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osition behavior and kinetics of
nanocomposites at low-modified ZnO content

Rui Wang, Congzhen Xie,* Leilei Zeng and Huasong Xu

In this study, a titanate coupling agent (TCA) was used to modify the surface of nano ZnO. The thermal

properties of room temperature vulcanized silicone rubber (RTV) nanocomposites with modified nano ZnO

were compared at nano-filler weight fractions ranging from 0% to 2%. The results indicated that the

titanate coupling agent was successfully grafted on the surface of nano ZnO. The size and shape of the

nanoparticles were not changed after modification and all particles were about 36 nm. With increasing

amounts of nanoparticles, the initial thermal decomposition temperature increased from 344.6 �C to

420 �C and reached maximum at 1.5% ZnO addition. The thermal decomposition process of RTV can be

divided into three different stages. In the first stage, the temperatures at maximum decomposition rate

(T1max) for the five samples were similar. In the second and third stages, T2max and T3max increased 79.1 �C
and 88.9 �C, respectively, upon addition of the modified nano ZnO. The thermal decomposition kinetics

results showed that the activation energy (Ea) of RTV was lower than that of 1% ZnO/RTV at the low

thermal conversion rate (a). The average Ea values of the two samples were similar, at 144.29 kJ mol�1 and

146.78 kJ mol�1, respectively. The kinetic energy index (n) of RTV was 3.84. Compared to pure RTV, 1%

ZnO/RTV showed a more complex thermal decomposition process, as its n value was 0.66 higher than

that of RTV. Comparing Ea and n values, it was found that the nanocomposites were less likely to transform

into an activated complex due to their higher potential energy barrier.
Introduction

Nano ZnO is a multifunctional inorganic nanoparticle with
a particle size ranging from 1 nm to 100 nm. Due to its grain
renement, nano ZnO has outstanding physical and chemical
properties, such as chemical stability, low dielectric constant,
high luminous transmittance, high catalytic activity, effective
antibacterial and bactericidal ability, and intense ultraviolet
and infrared absorption.1 To date, nano ZnO has been used in
catalysts, gas sensors, semiconductors, varistors, piezoelectric
devices, antibacterial and bactericidal agents, eld-emission
displays and UV-shielding materials.2–6 Presently, inorganic
nanoparticle-lled polymers are still an area of research
interest.7–14 Mohammad A. Raee studied the effect of low
nanographene content on the mechanical properties of epoxy
and analyzed the inuence of nanoparticle weight fraction on
its Young's modulus;15 Du Boxue et al. studied the effect of nano
SiO2 on the suppression of electrical branches in RTV and the
mechanism of nano SiO2 on the resistance of electric tree aging
in RTV materials.16 However, there have been few studies on
nano ZnO/RTV material systems.

As an outdoor hydrophobic coating, RTV is damaged by
ultraviolet light and high temperatures, shortening its
ersity of Technology, Guangzhou 510641,
operating life. Research on nano ZnO/RTV material systems
explores the ability of nano ZnO to improve the thermal prop-
erty and service life of RTV in practical applications. Moreover,
nano ZnO is expected to be a nano-ller that enhances the
thermal properties of materials, laying the foundation for future
high thermal conductivity organic insulation materials.17–21

However, the high surface energy of the nanoparticles results
in their agglomeration, whether dispersed in organic solvent or
matrices.22–24 There are different methods to decrease the
agglomeration of nanoparticles. In this study, the surface of
ZnO was chemically modied by a titanate coupling agent
before adding to the RTV. FTIR, Raman, BET, XPS, TEM and
XRD tests were performed to conrm the graing of titanate
coupling agent onto the surface of ZnO. The dispersion of nano
ZnO in the material was observed by SEM. Finally, the decom-
position behaviors and kinetics of nano ZnO/RTV system and
pure RTV were investigated by multi-heating rate dynamic TGA
to evaluate thermal stability and examine the decomposition
mechanism.
Materials and methods
Materials

One-part silicone rubber (RTV107), with a viscosity of 4000 cps,
was provided by Shenzhen Hongyejie Technology Co., Ltd,
China. Nano ZnO with an average particle diameter of 50 nm
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 XRD patterns of (a) nano ZnO-TCA and (b) nano ZnO.
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was supplied by Dingxin Wear-resistant Metal Materials Co.,
Ltd, China and dried at 100 �C in vacuum for 1 h before use. The
titanate coupling agent (TCA) used as a surface treatment agent
was purchased from Guangzhou Congyuan Instrument Co., Ltd,
China.

Sample preparation

Modied nano ZnO was prepared by combining the nano-
particles with the titanate coupling agent at a ratio of 100 : 3 in
acetone solution. Aer mixing in a high-speed mechanical
agitator for two hours at 30 �C, the mixed liquor was suction
ltered and rinsed 3 times with anhydrous ethanol. Finally, the
modied nanoparticles were dried in a vacuum oven at 130 �C
for 24 h.

The nanocomposites were prepared by the following proce-
dure: for the uniform dispersion of the llers in the RTV matrix,
two different types of processing techniques, namely mechan-
ical mixing and sonication, were applied. Then, the mixture was
evacuated and poured into a pre-heated mold to accelerate
gelation and prevent precipitation of llers. The weight
proportions of nano ZnO-TCA were 0.5%, 1%, 1.5% and 2%.
Specimens of pure RTV were also prepared for comparison.
Before experiments, the specimens were wiped with pure
ethanol, and then dried in a desiccator at room temperature for
over 24 hours.

Measurements

X-ray diffraction (XRD) studies. XRD studies were performed
on a Rigaku X-ray diffractometer (Miniex, UK) using Cu Ka
radiation (l ¼ 0.154 nm) at a scanning rate of 0.0524�/1 (min)
and a step time of 15.045 s from 3� to 90� of 2q.

FTIR study. The treated and untreated samples were ground
and FTIR spectra were recorded using a KBr pellet in a Nicolet
(Impact 410) FTIR spectrometer.

Transmission electron microscopy (TEM) study. Trans-
mission electron microscopy (TEM) was performed using
a JEOL 2100F instrument. The sample was prepared by ultra-
sonically dispersing nano ZnO in ethanol.

BET specic surface area study. BET surface areas of the
powders were measured by the Brunauer–Emmett–Teller
isotherm technique with nitrogen adsorption (BET,
ASAP2020M, Micromeritics, USA).

X-ray photoelectron spectroscopy (XPS) study. The surface
element compositions of the samples were analyzed via X-ray
photoelectron spectroscopy (XPS, Thermo Fisher K-Alpha,
Thermo Fisher Scientic, Waltham, MA, USA) with a mono-
chromatic Al Ka source (hn ¼ 1486.8 eV) for the excitation of
photoelectrons.

Raman spectroscopy study. An RM2000 microscopic
confocal Raman spectrometer was utilized with an argon ion
laser beam operating at 514.5 nm. The spectral band pass was
100 mm and the integration time was 1 s for each incremental
step of 1 cm�1. The spectral resolution was 1 cm�1.

Thermogravimetric study. Thermogravimetric analysis
(TGA) was performed at 10 �C min�1 under air using
a NETZSCH TG 209F1 Libra equipment. The test temperature
This journal is © The Royal Society of Chemistry 2019
ranged from 30 �C to 800 �C with a precision of 0.2 �C. The mass
of samples was 10 mg.

Scanning electron microscopy (SEM) study. Scanning elec-
tron microscopy (SEM) was performed using a LEO 1530 VP
instrument. The samples were gold-coated with an IB-3 ionic
sputtermeter.

Result and discuss
X-ray diffraction analysis

XRD patterns of nano ZnO and nano ZnO-TCA are presented in
Fig. 1. The XRD pattern of ZnO shows typical peaks at 2q ¼
31.7�, 33.9�, 36.2�, 47.3�, 56.4�, 62.7� and 67.8� corresponding to
the (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3) and (1 1 2)
crystallographic planes, respectively, which can be indexed to
hexagonal wurtzite ZnO (JCPDS, 36-1451). The pattern of nano
ZnO-TCA presented the same peaks as nano ZnO (Fig. 1).

Scherrer eqn (1) was used to predict the sizes of the two
nanoparticles.

D ¼ Kl/(B cos(q)) (1)

where D (nm) represents the size of the nanoparticle, K is the
Scherrer constant, l (nm) is the wavelength of the X-ray, B (rad)
is the half-height width of the measured sample diffraction
peak (using double line and instrument factor corrections), and
q (�) is the Bragg diffraction angle.

Substituting the diffraction data in eqn (1), the sizes of nano
ZnO and nano ZnO-TCA are 36.1 nm and 35.8 nm, respectively.

Characterization of nano ZnO-TCA

Fourier transform infrared spectroscopy (FT-IR) was performed
to conrm the presence of TCA in modied ZnO. Fig. 2 shows
FT-IR spectra of TCA, nano ZnO- and titanate-modied ZnO
(ZnO-TCA). The bands at 3485 cm�1 and 3475 cm�1 are
RSC Adv., 2019, 9, 790–800 | 791
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Fig. 2 FTIR spectra of (a) nano ZnO-TCA, (b) nano ZnO and (c) titanate
coupling agent (TCA).
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attributed to stretching vibrations of the –OH group on the
surface of ZnO nanoparticles. The bands at 2961 cm�1 and
2934 cm�1 are related to the vibrations of –CH3 and –CH2

groups. The spectrum of TCA shows a band at 1035 cm�1

characteristic of P–O–Ti groups.
Compared to the FTIR spectrum of nano ZnO, the –OH peak

of nano ZnO-TCA near 3485 cm�1 decreased signicantly. This
shows that the –OH group on the surface of the nano ZnO was
used to form the Ti–O–Zn bond. In addition, the characteristic
peak of titanate coupling agent appeared at about 1013 cm�1 in
the spectrum of nano ZnO-TCA. A band at about 2961 cm�1

appeared in the spectrum of nano ZnO-TCA but was absent in
nano ZnO. All the above-mentioned data indicate the titanate
coupling agent was successfully chemically graed on nano
ZnO.
XPS analysis

XPS analysis of nano ZnO before and aer organic surface
modication was performed. Fig. 3 and 4 were obtained by
Fig. 3 XPS spectra of C1s. (a) Nano ZnO; (b) nano ZnO modified with TC

792 | RSC Adv., 2019, 9, 790–800
taking adventitious carbon (electron binding energy 284.8 eV)
as the internal standard. The XPS spectra of C1s and O1s were
separated by Gaussian tting. The results are listed in Table 1.
The electron binding energies of both C–C structure and C–H
structure were around 284.5 eV, so the C–H bond in the modi-
er could be quantitatively expressed. The peaks of C1s at
286.4 eV and 288.6 eV are contributed to C–O and ester-group
structures, respectively. During modication, the hydroxyl
group on the nanoparticle surface combined with the coupling
agent to form ester-group structure, resulting in an increase in
the area ratio of ester-group structure to C–O structure. There
are two types of O on the surface of particles before and aer
modication. The peak of O1s at 530.2 eV came from the lattice
O in ZnO and the other peak came from the surface hydroxyl
oxygen. Aer modication, the O content in the lattice was
signicantly reduced, indicating that the organic layer coating
weakened the lattice O signal. Table 2 shows the content of each
element on the surfaces of the nanoparticles before and aer
modication. The results show that the ratio of O element to Zn
element increased aer modication, while C element was not
analyzed due to interference from the substrate. The above
results all prove the chemical combination of titanate coupling
agent and nano ZnO.
Raman spectrum study

Fig. 5 shows the Raman spectra of nano ZnO-TCA and nano ZnO
under the same experimental conditions. Compared to the
Raman spectrum of nano ZnO, nano ZnO-TCA had a strong
spectral band near 2900 cm�1 contributed by C–H. The change
in the characteristic band near 3600 cm�1 indicated that the
titanate coupling agent was graed on the surface of nano ZnO.
The results of the Raman spectra are similar to those of the
infrared spectra mentioned above. Peaks at 101 cm�1,
380 cm�1, 438 cm�1, 574 cm�1, and 582 cm�1 are the rst-order
scattering bands of nano ZnO, which belong to E2 (low), A1 (TO),
E2 (high), A1 (LO) and E1 (LO) symmetry vibration bands,
respectively. Aer the coupling agent treatment, Raman spec-
trum showed no change. All the samples showed the charac-
teristic peaks at 329 cm�1, 382 cm�1, 437 cm�1 and 574 cm�1,
which indicate that the symmetry of ZnO was damaged but with
A.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 XPS spectra of O1s. (a) Nano ZnO; (b) nano ZnO modified with TCA.

Table 1 Fitting parameters for the C1s and O1s peaks

Element Sample Eb1/eV Eb2/eV Area1/% Area2/% Area1/area2

C 1s Unmodied 286.06 288.83 9.67 6.49 1.61
Modied 286.73 288.49 5.38 3.65 1.47

O 1s Unmodied 530.07 531.42 46.95 53.05 0.89
Modied 530.21 531.40 23.62 76.38 0.31
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no signicant effect on the lattice structure. Research shows
that the peak at 437 cm�1 is the characteristic E2 (high) band of
ZnO hexagonal wurtzite phase, mainly associated with move-
ment of the O atom. The increase in E2 peak intensity aer
modication indicated that the surface-graed organic mole-
cules inhibited internal and interfacial polarization and
enhanced the homeostatic dipole moment in nano-ZnO (Fig. 6).
Table 2 Element content on the surface of ZnO and ZnO-TCA

Sample Zn/% C/% O/% Ti/%

Unmodied 30.15 37.67 32.17 0
Modied 28.29 34.95 36.31 0.46

Fig. 5 Raman spectra of nano ZnO and nano ZnO-TCA.

This journal is © The Royal Society of Chemistry 2019
TEM analysis

The most direct measurements of the size, shape, dimension,
etc. of nano ZnO was made through TEM. Fig. 7 shows that the
morphology of nano ZnO was hexagonal wurtzite with particle
size about 36 nm; neither size nor shape were changed aer
surface modication. Fig. 7(c) and (d) show the lattice fringe
spacing of nanoparticles before and aer modication. The
crystal spacings of ZnO-TCA (0001) and (0110) crystal surfaces
were slightly smaller than those of nano ZnO before modi-
cation. It is obvious that the crystal of nano ZnO became
denser aer modication but did not change its crystal
structure.

BET analysis

At low temperatures (78 K), the adsorption of N2 on a solid
surface was physical adsorption. The force eld at each point
inside the solid was balanced by the forces in all directions, but
the surface of the solid would adsorb gas due to the surface free
energy force eld. Under the condition of complete monolayer
adsorption, the adsorption volume of nitrogen on the external
and internal hole surfaces of nanopowder, with relative pres-
sure P/Ps between 0.06 and 0.20, was tested by static constant
volume method. Monolayer adsorption capacity could be
determined by BET linear regression method from the adsorp-
tion isotherm. The specic surface area of the nanoparticle was
calculated using the BET adsorption formula. The adsorption
amount V0 is related to the relative pressure P/Ps of N2, subject
to the BET formula:

P

V 0ðPs � PÞ ¼
1

VmC
þ PðC � 1Þ

VmCPs

(2)
RSC Adv., 2019, 9, 790–800 | 793
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Fig. 6 The enlarged Raman spectra of nano ZnO and nano ZnO-TCA.

Fig. 8 BET plots of nano ZnO and nano ZnO-TCA.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 3

:0
6:

35
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
where P is the nitrogen pressure, Ps is the saturated vapor
pressure, V0 is the equilibrium adsorption volume, C is
a constant, and Vm is the monolayer saturated adsorption
volume.

In accordance with the multi-point adsorption measurement
results, P/[V0(Ps � P)] was plotted on the ordinate and P/Ps was
plotted on the abscissa. The intercept of the line and the slope
could be obtained by linear regression: b ¼ 1/(Vm � C) and k ¼
(C � 1)/(Vm � C). Then, single layer adsorption capacity Vm and
Fig. 7 TEM of (a) nano ZnO and (b) nano ZnO-TCA; HRTEM of (c) nano

794 | RSC Adv., 2019, 9, 790–800
BET parameter C were obtained. The specic surface area of the
unit weight powder was obtained by the following formula:

Sw ¼ VmNs

V0W
¼ VmNs

22:4� 103W
¼ 4:36Vm

W

�
m2 g�1

�
(3)

where s is the single molecule cross-sectional area (16.2� 10�20

m2), N is Avogadro's constant (6.23 � 1023 mol�1), V0 is the gas
molar volume (22.4 � 10�3 m3), andW is the test sample weight
(g).
ZnO and (d) nano ZnO-TCA.

This journal is © The Royal Society of Chemistry 2019
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Table 3 BET experimental results of nano ZnO and nano ZnO-TCA

Sample
Material
constant

BET surface
area (m2 g�1)

Single point surface
area (m2 g�1)

Adsorption average
pore width (nm)

Nano ZnO 22.6869 19.54 17.57 35.9
Nano ZnO-TCA 75.7671 28.73 27.71 37.3
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The multi-point adsorption results of nano zinc oxide are
shown in Fig. 8. To conveniently compare BET curves of the two
samples, the data in the gure were extracted and calculated in
Table 3. The results show that BET surface area of nano ZnO
increased from 19.54 m2 g�1 to 28.73 m2 g�1 aer modication.
It proves that surface modication could reduce the surface
energy of nanoparticles and contribute to their dispersion,
resulting in the adsorption of more gas at the same weight. The
nano sizes of the two samples were 35.9 nm and 37.3 nm for
nano ZnO and nano ZnO-TCA, respectively, which are consis-
tent with the XRD results.
SEM analysis

Fig. 9 shows a scanning electron microscopy (SEM) image of
a freeze-fractured nanocomposite sample with 1% weight nano
Fig. 9 SEM of 1% nano ZnO-TCA filled silicone rubber at 20 000�
magnification.

Fig. 10 (a) TGA curves and (b) DTG curves of five RTV systems with diff

This journal is © The Royal Society of Chemistry 2019
ZnO. The image clearly displays nano ZnO particles protruding
out of the fracture surface of the sample. The distribution was
satisfactory, as the particles were isolated and scattered
uniformly in the matrix.
Thermogravimetric analysis

Tanaka et al. determined the interfacial region of the surface
area of particles based on the relationship between particle
size and lling amount of nanoparticles. A 1% mass fraction
would produce a 50% interfacial region within the material
volume if the particle diameter was 10 nm. Based on colloidal
chemistry, polymer chemistry and solid-state physics, Tanaka
proposed a multi-core model theory for the interface of poly-
mer nanocomposite dielectric materials. The model empha-
sized the interaction between polymer chain segments and
nanoparticles aer coupling agent action. The multi-core
model proposes that the interfacial layer of nanocomposites
was composed of a bond layer, binding layer and loose layer.
Heat is transmitted by phonons in polymers. Filling nano-
particles lead to a large number of interfaces in the polymer.
Thermal resistance between interfaces hinders the propaga-
tion of phonons, while the spread of phonons between nano-
particles is enhanced. According to the multi-core model, the
coupling agent enhances the interfacial interaction between
nanoparticles and polymer matrix, which reduces interfacial
thermal resistance. Thus, modied nano ZnO improves the
thermal conductivity and inhibits the thermal decomposition
process of the material.

Thermogravimetric analysis (TGA) measurements were per-
formed to obtain information on the thermal stability of ve
nanocomposite systems. Fig. 10 shows the TGA of all nano-
composites considered for this investigation. We dene the
initial decomposition temperature (Tinitial) as the temperature
erent nano ZnO contents.

RSC Adv., 2019, 9, 790–800 | 795
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Table 4 The thermal properties of five RTV systems with different nano ZnO contentsa

Sample Tinitial (�C)

T1max (�C) T2max (�C) T3max (�C)

Residue (%)1st step 2nd step 3rd step

RTV 344.6 348.6 425.6 583.4 �0.8
0.5% ZnO/RTV 358.9 348.7 493.2 616.2 1.4
1% ZnO/RTV 426.9 359.1 501.5 651.2 4.2
1.5% ZnO/RTV 423.6 351.5 504.7 672.3 3.7
2% ZnO/RTV 401.9 306.2 503.6 655.2 2.3

a T1max, T2max and T3max are the maximum decomposition temperatures in the rst, second, and third stages.
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at 10% weight loss, Tnmax as the temperature of maximum rate
of each degradation stage, and 50% weight loss as a marker for
structural decomposition of the samples. The analysis results
are listed in Table 4. Notably, the TG traces of the ve RTV
systems exhibited different proles. However, most of them
showed similar tendencies and the pyrolysis process of the
individual nanocomposite could be divided into three stages
during thermal decomposition. The rst stage showed release
of moisture and some thinners, generating a small hump in the
DTG curve from 300 �C to around 400 �C. As the content of nano
ZnO increased, the rate of the rst decomposition stage of the
composite decreased. The structural decomposition of the
polymer and combustion of the material mainly occurred in the
second and third stages. T2max and T3max of the nanocomposites
were all higher than those of pure RTV and reach the highest
temperatures with addition of 1.5% nano ZnO. According to the
DTG curve, adding nano ZnO to RTV signicantly enhanced its
thermal stability. It might have produced chemical cross-
linking points between the surface of the nanoparticle and
the long chain of RTV, which increased the polymer's degree of
cross-linking. Moreover, the thermal conductivity of nano ZnO
particles is much higher than that of RTV, forming many cores
for heat conduction in thematerial. With increasing amounts of
nanoparticles, the density of cores increased, resulting in the
enhancement of the material's heat conduction. However, as
the content of nanoparticles further increased, the contact area
between the nanoparticles and RTV reduced as a result of
agglomeration of nanoparticles, lowering the thermal stability
of the material.
Fig. 11 TG curves of (a) RTV and (b) 1% ZnO/RTV at different heating ra

796 | RSC Adv., 2019, 9, 790–800
Kinetic model

FWO models. TGA was used to analyze the kinetics of
thermal decomposition of polymer and the rate of decomposi-
tion is proportional to a that of a model mechanism. The rate
constant could be described by the Arrhenius equation, which is
a temperature dependent function, as follows:

da

dt
¼ kðTÞf ðaÞ (4)

kðTÞ ¼ A exp

�
� Ea

RT

�
(5)

where f(a) and a are mechanism models with respect to rate of
conversion and the weight loss fraction obtained by the ratio of
the mass lost at the current time to the nal mass lost at the end
of decomposition reaction, respectively; A is the preexponential
factor, Ea is the activation energy and R is the ideal gas constant.
Combining eqn (4) with (5), eqn (6) is obtained:

da

dt
¼ A exp

�
� Ea

RT

�
f ðaÞ (6)

T ¼ T0 + bt (7)

The reaction temperature is described by eqn (7), where T0 is
the initial temperature before the material starts heating and
b is the heating rate of experiments.

When the sample was heated at a constant rate (b) instead of
constant temperature and basic eqn (7) was used, the new
tes.

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 Linear correlations for ln(b) versus 1/T in (a) RTV and (b) 1% ZnO/RTV.
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decomposition rate of polymer can be shown and the function
of denite integration for eqn (8) is shown as eqn (9).

da

dT
¼ A

b
exp

�
� Ea

RT

�
f ðaÞ (8)

GðaÞ ¼
ða
0

da

f ðaÞ ¼
A

b

ðT
T0

exp

�
� Ea

RT

�
dT (9)

where G(a) is obtained by the integrated expression of function
f(a).

In this study, the Flynn–Wall–Ozawa (FWO) method, which
ignored the reaction mechanism of the thermal decomposition
process of polymer, was used for kinetic analysis. The FWO
method was obtained from eqn (9). The variables given in eqn
(9) may be approximated and integrated to give the natural
logarithm form as follows:

lnðbÞ ¼ ln

�
0:0048AEa

RGðaÞ
�
� 1:0516

Ea

RT
(10)

Under different heating rates, ln(b) versus 1/T data points
should have a linear relationship at the degree of conversion.
The activation energy Ea can be calculated by the slope of any
conversions.
Master-plots method

Eqn (9) can be rearranged to the following form:
Table 5 The Ea values of samples at 25 �C min�1 by FWO

RTV 1% ZnO/RTV

a

FWO

a

FWO

Ea (kJ mol�1) R2 Ea (kJ mol�1) R2

0.1 78.52 0.9311 0.1 109.76 0.5531
0.2 82.58 0.9838 0.2 233.00 0.9963
0.3 97.01 0.9709 0.3 233.01 0.9876
0.4 98.38 0.9485 0.4 163.29 0.9484
0.5 94.18 0.9982 0.5 124.88 0.9213
0.6 155.75 0.9939 0.6 107.19 0.9812
0.7 203.33 0.9628 0.7 99.14 0.9057
0.8 228.27 0.9254 0.8 111.48 0.9257
0.9 266.30 0.9316 0.9 139.31 0.9649
Average 144.92 0.9607 Average 146.78 0.9094

This journal is © The Royal Society of Chemistry 2019
GðaÞ ¼ A

b

ðT
T0

exp

�
� Ea

RT

�
dT ¼ AEa

bR
½PðuÞ � Pðu0Þ� ¼ AEa

bR
PðuÞ

(11)

where P(u) can be described as below:

PðuÞ ¼
ðu
N

�
�
e�u

u2

�
du (12)

u ¼ Ea

RT
(13)

Substituting eqn (11) into eqn (10) yields the following
expression:

P(u) ¼ 0.00484 exp(0.0156u) (14)

Assuming that Ea and A are invariable to reduce the
complexity of calculations, the master plots method, dividing
both sides of eqn (11) by a reference at point a¼ 0.1, was used to
choose the appropriate kinetic model. Eqn (16) is obtained as
below:

Gð0:1Þ ¼ AEa

bR
Pð0:1Þ (15)

GðaÞ
Gð0:1Þ ¼

PðuÞ
Pð0:1Þ (16)

Substitute all mechanism models suitable for polymer
thermal decomposition into G(a)/G(0.1) and a theoretical curve
was created from this function. The experimental data were
substituted in P(u)/P(0.1) from the TGA data at one of three
heating rates. If the curve of P(u)/P(0.1) ts well with one of the
curves of G(a)/G(0.1), that adaptive thermal decomposition
kinetic model can be used to explain the thermal decomposi-
tion behavior of the polymer.
Kinetics analysis

In analysis of thermal decomposition kinetics, activation energy
Ea, preexponential factor A and kinetic index n are three
important parameters which describe the thermal decomposi-
tion behavior of a substance. Ea represents the minimum
energy required to transform a substance from a steady state to
RSC Adv., 2019, 9, 790–800 | 797
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Table 6 Ea, n and A values obtained at 25 �C min�1 by master-plots method

Sample Ea (kJ mol�1) A (s�1) n R Decomposition equation

RTV 144.29 4.31 � 1010 3.84 0.9909 da/dt ¼ 4.31 � 1010 exp(�144.29 � 103/
(RT))(1 � a)3.84

1% ZnO/RTV 146.78 1.42 � 1010 4.50 0.9951 da/dt ¼ 1.42 � 1010 exp(�146.78 � 103/
(RT))(1 � a)4.50

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 3

:0
6:

35
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
an activated state; it is a good description of how easily
a substance can be decomposed. In this paper, the FWO
method was used to obtain activation energies Ea for RTV and
its nanocomposites at three different heating rates. The thermal
decomposition kinetic model of the polymer was obtained from
the master-plots model.

Fig. 11 shows the dynamic TG curves of two RTV systems
obtained at different heating rates from 10 �C min�1 to
25 �C min�1. It can be observed that a higher heating rate
resulted in slower decomposition speeds for RTV and 1% ZnO/
RTV; the Tinitial and Tmax of thermal decomposition shi to
higher temperatures with increased heating rates.

For some complex organic polymers, the thermal decom-
position process was complicated. It is difficult to obtain more
information about the reaction mechanisms of RTV and its
nanocomposites. So, FWO method was used to determine the
activation energies. In this paper, three heating rates of
10 �C min�1, 15 �C min�1 and 25 �C min�1 from room
temperature to 800 �C min�1 were applied to TGA. The activa-
tion energy Ea at different conversion rates could be obtained by
the slope of ln(b) against 1/T.

Fig. 12 shows the linear correlations for ln(b) versus 1/T for
thermal decomposition processes and the values of R2 for most
curves range from 0.9057 to 0.9989, indicating that the TGA
results are reliable. As shown in Table 2, the average Ea values of
RTV and 1% ZnO/RTV were 144.92 kJ mol�1 and
146.78 kJ mol�1, respectively (Table 5).
Fig. 13 Variation of effective activation energy (Ea) with conversion (a).
Thermal decomposition function

The Ea values of RTV and the nanocomposite are average values
for the whole pyrolysis process calculated by FWO method. The
values for plots of P(a)/P(0.1) against a at 25�C min�1 corre-
spond to each tted theoretical thermal decomposition model.
The result shows that the Fn function had the highest tting
degree with experimental data. Substituting the Fn function into
G(a), the kinetic exponent (n) and pre-exponential factor (A) can
be obtained from eqn (17) as follows:

GðaÞ ¼ AEa

bR
PðuÞ ¼ ð1� aÞ1�n � 1

n� 1
(17)

Comparing the experimental data of RTV and its nano-
composite with the Fn thermal decomposition model, it was
found that the tting degree of the curve of Fn with the experi-
mental values was less than 0.9. To obtain an optimal solution
of n with the highest tting degree, linear least-squares tting
procedure was utilized to t the curve [(1 � a)1�n � 1]/(n � 1)
798 | RSC Adv., 2019, 9, 790–800
with EaAP(u)/bR. The value of n was determined by the highest
value of correlation coefficient (R) and A was obtained from eqn
(17). As a result, the values of activation energy Ea, pre-
exponential factor A and kinetic index n and the thermal
decomposition equations at 25 �C min�1 for RTV and nano-
composite were obtained (Table 6). The results indicate that
lling with nano ZnO made the thermal decomposition
behavior of RTV more complicated (Fig. 13).

It has been reported that a pre-exponential factor A less than
109 s�1 indicates that the reaction was a surface reaction or that
the polymer is a “tight” complex.25 A high A indicates a “loose”
complex where there was no free translation on the surface of
polymer. Moreover, the range of empirical rst order Amay vary
from 104 to 1018 s�1; complex physical structures and decom-
position processes may lead to variation in A with conversion.26

The present results are shown in Table 6. The A values of RTV
and its nanocomposite were 4.31 � 1010 and 1.42 � 1010,
respectively, and the thermal decomposition function indicates
that RTV and its nanocomposites have multi-step degradation
reaction chemistry and addition of nanoparticles made the
materials “looser” and more complex (Fig. 14).

Compared with existing literature on similar studies,27–33

nano ZnO for the enhancement of the thermal stability of RTV
had not been studied. Table 7 briey lists the improved prop-
erties of several nanocomposites compared with those of pure
samples. It is obvious that nano ZnO enhanced the UV-
shielding and thermal stabilities of different materials. As an
outdoor hydrophobic coating, RTV was damaged by ultraviolet
light and high temperatures, which could shorten its operating
life. Many nano llers were used to improve the thermal
stability of RTV, such as SiC, SiO2, BN and so on, but only nano
ZnO also improved its UV-shielding. Presently, the thermal
This journal is © The Royal Society of Chemistry 2019
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Table 7 Effects of different nano fillers on the properties of polymers

Nano ller Polymer Improved performance

ZnO PMMA Thermal stability
POM Thermal and mechanical
PS UV-shielding and thermal stability
Epoxy UV-shielding

SiC RTV Thermal stability
SiO2 RTV Mechanical and thermal
BN RTV Resistance to tracking and erosion
TiO2 RTV Super-hydrophobic surface

Fig. 14 Theoretical master-plots of G(a)/G(0.5) against a and experimental master-plots of experimental values against a for (a) RTV and (b) 1%
ZnO/RTV at 25 �C min�1.
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decomposition kinetics of RTV have not been studied. The
results in this paper provide a direction for improving the
thermal properties of RTV material and revealing its thermal
decomposition mechanism.

Conclusions

Nano ZnO-TCA composite particles were prepared through
radical copolymerization. The reaction does not alter the crys-
talline structure or size of the ZnO nanoparticles. The
composite nanoparticles improved the thermal stability of RTV
polymer to a certain extent, while agglomeration of particles
was not conducive to thermal stability. The average Ea values of
RTV and 1% ZnO/RTV, achieved by the FWO method, are
144.92 kJ mol�1 and 146.78 kJ mol�1, respectively. It was found
that the order of reaction model provides a good description of
the decomposition reaction rate. The obtained kinetics model
for two RTV systems exhibited elevation of kinetic exponent
when RTV was lled with nano ZnO-TCA.
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