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Abstract

The realization of an optimum strategy for dispersing graphene nano-sheets in a thermoplastic
matrix is important for obtaining a successful preparation and, consequently, a better
enhancement of different properties for the resultant polymer/graphene nanocomposites. In this
study, nanocomposites of polystyrene (PS) and graphene oxide (GO) were prepared using
solution blending method with tetrahydrofuran as the solvent. Magnetic stirring, water bath
sonication, and shear mixing were utilised to disperse GO nano-sheets in PS. Different periods
of mixing for the last two techniques were examined to study their effect on the structure and
properties on the PS/GO nanocomposites. For the 1% sample, water bath sonication and shear
mixing were used for 30 and 60 minutes respectively. For the 2"¢ sample, both mixing periods
were doubled. The results obtained by employing different characterization techniques showed
a good dispersion of nano-sheets in the matrix and enhanced thermal and thermo-mechanical
properties for both samples, with a superiority for the 1% sample in terms of storage modulus
to prevent the nano-sheets from damage due to the application of sonication and mixing for a

shorter period of time.
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Introduction

Polystyrene (PS) is one of the most widely used commodity polymers due to the convenience
of its processing as well as its relatively good chemical resistance, low density, and high
performance / price ratio [!. Graphene and its derivatives are promising fillers to prepare
polymer nanocomposites that have prosperous horizons in both technologies and
applications 2. Graphene is one of allotropes of elemental carbon that is composed of sp?
hybridized carbon atoms [*!. It is a 2D honeycomb lattice with a planar monolayer of carbon
atoms. It has exceptional properties such as high Young’s modulus (1 TPa), high electron
mobility (~200,000 cm? V' S!) at room temperature and superior thermal conductivity
(5000 W m! k') 31 The high cost of the high quality graphene production still represents a
barrier towards obtaining a real booming in the field, which explains the reason behind the
employment of wet chemistry to obtain exfoliated graphene by the oxidation of graphite that
results in graphene oxide (GO) [¢l. Graphene oxide can be defined as an atomic sheet of graphite
which is a single layer material that possesses a high surface area and is decorated by

oxygenated functional groups on both the edges and the basal planes 78,

The common definition for polymer nanocomposites is the efficient combination of polymer
matrices with the additives that have at least one dimension in the nanometre scale [°. Some
researchers [ found a significant improvement of the mechanical properties such as the
Young’s modulus improved to 10 times and tensile strength improved by 150% for poly(vinyl
alcohol)/graphene nanocomposites containing 1.8 vol.% fully exfoliated and randomly
dispersed graphene nano-sheets compared to the values of its polymer matrix. The
improvement in the physical and mechanical properties of polymer nanocomposite is
intimately associated with a good dispersion of the nano-filler in the matrix. This improvement

is linked to both the synthesis and processing techniques, as reported in the literature !,
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To date, three main approaches have been used to prepare polymer/graphene oxide
nanocomposites: solution blending, in-situ polymerization and melt processing. The first two
approaches have often resulted in a good dispersion of nano-additives in the polymer matrices.
On the other hand, melt processing approach is largely used in plastic industry but the
dispersion of nano-additives in the polymer matrices using this approach is relatively poor %!,
In the case of solution blending, the full exploitation for the physical and mechanical properties
of polymer nanocomposites requires an appropriate selection of the solvent, organic or aqueous
medium. A good dispersion of the nano-additive in the matrix should also have adequate

stability in the resulting nanocomposite 31,

For instance, some researchers '*! found that better dispersion and high stability for graphene
sheets in poly(vinyl chloride) were obtained by the use of tetrahydrofuran. By ensuring a well
dispersed system the interfacial surface area will be maximized, which means that the
neighbouring polymer chains are immobilized on the nano-sheets' surface and hence the

13,161 - Other researchers ['”! found

properties for the whole nanocomposite will be enhanced !
that poor dispersion of graphene in polymer matrices led to poor performance for
nanocomposites with limited applications. The indispersibility of graphene in most solvents

can be considered as one of the most prominent limitations for the real-life application of this

material ['3],

A number of parameters have to be considered to ensure a good dispersion of nano-particles.
For example, energy barrier should be present to prevent aggregation and this can be achieved
by either steric repulsion or electrostatic repulsion. In case of high energy barrier, Brownian
motion will play a major role for dispersion maintenance. This can be reached by graphene
modification either covalently or non-covalently and by appropriate selection for

the solvent 3],
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In addition, there are many other contributing factors that may help in tackling the challenges
related to the manufacture process of polymer nanocomposites. Among these is the use of more
scalable routes for dispersion, such as, shear mixing *!. For example, some authors ['!]
concluded that the best modulus enhancement for epoxy reinforced with expanded graphite can
be achieved with the aid of shear mixing rather than other dispersion technique such as direct

magnetic stirring or sonication.

Graphene oxide has many functional groups that make it hydrophilic and help form a highly
dispersible graphene oxide in the aqueous medium "?!. The electrostatic repulsion between the
negatively charged sheets confirmed by the negative Zeta potential (- 64 mV) is the main cause
of having a stable aqueous GO suspension at its equilibrium state ?°l. Different macroscopic
materials can be processed using a stable colloidal dispersion of GO such as composites,

coatings and thin films 2!,

Superior properties for polymer nanocomposites cannot be achieved without a good dispersion
of nano-particles in the matrix. As described above, the benefits of homogenous dispersion of
nano-particles in the polymer matrix are to maximise the available matrix-particle interface and
hence the interfacial interactions. Dedicated scientific efforts are focusing on the development
and promotion of the rational processing strategies of nanocomposite materials that lead to the

enhancement of particle-matrix interactions.

Solution blending is a simple strategy to prepare polymer nanocomposites. It includes four
major steps: dispersion of the nano-particles in a suitable solvent using a specific technique
such as sonication, the addition of the polymer solution, further mixing, and finally solvent
removal by evaporation or distillation [, Noteworthy, during solution blending the quality of

dispersion can be affected by the mixing equipment, mixing velocity, and mixing time 221,
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Some studies have indicated that the combination of dispersion techniques such as
ultrasonication and shear mixing leads to a good dispersion of nano-particles in the polymer
matrix > 'l For instance, some studies [**! investigated the dispersion homogeneity of carbon
nano-fibres in the epoxy matrix by dispersing the nano-fibres in chloroform and using several
techniques, including direct magnetic stirring, sonication, and high shear mixing, to ensure
homogenous dispersion of the nano-fibres in the epoxy resin before curing. Another research
group ?° who studied the role of shear speed in the uniform dispersion of the nano-fillers in
epoxy resin found that a higher speed led to better dispersion and that the optimal speed was
1500 rpm for 10 minutes. They also mentioned that only 20% of researchers used the shear
mixer for longer for up to one or two hours and employing it for longer time led to an increased

temperature with a possibility of damaging the nano-fillers.

This research aimed to investigate the effect of mixing time on the structure and properties of
the polymer/graphene oxide nanocomposites. An improved Hummers’ method was used to

261 and solution blending method was used to prepare PS/GO

prepare graphene oxide [
nanocomposites. The weight fraction of GO used with the polymer matrix was 0.5 wt. % which
was considered to be an appropriate loading for engineering applications *71. Two different

dispersion techniques, namely bath sonication and shear mixing, were employed successively

for different periods and their impact on the structure and properties was investigated.

Experimental

Materials

Pellets of polystyrene (Styron 634, Dow Chemical Company) were obtained from RESINEX,
UK. Graphite powder with a lateral size of < 20 um was from Sigma Aldrich, UK. Other

chemicals had a purity that is mentioned with each item: potassium permanganate (97%),
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sodium nitrate (>99%), sulphuric acid (95-98 %), hydrochloric acid (36.5%) in water, hydrogen
peroxide (29 — 32 %) in H>0, and tetrahydrofuran (THF, >99.5%). All these chemicals were

purchased from Sigma Aldrich, UK.
Preparation of graphite oxide, graphene oxide and PS/GO nanocomposites

An improved Hummer’s method was used to prepare graphite oxide according to Marcano et
al. 261, 6 g of graphite was mixed with 3 g of NaNOj3 in a beaker. 138 ml of high concentrated
H2SO4 (98%) was added to the beaker which was put in an ice bath to keep the reaction
temperature below 35 °C. Then, 36 g of KMNO4 was added gradually over 2 days. A magnetic
stirrer was used to mix these chemicals at a speed of 200 rpm. A yellow brown viscous mixture
was obtained. 10-15 ml of H,O» was added to quench the reaction ). 400 ml of distilled water
and 100 ml of HCL were mixed in a test tube and used for washing the graphite oxide to
eliminate the acidity of the solution. Centrifugation (Richmond Scientific Limited, UK and
Eppendorf, Germany) was performed at 8000 rpm for 1 hour each time and the graphite oxide
was washed with distilled water over 18 h till the pH of the suspension reached 5.5. The
obtained suspension of graphite oxide was sonicated for 1 h by a bath sonicator (Fisher brand
Elma, Germany) and centrifuged for 30 minutes at 6000 rpm. The suspension was casted into
Teflon coated metal tray and left to freeze in a freezer for 24 h at -40 °C. GO then was placed
inside the chamber of a freeze drying machine (Bradley Refrigeration, Edwards, UK) for 48

hours under a pressure around 10°! bar. Finally, GO was obtained as a fluffy powder material.

The nanocomposites samples were prepared using THF with two different procedures. 20 g of
PS pellets were dissolved in 200 ml of THF magnetic stirring for 2 h at 600 rpm. 100 mg of
GO was stirred in 100 ml of THF for 2 h at 600 rpm and sonicated for 30 minutes to prepare
GO/THF suspension. The GO/THF suspension was added to the PS/THF solution at the weight

percentages of GO in PS/GO nanocomposites of 0 and 0.5 %, which was stirred for 90 minutes
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using a magnetic stirrer, followed by 30 minutes of bath sonication and 60 minutes of shear

mixing (Silverson, UK) at 1600 rpm/Amp 0.3.

In the second case, longer time of sonication and shear mixing was investigated. Bath
sonication was used for 60 minutes and shear mixer was used for 120 minutes, which means
that both mixing periods were doubled to study their effect on the structure and properties of
the nanocomposites. The obtained suspension of PS/GO was poured in glass covered Petri-
dishes to ensure a slow evaporation of the solvent. All samples were left to dry in a fume

cupboard for 1 week and then in vacuum oven for 3 hours at 40 °C.

The first sample prepared was denoted to as PS/GO (ordinary mixing time) while the second

one was referred to as PS/GO D (double mixing time for bath sonication and shear mixing).

Characterization

Scanning Electron Microscopy (SEM Inspect F, Poland) was used to characterize GO and the
fracture surface for the samples at 10 kV. Samples were coated manually with silver dag
followed by gold coating for 3 minutes using a sputter coater machine (Emscope SC 500,

England).

The optical microscopy (Swift, New York Microscope Co. USA) was utilized for imaging the
PS/GO and PS/GO D samples to establish a basic indication for the distribution of GO in PS
matrix. To further investigate the quality of dispersion of the nano-sheets in the matrix,
transmission electron microscopy (TEM) was used. Sample of PS/GO 0.5 wt. % was snapped
frozen in liquid nitrogen and placed in the FC6 cryo chamber to equilibrate for around 30
minutes. Ultrathin sections, approximately 90-100 nm thick, were cut using a Leica UC 6 ultra-
microtome and FC6 cryo-box attachment onto uncoated 200 mesh copper grids at temperatures

of between -60 to -100 °C. Sections were examined using a FEI Tecnai TEM at an accelerating
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voltage of 80 kV or 100 kV. Electron micrographs were recorded using a Gatan Orius camera

and Gatan digital micrograph software.

Fourier Transform Infrared Spectroscopy (FTIR, Spectrum 100 Perkin Elmer, USA) was
utilised with the range of 400-4000 cm™!. The resolution of 4 cm™ was used for characterizing
GO, PS and PS/GO nanocomposites. The number of scans used to obtain the spectra was 16
scans, and the scan speed was 0.2 cm.sec™. The used source attached to the machine was MIR

8000-30 cm™! and the detector was MIR TGS 15000-370 cm’.

Thermal Gravimetric Analysis (TGA Pyris 1, Perkin Elmer, USA) was used to measure thermal
degradation temperature of the materials. The atmosphere of the test was N> with a flow rate
of 50 ml.min™', and the heating rate was 10 "C.min!. The range of temperature that used with

GO and PS/GO nanocomposites was from 28 to 600 "C.

Differential Scanning Calorimetry (DSC 6 Perkin Elmer, USA) was used to find out the value
of glass transition temperature Tg. The weight of the samples used in this experiment was 10
mg placed in a sealed pan of aluminium with an empty sealed aluminium pan used as a
reference. Both of the sample and the reference were put inside the machine under nitrogen gas
purging at a rate of 50 ml.min"!. The range of temperature was ramped from 25 °C to 240 ‘C at
a rate of 10 "C.min"! then the latter rate was used to cool the system down to 25 °C and the
temperature went up again to 240 °C at the same rate as the 2" cycle of heating where T, was

taken from this curve. The 1¥ cycle was intended to remove the thermal history for the samples.

Dynamic Mechanical Analysis (DMA Perkin Elmer, DMA 8000, USA) was used to find the
storage modulus, loss factor (tan ), and Ty for the neat polymer and nanocomposites where
strain was 0.5 %, the range of temperature was 30120 ‘C, the heating rate was 3 "C.min"! and

the oscillatory frequency was 1 Hz.
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Results and discussion

The GO material showed a good dispersion in THF after 30 minutes of bath sonication and 120
minutes of magnetic stirring. Both GO and THF have a relatively high surface energy (62
mN.m™"! and 26.4 mN.m! respectively), so THF is a good solvent to obtain a stable suspension
of GO nano-particles [*°!. Besides, THF is also considered as a good solvent for PS. The mixing
techniques employed in this work led to stable mixtures of GO suspension and PS solution in

THF before drying.

The SEM image of the top surface of pristine GO nano-sheets (figure 1 a) shows that the surface
had a wrinkled morphology P!, Figure 1 b, ¢ shows the optical micrographs for the PS/GO and
PS/GO D nanocomposites prepared by THF. A relatively good distribution for the GO
nano-sheets (shown as dark lines) can be seen in the PS matrix for both samples prepared by

the two ways of mixing.
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Figure 1: (a) SEM image shows the wrinkled morphology of GO. (b, ¢) optical micrographs of PS/GO and PS/GO D
respectively, and (d) TEM image of PS/GO, shows the dispersion of GO nano-sheets in the PS.

The TEM image in figure 1d shows the fine dispersion of the GO flakes in PS matrix. No
aggregations were found in the region. The flakes were curvy and looked like black strips and
most of them appeared as single sheets of GO finely dispersed in the matrix that had a grey
background. The curvy and individual sheets of GO were also reflected the fact that the flakes
had wrinkled morphology and they were exfoliated in the PS. The TEM image from the
literature ') of polysulfone (PSF)/GO 0.5 wt. % showed the homogenous dispersion of single
sheets GO on the PSF matrix with hardly any aggregations, similar to what is achieved in the
current study. They used a continuous stirring for long time (24 h) followed by sonication for

60 minutes, with dimethylformamide as the solvent.
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Figure 2: SEM images of (a) PS, (b, ¢) PS/GO and PS/GO D, respectively.

The SEM images in figure 2 show the fracture surface for neat PS and its nanocomposites that
were prepared in two different mixing times. A smooth fracture surface for PS can be seen in
figure 2a, whilst the fractography for the nanocomposites in figure 2b and 2c¢ showed rough
surfaces. GO nano-sheets embedded in the polymer matrix played a major role in inducing the
rough and wrinkled surfaces of the nanocomposites. Moreover, the images of the
nanocomposites showed that no obvious aggregations can be seen in the dense regions

confirming the results of optical and TEM micrographs.

The FTIR spectrum for GO can be seen in figure 3, along with the spectra of neat polymer and
nanocomposites for different times of mixing. For GO spectrum, hydroxyl, epoxide and
carboxylic acid represented a rich collection of absorption bands. The O-H stretching vibration
appeared at 3500 cm™ . The range for the O-H stretching vibration appeared at  3000-3600
cm’!. C=0 stretching vibrations can be seen at 1730 cm™! which were assigned to carbonyl and
carboxylic acid groups as the range for this vibrations is 1730-1706 cm™. The sharp peak of
1625 cm™! can be attributed to the unoxidized graphitic domain. This domain can be found
within the range of 1680-1450 cm™ which is attributed to the remaining C=C in GO. C-H
bending vibration was located at 1340 cm™!, which had a range of 1465-1340 cm™. The sharp
peak at1045 cm™ and the weak peak at 1238 cm™ were related to C-O stretching vibratons, the

former of which represented the epoxy groups. C-O stretching vibrations have a range of 1300-

11
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1000 cm™. The hydrophilicity of GO was ascribed to the abundancy of these oxygenated
functional groups %33, Some authors [*¥ reported the presence of OH , C=0 and C-O groups

in their sample of GO at quite similar wavenumbers compared with GO in the current study.

The peaks at the following wavenumbers 3025, 2923, 1492, 1452 and 698 cm ! were related
to PS. The shoulders of 2923 and 3025 cm™ were attributed to the presence of C — H stretching
vibration of the aliphatic chain and aromatic ring, respectively. The peaks of 1452 and 1492
cm! represented the C — C stretching of benzene ring. The peak located at 1023 cm™! of C-C
group in the FTIR spectra could be related to PS benzene. Some researchers >3 reported a peak
of benzene that is related to PS structure located at 1027 cm™ whilst other researchers [*°]
reported a peak located at 1028 cm™ which was also classified as an intrinsic peak of PS. The
other main peaks related to PS; apart of those highlighted by dash lines in figure 3; were located
at 753, 1600, and 2849 cm’!. These peaks were assigned to C-H out of plane bending vibration
of benzene ring, stretching vibration of benzene ring, and symmetric stretching vibration of
CH», respectively. The majority of peaks for PS were presented in the samples of
nanocomposites of different times of mixing with no obvious peak related to GO which can be

ascribed to its low content in the nanocomposites [ 33371,
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Figure 3: FTIR peaks for GO, PS and PS/GO for different periods of mixing.

The TGA and derivative thermo-gravimetric (DTG) curves for GO, PS and nanocomposites
are shown in figure 4 (a and b), respectively. All the curves showed a major weight loss
between 100-300 °C. For GO, there was an initial weight loss of 4-5 % at room temperature
attributed to buoyancy effects as the method included 5 minutes isotherm at 25 °C for gas purge
before starting to increase the temperature. This step was important to flush the air out of the
atmosphere before heating. The decomposition started from 180 °C due to the pyrolysis of
unstable oxygenated functional groups attached to the graphene surface. Gas generation was

associated with this drastic weight loss for GO including CO and CO, %31,

The decomposition of PS started at around 120 °C and significant decomposition started at
around 260 °C as observed from TGA measurements due to main chain pyrolysis. The
maximum degradation temperature (T¢"**¥) of the nanocomposites increased from 347 °C for

the neat polymer to 360.4 °C, and 361.5 °C for PS/GO and PS/GO D respectively. Nano-fillers

13
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can cause a restriction to the mobilization of PS macromolecules. Furthermore, such range of
higher degradation temperatures compared with the neat PS suggested a strong interaction
between the matrix and the nano-fillers °1. The improvement of the thermal stability of the
nanocomposites compared to the neat polymer can also be ascribed to the jammed network of
char layers formed by graphene based materials which could retards the transportation of the
decomposed combustible chemicals ). The work done by some authors !l studied the
dispersion quality for an organophillic montmorillonite clay in the polymer matrix of
poly(ethylene oxide) by using a sonication technique. The dispersion quality was better for the
sonicated samples compared with non-sonicated ones. The thermal decomposition temperature
was higher (327 °C) after using the sonication technique as an efficient processing factor,

compared to that of the samples prepared without using sonication (311 °C).
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Figure 4: a- TGA and b- DTG inset curves for GO, PS and nanocomposites with different periods of mixing.

The DSC curves for the neat PS and the PS/GO nanocomposites that have the same weight
fraction but different times of mixing are shown in figure 5. For each curve, Ty was calculated
from the midpoint of the step change in the specific heat of each sample. It can be seen that the
value of Ty increased for the nanocomposites compared with the neat polymer. T, for PS was
99.4 °C whilst T for PS/GO was 103.0 °C and for PS/GO D was 104.4 °C. The increment in
the value of T, with the matrix reinforcement with GO nano-particles confirmed that the
interfacial interaction between the matrix and the nano-particles was sufficiently strong to
hinder the polymer chains movement at the interface [**. A study 3! showed that sonication
played a crucial role in disintegration of the agglomerates. It found that the use of the shear
mixer for 2 minutes at 3000 rpm to mix the untreated carbon nantotubes with the polymer
matrix led to an increase in Tg. This was related to the reduction of the mobility of the matrix

molecules arising from strong interfacial interactions between the matrix and the nanotubes.
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Figure 5:T, values obtained by DSC for the pristine polymer and nanocomposites prepared by different periods of mixing.

Dynamic mechanical analysis was used to measure the viscoelastic properties for the materials.
Figure 6a and 6b shows the variation of storage modulus and tan 6 (ratio between the viscous
part of the polymer to the elastic one) as a function of temperature for the polymer and
nanocomposite materials using a single cantilever mode. It can be observed that the values of
storage modulus for neat PS and its nanocomposites decreased as the temperature increased.
This behaviour can be ascribed to the polymer chains movement with the increasing
temperature. At a temperature of 30 °C, the storage modulus was 1.93 GPa for neat PS, 2.33
GPa for PS/GO, and 2.02 GPa for PS/GO D. The addition of GO to the polymer matrix led to
significant improvements in storage modulus values at the glassy stage (30 °C) at which the

polymeric molecules were frozen.
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GO played a crucial role in the increment of the values of storage modulus due to the strong
interfacial interaction between PS and the well dispersed nano-sheets of GO with high modulus
(441 The long period of mixing represented by PS/GO D showed lower values of storage
modulus compared with those of neutral period of mixing represented by PS/GO. This result
is similar to that found by a research group [**! who showed that 90 minutes of sonication for
0.2 wt. % of carbon nano-fibres in polyester gave a better value of storage modulus than 120
minutes of sonication. The aforementioned research group explained that this shorter level of
sonication, rather than the longer one, facilitated a suitable dispersion without destroying the

nano-fibres in ways such as buckling, bending, and breakage.

It is sometimes common to see humps and peaks on the storage modulus directly preceeding
to the drop of the curve with increasing tempreature. These peaks or humps are associated with
the re-arrangement in the molecule to relieve stresses frozen in below the T, by the processing
method. These stresses are trapped in the material until enough mobility is obtained at the T,

to permit the chains to move to a lower energy state (461,

Figure 6b shows a shift in values of T from around 91.0 °C for the neat PS to 107.2 °C for
PS/GO, to around 107.6 °C for PS/GO D. The strong interfacial interaction between the matrix
and the nano-filler is a result of high specific surface area and good dispersion of nano-particles
in the matrix as found in the DSC measurements. All of the aforementioned results confirmed
the occurrence of restrictions in the segmental movement of the polymer chains and a shift in

T, values 47481,

It has been noticed that the values of T recorded by DMA are different to those ones recorded
by DSC. The reason behind this can be ascribed to the sensitivity of DMA which is higher in
the detection of glass transition than the case with DSC [“®). DMA can also resolve other kinds

of localized transitions such as side chain movements.
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Conclusions

In this study, the effect of dispersion condition of GO nano-sheets in PS was investigated. A
optimal dispersion condition for synthesizing nanocomposites of GO nano-sheets embedded in
a thermoplastic matrix of PS is concluded. The images of optical microscopy, SEM, and TEM
confirmed a good distribution of the nano-sheets in the matrix using magnetic stirring, bath
sonication, and shear mixing for both long and neutral time of mixing for the last two
techniques. FTIR spectra of the nanocomposites did not show an obvious peak of GO due to

the low weight fraction of GO employed in this study.

Although a good improvement was noticed for T values obtained by DSC for nanocomposites
prepared by long-time of mixing, the results of storage modulus showed that the neutral time
of mixing could prevent the nano-sheets from damage. Overall, the use of THF and both
techniques of bath sonication and shear mixing as dispersion techniques led to enhancements

in thermal and thermo-mechanical properties for PS/GO nanocomposites.
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