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ABSTRACT: In this study, a series of the PMVS/SiO2/GO-C12-hep (polymethylvinyl siloxane, PMVS) nanocomposites of varying fillers

concentration were fabricated employing blending technique. Retained tensile tests showed that tensile strength of PMVS/SiO2/GO-

C12-hep nanocomposites improved with increasing of GO-C12-hep content from 0 to 0.5 wt %, but it decreased when the GO-C12-

hep content was up to 0.8 wt %. SEM results showed that GO/C12-hep had been dispersed into PMVS matrix, and the interfacial

consistency property was very well between GO-C12-hep and PMVS. The degradation mechanism was also analyzed. The thermal sta-

bility and the degradation kinetics of nanocomposites had been evaluated using thermo-gravimetric analysis (TGA) at different heat-

ing rates in flowing nitrogen. TGA curves revealed that PMVS/SiO2/GO-C12-hep exhibited relatively better thermal stability than

PMVS/SiO2, and the degradation temperatures of PMVS/SiO2/GO-C12-hep increased with GO-C12-hep increase. The apparent acti-

vation energies (Ea) were estimated with the Flynn–Wall–Ozawa method (FWO method). The Ea of PMVS/SiO2/GO-C12-hep nano-

composites had relevance to their content of GO-C12-hep. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 535–542, 2013
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INTRODUCTION

Silicone rubber has excellent performances for biomedical appli-

cations, such as biocompatibility, oxidation resistance, flexibility,

air permeability, and biological aging resistance.1–4 However,

many studies have shown that the silicone rubber could lead to

blood clots and other adverse consequences when it contacts

blood.5,6 Therefore, silicone rubber must be physically or chemi-

cally modified to improve its blood compatibility, when it was

used as a blood-contact material.7–9

The organic matrix/layered inorganic filler composites have sig-

nificant advantages when compared with other organic matrix/

inorganic filler composites.10–12 Graphite is a typical layered

compound, and the graphite oxide (GO) has been extensively

studied as a composite application for its excellent biocompati-

bility.13–18 GO is more reactive than pure graphite, which con-

tains AOH and ACOOH functional groups as a result of car-

bon oxidation reactions. Additionally, the distances between GO

layers are longer than those of pure graphite. Hence, other mol-

ecules can be easily intercalated into GO.

Heparin is a potent anticoagulant which is widely used to prevent

and treat thrombosis. Due to its excellent anti-thrombogenic

function, heparin is used in many polymeric biomaterials

through either physical absorption or chemical binding.19,20

Some papers have reported that heparin in polymeric biomateri-

als could substantially reduce the thrombogenicity.21,22 Benzalko-

nium chloride (C12) is an antimicrobial agent that has been used

in the antimicrobial field.23

In our previous study, we had synthesized GO-heparin-

C12 nanocomposites by interlayer solution, and its antith-

rombogenic/antibacterial functions and structural characteris-

tics were investigated.24 The results showed that GO-hepa-

rin-C12 had not only blood compatibility but also

antibacterial function.

In this study, we prepared polymethylvinyl siloxane (PMVS)/

SiO2/GO-C12-hep nanocomposite by mixing PMVS/SiO2 and

GO-C12-hep with a Haake torque rheometer. We attempted to

investigate the thermal degradation kinetics of PMVS/SiO2/GO-

C12-hep nanocomposites and its mechanism. And the thermal

property of PMVS/SiO2 as a function of the GO-C12-hep con-

tent was examined by way of the activation energy determined

from the weight loss during the thermo-gravimetric analysis

(TGA).
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EXPERIMENTAL

Materials

GO was obtained from Shanghai Chemical Reagent (Shanghai,

China). Benzalkonium chloride (C12) and heparin were pro-

vided by Sigma (St. Louis, MO). PMVS/SiO2 was provided by

Dongjue silicone (Nanjing, China). Di-2, 4-dichlorobenzoyl per-

oxide was provided by Mingye Science and Technology Devel-

opment (Wuhan, China).

Preparation of GO-C12-hep Composite

About 0.4 g of C12 was dissolved in 50 mL of distilled water.

Heparin (0.4 g) was added into the above solution under stir-

ring condition for 1 h. A white suspension was obtained and

used in the latter steps.

About 0.5 g of GO was added in 100 mL 0.1M NaOH solution

and sonicated for 30 min. C12 (0.5 g) was then subsequently

added to react with GO under sonication for 15 min. Final pre-

cipitation was collected and washed until no chlorine ions were

detected. The collection of GO-C12 was dried in vacuum oven

for 12 h. The above procedure was repeated for preparation of

GO-C12-hep.

Preparation of Nanocomposites PMVS/SiO2/GO-C12-hep

Firstly, PMVS/SiO2 and an amount of GO-C12-hep were mixed

for 30 min at 100�C and 80 rpm in a Haake torque rheometer

(Polylab 600), which was provided by Thermo Fisher Scientific

(Waltham, MA). Then, the blending and 1.2 wt % Di-2, 4-

dichlorobenzoyl peroxide was mixed for 30 min in an open

mill, which was provided by Guangyue Rubber Machinery Man-

ufacturing (Qingdao, China). Lastly, the nanocomposites were

vulcanized. The premature cure was preformed at 120�C for 10

min and the post cure was performed at 150�C for 2 h.

Tensile Measurement

The tensile tests were carried out at the room temperature using

an Instron 4466 tensile test machine (Instron, High Wycombe,

UK). The test speed was 200 mm/min. All measurements were

carried out five times.

The tensile fracture of samples was observed on JSM-5610 SEM

(JEOL Co., Japan). The operation voltage was 20 kV.

ATR-FTIR Measurement

The total reflection fourier transform infrared spectroscopy

(ATR-FTIR) spectra were recorded by a FTIR Nexus670 (Nico-

let) spectrometer, with a spectral resolution of 4 cm�1. A total

of scans were recorded over 4000–400 cm�1 for each spectrum.

TGA Measurement

TGA of the samples was carried out on a Pyres 1 TGA (Perkin-

Elmer Inc., Wellesleg, MA). All the samples were heated from

room temperature to 800�C at a rate of 20�C/min under nitro-

gen atmosphere to measure the thermal decomposition temper-

ature of nanocomposites.

All samples were heated from room temperature to 600�C at

the rates of 5, 10, 20, 40�C/min under nitrogen atmosphere to

investigate the kinetics of thermal degradation.

RESULTS AND DISCUSSION

Tensile Results Analysis

Tensile properties of PMVS/SiO2/GO-C12-hep nanocomposites

with different content of GO-C12-heparin filler are listed in

Table I. Test results show that the tensile property of PMVS/

SiO2 sample obviously increase when it is filled with GO-C12-

hep filler. It can be attributed to nanofiller which act as the

centers of crosslink and improve the tensile property of the

nanocomposites.25 From Table I, retained tensile test shows that

tensile strength of PMVS/SiO2/GO-C12-hep nanocomposites

increase with increasing the GO-C12-hep content from 0 to 0.5

wt %, but it decreases when the GO-C12-hep content is up to

0.8 wt %. So we can see that the sample of PMVS/SiO2 filled

with 0.5 wt % GO-C12-hep has the best tensile property.

The scanning electron microscope (SEM) photo of PMVS/SiO2

filled with 0.5 wt % GO-C12-hep is shown in Figure 1.

It indicates that the GO-C12-hep has been dispersed into PMVS

matrix and the interfacial consistency property between

GO-C12-hep and PMVS is very good. This result manifested

why PMVS/SiO2/GO-C12-hep nanocomposites have the superior

tensile property.

ATR-FTIR Results Analysis

Indirect observation by ATR-FTIR was then necessary to charac-

terize degradation of the silicone. Figure 2 presents the ATR-

FTIR spectrum of degradation of PMVS/SiO2/GO-C12-hep and

PMVS/SiO2/GO-C12-hep. The peaks at 1261 cm�1, 1457 cm�1,

1713 cm�1, 2960 cm�1 are respectively attributed to CAH

(bending vibration absorption peak of CAH in SiACH3), CAH

(bending vibration absorption peak), C¼¼O, CAH (stretching

vibration absorption peak) in PMVS/SiO2/GO-C12-hep, but as

we all know there are no peaks in the degradation of PMVS/

SiO2/GO-C12-hep. It indicated that degradation of PMVS/SiO2/

GO-C12-hep. In addition, the peaks at 798 cm�1 (SiAOASi),

1103 cm�1 (SiO) are detected both for two samples, indicating

that degradation of the silicone have the composition of SiO2.

Table I. The Tensile Properties of PMVS/SiO2/GO-C12-hep Nanocomposites with Different GO-C12-hep Content

Sample
GO-C12-hep
content (wt %)

Tensile
strength (MPa) Elongation (%) Modulus (MPa)

PMVS/SiO2/GO-C12-hep 0 4.542 6 0.420 850.637 6 32.356 0.712 6 0.023

0.2 5.526 6 0.479 950.667 6 39.400 0.823 6 0.022

0.5 5.628 6 0.243 980.500 6 30.348 0.776 6 0.008

0.8 5.313 6 0.372 915.449 6 36.112 0.707 6 0.054
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TGA Results Analysis

TGA was employed in this research to determine the effect of

the dispersion of GO-C12-hep into PMWS/SiO2 matrix on the

overall thermal stability of the elastomeric matrix. Figure 2 is a

complex plot of the TGA mass loss curves for PMWS/SiO2/GO-

C12-hep nanocomposites containing 0, 0.2, 0.5, and 0.8 wt %

of GO-C12-hep, respectively. From the mass loss curves it can

be seen that all the samples show a single stage of degradation.

PMWS/SiO2 begins to decompose at about 435�C, while the

presence of GO-C12-hep causes a shift of the initial mass loss

toward higher temperatures. The TGA characteristic tempera-

tures of the four kinds of nanocomposites are summarized in

Table II. It shows that the mass loss in the sample of PMVS/

SiO2 occur between 435 and 582�C and those of PMVS/SiO2/

GO-C12-hep nanocomposites happen between 453 and 623�C.
This indicates that the addition of GO-C12-hep is able to

enhance the decomposition temperature of PMVS/SiO2. More-

over, in the case of nanocomposites with the contents of

GO-C12-hep from 0.2 wt % to 0.8 wt %, it is found that the

decomposition temperatures increase with increasing the con-

tent of GO-C12-hep. It is mainly because of the following rea-

sons: Firstly, nanolayer filler of GO can act as the centers of

crosslink and improve the heat resistance of the PMVS/SiO2/

GO-C12-hep nanocomposites. The more content of nanolayer

filler mean the more crosslink centers and the higher thermal

degradation temperature.26,27 Secondly, nanolayered structure of

GO can reduce the thermal conductivity of the PMVS matrix.

The more nanolayer structure of GO can result in the lower

thermal conductivity of material.28–30 Lastly, GO can adsorb

Figure 1. SEM photograph of PMVS/SiO2/GO-C12-hep nanocomposite: (a) 5000�, (b) 10,000�, (c) 40,000�.

Figure 2. FTIR of PMVS/SiO2/GO-C12-hep nanocomposite and degrada-

tion of the PMVS/SiO2/GO-C12-hep. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Table II. Characteristic Thermal Decomposition Temperatures of PMVS/

SiO2/GO-C12-hep Nanocomposites

Sample Tonset (�C) Tmax (�C)

PMVS/SiO2 435.44 582.46

PMVS/SiO2/GO-C12-hep-0.2% 453.49 594.65

PMVS/SiO2/GO-C 12-hep-0.5% 462.52 611.69

PMVS/SiO2/GO-C 12-hep-0.8% 479.06 623.75
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free radicals which are produced by thermal degradation and

thus reduce the rate of chain reaction.31,32

Kinetics of Non-Isothermal Degradation

In this research, the Ea of the thermal degradation process of

nanocomposites are determined by using Flynn–Wall–Ozawa

method (FWO method) for dynamic heating experiment. FWO

method can be employed to quantify Ea without any knowledge

of the reaction mechanisms.

To TGA experimental data with a kinetic expression, a dimen-

sionless mass loss has been defined as equation:

a ¼ M0 �M

M0 �Mf

(1)

where M, M0, Mf are the actual, initial, and final sample

weights. For non-isothermal degradation, M0 is the mass at the

start of the degradation process, and Mf is the steady state mass

at the end of degradation. The term of (M0 � Mf) represents

that the total mass of polymer is available for reaction.

The approximate FWO method can be shown as equation:

logU ¼ log AE=RFðaÞ � 2:315� 0:4567E=RT (2)

where U is the heating rate of TGA, A is the pre-exponential

factor, R is the universal gas constant, T is an absolute tempera-

ture, a is a dimensionless mass loss, and E is the activation

energy of thermal decomposition.

Therefore, for a ¼ const., the plot logU vs. 1=T , obtained from

TGA recorded at a series of heating rates, should be a straight

line whose slope allows evaluation of the thermal degradation

activation energy (Ea). The TGA curves corresponding to the

thermal degradation of PMVS/SiO2 and PMVS/SiO2/GO-C12-

hep nanocomposites at the heating rates: 5, 10, 20, 40�C /min

are shown in Figure 3, and their plot logU vs. 1=T are shown

in Figure 4.

It can be clearly observed from Figure 3 that the mass loss

curves of all samples at different heating rates show a shift of

the degradation area to higher temperatures with the increase of

heating rates; at the end of the degradation almost 25% residue

remained. The relationship between kinetic parameters and con-

version (a) can be found by using the mass loss curves recorded

in TG dynamic curves. Figure 4 shows that the fitting straight

lines are nearly parallel, which is an indication that the activa-

tion energies at different a are almost similar. Using FWO

method, the Ea values and error corresponding to PMVS/SiO2/

GO-C12-hep nanocomposites are listed in Figures 5 and 6.

From it, we can see that the thermal degradation activation

energy of composite filled with 0.5 wt % of GO-C12-hep is

obviously higher than those of the others, which correspond to

the better tensile property.

As usual, the higher Ea value usually can be corresponding to

the better thermal aging resistance and higher thermal degrada-

tion temperature. Therefore, the Ea results suggested that

PMVS/SiO2/GO-C12-hep-0.5 wt % should have the highest ther-

mal degradation temperature of all nanocomposites, which is

not consistent with Table II.

It is well known that the molecular backbone of PMVS contain

alternating units of silicon atoms and oxygen atoms

(SiAOASiAO). Its side chain is usually formed by methyl and

sometimes they might contain a small amount of vinyl. The

degradation mechanisms of silicone rubber mainly include the

unzipped degradation [unzipping by catalyst participation, as

Scheme 1, the random rearranged degradation along the main

chain [molecular mechanisms, as Scheme 2 and the thermal

oxidative degradation as Scheme 3. The unzipped degradation

occurred mainly in the hydroxyl end-group containing silicone

rubber. And the thermal degradation of ASiA(CH3)3 end-

capped silicone rubber is almost attributed to the random rear-

ranged degradation along the main chain. If O2, H2O, or other

oxidative impurities exist in the silicone rubber composites, the

thermal degradation will occur.

1. Unzipped degradation [Scheme 1]

2. Random rearranged degradation along the main chain

[Scheme 2]

3. Thermo-oxidative degradation [Scheme 3]33

�SiCH3 þO2�! �SiCH2OOH�! �Siþ CH2OH2 þOH

�Si� þOH��! �SiOH2

�SiOH�!�SiOSi� þH2O

CH2O�!COþH2

CH2Oþ�!CO2 þH2O

The reaction order n can be obtained by the Coatse Redfern

method as the following relations and then linear fitting of the

Figure 3. TGA curves of PMVS/SiO2/GO-C12-hep nanocomposites.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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part of the equations’ dependence of 1/T which are summarized

in Figure 7, when the logarithmic term on the right part of the

above equations is regarded as constant.34

n ¼ 1 ln � lnð1� aÞ
T 2

� �
¼ ln

AR

bEa
� 2RT

Ea

� �� �
� Ea

RT
ð3Þ

n 6¼ 1 ln � 1� ð1� aÞ1�n

T2ð1� nÞ

" #
¼ ln

AR

bEa
� 2RT

Ea

� �� �
� Ea

RT
ð4Þ

Ea: apparent activation energies (kJ/mol�1), A: pre-exponential

factor (min)

n: apparent reaction order, R: gas constant (8.3136 J mol�1 K�1),

T: absolute temperature (K), a: conversion degree or fractional

weight loss, t: reaction time (s), k: rate constant associated with

the temperature.

The n value at the best correlation coefficient (R) is the real

reaction order, and the fitted results including reaction order of

the involved materials at various heating rates are summarized

in Table III.

When the differential TG data of all samples at various heating

rate (5, 10, 20, and 40�C/min) are plotted as indicated by Figure

7, straight-line plots were obtained in each case. So all samples

reaction order is about 1.35

Thermal degradation mechanism of end-blocked with (CH3)3Si-

groups polysiloxane can be considered as silicon atoms utilizing

its vacant 3d-orbital to form energetically favorable dp–pp
transition states with orbits of oxygen atom, and thus leading

to siloxane backbone rearrange and produce cyclic oligomers.

As PMVS/SiO2 contains only polysilane linkages, the decompo-

sition at 582�C is attributed to the degradation of these link-

ages. Linear polysilanes normally degrade at a low temperature,

the higher Tmax for PMVS/SiO2/GO-C12-hep is due to the pres-

ence of extensive crosslinks resulting from the participation of

the vinyl group in the preparation. Therefore, the higher

decomposition temperature for PMVS/SiO2/GO-C12-hep nano-

composites when compared to that of PMVS/SiO2 is under-

stood in view of the higher extent of crosslinking present in the

case of the former and thus hinders the degradation of siloxane

chains caused by heat rearrangement to a certain extent. It is

Figure 4. TGA curves of PMVS/SiO2/GO-C12-hep nanocomposites at the heating rates of 5, 10, 20, 40 �C/min: (a) PMVS/SiO2, (b) PMVS/SiO2/GO-

C12-hep-0.2%, (c) PMVS/SiO2/GO-C12-hep-0.5%, (d) PMVS/SiO2/GO-C12-hep-0.8%. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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also observed that the decomposition temperature increase with

increasing GO-C12-hep content from 0 to 0.8 wt%. However, Ea
of PMVS/SiO2/GO-C12-hep nanocomposites increase with

increasing GO-C12-hep content from 0 to 0.5 wt %, but it decreases

when the GO-C12-hep content is up to 0.8 wt %. Rings of low mo-

lecular cyclosiloxane were easily formed by short siloxane chains

and SiAO chains because of the excess high crosslinking. It is

observed that the decomposition temperature decline with increas-

ing the GO-C12-hep content from 0.5 wt % to 0.8 wt %.

Under normal circumstances, the thermo degradation mode

appears at lower temperatures. In the PMVS/SiO2/GO-C12-hep

nanocomposites system, nanolayered structure of GO improves

the stability of the system, which causes the higher thermo-oxi-

dative degradation temperature and higher Ea. On the other

hand, the carbonyl on the surface of GO can act as the oxida-

tive impurities and promotes the thermo-oxidative degradation

of PMVS, which cause the lower Ea of the system. Therefore, it

can be considered that the competition of two factors above

result in PMVS/SiO2 filled with 0.8 wt % GO-C12-hep having

the higher degradation temperature and lower Ea than others.

CONCLUSIONS

In summary, we have synthesized a series of the PMVS/SiO2/

GO-C12-hep nanocomposites. The mechanical properties and

the thermal decomposition temperature of PMVS/SiO2/GO-

Figure 5. OFW plots for different degrees of conversion a, from a ¼ 5% to a ¼ 95% of PMVS/SiO2/GO-C12-hep nanocomposites: (a) PMVS/SiO2, (b)

PMVS/SiO2/GO-C12-hep-0.2%, (c) PMVS/SiO2/GO-C12-hep-0.5%, (d) PMVS/SiO2/GO-C12-hep-0.8%. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 6. Activation energy and error for the thermal degradation of

PMVS/SiO2/GO/C12-hep nanocomposites. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. The reaction order n for the thermal degradation of PMVS/SiO2/GO/C12-hep nanocomposites using Coatse Redfern method. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table III. Correlation Coefficient (R) of Different Samples Obtained Using CoatseRedfern Method at Different Heating Rates: (a) PMVS/SiO2, (b) PMV

S/SiO2/GO-C12-hep-0.2%, (c) PDMS/SiO2/GO-C12-hep-0.5%, (d) PDMS/SiO2/GO-C12-hep-0.8%

Heating rate (b, �C/min) Samples Correlation coefficient (R)

5 PMVS/SiO2 0.99992246

PMV S/SiO2/GO-C12-hep-0.2% 0.99991614

PDMS/SiO2/GO-C12-hep-0.5% 0.99995917

PDMS/SiO2/GO-C12-hep-0.8% 0.99993629

10 PMVS/SiO2 0.99992814

PMV S/SiO2/GO-C12-hep-0.2% 0.99992355

PDMS/SiO2/GO-C12-hep-0.5% 0.99995665

PDMS/SiO2/GO-C12-hep-0.8% 0.99993269

20 PMVS/SiO2 0.999931

PMV S/SiO2/GO-C12-hep-0.2% 0.99992853

PDMS/SiO2/GO-C12-hep-0.5% 0.99995653

PDMS/SiO2/GO-C12-hep-0.8% 0.99993238

40 PMVS/SiO2 0.99993132

PMV S/SiO2/GO-C12-hep-0.2% 0.99993277

PDMS/SiO2/GO-C12-hep-0.5% 0.9999568

PDMS/SiO2/GO-C12-hep-0.8% 0.99993206
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C12-hep are obviously improved in comparison with PMVS/

SiO2. When the PMVS/SiO2 was filled with 0.5 wt % GO-C12-

hep, the tensile strength values and the thermal degradation

activation energy of all samples were highest in our experiment.

And its bio-application will be investigated and researched in

our future experiments.
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