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Nanocomposites of polyethylene oxide (PEO) and polyvinylidene fluoride (PVDF) without and with low content of single and
multiwalled carbon nanotubes (SWCNTs-MWCNTs) were prepared and studied by thermogravimetric analysis (TGA) using
different heating rate. TGA results indicate that the thermal stability of neat PEO/PVDF blend was improved with both heating
rate and incorporation of carbon nanotubes (CNTs). The degradation temperature for neat blend was lower than those of the
nanocomposites after adding both SWCNTs and MWCNTs. As increase of heating rate, the onset of decomposition is irregularly
moved to higher temperatures. This indicates that the thermal stability of the polymeric matrices has been improved after
addition of CNTs. The residual weight of the samples left increased steadily with adding of both SWCNTs and MWCNTs. Kinetic
thermodynamic parameters such as activation energy, enthalpy, entropy, and Gibbs free energy are evaluated from TGA data using
Coats-Redfern model. The values of all parameters irregularly decrease with increasing of heating rate due to increasing of heating
rate temperature, the random scission of macromolecule chain in the polymeric matrices predominates and the activation energy
has a lower value.

1. Introduction

Since the discovery of carbon nanotubes (CNTs) in 1991
by Iijima [1], they have been looked at by a wide range
of researchers [2, 3]. Polymer and/or polymer blend incor-
porated with CNTs have intensive interest because of their
unique and valuable thermal and other properties compared
with pure polymers [4–6]. One of advantages of CNTs is a
reinforcement filler to induce a better adhesion with poly-
meric matrix, which is an important factor to enhancement
of the nanocomposite properties [7]. The properties of these
nanocomposites depend on several factors with the addition
of CNTs to the polymer like synthetic and purification
process, amount and type of CNTs impurities, diameter,
length, and ratio of nanotube in the composites [8, 9]. The
addition of a small amount (≤0.5 wt%) of CNTs strongly
improves the properties of pure polymer [10–12].

The CNTs have attracted much attention to apply for
hydrogen storage, chemical sensors, and nanoelectronic

devices. They are used as extremely strong nanoreinforce-
ments for composites, which possess extraordinarily high
strength with low weight and moderate electrostatic dis-
charge properties [13]. Single walled carbon nanotubes
(SWCNTs) consist of a single graphene sheet wrapped into
cylindrical tubes with diameters around 2 nm with some
micrometers length. Multiwalled carbon nanotubes (MWC-
NTs) consist of sets of SWCNTs having larger diameters [14–
16].

Thermogravimetric analysis (TGA) is a process in which
substance is decomposed in the presence of increase of
temperature which causes breakage in the bonds within the
molecules.The sampleweight decreases slowly as the reaction
begins, then decreases rapidly over a comparatively narrow
temperature range, and finally levels off as the reactants
become spent. The shape of TGA curve depends primarily
upon the kinetics parameters. The estimated values of the
kinetic parameters are very important in study of the thermal
stability of the substances [17]. In the thermal techniques,
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the study of individual polymer and how its thermal prop-
erties are is affected by dispersion of CNTs in polymeric
matrices [18].

CNTs as filler incorporated polymer or polymer blend
nanocomposites are excellent candidates for traditional ther-
mal material owing to their good thermal stability, flexible
processability, low weight, and excellent physical perfor-
mance, which are in focus in the electronic and indus-
try applications. CNT incorporation has previously been
reported to improve the thermal and electrical properties of
a range of polymers. Some researchers proposed thermal and
electrical property improvements as a function of CNT type,
degree of dispersion, and loading ratio [19, 20].

This work reports the synthesis and investigation of
PEO/PVDF nanocomposite films doped with low content
of single and multiwalled carbon nanotubes using a simple
method and studies the effect of different heating rate and
kinetic parameters to achieve a dramatic enhancement in
thermal properties.

2. Experimental and Theoretical Details

2.1. Experimental. Polyethylene oxide (PEO) has the fol-
lowing specifications: molecular weight ≈ 900,000, linear
formula is (-CH

2
CH
2
O-)n, melting temperature = 65∘C, and

density is 1.21 g/mL. Polyvinylidene fluoride (PVDF) has the
following specifications: molecular weight ≈ 180,000, linear
formula is (-CH

2
CF
2
-)n, melting temperature = 165∘C, and

density is 1.78 g/mL at 25∘C.The two polymers were obtained
from Sigma-Aldrich Company, USA. Both of single and
multiwalled carbon nanotubes (SWCNTs-MWCNTs) with
COOH functional groups (NTX10) were obtained fromNan-
othinx, Greece. CNTs-COOH has diameter 0.8–1.4, length ≥
5 𝜇m, and purity 85%.

Polyethylene oxide (PEO) and polyvinylidene fluoride
(PVDF) were dried in a vacuum oven at 50∘C before being
used to remove moisture content. 2 gm of PEO and 8 gm of
PVDF were dissolved in dimethyl sulfoxide (DMSO) as a sol-
vent with stirring at 60∘C about 6 h to obtain a good solution
of the polymer blend. The polymer solution was cooled
at room temperature about 3 h to remove any air bubbles
during stirring. 0.1 gm of both SWCNTs and MWCNTs was
added separately to 10mL of DMSO on a beaker. Then,
the beaker was immersed in ultrasonic(Eltrosonic Type 07)
to give a good suspension about 40min with 2min as
time interval. The PEO/PVDF nanocomposites containing
CNTs were prepared using casting method by the following
procedure: suspension solutions of SWCNTs and MWCNTs
were added dropwise to blend solution with continuous
stirring and under ultrasonic. After careful mixing blend
solution containing CNTs was prepared by casting method.
PEO/PVDF/CNTs films were obtained by peeling off from
glass Petri dishes and putting them in oven at 60∘C to evapo-
rate the solvent. The obtained films were, namely, pure PEO,
PVDF, PEO/PVF, PEO/PVDF/SWCNTs, and PEO/PVDF/
MWCNTs.

The thermogravimetric analysis (TGA) was used to char-
acterize the decomposition and thermal stability of prepared
samples by Perkin-Elmer TGA-7. The mass of the samples

amount (5.4–8.8mg) was recorded while temperature is
increased at a heating rate of 5, 10, 15, and 25∘C⋅min−1 and
the samples were heated from room temperature to 800∘C in
nitrogen atmosphere.

2.2. Theoretical Background. Generally in the reactions
kinetic, the thermal degradation of a solid polymer can be
shown as follows: Solid (𝑆) → solid (𝑆) + gas (𝐺), where 𝑆
is the starting solid material and 𝑆 and 𝐺 are the different
products during the disappearance of Solid (𝑆) [21].

The kinetics parameters of such reactions are described
by various models taking into account the special features of
their mechanisms. Usually the degree of decomposition (𝛼) is
used to study the reactions kinetic as [22]

𝛼 =
𝑚
𝑖
− 𝑚
𝑡

𝑚
𝑖
− 𝑚
𝑓

, (1)

where 𝑚
𝑖
, 𝑚
𝑓
, and 𝑚

𝑡
are the initial, final, and mass of the

sample at the time 𝑡, respectively.
In general, the kinetic equation has been proposed to

characterize and analyze thermogravimetric measurements
and curves [23–25]. Using the degree of decomposition, the
rate of reaction can be described as the product of two
separate functions of temperature and conversion by

𝑑𝛼

𝑑𝑡
= 𝑘𝑓 (𝛼) , (2)

where 𝑘 is the rate constant and 𝑓(𝛼) is the conversion
function dependent on the mechanism of decomposition.
It has been established that the rate constant 𝑘 is of the
Arrhenius equation as

𝑘 = 𝐴𝑒
−𝐸/𝑅𝑇

, (3)

where 𝐴 is the preexponential factor, 𝐸 is the activation
energy, 𝑅 is the gas constant, and 𝑇 is the absolute temper-
ature. Substituting (3) into (2), we get

𝑑𝛼

𝑑𝑡
= 𝐴𝑒
−𝐸/𝑅𝑇

𝑓 (𝛼) . (4)

If the temperature of a sample is changed at constant value of
the linear heating rate 𝜑(𝑑𝑇/𝑑𝑡), the variation of the degree
of conversion can be analyzed as a function of temperature,
which depends on the time of heating.Then the reaction rate
is

𝑑𝛼

𝑑𝑡
=
𝐴

𝜑
𝑒
(−𝐸/𝑅𝑇)

𝑓 (𝛼) . (5)

On integration and approximation of (5), this equation
can be rearranged in the following form:

𝑔 (𝛼) =
𝐴

𝜑
∫

𝑇

𝑇
𝑜

𝑒
(−𝐸/𝑅𝑇)

𝑑𝑇, (6)

where 𝑔(𝛼) is a function of 𝛼 dependent on the mechanism
of the reaction. The integral on the right-hand side is known
as temperature integral and has no closed form solution. By
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the Coats-Redfern approximation method, the logarithm of
the function 𝑔(𝛼) is

ln(
𝑔 (𝛼)

𝑇
2 ) = ln{𝐴𝑅

𝜑𝐸
(1− 2𝑅𝑇

𝐸
)}−

𝐸

𝑅𝑇
. (7)

The part ln(𝐴𝑅/𝜑𝐸)(1 − 2𝑅𝑇/𝐸) is reasonably constant for
most values of 𝐸 and in the temperature range over which
most reactions occur. However, both 𝐸 and 𝐴 vary with the
heating rate of temperature.

3. Results and Discussion

3.1.Thermogravimetric Analysis (TGA). Figures 1–3 illustrate
the thermogravimetric analysis (TGA) and derivative ther-
mogravimetry (DTG) curves results generated on samples
of neat PEO, PVDF, and PEO/PVDF blend and the blend
with SWCNTs and MWCNTs nanocomposites at heating
rates ranging between 5, 10, 15, and 25∘C⋅min−1 in nitrogen
atmosphere from room temperature to 800∘C.

Generally, it is seen that all curves are smooth weight-
loss curves. The decomposition behaviors at all values are
similar. In Figure 1, there are two steps of decomposition in
all samples. The first step is attributed to PEO decomposition
and the other step is attributed to PVDF decomposition.
The lower values of percentage of weight loss in the first
decomposition step for PEOwhich are nearly from 3.2 to 20%
may be due to splitting or volatilization of small molecule and
evaporation of moisture.The other decomposition regions in
TGAcurveswhich cover awider temperature range including
the decomposition of PVDF have a percentage of weight loss
from 33 to 70%. The difference in thermal decomposition
behavior of the investigated samples can be seen more clearly
from the derivative thermogravimetric (DTG) curves as
shown in Figure 2.

The derivative thermogravimetric curves show two tem-
perature broad peaks (𝑇

𝑝
) corresponding to the two degra-

dation regions. The values of these degradation temperatures
(onset of inflection) from Figure 1 in the first and the second
steps for the samples at heating rates are listed in Tables 1
and 2. It is observed that the degradation temperature for
neat blend was lower than those of the nanocomposites after
adding both SWCNTs and MWCNTs, and as the heating
rate is increased, the onset of decomposition is irregularly
moved to higher temperatures.This indicates that the thermal
stability of the polymeric matrices has been improved after
addition of CNTs. It is seen also that the residual weight of
the materials left increased steadily with the adding of both
SWCNTs and MWCNTs loading.

Moreover, the thermodynamics activation parameters of
the main decomposition process in the second degradation
region were evaluated by the Coats-Redfern equation [26, 27]
which is a typical integral method and can be represented in
the following form:

∫

𝛼

0

𝑑𝛼

(1 − 𝛼)𝑛
=
𝐴

𝜑
∫

𝑇2

𝑇1

𝑒
(−𝐸/𝑅𝑡)

𝑑𝑡. (8)

For convenience of integration the lower limit 𝑇
𝑜
is usually

taken as zero. This equation on integration gives

ln [− ln (1 − 𝛼)
𝑇
2 ] = −

𝐸
∗

𝑅𝑇
+ ln 𝐴𝑅

𝜑𝐸
∗
. (9)

A plot of ln[−ln(1 − 𝛼)/𝑇
2
] against 1/𝑇 according to

(9) (the figures are not here for sake of brevity) should give
a straight line whose slope is directly proportional to the
apparent activation energy (−𝐸∗/𝑅).

The value of apparent activation energy (𝐸∗) was calcu-
lated from the slope of the plot as 𝐸∗ = 2.303𝑅× slope.
The estimated values of activation energies of the samples
are decreased with increasing of heating rate and addition of
CNTs indicates that CNTs intensively affect the polymer.

The entropy of activation Δ𝑆∗ in (J/K.mol), the enthalpy
of activation Δ𝐻∗, and the Gibbs free function Δ𝐺∗ were
calculated by using the data from (9) and the following
equations [28–30]:

Δ𝑆
∗
= 𝑅 ln( 𝐴ℎ

𝐾
𝐵
𝑇
𝑝

) ,

Δ𝐻
∗
= 𝐸
∗
−𝑅𝑇
𝑝
,

Δ𝐺
∗
= Δ𝐻

∗
−𝑇
𝑝
Δ𝑆
∗
,

(10)

where𝐾
𝐵
is Boltzmann constant, ℎ is Planck’s constants, and

𝑇
𝑝
is the temperature involved in the calculation selected

as the DTG peak temperature [31]. The entropy Δ𝑆∗ gives
information about the degree of order of the system, the
enthalpy Δ𝐻

∗ gives information about the total thermal
motion, and Gibbs or free energy Δ𝐺∗ gives information
about the stability of the system.

According the Coats-Redfern method, the calculated
thermodynamic parameters values (𝐸∗, Δ𝑆∗, Δ𝐻∗, and
Δ𝐺
∗) are recorded in Table 3. It is clear that the values

of all thermodynamic parameters decrease irregularly in
the second decomposition step for all nanocomposites with
increase in both heating rates and temperature. This can be
discussed as due to increasing heating rate temperature, the
random scission of macromolecule chain in the polymeric
matrices predominates and the activation energy has a lower
value. Moreover, all the samples have negative entropy which
indicates ordered systems and more ordered activated states
thatmay be possible through the chemisorption of other light
decomposition products.

4. Conclusion

Solid polymer blend films based on PEO/PVDF unfilled and
filled with low concentration of single and multiwalled car-
bon nanotubes were prepared using castingmethod.Thermal
studies at different heating rates and kinetic parameters were
performed using thermogravimetric analysis (TGA) and its
first derivative (DTG). The kinetic thermodynamic parame-
ters such as activation energy, enthalpy, entropy, and Gibbs
free energy were evaluated from TGA data using Coats-
Redfern relation. The lower values of percentage weight loss
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Figure 1: TGA thermograms of neat PEO, PVDF, and PEO/PVDF blend and the blend with SWCNTs and MWCNTs nanocomposites at
heating rates ranging between 5, 10, 15, and 25∘C⋅min−1.

Table 1: The values of degradation temperature (𝑇
𝑑
) in the first step at 5, 10, 15, and 25 heating rates.

Sample Degradation temperature (𝑇
𝑝
) in the first step

5∘C⋅m−1 10∘C⋅m−1 15∘C⋅m−1 25∘C⋅m−1

PEO/PVDF 360.14 364.10 366.20 474.23
PEO/PVDF/SWCNTs 363.97 374.51 378.56 380.46
PEO/PVDF/MWCNTs 366.72 383.42 385.04 392.32
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Figure 2: TGA thermograms of neat PEO, PVDF, and PEO/PVDF blend and the blend with SWCNTs and MWCNTs nanocomposites at
heating rates ranging between 5, 10, 15, and 25∘C⋅min−1.

Table 2: The values of degradation temperature (𝑇
𝑑
) in the second step at 5, 10, 15, and 25 heating rates.

Sample Degradation temperature (𝑇
𝑝
) in second step

5∘C⋅m−1 10∘C⋅m−1 15∘C⋅m−1 25∘C⋅m−1

PEO/PVDF 462.46 472.55 478.89 492.37
PEO/PVDF/SWCNTs 457.74 461.35 466.46 477.02
PEO/PVDF/MWCNTs 459.52 473.21 480.49 474.45
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Figure 3: TGA thermograms of neat PEO/PVDF blend and the blend with SWCNTs andMWCNTs nanocomposites at heating rates ranging
between 5, 10, 15, and 25∘C⋅min−1.

Table 3: Kinetic parameters and activation energy for PEO/PVDF blend and the blend doped with SWCNTs and MWCNTs at 5, 10, 15, and
25 heating rates.

Sample Heating rate
(∘C⋅m−1)

Δ𝑆
∗

(J/Kmole)
Δ𝐻
∗

(KJ/mole)
Δ𝐺
∗

(KJ/mole)
𝐸
∗

(KJ/mole)

Blend

5 −205.57 −5649.34 145543.7 465.61
10 −200.54 −5766.49 143748.1 432.35
15 −197.56 −5835.84 142713.5 415.72
25 −193.81 −5964.54 142370.1 399.09

Blend/SWCNTs

5 −206.52 −5585.16 143260.8 407.41
10 −202.19 −5756.52 142723.5 349.20
15 −199.49 −5823.95 141694.7 324.26
25 −196.03 −5936.69 141090.6 299.32

Blend/MWCNTs

5 −205.11 −5599.96 144646.5 490.55
10 −200.87 −5788.61 144107.1 415.72
15 −197.58 −5849.14 143029.7 415.72
25 −194.12 −5923.86 138886.8 374.15
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are nearly from 3.2 to 20% due to splitting or volatilization
of small molecule and evaporation of moisture. The main
decomposition region in TGA curves has a percentage of
weight loss from 33 to 70%. The degradation temperature
for neat blend was lower than those of the nanocomposites
after adding both CNTs and an increase of heating rate. The
decomposition temperature is moved to higher temperatures
indicating that the thermal stability of the polymeric has been
improved.
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