using a sonication bath (Fisher Brand Elma,
Germany). The obtained suspension of GO/THF was stable due to the relatively high
surface energy of both GO and THF (62 and 26.4 mN m−1, respectively), according to our
previous work [16]. A pre-determined amount of GO/THF suspension was added to the
SAN/THF solution to prepare SAN/GO nanocomposites containing 0.1, 0.25, 0.5, and
1.0 wt.% GO. These loadings were selected based on our previous work on polystyrene and
a few other polymers [17]. The mixture was stirred for 1.5 h, followed by bath sonication for
0.5 h and shear mixing for 1 h at 1600 rpm/Amp 0.3 (Silverson, Chesham, UK), according to
the procedure established in our previous work [16]. The resulting suspension of SAN/GO
was poured into glass covered Petri dishes to ensure a slow evaporation of the solvent,
which lasted for 24 h to obtain smooth nanocomposite films without surface corrugation.

A smooth film of the neat polymer was also prepared as the control sample. All
samples were left in a fume cupboard for a couple of weeks and then in a vacuum oven
(VT6025, Thermofisher, Waltham, MA, USA) for 24 h at 50 ◦C under a pressure of 10−2 mbar
in order to obtain solvent-free samples. The thickness of the resulted neat polymer films
was 0.3 mm, whereas the thickness of the GO-loaded films was ~0.5 mm.

2.4. Characterization

FTIR (Spectrum 100 Perkin Elmer, Waltham, MA, USA) was carried out with attenu-
ated total reflectance in the wavenumber range of 400–4000 cm−1 at a resolution of 4 cm−1,
for characterizing GO, SAN, and SAN/GO nanocomposites. XRD (D2 Phaser, Billerica,
MA, Bruker) was employed, with a Ni filter and Cu target, to characterize GO, SAN, and
SAN/GO nanocomposites. The slit size was 1.0 mm, the operating current was 10 mA,
the operating voltage was 30 kV, and the scanning range was 2θ 5–80◦ at a step size of
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0.02◦ and a scanning speed 0.32 s per step. SEM (Inspect F, Gliwice, Poland) was used
to characterize the surface morphology for the samples using an accelerating voltage of
5.0 kV. Cryogenic fracture surfaces of the SAN and SAN/GO nanocomposite samples were
obtained via snapping samples in liquid nitrogen. Samples were mounted on aluminum
stubs, followed by manually coating with silver dag and then with gold with a thickness of
approximately 50 nm using a sputter coater (Emscope SC500, Oxford, UK) to reduce charge
build-up. No coating was carried out for the GO powder.

DSC (DSC 6, Perkin Elmer, Waltham, MA, USA) was used to determine the glass
transition temperature, Tg, of the SAN and SAN/GO nanocomposites under the flow of
nitrogen gas at a rate of 50 mL.min−1 and a sample mass of 5.0 mg. A heating–cooling–
heating cycle was conducted in the temperature range of 25–240 ◦C, at a heating or cooling
rate of 10 ◦C.min−1. The second heating curve was used for analysis to remove the
thermal history of the samples. TGA (Pyris 1, Perkin Elmer, Waltham, MA, USA) was
used to characterize the thermal degradation behavior of the GO, SAN, and SAN/GO
nanocomposites. The weight of each sample was 5.0 mg, and the atmosphere of the
analysis was N2 (at a flow rate of 50 mL.min−1). The range of temperature used was
from 28 to 700 ◦C, and the heating rate was 10 ◦C.min−1. DMA (DMA 8000, Perkin
Elmer, Waltham, MA, USA) was used to evaluate the viscoelastic properties of the neat
polymer and nanocomposites, where the strain was 0.5%, the range of temperature was
30–130 ◦C, the heating rate was 3.0 ◦C.min−1, and the oscillatory frequency was 1.0 Hz.
A single cantilever bending mode was used for the tests. Rectangular samples with
dimensions of 10 mm length and 5.0 mm width were used.

3. Results and Discussion

3.1. Structure

The chemical structure of GO, neat SAN, as well as the potential interfacial interactions in
the SAN/GO nanocomposites containing different loadings of GO, was investigated by FTIR,
and the relevant spectra are shown in Figure 1. For the GO spectrum, C=O stretching vibration
is centered at 1730 cm−1, the C-O group at 1040 cm−1, and a broad band of hydroxyl centered
at about 3300 cm−1. A peak related to O-H deformation exists at around 1400 cm−1. All of
these oxygenated functional groups confirm the successful oxidation of graphite [10,12,18–21].
Moreover, the in-plane stretching vibration of C=C can be seen at around 1625 cm−1, which is
attributed to the skeletal vibration of unoxidized graphitic domains. For neat SAN, the mono-
substituted benzene peaks can be seen at 700 and 750 cm−1. The aromatic C=C group results
in a range of peaks at 1450, 1500, and 1600 cm−1. The –C≡N stretching from acrylonitrile is
observed at 2240 cm−1, and the aromatic C-H is located at 2924 cm−1 [22]. After incorporating
GO, the intensity of the peaks of SAN remained similar due to the low contents of GO. This
is similar to the finding reported in the literature [23], when 5.0 wt.% clay was used as a 2D
nano-filler. This finding is, however, different to another finding [24] that showed the presence
of 2.0 wt.% graphite sheets reduced the peak intensity of SAN. Possible interactions between
SAN and GO such as π–π interactions [25] could not be detected in the spectra because of the
low contents of GO.

In Figure 2, the XRD patterns for GO, SAN, and their nanocomposites containing
different loadings of GO are presented to investigate their crystalline structure. The (001)
peak for GO can be seen at 10.7◦, corresponding to an interlayer spacing of 0.82 nm, which
is the same or very similar to the values reported in the literature [26,27]. For SAN and its
nanocomposites, the main diffraction peak of SAN was located at 2θ = 3.47◦. This peak
remained at the same 2θ in the traces of the nanocomposites. However, the (001) peak
of GO was not observed in the traces of the nanocomposites, possibly due to the good
dispersion of GO nano-sheets in the SAN and/or their low contents.
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Figure 1. FTIR spectra of GO, SAN, and nanocomposites with 0.1–1.0 wt.% GO. The red dashed lines

mark the main peaks of SAN.

tt
ff

ff ƟƟ

tt
Figure 2. XRD patterns of GO, SAN, and SAN reinforced with 0.1–1.0 wt.% GO nanocomposites.

Figure 3 shows the morphology of GO, as well as the cryogenically fractured surfaces
of the neat SAN and SAN/GO 1.0 wt.% nanocomposite (containing the highest loading of
GO among the nanocomposites studied) from SEM to explore the nature of GO nano-sheets
distribution within the polymer matrix. Figure 3a shows the wrinkled morphology of
GO, as previously reported in the literature [7]. The GO has an average length of 1.0 µm
and thickness of 0.9 nm, according to atomic force microscopy reported in our previous
publication [27]. It can be seen in Figure 3b that the neat SAN has a rough fracture surface,
similar to previous findings [11,24]. A SAN/GO nanocomposite of 1.0 wt.% shows a
different surface morphology (Figure 3c), with the appearance of a flaky structure due to
the presence of GO nano-sheets. Similar flaky surface morphology was also observed in
acrylonitrile butadiene styrene/GO 1.0 wt.% nanocomposite [18]. Some micro-pores can be
seen in both images, probably because of the procedure used in solvent removal during
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the film preparation [28]. These micro-pores may be removed if films are prepared by hot
pressing under an elevated temperature and pressure.

ff

   

(a) (b) (c) 

ff

tt ff

tt

Figure 3. SEM images of GO and cryogenically fractured surfaces of the neat polymer and nanocom-

posite: (a) GO, (b) SAN, and (c) SAN/GO 1.0 wt.%.

3.2. Thermo-Mechanical Properties

Figure 4 shows the Tg of SAN and its nanocomposites with different loadings of GO,
which were obtained by DSC, and was determined from the midpoint of the step change in
the specific heat of each sample. The Tg for neat SAN was 107.8 ◦C. A similar Tg of 107.6 ◦C
of neat SAN was reported previously in the literature [29]. The Tg for SAN as a copolymer
was found to be higher than that of homopolymer polystyrene due to interchain attraction,
chain stiffness, and the presence of polar groups of nitriles [30].

ff

ff tt

Figure 4. Tg values obtained by DSC for SAN and SAN with 0.1–1.0 wt.% GO nanocomposites. The

curves were shifted vertically for clarity.

The Tg of SAN became higher with an increasing weight fraction of GO, with
Tg = 111.4 ◦C for the nanocomposite of 1.0 wt.% GO. This is similar to the finding reported in
the literature [20] that showed that Tg was higher as the weight fraction of clay nanoparticles
increased compared with the value of neat SAN, and this was attributed to the restricted
movement of the confined polymer chains in the clay gallery. Here, the increased Tg of
the SAN/GO nanocomposites implies that the motion of polymer segments was effectively
limited by the GO nano-sheets, which is likely due to a good dispersion of GO in the polymer
matrix and their strong interactions.

Figure 5 shows the TGA curves of GO, SAN, and their nanocomposites with different
loadings of GO to investigate their thermal degradation temperatures and weight losses
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during heating. For the GO curve, it shows 4.0–5.0% weight loss at room temperature
(25 ◦C), which is ascribed to the effect of buoyancy as the setting of the experiment included
5 minutes’ isotherm for purging gas purposes before starting the gradual increment of the
temperature. A weight loss can be noticed below 100 ◦C, which is ascribed to the removal of
adsorbed water. The emission of CO and CO2 gases can be observed at around 225 ◦C due
to the removal of the main oxygenated functional groups from GO, which is approximately
30% of the dry GO weight. The subsequent weight loss up to 700 ◦C can be attributed to
the further removal of oxygenated functional groups from the GO nano-sheets [19,30]. This
behavior is in line with what was reported by other researchers [31].

tt

Figure 5. TGA and derivative thermogravimetric (inset) curves for GO, SAN, and SAN with 0.1–1.0 wt.%

GO nanocomposites.

The thermal degradation of neat SAN occurred in the range of approximately
350–500 ◦C due to the main chain pyrolysis and emission of acrylonitrile [12]. The onset
thermal degradation temperature (Td

onset) of the neat SAN was 375 ◦C. The thermal degra-
dation temperature at the maximum degradation rate, Td

max, for the neat SAN was 413 ◦C
(according to the inset of Figure 5), which compares well with the result reported in the
literature [32].

For SAN/GO nanocomposites, it can be seen that there are several stages of weight
loss that correspond to the degradation of the reinforcing agent GO followed by structural
degradation of the polymer matrix [22,33]. Here, the addition of GO nano-sheets to SAN
actually led to a significant improvement in thermal stability. The Td

onset of SAN increased
to 396, 398, 400, and 405 ◦C for the 0.1, 0.25, 0.5, and 1.0 wt.% nanocomposites, respectively.
Similarly, the Td

max of SAN also shifted to a higher temperature in the nanocomposite
with an increasing GO content in general. The higher values of thermal degradation
temperatures for the nanocomposites compared with the virgin polymer again suggest a
good dispersion and strong interfacial interaction of GO nano-sheets with the matrix.

At the end of TGA, the char residue is another indication of the thermal performance
or flame retardance of the nanocomposites [32]. It is noted that the char residue for the
nanocomposites was slightly higher than the value for the neat polymer after heating to
700 ◦C, and it increased with increasing GO content. A possible explanation is that the
presence of GO in the polymer matrix promotes carbonization on the surface of the polymer.
In addition, the unburned filler and the high heat resistance exerted by the filler itself may
have also contributed to the higher residue [25]. Table 1 summarizes the Td

onset, Td
max,

and char yield from TGA, along with Tg values from DSC.
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Table 1. Thermal properties and storage modulus of GO, SAN, and their nanocomposites.

Sample Tg/◦C Td
onset/◦C Td

max/◦C Char at 700 ◦C/wt.% Storage Modulus at 30 ◦C/GPa

GO - 204 225 40 -
SAN 107.8 375 413 0.32 2.44

SAN/GO 0.1 wt.% 110.5 396 426 0.60 2.58
SAN/GO 0.25 wt.% 110.6 398 428 0.69 3.13
SAN/GO 0.5 wt.% 111.3 400 425 1.17 3.65
SAN/GO 1.0 wt.% 111.4 405 431 1.19 3.90

Figure 6 shows the storage modulus versus temperature curves for SAN and SAN with
0.1–1.0 wt.% GO nanocomposites from DMA. With increasing temperature, the materials
show glassy glass-rubber transition and rubbery states. The storage module indicates the
ability of the material to store energy elastically. The storage modulus for SAN at 30 ◦C (in
the glassy state) was 2.44 GPa, which is close to that reported in the literature [11].

ff ff

tt

tt ffi

Figure 6. Storage modulus of SAN and SAN with 0.1–1.0 wt.% GO nanocomposites as a function of

temperature measured by DMA.

The storage modulus for SAN/GO nanocomposites at 30 ◦C was significantly in-
creased compared with the neat polymer, being 2.58, 3.13, 3.65, and 3.90 GPa for 0.1, 0.25,
0.5, and 1.0 wt.% GO, respectively (Table 1). This is attributable to the high modulus, the
high aspect ratio, and the large specific surface area of GO nano-sheets. Considerable im-
provements in the storage modulus were also reported for the SAN reinforced with SRGO,
increasing from 2.6 GPa for the neat polymer to 3.4 and 3.6 GPa for the nanocomposites with
0.5 and 1.0 wt.% SRGO, respectively [12]. An improvement of 44% in the storage modulus
was found for the SAN reinforced with 5.0 wt.% clay nano-sheets at 30 ◦C compared to
the neat SAN (from 1.4 GPa to 3.3 GPa) due to the incomplete relaxation caused by the
physical networks of clay [32]. The improvements obtained by adding GO to SAN in this
work are more significant than those achieved from the above two previous studies. This
was achieved presumably due to the higher compatibility [34] of SAN with GO, due to
its oxygenated functional groups when compared to SRGO, and higher modulus when
compared to clay.

4. Conclusions

The aim of the present work was to investigate the effect of different loadings of GO
(0.1, 0.25, 0.5, and 1.0 wt.%) on the structure, thermal, and thermo-mechanical properties of
SAN/GO nanocomposites compared to the neat SAN. The FTIR findings confirmed the



J. Compos. Sci. 2023, 7, 225 9 of 10

presence of various oxygenated functional groups in the structure of GO nano-sheets and
the main characteristic peaks of SAN in both SAN and SAN/GO nanocomposites. The GO
peaks were absent in the XRD traces, due to either low contents or a good dispersion of
the GO nano-sheets in the polymer matrix. Improvements were achieved in the thermal
and thermo-mechanical properties, namely, Tg, Td, and storage modulus, for the nanocom-
posites compared to the neat polymer. Tg, Td

onset, and Td
max of the SAN were found to

enhance by up to 3.6, 30, and 19 ◦C, respectively, for 1.0 wt.% GO nanocomposite, while
its storage modulus increased by up to 62%. The results may be attributed to possible
interfacial interactions between SAN and GO, as well as a good dispersion of the GO
nano-sheets in the polymer matrix. It is expected that these SAN/GO nanocomposites
could find potential applications such as sporting goods, as well as hoses for irrigation and
fire extinguishing.
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