
Thermal Degradation Kinetics of Poly(O,O-diethyl-O-
allylthiophosphate-co-acrylonitrile) in Nitrogen

Yuanlin Ren,1,2 Bowen Cheng,2 Aibing Jiang,2 Youcai Lu,2 Ling Xu2

1School of Textiles, Tianjin Polytechnic University, Tianjin 300160, People’s Republic of China
2Tianjin Municipal Key Laboratory of Fiber Modification and Functional Fiber, Tianjin Polytechnic University,
Tianjin 300160, People’s Republic of China

Received 17 March 2008; accepted 18 March 2009
DOI 10.1002/app.30492
Published online 13 November 2009 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: The nonisothermal degradation kinetics of
the copolymer poly(O,O-diethyl-O-allylthiophosphate-co-
acrylonitrile), which was synthesized with O,O-diethyl-O-
allylthiophosphate and acrylonitrile, were studied by ther-
mogravimetry/derivative thermogravimetry techniques.
The kinetic parameters, including the activation energy
and the pre-exponential factor of the copolymer degrada-
tion process, were calculated by the Kissinger and Flynn–
Wall–Ozawa methods. The thermal degradation mecha-
nism of the copolymer was also studied with the Satava–
Sestak method. The results show that the activation ener-

gies were 138.17 kJ/mol with the Kissinger method and
141.63 kJ/mol with the Flynn–Wall–Ozawa method. The
degradation of the copolymer followed a kinetic model of
a phase boundary reaction and the kinetic equation could
be expressed as G(a) ¼ 1 � (1 � a)4 [where G(a) is the in-
tegral function of conversion and a is the extent of conver-
sion of the reactant decomposed at time t]. The reaction
order was 4. VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci
115: 3705–3709, 2010
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INTRODUCTION

Polyacrylonitrile (PAN) fibers have a wide range of
applications because of their special properties, such
as softness, high mechanical strength, low moisture
uptake, and low density. However, PAN fibers are
one of the most flammable fibers. Preparations of
flame-retardant PAN or PAN fibers are increasingly
desired. Flame-retardant PAN has been synthesized
through the use of monomers containing halogens,
which are commonly referred to as modacrylic. These
monomers include vinylidene chloride, vinyl chlo-
ride, and their bromide analogues.1

Another type of monomer that has been used for
the preparation of flame-retardant PAN is phospho-
rus-containing compounds.2–7 However, there are
few reports on the study of fire-retardant PAN made
of monomers containing both sulfur and phospho-
rus.8–11 In this study, we synthesized a fire-retardant
copolymer with O,O-diethyl-O-allylthiophosphate
(DATP) and acrylonitrile, and its thermal stability
was investigated with thermogravimetric analysis
(TGA) under dynamic conditions under a N2 atmos-
phere. The thermal stability was a crucial factor for
determining the processing method and the applica-
tion of the copolymer.

TGA has been widely used for rapidly assessing
the thermal stability of various substances, including
polymer pyrolysis.12,13 The kinetic parameters of the
decomposition process, such as the rate constants,
activation energies, reaction orders, and pre-exponen-
tial factors, were assessed with the data from thermo-
grams. Many kinetic analytical methods have been
established for the analysis of the TGA data.14–16 We
used the Kissinger and Flynn–Wall–Ozawa (FWO)
methods to calculate the activation energy and the
pre-exponential factor of the copolymer and the
Satava–Sestak method to study the thermal degrada-
tion mechanism of the copolymer.

THEORETICAL

According to the reaction theory, the kinetic equa-
tion for solid degradation, B(s) ! D(s) þ C(g) [where
B(s) is the solid reactant and D(s) and C(g) are the
remaining solid and gas products, respectively], can
usually be expressed as follows:

da
dt

¼ kf ðaÞ (1)

where a is the extent of conversion of B(s) decom-
posed at time t, f(a) is the reaction mechanism func-
tion, and k is the reaction rate constant. k obeys an
Arrhenius equation:

k ¼ A expð�E=RTÞ (2)
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where A is the pre-exponential factor, E is the appa-
rent activation energy, R is the gas constant, and T
is the absolute temperature. Combining eqs. (1) and
(2) gives the following equation:

da
dt

¼ A expð�E=RTÞf ðaÞ (3)

If the temperature of the sample is controlled at a
constant heating rate (b ¼ dT/dt), the reaction rate
can be defined as follows:

da
dt

¼ ðA=bÞ expð�E=RTÞf ðaÞ (4)

There are many methods for studying the kinetics
of the degradation of solid materials. In this study,
we used the Kissinger method,14 FWO method,15

and Satava–Sestak method16 to study the degrada-
tion kinetics of the copolymer.

Through separating the variable and rearranging
with the integral or differential functions of eq. (4),
the Kissinger equation [eq. (5)] and the FWO equa-
tion [eq. (6)] can be gained, respectively, as follows:

ln
b

T2
P

¼ ln
AR

E
� E

RTP
(5)

log b ¼ log
AE

RGðaÞ
� �

� 2:315� 0:4567
E

RT
(6)

where G(a) is the integral function of conversion
and TP is the temperature at the maximum weight
loss. In this method, four or more thermal degrada-
tion curves are used, and the activation energy and
the pre-exponential factor can be determined from
the slope and the ordinate of the linear plot of ln(b/
TP

2) versus 1/TP, respectively. The Kissinger method
is suitable for computing the kinetic parameters
when the thermal degradation rate is fast.

Equation (6) is one of the integral methods that
can be used to determine the activation energy with-
out knowledge of the reaction order or the reaction
mechanism. It is a relatively simple method for
determining the activation energy directly from data
of the weight loss versus the temperature obtained
at several b values. The activation energy can be
determined from the slope of the linear plot of ln b
versus 1/TP. Compared to other kinetic methods,
the FWO method avoids possible error resulting
from different assumptions of the reaction mecha-
nism function. Therefore, it can be used to validate
the activation energy computed by different assump-
tions of the reaction mechanism function. It can be
used to obtain the kinetic parameters of any point
on the thermogravimetry (TG) curves.

Rearranging eq. (6), we obtain the Satava–Sestak
equation:

logGðaÞ ¼ log
ASES

Rb

� �
� 2:315� 0:4567

ES

RT
(7)

where AS is the pre-exponential factor obtained from
Stava-Sestak equation and ES is the apparent activa-
tion energy obtained from Stava-Sestak equation.
Thirty types of kinetic model functions17 were

used in the Satava–Sestak method. The ES, AS, and
linear correlation coefficient (r) values of different
model functions were calculated from a plot of log
G(a) against 1/T. It could also be used to obtain the
kinetic parameters of any point on the TG curves.

EXPERIMENTAL

Acrylonitrile and DATP were added to a 250-mL
flask equipped with a mechanical stirrer, a thermome-
ter, and a tube to introduce nitrogen gas into the flask.
Azobisisobutyronitrile was dissolved in dimethylfor-
mamide and then added to the flask. The reaction
was kept at 55�C for 4 h to obtain a semitransparent
emulsion, which was subsequently washed with
deionized water to remove the unreacted monomer
and the homopolymer byproduct, and dried in vacuo
at 80�C for 6 h to obtain a white powder.
Fourier transform infrared (FTIR) spectra was

recorded on a Bruker VECTOR22 spectrometer (Ger-
many). The sample was prepared in KBr pellets, and
the spectrum was obtained in the range 400–4000
cm�1. The TG and derivative thermogravimetry
(DTG) analyses for the copolymer were conducted on
a Netzsch STA 409 PG/PC thermal analyzer (Ger-
many). The polymer sample (11.5 � 0.1014 mg) was
placed in an open platinum sample pan, and the
experiment was conducted under nitrogen at a flow
rate of 20 mL/min and at various b values (5, 10, 15,
and 20�C/min) from room temperature to 600�C.

Figure 1 FTIR spectra of (1) PAN and (2) poly(O,O-
diethyl-O-allylthiophosphate-co-acrylonitrile).
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RESULTS AND DISCUSSION

Figure 1 shows the FTIR spectra of PAN and poly
(O,O-diethyl-O-allylthiophosphate-co-acrylonitrile).
Compared with the FTIR spectrum of PAN, there
were strong absorptions at 1026–975 and 815–788
cm�1 in the FTIR spectrum of poly(O,O-diethyl-O-
allylthiophosphate-co-acrylonitrile), which were the
characteristic absorption peaks of PAOAC and P¼¼S
bonds, respectively. This indicated that the monomer,
DATP, was incorporated into the copolymer.

The TGA and DTG curves for the poly(O,O-
diethyl-O-allylthiophosphate-co-acrylonitrile) are
illustrated in Figure 2(a,b), respectively. As shown,
there were a region of minor weight loss and a
region of major decomposition, and the TG curves
shifted toward the high-temperature zone as b
increased from 5 to 20�C/min because of the heat
lag of the process.18 The decomposition behaviors at
different b values were similar to one another, as
indicated in Figure 2(b). As shown in Figure 3, there
were a region of major weight loss and a region of

minor weight loss. The first region was between 50
and 320�C with 3.3 wt % loss, whereas the first
weight loss period of PAN ranged from 267 to
362�C with 21.4 wt % loss, which showed that the
weight loss temperature range of poly(O,O-diethyl-
O-allylthiophosphate-co-acrylonitrile) was wider
than that of PAN. This indicated that the fire-retard-
ant DATP group in poly(O,O-diethyl-O-allylthio-
phosphate-co-acrylonitrile) made the thermal
stability of PAN increase and delayed the thermal
decomposition rate of the fire-retardant poly(O,O-
diethyl-O-allylthiophosphate-co-acrylonitrile). This
weight loss corresponded to the loss of water
absorbed in the poly(O,O-diethyl-O-allylthiophos-
phate-co-acrylonitrile) and the release of sulfur due
to the relative weak P¼¼S bond19 in the phosphorus
containing group at higher temperatures. In the sec-
ond region, the decomposition became intense with
25.7 wt % loss between 330 and 400�C. In this stage,
on the one hand, the weight loss corresponded to the
loss of hydrogen cyanide and volatile nitrilic com-
pounds generated by random decomposition of the
main chain.20 On the other hand, at higher tempera-
tures, the phosphorus-containing group produced
poly(phosphoric acid) or polyphosphate, which cre-
ated sufficient nucleophilicity to attack the nitrile
groups of the copolymer and, hence, greatly pro-
moted the cyclization reaction and dehydrogenation

Figure 2 (a) TGA and (b) DTG curves of poly(O,O-diethyl-O-allylthiophosphate-co-acrylonitrile) at different b values.

Figure 3 TGA and DTG curves of poly(O,O-diethyl-O-
allylthiophosphate-co-acrylonitrile) at b ¼ 5�C/min. dw/dt
is the rate of mass loss.

TABLE I
Basic Data of the Kinetics of TG Curves

b (K/min) Tp (
�C)

1/TP

(1 � 10�3 K�1)

Kissinger
method:
ln(b/TP

2)
(K�1�min�1)

FWO
method:
log b

5 372.8 1.55 �11.33 0.7
10 385.2 1.52 �10.68 1
15 395.9 1.50 �10.30 1.18
20 406.0 1.47 �10.05 1.30
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reaction.21,22 There was about 68.6 wt % char residue
left at 553�C, which indicated a good thermal stability
of the copolymer.

Kinetic analysis

Evaluation of the activation energy

The Kissinger method is suitable for computing the
kinetic parameters of a region at which the thermal
degradation rate is fast. The FWO and Satava–Sestak
methods can be used to calculate the kinetic parame-
ters of any region in the TG curves. Table I shows
the parameters computed from the TG curves.

According to Kissinger method, by plotting ln(b/
TP

2) versus 1/TP, the regression curves can be gener-
ated by the least square method, as shown in Figure
4(a). The apparent activation energy calculated with
the Kissinger method (EK), 138.17 kJ/mol, and the
pre-exponential factor obtained with the Kissinger

method, 5.78 � 1010, were obtained. The reported
activation energies of decomposition of PAN were
115.223 and 110.5 kJ/mol24 by different research
groups, which were smaller than that of the copoly-
mer. The activation energy of the polymer is deter-
mined by the energy required by the nitrile
cyclization step. The sequence pattern and the regu-
larity of the three-dimensional arrangement of the
nitrile group in the copolymer inhibit the nitrile deg-
radation process.25 In the copolymer, the DATP unit
disrupted the regularity of the nitrile group, and it
was more difficult for the cyclization reaction to pro-
ceed; this resulted in increased activation energy. In
other words, to achieve decomposition, more energy
was required. The result showed that the fire retard-
ancy of the copolymer synthesized in this study was
better than that of the PAN. With the FWO method,
through the plotting of log b against 1/TP, the
regression curves were generated with the least-
square method, as shown in Figure 4(b); the
obtained value of the apparent activation energy cal-
culated with the FWO method (EO), 141.63 kJ/mol,
was in good agreement with EK, and this indicated
that the selection of the thermal degradation kinetics
was reasonable.

Evaluation of the thermal degradation mechanism

In the Satava–Sestak equation [eq. (7)], log(ASES/Rb)
is not affected by temperature. Thus, at the given
value of b, a plot of log G(a) against 1/T should be
a straight line with a slope of �0.4567ES/R. There-
fore, the function that shows a linear relation should
be the fitting function. When many G(a) functions
show the linear relation, those G(a) functions that
meet E � EO should be selected. For the 30 types of
thermal degradation mechanism functions (Table II),
the thermal degradation data from the TG curves at
the different b values were computed by the Satava–

Figure 4 Plots of (a) ln(b/TP
2) versus 1/TP by the Kis-

singer method and (b) log b versus 1/TP by the FWO
method.

TABLE II
Thirty Types of Thermal Degradation Mechanism Functions

No. Differential function: f(a) Integral function: G(a)

1 1/2a�1 a2

2 �[ln(1 � a)]�1 a þ (1 � a)ln(1 � a)
3 3/2[(1 � a)�1/3 � 1]�1 (1 � 2a/3) � (1 � a)2/3

4 and 5 3/n(1 � a)2/3[1 � (1 � a)1/3]�(n�1) (n ¼ 2, 1/2) [1 � (1 � a)1/3]n (n ¼ 2, 1/2)
6 4(1 � a)1/2[1 � (1 � a)1/2]1/2 [1 � (1 � a)1/2]1/2

7 3/2(1 þ a)2/3[(1 þ a)1/3 � 1]�1 [(1 þ a)1/3 � 1]2

8 3/2(1 � a)4/3[(1 � a)�1/3 � 1]�1 [(1/(1 þ a))1/3 � 1]2

9 1 � a �ln(1 � a)
10–16 1/n(1 � a)[�ln(1 � a)]�(n�1) (n ¼ 2/3, 1/2, 1/3, 4, 1/4, 2, 3) [�ln(1 � a)]n (n ¼ 2/3, 1/2, 1/3, 4, 1/4, 2, 3)
17–22 1/n(1 � a)�(n�1) (n ¼ 1/2, 3, 2, 4, 1/3, 1/4) 1 � (1 � a)n (n ¼ 1/2, 3, 2, 4, 1/3, 1/4)
23–27 1/na�(n�1) (n ¼ 1, 3/2, 1/2, 1/3, 1/4) an (n ¼ 1, 3/2, 1/2, 1/3, 1/4)
28 (1 � a)2 (1 � a)�1

29 (1 � a)2 (1 � a)�1 �1
30 2(1 � a)3/2 (1 � a)�1/2
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Sestak method. As a result, the number 7 function
was the most suitable kinetic model function; that is,
G(a) ¼ 1 � (1 � a)1/4. |r| was larger than 0.99, and
the standard deviation (SD) was less than 0.01; this
indicated good linearity, as shown in Tables I and III.
Therefore, the obtained kinetic equation of the ther-
mal degradation of the poly(O,O-diethyl-O-allylthio-
phosphate-co-acrylonitrile) was G(a) ¼ 1 � (1 � a)1/4.
This showed that the degradation of the copolymer
followed a kinetic model of the phase boundary reac-
tion, and the order of the reaction was 4.

CONCLUSIONS

The thermal degradation process of poly(O,O-
diethyl-O-allylthiophosphate-co-acrylonitrile) was
studied by the TG–DTG method. The results show
that the activation energies obtained by the Kissinger
and FWO methods were 138.17 and 141.63 kJ/mol,
respectively. The degradation of the copolymer fol-
lowed a kinetic model of the phase boundary reac-
tion, the kinetic equation could be expressed as G(a)
¼ 1 � (1 � a),4 and the reaction order was 4.
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