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Abstract
The solution casting method was used to synthesize nanocomposites of polymethyl methacrylate (PMMA) and polystyrene 
(PS) polymer with graphene oxide (GO). It was determined that the conductivity of the PS/GO and PMMA/GO polymer 
nanocomposites was ionic and electronic, respectively. The thermal conductivity of the nanocomposites was investigated 
with regard to the impact of crystallinity and free volume. This paper reports a differential scanning calorimetric (DSC) study 
of PMMA/GO (1%) and PS/GO (1%) and nanocomposite blends of PMMA and PS prepared in different ratios by weight 
percentage of PMMA/PS (80:20, 60:40, 50:50, 60:40, 20:80) with 1% of GO using the solution casting method. The samples 
were analyzed using a DSC instrument at heating rates of 5°C/min, 10°C/min, and 20°C/min in the temperature range of 
50–160°C. Fourier transform infrared (FTIR) spectroscopy and x-ray diffraction (XRD) studies of the blends showed that the 
crystalline phases of PS and PMMA depended on the GO percentage in the composite solutions. Significant shifts were seen 
in FTIR, XRD, and DSC analyses, and DSC and TGA thermograms of the nanocomposite blend confirmed the formation 
of a PS/PMMA blend and demonstrated a significant change in thermal behavior with the blend ratio. The activation of the 
pure and blended polymers was determined through their glass transition using different isoconversional methods.
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Introduction

Polymer nanocomposites have emerged as an area of great 
interest in the field of polymer nanotechnology because of 
their wide range of technical and industrial uses. In contrast 
to the bulk polymer matrix, polymer nanocomposites 
display radically distinct behavior. This is because nano-
sized fillers have superior properties as a result of their 
increased surface area. Polymeric materials can be made 
conductive by adding nanoparticles that interact with their 
conjugated bonds. Polymer conductivity  can be improved 
by many orders of magnitude by adding conducting 
nanofillers at the correct concentration. The incorporation 
of nanofillers improves the electrical characteristics of 
the polymer matrix by introducing layers of conductive 
nanofillers into the matrix. The most critical aspect for 
improving the electrical performance of nanocomposites 
is the creation of an interface between the polymeric 
chains and the nanofillers. The thermal characteristics 
of polymer nanocomposites can also be improved 
through the addition of inorganic/organic nanofillers.1 
Multifunctional polymer nanocomposites may be prepared 
using graphene oxide (GO) with a two-dimensional 
structure. The exceptional electrochemical characteristics 
of GO nanoparticles are widely acknowledged. The 
conductivity of polymer nanocomposites may be improved 
by adding GO nanofillers to the insulating polymeric 
matrix. Supercapacitors and solar cells are just a few of 
the many applications of graphene-related materials that 
are currently under development. Polystyrene (PS) also 
has a high degree of thermal stability compared to other 
polymers. As an alternative to polystyrene, polymethyl 
methacrylate (PMMA) is an excellent choice. Styrene-
based materials have unique properties due to their 
molecular structure, including long-term durability, 
excellent performance, and design flexibility.

In this study, we examined how crystallinity and 
activation energy affect the thermal conductivity of PS/
GO and PMMA/GO polymer nanocomposites. Pure 
PMMA, PS, and a nanocomposite blend of PMMA-PS 
containing 1 wt.% GO were investigated. The amphiphilic 
character of polar polymers like PMMA and PS helps in 
the dispersion of GO nanofillers in the matrix. Despite 
this, the creation of large aggregates makes it challenging 
to disperse GO in polymer matrices; surface alteration is 
a systematic approach used to prevent this issue. Adding 
an ionic liquid to the surface may promote dispersion 
and compatibility with the matrix; it is possible to create 
miscible or immiscible polymer blends with chemical 
components and composites that vary in shape by taking 
advantage of this phase behavior.3 The phase behavior of 
a polymeric material may be determined using  its glass 

transition temperature (Tg); when the polymer structure 
reaches this temperature, it becomes rigid, brittle, 
and glassy, but beyond this threshold, it stays soft and 
viscous. The Tg of a polymeric material determines both 
its production temperature and its end-use qualities, and 
it may be used it to explore thermodynamic parameters 
such as specific heat capacity (SHC), glass transition 
temperature (Tg), and other kinetic features. It is possible 
to determine the melting and transition points of polymers 
using differential scanning calorimetry (DSC) thermal 
analysis.1–3 Glass transition temperatures and DSC tests 
show a decrease in the projected melting point (Tm), which 
is dependent on the molecular weight of the polymer, 
suggesting likely polymer breakdown. In other words, 
poorer-quality polymers are more prone to melt at lower 
temperatures than higher-quality polymers. This parameter 
may also be used to determine the quantity of a particular 
polymer or nanofillers in a solution.4 When a new solvent 
is introduced into a polymer mix, a phenomenon known 
as crystallization occurs.5 Mixing requires negative Gibbs 
free energy, which may be expressed as interaction energy, 
combinatorial entropy, and compressibility. For a miscible 
polymer mix to be stable, its second derivative must be 
positive.

DSC uses a high-tech instrument designed to detect 
energy directly, and to accurately estimate heat capacity; 
heat flow differences between samples and the reference 
can be measured using DSC, which can then determine how 
much heat has been taken up or evacuated. This method 
is based on the idea that when a sample is subjected to 
a physical change like a phase transition and must retain 
the same temperature, more or less heat must flow than 
in the reference. Regardless of whether the method is 
successful endothermically or exothermically, the kind 
of process determines the amount of heat that needs to 
flow to the sample. When heated using DSC, polymer 
structures become rubbery or viscous at the Tg, which is 
the point when the polymer structure becomes elastic; 
cooling amorphous polymers to this temperature results 
in the transformation of their glassy characteristics into 
those of a more brittle, stiff, and rigid nature, and these 
polymers can be identified at this temperature.6 The 
chemical composition of the polymer and the mobility of 
the polymeric chains determine the temperature range for 
most synthetic polymers; amorphous polymers are distinct 
from crystallized polymers. Amorphous polymers have Tg, 
whereas crystalline polymers have Tg and Tm; Tg is visible 
in both polymers. For breaking to occur, a polymer must 
undergo a phase transition from a glassy to a rubbery 
state.7 DSC and differential thermal analysis (DTA) may be 
employed to assess various materials, including amorphous 
and semicrystalline varieties. Exothermic and endothermic 
transition peaks are provided by thermal analysis techniques 
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used by DSC and DTA, which help detect phase shifts and 
thermal changes. An amorphous solid glass transition 
peak is seen when the material’s temperature has risen to a 
certain level. Polymeric materials’ phase behavior may be 
determined by measuring their glass transition temperature 
(Tg). Above this temperature, polymeric materials are soft 
and fluid; below it, they are complex, brittle, and glassy.3,8 
This study employs two amorphous polymers, PMMA and 
PS. However, the study of the many processes of blends and 
layered structures is still in its infancy. Polymer–polymer 
interfaces in pure and mixed samples were thus of particular 
interest.4,5 According to the polymer science literature, 
many scientists have focused on measurement of the 
glass transition temperature, phase morphology, thermal 
characteristics, and mechanical capabilities of polymeric 
blends, in addition to other features.9,10 Knowledge of 
their thermal properties is essential to achieving a cost-
effective and energy-efficient mix in activity involving 
semiconductor chips, laser applications, and other high-
energy devices. Because interactions between polymeric 
phases are energetically unfavorable, this system contains 
multiple steps and interphases. The properties of polymer 
blends are closely associated with their morphology and 
phase separation. Polymer scientists are increasingly 
interested in studying the glass transition temperature and 
morphological analyses, thermal properties, and mechanical 
properties.11,12

Theory

Many approaches have been devised to analyze the 
crystallization process, which consists of two main 
events: nucleation and growth. Most approaches use 
the Kolmogorov–Johnson–Mehl–Avrami (KJMA) 
transformation rate equation.13,14 This equation is obtained 
through isothermal tests and it is written as

where α is the Avrami exponent (also known as growth 
exponent), and K is the rate constant in the form of Arrhenius 
temperature at a particular time t. The regular rate, K(T), is 
calculated as follows:

The energy needed to start an exponential process is 
known as the activation energy (E), while the universal gas 
constant R is a constant that applies to all gases.

The KJMA rate equation, based on many fundamental 
assumptions, seems valid for reactions related to linear 

(1)
d�

dt
= nK(1 − �)[− ln (1 − �)](1−n)∕n

(2)K(T) = k0exp
(

−E

RT

)

growth under varying conditions.15 Estimating the activation 
energy (E) is not the only metric required to comprehend the 
whole scenario of crystallization kinetics; microstructural 
data obtained throughout the transformation is also crucial. 
In this context, isokinetic and isoconversional approaches 
may help with crystallization kinetics.

Experimental Setup

Synthesis of Nanocomposite Blend Membranes

In comparison to the polymer matrix phase, which was 
easily soluble, graphene oxide nanoparticles dissolved 
in the same or a different solution.16 Using the solution 
casting technique, the mixture of polymeric films made 
of PMMA and PS with nanofillers of graphene oxide was 
developed. All the composite blend films were dissolved 
in dichloromethane using a glass plate magnetic stirrer, 
and composites of PMMA/GO (1%), PS/GO (1%), and 
PMMA-PS composite with GO (1%) were prepared. Using 
a probe-sonicator, PS (80:20, 60:40, 50:50, 60:40, and 
20:80) was sonicated for 1 h and then stirred again for 24 h 
at room temperature.13,17

Characterization of Membrane Films

Differential Scanning Calorimetry (DSC) Analysis

Thermal analysis and determination of the pure and blended 
polymer glass transition temperature were carried out using 
a DSC-25 (TA Instruments, USA) system. The DSC analysis 
of the PMMA/GO (1%), PS/GO (1%), and composite blend 
of PMMA-PS/GO (1%) films made with various blending 
wt.% ratios is presented in this work.18 The DSC test depicts 
the miscibility behavior of polymer blends and composites 
by monitoring the glass transition temperature for all 
blend ratios utilized for PMMA/PS (80:20, 60:40, 50:50, 
60:40, and 20:80) with 1% graphene oxide. Amorphous 
components in the composite significantly affect the Tg of 
the semicrystalline domains in the composite, according 
to the findings of this study. Here, we scanned film with 
different heating rates of 5°C/min, 10°C/min, and 20°C/
min with an accuracy of ± 1°C. The sample was heated to 
160°C at 5°C/min for the first scan and then cooled to 40°C 
for the second scan, which was used to clear the last scan’s 
thermal history, and the same experiment was performed 
with heating rates of 10°C/min and 20°C/min. Heat flow 
from 50°C to 160°C at  heating rates of 5°C/min, 10°C/
min, and 20°C/min in a nitrogen environment was used to 
analyze the samples. Glass transition temperatures and heat 
capacities were calculated using TRIOS software. During 
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the DSC experiments, polymer film samples weighing 
2.5 mg and 3.8 mg (PS/GO and PMMA/GO, and composite 
blends of PS-PMMA/GO) in weight percent ratios of 80:20, 
60:40, 50:50 and 40:60, 20:80 were utilized. The samples 
were tested at least three or four times, each time with a 
different heating rate.

Thermogravimetric Analysis (TGA)

The thermal weight changes were calculated using a TGA-
55 (TA Instruments, Dayalbugh, Agra, India). The term 
“thermal analysis” generally refers to any test that measures 
the resulting chemical, physical, and structural changes in a 
material due to heating or cooling. In theory, the temperature 
is a universal state variable influencing various physical 
and chemical processes.18 Thermal analysis, in its broadest 
sense, refers to any method used in science or technology to 
characterize a material by changing another variable, usually 
temperature.

Fourier Transform Infrared (FTIR) Studies

To obtain the FTIR spectroscopic data, a Bruker ALPHA 
II small FTIR spectrometer was used, using a per-
sonal computer (PC) and software provided by GIRDA 
(Vadodara, India). The FTIR spectra were obtained 

at room temperature across the wavenumber range of 
4200–500 cm−1.7,10

Results and Discussion

PMMA/GO, PS/GO, and PMMA-PS/GO nanocomposite 
blends were synthesized by the solution casting method. 
The DSC thermograms showed the Tg values of all 
nanocomposite blends with different heating rates. Here, 
the value of glass transition for the PMMA/GO composite 
is 98.98°C at a heating rate of 5°C /min, and for 10°C/
min and 20°C/min, the values are 99.19°C and 100.72°C, 
respectively. The Tg value for the composite of PS/GO 
is 92.81°C for 5°C/min, 93.57°C for 10°C/min, and 
95.57°C for 20°C/min. For the nanocomposite blend of 
PS50-PMMA50 with graphene oxide, the glass transition 
value is 91.89°C for 5°C/min, 95.34°C for 10°C/min, and 
96.16°C for 20°C/min. According to these observations, 
all of the PS/PMMA (80:20), PS/PMMA (50:50), and PS/
PMMA (40:60) blends are miscible while in equilibrium. 
These results are shown in Figs. 1, 2, and 3.19 Because of the 
addition of graphene oxide, blended nanocomposite polymer 
membranes have a higher glass transition than pure and 
blended polymer membranes. These phenomena happened 
because of a decrease in fractional free volume.

Fig. 1   DSC thermogram of nanocomposite of PMMA/GO polymer membrane.
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Fig. 2   DSC thermogram of nanocomposite of PS/GO polymer membrane.

Fig. 3   DSC thermogram of nanocomposite blend of PS-PMMA/GO polymer membrane.
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Figures 1, 2, and 3 show the wt.% (weight percentage) 
values for pure polymer and the different weight ratios of 
polymer blends of PS/PMMA composite with graphene 
oxide. Furthermore, DSC was conducted to examine the 
impact of PMMA in PMMA/PS blends with various con-
centrations on the Tg value.19,20 Figures 2 and 3 show the Tg 
values of pure PS and PMMA polymer with different heating 
rates, and the graphs indicate that when the heating rate was 
increased from 5°C/min to 20°C/min, the glass transition 
temperature also increased according to the heating rate. The 
Tg values of the PS/PMMA-GO composite blend   are shown 
in Fig. 3. It can be seen that the Tg changed with the change 
in the wt.% ratios of miscible polymer blends,  because of 
the miscible bonding between PS and PMMA polymer.14 
Here, graphene oxide plays a significant role in  the compos-
ite and pure polymers with graphene oxide, where the glass 
transition increased compared to the pure polymer and PS 
and PMMA polymer blends,18 due to the functional groups 
in graphene, including the epoxide, carboxyl, and hydroxyl 
groups.

The values of Tg were obtained from the DSC thermogram 
using TRIOS software and are presented in Table I. For 
the nanocomposite blend thin film with a PMMA50-PS50 /
GO ratio, the experimental value of Tg is around 95.34°C. 
Hence, these results confirm the observed behavior of the 
heterogeneous polymeric systems.21–25

Isoconversional Methods

Activation energy values obtained by isoconversional 
techniques are accurate. These techniques may be broken 
down into two groups: differential and integral. The 
fundamental kinetic equation serves as the foundation for 
all isoconversional methods.1,2

(3)
d�

dt
= K(T)f (�)

Here K(T) is the rate constant from Eq. 2, and f (�) is the 
KJMA-formalized model of the reaction (Eq. 1). Integral 
expressions for Eq. 3 are as follows:

Due to the unavailability of the exact solution of 
the temperature integral in the above Eq.  4, several 
approximations have been made, which resulted in 
different methods. The most commonly used methods 
have been discussed in this paper to calculate the kinetic 
parameters.3,4

Approaches to Isoconversion Based on Linear 
Integrals

Ozawa–Flynn–Wall (OFW) Method

To simplify the temperature integral in Eq. 4, Ozawa, 
Flynn, and Wall employed an estimate proposed by Doyle 
in their technique. The expression denotes the OFW 
technique:

The slope of ln(β) versus 1/Tα yields −1.0516 E�

R
 , which 

may be used to compute the activation energy. The same 
may be said for T = Tp (Ozawa method).

In Fig.  4 we can find the activation energy using 
the OFW plot. The activation energy of pure PS/GO 
is 157.88 E/kJ  mol−1 and for PMMA/GO is 485.53 E/
kJ mol−1.26,27 When we increased the wt.% of PMMA in 
the PMMA-PS/GO nanocomposite blends, the activation 
energy increased higher than that of PS but not above the 
activation energy of PMMA. This is because of the misci-
ble and glassy behavior of both polymers and the presence 

(4)g(�) =

�

∫
0

[

f (�)
]−1

d� =
k0

�

T

∫
0

exp
(

−E

RT

)

dT

(5)ln � = −1.0516
E�

RT�
+ const.

Table I   Comparison of Tg values of nanocomposite blend membranes from the DSC experimental results

Variation in 
temp. RAMP 
rate

Pure PS Pure PMMA PS + 1% GO PMMA + 1% 
GO

PMMA80/
PS20 + 1% 
GO

PMMA60/
PS40 + 1% 
GO

PMMA50/
PS50 + 1% 
GO

PMMA60/
PS40 + 1% 
GO

PMMA20 /
PS80 + 1% 
GO

Tg (°C) Ramp 
rate of 5°C/
min

90.23 97.17 92.81 98.98 98.5 96.75 91.89 94.25 94.52

Tg (°C) Ramp 
rate of 10°C/
min

90.77 97.22 93.57 99.19 98.8 97.59 95.34 95.45 94.96

Tg (°C) Ramp 
rate of 15°C/
min

90.70 97.6 95.57 100.72 100.96 100.89 96.16 95.82 95.12
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of graphene oxide. In comparison to pure polymers and 
polymer blends, the activation energy increases when gra-
phene oxide is added.

Kissinger–Akahira–Sunose (KAS) Method

Because the precise solution of the temperature integral 
in Eq. 4 is not available, Coats and Redfern5 provided an 
estimate in their paper that employed the KAS technique. 
This approach yields the following expression:

The E values are determined by the slope of the plot 
ln(β/T2) versus 1/T for constant conversion. The following 
are some of the KAS method’s exceptional cases:

Kissinger Method

This method19 implies that the degree of conversion (α) is 
constant at the peak temperature (Tp) when the reaction rate 
is most important. The Kissinger formula is as follows:

As shown in Fig. 5, the activation energy was calculated on 
the Kissinger–Akahira–Sunose (KAS) plot for PMMA/GO, 
which was is found to be 479.46 E/kJ mol−1, and for pure 
PS it was 151.73 E/kJ mol−1. The activation energy values 
increased as we increased the PMMA weight percentage in the 

(6)ln

(

�

T2

)

= −
E

RT
+ ln

(

k0R

Eg(�)

)

(7)ln

(

�

T2
P

)

= −
E

RTP
+ ln

(

k0R

E

)

PMMA-PS/GO nanocomposites. Moreover, from this plot, we 
can also observe that as we go from PS/GO to PMMA/GO, the 
value of the intercept slope also increases; for PS/GO its value 
is 18.25, and for PMMA/GO it is 57.67.28–30 Here, because 
of its composite with GO, the activation energy drastically 
increased compared to pure and polymer blends. This graph 
shows that OFW and KAS results are near one another, but 
Friedman’s points are much more dispersed.

Boswell Method

As suggested by Boswell,6,7 the following equation may be 
used to determine the activation energy at the peak temperature 
(Tp):

From the plot of Fig. 6 of Boswell for the membranes, 
we calculated the activation energy for PS/GO, PMMA/GO, 
and blended composite of PMMA50-PS50/GO. The value of 
activation energy (AE) is 155.47 E/kJ mol−1  for PS/GO, and 
the slope is 18.7. For PMMA/GO, the AE value is 347.27 E/
kJ mol−1, and the slope is 57.4. For PMMA50-PS50/GO, the AE 
value is 260.24 E/kJ mol−1, and the slope is 30.5.31

Augis and Bennett’s Method

Augis and Bennett32 indicated that this approach might be used 
for heterogeneous processes given by the Avrami expression 
in Eq. 7 as an extension of the Kissinger method. The onset 
temperature of crystallization (T0) is combined with the peak 
crystallization temperature in this approach, yielding correct 
E values from the following equation:

(8)ln

(

�

TP

)

= −
E

RTP
+ const.

Fig. 4   Ozawa–Flynn–Wall (OFW) plot of nanocomposite blends of 
PMMA-PS/GO.

Fig. 5   Kissinger–Akahira–Sunose (KAS) plot of nanocomposite 
blends of PMMA-PS/GO.
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Here, in Fig.  7 the activation energy was calculated 
from Augis and Bennett’s plot for pure PMMA/GO, which 
showed a value of 485.62 E/kJ mol−1,  and for pure PS/GO 
it is 152.31 E/kJ mol−1. Increasing the weight percentage of 
PMMA in the PMMA-PS/GO blends improved the activa-
tion energy value.33 Moreover, from this plot, we can also 
observe that as we go from PS/GO to PMMA/GO, the value 
of the intercept slope also increases for PS/GO; its value is 
18.3, and for PMMA/GO it is 58.4.

Table  II presents the activation energy of the 
nanocomposite blends of PS-PMMA/GO calculated 
from isoconversional method plots. The non-isothermal 
crystallization kinetics of the present glassy polymer 
may thus be studied using Augis and Bennett’s method. 
The kinetics of crystallization were examined using 
both isokinetic and isoconversional approaches. The 
isoconversion method may be used to calculate the 
activation energy and the pre-exponential factor (k0), 
because it does not use any mathematical approximation to 
simplify the temperature integral in Eq. 4. This approach 
of linear differential isoconversion is believed to yield 
accurate estimates of the activation energy. As a result, 
no assumptions about the reaction model are required.16,34 
This indicates that the approach is unaffected by the reaction 
model. The example that follows shows a particular situation 
of the Friedman method where the activation energy could 
be calculated:

TGA​

TGA of polymer thermal decomposition has often been 
used to determine the kinetic parameters, including activa-
tion energy. TGA thermograms showing weight loss versus 
temperature are shown in Fig. 8 for different nanocomposite 

(9)

(10)ln

(

�
d�

dTp

)

= −
E

RTp
+ const.

Fig. 6   Boswell plot of PS/GO, PMMA/GO, and nanocomposite 
blends of PMMA-PS/GO polymer membranes.

Fig. 7   Augis and Bennett’s plot of PS/GO, PMMA/GO, and nano-
composite blends of PMMA-PS/GO polymer membranes.

Table II   Activation energy of nanocomposite blends of PMMA-PS/GO calculated from isoconversional method plots

Method PS + 1% GO PMMA + 1% GO PMMA80/
PS20 + 1% GO

PMMA60/
PS40 + 1% GO

PMMA50/
PS50 + 1% GO

PMMA60/
PS40 + 1% GO

PMMA20 /
PS80 + 1% 
GO

E/kJ mol−1

Ozawa 157.88 485.53 352.49 335.46 264.71 258.14 204.10
Kissinger 151.73 479.46 346.94 329.56 258.64 252.16 197.94
Boswell 155.47 477.77 347.27 330.06 260.24 253.99 200.94
Augis and Bennett 152.31 485.62 352.36 334.86 262.55 256.98 202.19

ln

(

�

TP − T0

)

= −
E

RTP
+ ln k0
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blends of PMMA-PS/GO with varied weight ratios of 
PMMA and PS, in addition to all the thermal curves of 
different samples observed at a heating rate of 5°C/min, 
between 50°C and 600°C. At temperatures between 80°C 
and 110°C, moisture evaporation causes the first weight loss 
in all samples; after reaching 130°C, the samples become 
unstable owing to evaporation of the solvent. All samples 
show the most significant weight loss at decomposition tem-
peratures (Td) between 340°C and 430°C.33,35 At the temper-
ature of 340°C, about 90% of the material is degraded. The 
process of weight loss and the evaporation of degradation 
products increases during this phase. When temperatures 
exceed 400°C, weight loss of roughly 6–7% occurs.

These observations could be related to the structural 
breakdown of the polymer mixtures. Figure 8 shows the 
TGA curves of the nanocomposite blend membrane films, 
which indicate that adding GO nanoparticles to the PMMA/
PS blend increases the material’s thermal stability. PMMA’s 
thermal degradation is primarily due to the breakdown of 
C–C bonds, which proceeds through the decomposition of 
head–head bonds, the breakage of vinyl groups at the poly-
mer’s ends, and the random breaking of polymeric chains. 
Two different phases of weight reduction for the nanocom-
posites are shown in the thermogram.36 Initial processing 
involves solvent removal and polymer end degradation. 
At this point, graphene oxide contributes to the polymer’s 
increased stability. The weight loss percentage is more sig-
nificant in the second stage, when the polymer chain is bro-
ken down. This is due to the impact of GO nanofillers. The 
heating has a good influence on thermal stability, as seen by 
the increase in char percentage. According to the findings, 
the amount of the inorganic component injected affects how 
much strength is increased. The addition of the inorganic 

component greatly decreases the thermal breakdown of 
PMMA polymer.

The PMMA/PS blend had a much greater weight loss 
ratio overall relative to the performance of comparable nano-
composites. Based on the data in Table III, it was determined 
that the polymer chains and inorganic particles affect the 
nature of material; thus, PMMA and PS polymer matrix 
breakdown caused by heat was decreased.37 The results 
show that the Td of pure PMMA and PS polymers has shifted 
towards higher values due to the increasing weight percent-
age of PMMA and the addition of graphene oxide nanopar-
ticles to the polymer matrix, compared with pure PMMA, 
PS, and PMMA-PS blend. There is significant weight loss 
in stages 1 and 2 for the [PMMA80/PS20] 1% GO samples, 
because of the higher weight percentage of PMMA polymer 
compared to PS polymer, and due to more C–C bonds break-
ing; therefore, more fractional free volume is created. An 
important peak in the DTG curve occurs around 414.7°C. 
The DTG curve rapidly increases in temperature to a peak 
at 383.1°C. This is the link in the chain where the break-
ing apart of polymers into monomers and smaller building 
blocks such as dimers, trimers, tetramers, and pentamers 
occurs.35

Fig. 8   (a) Thermogravimetric analysis (TGA). (b) Curves of differential thermal analysis (DTA) of various nanocomposite blends of PMMA-PS/
GO (1%).

Table III   The decomposition temperatures of nanocomposite blends 
of PMMA-PS/GO at different weight loss percentages

Nanocomposite Stage 1 (%) Stage 2 (%) Tmax (°C)

[PMMA20/PS80] 1% GO 4.70 92.30 414.7
[PMMA40/PS60] 1% GO 4.55 97.01 417.6
[PMMA50/PS50] 1% GO 4.60 98.60 417.0
[PMMA60/PS40] 1% GO 8.62 93.45 408.2
[PMMA80/PS20] 1% GO 38.40 105.55 383.1
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FTIR Analysis

Figure  9 shows that FTIR spectroscopy is an excellent 
approach for identifying the chemical interactions between 
filler functional groups and the polymer carbonyl group. 
Each individual polymer will not recognize a mix of two 
incompatible polymers in infrared spectrum terms. However, 
if the polymers are compatible, the infrared spectra of the 
blend and those of the individual components should vary 
significantly.38

Chemical interactions produce band shifts and broaden-
ing, explaining these differences. FTIR spectroscopy was 
used in this work to further understand the chemical interac-
tions between GO nanoparticles and the PS and PMMA pol-
ymer matrix. In Fig. 9, the FTIR spectrum shows the char-
acteristics of blends of nanocomposite PS/GO and PMMA/
GO. The spectrum indicates the development of additional 
peaks at 1730, 1735, and 1732 cm−1 for C=O stretching. 
Peaks are seen at 1444 cm−1, 1445 cm−1, and 1453 cm−1 for 
C–H bending, and 1142 cm−1, 1143 cm−1, and 1148 cm−1 
for C–O stretching, all of which support the synthesis of 
PMMA/GO. A broad band can be seen between 2927 cm−1 
and 2922 cm−1 in the spectrum of pure PS. In the spectrum 
of the composite of graphene and polystyrene, the reactive 

graphene components collide with the polystyrene’s surface, 
leading to the development of a graphene-based functional 
group on the surface.33,35 Polymer etching occurs when 
atomic graphene interacts with the surface carbon atom to 
produce volatile reaction products. In contrast, the creation 
of graphene oxide functional groups at the polymer surface 
occurs when plasma-activated species interact with the sur-
face carbon atoms.35

Due to the presence of GO hydroxyl groups, O–H 
bond tension vibration at 3437  cm−1 and 3443  cm−1 is 
accompanied by a C–OH band at 1445 cm−1 and 1453 cm−1 
in the case of PS/GO and PMMA/GO. The graphene ring’s 
polycyclic aromatic double bonds have a distinctive tension 
band of C=C at 2364 cm−1, 2378 cm−1, and 2369 cm−1. 
The epoxy C–O–C band is seen at 1145 cm−1 in the case of 
PS/GO. Because of hydrogen bond interactions, the C=O 
band is shifted at a lower frequency, causing it to overlap 
with the C=C band. Furthermore, carbonyl groups are 
concentrated around the sheet, reducing the strength of 
the band. The stretching vibrations of C–O in PMMA/GO 
were also indicated by the absorption peak at 695 cm−1. 
These findings showed that the hydrophilicity group in PS/
GO molecules was rather high. PMMA can be observed 
in the black line of the FTIR spectra, which shows that 
the monomer PMMA polymerization in this polymer mix 
system results in the formation of PMMA at 1732 cm−1, 
1453 cm−1, and 1148 cm−1. A sequential interpenetrating 
mix effectively created the blend of PS/PMMA, and 
composite with GO interpenetrating polymer networks.39 
The band of PMMA/GO at 2932  cm−1 and the band of 
PS/GO at 2927 cm−1 has shifted at 2922 cm−1 in the case 
of PS50-PMMA50/GO. All data with correlated bonds are 
presented in Table IV. Hydrogen bonding between PS/GO 
and PMMA/GO molecules may be used to explain possible 
microstructural alterations in blends of PS-PMMA/GO. 
Here, stable chemical bonding between a blended composite 
of PS-PMMA/GO nanoparticles may be expected based on 
the modifications mentioned above.40

XRD Analysis

XRD (Rigaku SmartLab) was recorded with CuKα radiation 
at 80 keV and a wavelength of 1.5406 Å. XRD patterns of Fig. 9   FTIR spectra of nanocomposites of PS-PMMA/GO.

Table IV   The shifts in the wavenumber FTIR spectra of polymer nanocomposite blends of PS-PMMA/GO

Sample O–H 
stretching 
(cm−1)

C–H 
stretching 
(cm−1)

C=C 
stretching 
(cm−1)

C=O 
stretching 
(cm−1)

C–H 
bending 
(cm−1)

C–OH 
bending 
(cm−1)

C–O 
stretching 
(cm−1)

C–O 
bending 
(cm−1)

PS/GO 3462.32 2986.20 2206.08 2024.32 1305.63 1480.56 1160.23 942.32
PMMA/GO 3586.45 2941.80 2245.56 1724.39 1383.38 1441.64 1139.28 976.29
PS50-PMMA50/GO 3514.22 2959.36 2224.45 1703.01 1342.32 1445.13 1147.37 961.26
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pure PS, pure PMMA, and PS/GO and PMMA/GO blended 
composite membranes are presented in Fig.  10. Sharp 
peaks of the graphene oxide are observed, which indicates 
the crystalline nature of the product. There are structural 
changes in polymer nanocomposites when GO nanoparticles 
are included. In polymer nanocomposites, including nano-
particles, the XRD pattern has sharp and diffuse peaks.39,40

All the blend composites show a broad and diffuse 
peak, which indicates the amorphous nature of the blends. 
XRD analyses confirm the crystalline phase transition of 
GO. XRD patterns  of crystallized PS/GO and PMMA/GO 
composites from a series of composite solvents are shown 
in Fig. 10. The PMMA/GO diffractogram (Fig. 10) shows 
the characteristic scattering peak at an angle of 13.22°, 
which corresponds to the superposition of (1 0 0) and (2 0 
0) reflections for the β phase of graphene oxide. At around 
10°, the scattering from the –COOH groups in the graphite-
like GO sheets causes this peak, which is usually seen at 
this distance. When graphene oxide is not disseminated in 
an aqueous solution, the XRD spectrum shows additional 
peaks between 10 and 45° that are typical of graphene oxide. 
This suggests that between two and ten overlapping GO 
layers may be present. As the graphene oxide is dispersed, 
the sheets separate, and the GO has reshaped, thus this no 
longer matters for making the scaffolds. In addition, the 
miscibility of the polymer blends has been determined by 
the XRD scans of the polymer blends.38 There are separate 
crystal regions in the blended films of two polymers with 
limited compatibility, showing x-ray plots of the samples as 
a simple composite of properties for each polymer.

Figure 10 shows two broad peaks of PMMA/GO and pure 
PMMA at angles of 13.22° and 13.32°, showing that PMMA 
is amorphous in nature. In the first half, the side group size 

corresponds to an approximately hexagonal arrangement of 
the molecular chains. According to van der Waals distances, 
the second amorphous halo may be found. The relative x-ray 
peak intensities allow us to evaluate the volume percent-
age of the graphene oxide phase generated in the samples, 
which has then been reported in Table V. Table V shows 
the 2θ and d spacing lattice characteristics for all samples. 
The lattice parameters observed for pure PS and pure PS/
GO are 2θ (PS) = 20.83° and 2θ (PS/GO) = 13.06°, and d 
spacing (PS) = 8.31 Å and d spacing (PS/GO) = 7.64 Å. As 
the concentration of GO in the sample increases, we see a 
little shift of the diffraction peaks towards higher angles. 
This indicates that the lattice parameters of the composite 
samples are somewhat less than those of the pure polymer 
(Table V). The intensity and height of the two peaks changed 
as the PS level in the atmosphere increased.39 Using this 
information, we may conclude that the mixes were miscible. 
XRD results are compatible with FTIR and DSC results. 
Our results show that the amount of carbon composite in 
GO samples is negligible compared to other carbon sources. 
Our analysis of the XRD patterns confirms that the crystal-
lite size and crystallinity of the materials are decreased due 
to polymer composite with GO, as the full width at half 
maximum (FWHM) increases with the increasing composite 
concentration of GO in the pure polymer samples. These 
materials showed an amorphous nature since no clear dif-
fraction peak could be seen in the 2θ angle range. All results 
of XRD patterns confirmed that PMMA/GO and PS/GO 
were amorphous polymers, which means PMMA and PS 
have an amorphous nature.39,40

Conclusion

The thermal and optical properties of graphene oxide dis-
persion in pure PS, pure PMMA, and blends of PS/PMMA 
were investigated, where Tg was decreased as expected by 
increasing the graphene oxide content compared to pure 

Fig. 10   XRD patterns of pure PMMA, pure PS, and PMMA/GO and 
PS/GO nanocomposite polymer membranes.

Table V   XRD data for pure PS, pure PMMA, and PS/GO and 
PMMA/GO nanocomposites

Sample name 2θ (°) d Spacing 
(Å)

FWHM [°θ] Particle size 
(nm)

PMMA/GO 13.22456 6.8441 2.079 40.1649
26.26779 3.38998 20.3309 4.1908

Pure PMMA 13.32438 6.84419 0.9137 91.3936
26.50015 3.36078 0.4074 209.26

PS/GO 13.06409 7.64604 2.7207 30.6529
26.47055 3.36447 0.4201 202.8941

Pure PS 20.83103 8.31492 7.7933 10.6927
27.17125 3.32736 10.2407 8.3286
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PS, pure PMMA, and PS/PMMA blends of polymers. In 
the FTIR spectra of the two polymers and their mixtures, 
several kinds of bands were assigned. Because the blends 
were amorphous, XRD results revealed a wide and diffuse 
peak. When the PS concentration was increased, the glass 
transition temperature for each blend decreased. These 
data imply that this blend system is only miscible.9,11,33 
The slight change in the location of the edge toward the 
higher-frequency side of the spectrum indicates the blend’s 
miscibility. Because of this research, the range of possi-
ble applications for graphene-based nanocomposites may 
be significantly expanded by chemically modifying the 
graphene oxide polymer interface to increase and control 
their physical characteristics. A single Tg peak of graphene 
oxide at a higher temperature, as compared to that of PS 
or PMMA and blends of polymers, was found for the PS/
PMMA blend structure because it facilitates a miscible 
blend with limited free volume availability owing to the 
voids in the parent polymer matrix, such as PS or PMMA. 
Higher glass transition temperatures are necessary to acti-
vate the polymeric blends, which requires more energy. 
DSC showed that PMMA and PS were completely misci-
ble in the case of polymer blend samples. PMMA and PS 
blends were found to be highly miscible.14,20,22 Theoreti-
cally, Kissinger's and Augis and Bennett’s equations are 
based on two different approaches. Augis and Bennett’s 
method for estimating activation energy is highly depend-
ent on thermal characteristics.

Thus, the apparent activation energy calculated from 
this connection must be considered. The first peak of the 
crystallization process was studied using all four model-
dependent and model-free isokinetic and isoconversional 
methodologies in the system that was selected at this time. 
Crystallization is a phase transition from an amorphous 
to a crystallized state, but it is possible that this principle 
may be used for glass-to-amorphous transformations as 
well. Originally, Augis and Bennett’s technique was used 
to determine the highest possible temperatures for crystal-
lization to occur. For the glass transition process, the Tg is 
derived by summing up the beginning and the endpoints 
of the endothermic shift in the baseline. It is important to 
note that activation energy values obtained using different 
isoconversional approaches and particular isoconversional 
techniques such as Ozawa, Kissinger, Boswell, and Augis 
and Bennett are very similar to one another. The findings 
from polymer nanocomposites support the idea that the 
rigid amorphous fraction (RAF) cannot devitrify unless 
the cause of its limited mobility is removed. To release 
the RAF in semicrystalline polymers, inflexible crystals 
must be broken down. TGA data show that GO nanofill-
ers improve the thermal properties of PS and PMMA 
polymers.
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