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ABSTRACT: Effect of non-rubber components on vul-
canization kinetics of natural rubber was studied with the
use of a Rheometer MDR-2000. The results show that the
rate constants of induction period and curing period of
natural rubber (NR) are greater than that of natural rubber
extracted with acetone (NRE), and the activation energies
of induction period and curing period of NR are lower
than that of NRE. The activation energy of induction pe-

riod of NR is reduced by16.9% and the activation energy
of curing period of NR is reduced by 3.2% compared to
the activation energies of NRE. The time tdis of NR is
shorter than that of NRE at the same temperature. VC 2012
Wiley Periodicals, Inc. J Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

The kinetics of rubber vulcanization has been stud-
ied extensively during the past years. The process of
rubber vulcanization consists of induction period,
curing period, and overcure period. If the induction
period and the curing period of natural rubber (NR)
are treated with first-order kinetic equation of ln(MH

� Mt) ¼ lnA � k(t � t0), it can be seen from Figure 1
that the curing period (except the end stage of cur-
ing period) follows first-order kinetic equation, but
the induction period and the end stage of curing
period do not follow first-order kinetic equation.
Coran1 deduced a famous scorch model well
describing the induction period and treated2 the cur-
ing period with one first-order kinetic equation. Pal
et al.3,4 proposed that the curing period could be
treated as two stages expressed in two first-order
kinetic equations with different rate constants. Furu-
kawa et al.,5 by analyzing the curve with the theory
of molecular rheology suggested that curing period
could be expressed in two different equations sepa-
rately. In kinetic analysis of rubber vulcanization, an
important factor cannot be overlooked, which is the
effect of ‘‘aging’’ on crosslink as the existence of
crosslink shortening, crosslink destruction, and SAS

bond interchange.6–8 On the basis of this considera-
tion, numerous research workers, including Russell
et al.,9 Duchacek,10 Li,11–13 Ding et al.,14,15 and Gong
et al.16 individually deduced their equations to
describe the vulcanization process after induction
period. Wang et al.17,18 suggested an empirical equa-
tion to express induction period, and proposed19

that the curing period consists of two stages, the first
stage following the first-order reaction and the reac-
tion order of the second stage (end stage of the cur-
ing period) being n < 1. The change in the reaction
order from n ¼ 1 to n < 1 is probably a result from
the effect of aging on crosslink. NR is made from
fresh NR latex through coagulation and processing.
In the production of NR, the coagulation of fresh
NR latex is an important process step. The microbial
coagulation and acid coagulation are commonly
used two main methods to coagulate fresh NR latex.
Wang et al.20 studied the effects of the two coagula-
tion methods on vulcanization kinetics of NR and
came to a conclusion that the rate constants of
induction period and curing period of NR coagu-
lated by microorganisms are greater than that of NR
coagulated by acid.
NR is a polymer containing about 95% cis-1,4-pol-

yisoprene and 5% non-rubber substances such as or-
ganic acids, lipids, carbohydrates, proteins, and so
on. It is known that non-rubber substances have sig-
nificant effects on the properties of NR.21–23 How-
ever, no report is available on the effects of non-rub-
ber substances on vulcanization kinetics of NR.
In our work, NR was extracted with acetone, and

the effect of non-rubber components on vulcaniza-
tion kinetics of NR was studied by a Rheometer
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MDR-2000 by comparing the vulcanization kinetic
parameters of extracted natural rubber (NRE) and
NR without extract. The discussions in this article
are limited to the range of induction period and cur-
ing period following first-order kinetics, for some
understanding of the effect of the non-rubber com-
ponents on the vulcanization kinetics of NR.

EXPERIMENTALS

Materials

The NR was commercial Standard Chinese Rubber no.
5 produced by China Hainan Rubber Industry Group
(Haikou City, Hainan Province, P.R. China).

Acetone was of chemical grade. Sulfur, zinc oxide,
stearic acid, and 2-mercaptobenzothiazole were of
industrial grade and were not purified.

Samples preparation and test

Raw NR was cut into about 1-mm thick slices, then
the slices were extracted with acetone at 60�C for 24
h. The extracted slices were dried in convulsions
cabinet to constant weight.

The formulation is as follows (in parts per hun-
dred of rubber): NR 100.0, sulfur 3.5, zinc oxide 6.0,
stearic acid 0.5, and 2-mercaptobenzothiazole 0.5.

The stocks were compounded according to
ISO1658:2009 NR-evaluation procedure.

The curves of vulcanization were obtained by
using a Rheometer MDR-2000 at 140, 150, 160, and
170�C, respectively.

RESULTS AND DISCUSSION

Calculations of kinetic parameters

The induction periods of NR and NRE are treated
with an empirical equation17,18,20 of

lnðMH �MtÞ ¼ lnA� k1ðt� t0Þa (1)

where MH is the maximum torque; Mt is the torque
at vulcanization time t, t0 is the time for minimum
torque ML, which just begins to increase; A and k1
are constants, a is a modified coefficient, and k1

1/a is
used as the rate constant of induction period.
The curing periods of NRE and NR are treated

with first-order equation of

lnðMH �MtÞ ¼ lnB� k2ðt� t0Þ (2)

where k2 is a rate constant and B is constant.
The activation energy is calculated according to

the Arrhenius equation

lnk ¼ lnZ� E=RT (3)

The time tdis corresponding to the tangent point of
the curve and the straight line in Figure 1 can be
obtained from the solution of the equation group17,18

Figure 1 Illustration for induction period, curing period,
end stage of curing period, and tdis.

Figure 2 Original rheometer curves of NR

Figure 3 Original rheometer curves of NRE.
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lnðMH �MtÞ ¼ lnA� k1ðt� t0Þa (4)

lnðMH �MtÞ ¼ lnA� k2ðt� t0Þ (5)

Effect on rate constant

Figures 2 and 3 are the original rheometer curves of
NR and NRE, respectively. It can be seen intuitively
from Figures 2 and 3 that the curing rate of NR is
faster than that of NRE. The induction periods of
NRE and NR are treated with eq. (1), and the plots
of ln(MH �Mt) against (t � t0)

a according to eq. (1)
for induction periods of NRE and NR are shown in
Figure 4. The curing periods of NRE and NR are
treated with eq. (2), and the plots of ln(MH � Mt)
against (t � t0) according to eq. (2) for curing peri-
ods (except the end stage of curing period) of NRE

and NR are shown in Figure 5. The feature of the
straight lines in Figures 4 and 5 indicates that both
induction periods of NRE and NR can be described
well by eq. (1) and both curing periods (except the
end stage of curing period) of NRE and NR can be
described well by first-order equation. The calcu-
lated rate constants k1

1/a of induction periods and
the calculated rate constants k2 of curing periods

(except the end stage of curing period) are presented
in Table I. It can be seen from the data in Table I
that the rate constant k1

1/a of induction period of
NR is greater than that of NRE at the same tempera-
ture, and so is the rate constants k2 of curing period
(except the end stage of curing period). It means
that non-rubber components can accelerate the reac-
tion rate of NR.

Effect on activation energy

The calculated rate constants in Table I are treated
with Arrhenius equation as shown in Figure 6. The
feature of the straight lines in Figure 6 indicates that
the relation between reaction rate and reaction tem-
perature for the induction periods and curing peri-
ods (except the end stage of curing period) of NRE

and NR can be described well by Arrhenius equa-
tion. The calculated activation energies are also pre-
sented in Table I. It is shown that the activation
energy 96.135 kJ/mol of induction period of NRE is
obviously greater than the activation energy 79.879
kJ/mol of induction period of NR, and that the acti-
vation energy 104.237 kJ/mol of curing period
(except the end stage of curing period) of NRE is a
slightly greater than the activation energy 100.892

Figure 4 Relation between ln(MH � Mt) and (t � t0)
a for

induction period.

Figure 5 Relation between ln(MH � Mt) and (t � t0) for
curing period except the end stage of curing period.

TABLE I
The Calculated Kinetics Parameters of NR and NRE

Sample T (�C) a K1
1/a r1 K2 r2 tdis (min) E1 (kJ/mol) r1 E2 (kJ/mol) r2

NR 140 1.92 0.1722 0.998 0.0810 0.996 3.40 79.88 0.991 100.89 0.999
150 1.76 0.3671 0.999 0.1506 0.999 1.71
160 1.56 0.5531 0.999 0.3014 0.999 1.04
170 1.50 0.8627 0.999 0.5884 0.999 0.77

NRE 140 1.51 0.1017 0.998 0.0509 0.999 6.39 96.14 0.993 104.24 0.999
150 1.22 0.1629 0.998 0.0996 0.999 4.18
160 1.31 0.3165 0.999 0.1977 0.999 2.27
170 1.51 0.6746 0.999 0.3989 0.999 0.97

(r1 correlated coefficient of K1
1/a and E1; r2 correlated coefficient of K2 and E2).
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kJ/mol of curing period (except the end stage of cur-
ing period) of NR. It means that the existence of
non-rubber components gives rise to a decrease in
the temperature dependence of reaction rates of NR.
The data in Table I also show that the activation
energy of induction period of NR is reduced
by16.9% and the activation energy of curing period
(except the end stage of curing period) of NR is
reduced only by 3.2% compared to the activation
energies of NRE. It is indicated that the effect of
non-rubber components on induction period is obvi-
ously greater than that of curing period.

Effect on the time tdis

The concept of vulcanization intermediates or cross-
link precursors formed in the initial stage of NR vul-
canization is generally accepted and confirmed
experimentally.24–27 The time tdis, being the time
when accelerators and/or intermediates react to
depletion defined by Coran,1,2 marks the termination
of induction period and the beginning of curing
period. The values of tdis are calculated with the
solution of the equation group

lnðMH �MtÞ ¼ lnA� k1ðt� t0Þa
lnðMH �MtÞ ¼ lnA� k2ðt� t0Þ

and are listed in Table I. It is clear that the time tdis
shorten with the increase in curing temperature and
the time tdis of NR is shorter than that of NRE at the
same temperature. The shorter time tdis of NR means
that the termination of induction period of NR is
faster than that of NRE. It may be assumed that the
non-rubber components promote the reaction of
accelerators and/or intermediates in induction pe-
riod of NR vulcanization. It is known28 that the con-
tent of non-rubber substances which is extracted by
acetone is about 3% of dry NR and the non-rubber

substances extracted by acetone are tocotrienol, fatty
acid, and phospholipids. The main compositions in
the phospholipids which is extracted by acetone are
cephalin and lipositol. The tocotrienol is a natural
anti-ager for NR, the fatty acid is a natural plasti-
cizer for NR processing, and the phospholipids is a
natural accelerator for vulcanization. A possible
interpretation for the effect of non-rubber substances
on the vulcanization kinetics of NR may be the
phospholipids promoting the formation of vulcani-
zation intermediates or crosslink precursors in the
initial stage of NR vulcanization.

CONCLUSIONS

The rate constants of induction period and curing
period (except the end stage of curing period) of NR
is greater than that of NRE, and the activation ener-
gies of induction period and curing period (except
the end stage of curing period) of NR is lower than
that of NRE. The activation energy of induction pe-
riod of NR is reduced by16.9% and the activation
energy of curing period (except the end stage of cur-
ing period) of NR is reduced only by 3.2% compared
to the activation energies of NRE. The time tdis of
NR is shorter than that of NRE at the same tempera-
ture. The changes of the kinetics parameters indicate
that non-rubber components play a significant role
in promoting the reaction rate of NR vulcanization,
particularly in promoting the reaction rate of induc-
tion period.
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