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Abstract The kinetics of the thermal degradation of a

new semi-aromatic polyamide containing benzoxazole unit

(BO6) have been investigated by thermogravimetric anal-

ysis (TG). Thermal degradation of BO6 could be accom-

plished by one step. The corresponding kinetic parameters

of the degradation process are determined by using Kis-

singer and Flynn–Wall–Ozawa methods, respectively.

Coats–Redfern method is also used to discuss the probable

degradation mechanism of the BO6. The results show that

the activation energy obtained from Kissinger method is in

good agreement with the value obtained by using Flynn–

Wall–Ozawa method. The solid-state degradation mecha-

nism of the BO6 is a decelerated R1 type (phase boundary

controlled reaction one-dimensional movement).
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Introduction

Aliphatic polyamides such as PA6, PA66, and PA1010

possess a favorable balance of physical and chemical prop-

erties, which has been widely used as engineering materials

[1–3]. However, their thermal stability is very poor due to the

low melting point and/or glass transition temperature, which

limit their application at high temperature. In our study, a

new semi-aromatic polyamide (BO6) containing benzoxaz-

ole unit based on 5-amino-2-(p-aminophenyl) benzoxazole

(ABO) and adipic acid has been successfully synthesized to

improve the thermal property. The results have shown that

the chemical nature of the benzoxazole group has effects on

the degradation of polyamide [4]. The investigation on the

thermal degradation kinetics and mechanism of BO6 must be

fully understood for successful use in manufacture and ele-

vated temperature applications.

Thermogravimetric analysis (TG) has been widely used

to determine the kinetic parameters of the degradation

process, such as activation energies (E) and reaction orders

(n), etc. [5–10]. Kinetic data could help us to understand

the thermal degradation mechanism [11].

In this article, the thermal degradation of BO6 has been

investigated with TG analysis. One objective is to study the

activation energy (E), reaction order (n), and frequency

factor (A) of BO6 by using different heating rates under

nitrogen conditions. The other is to study the thermal

degradation mechanism as a solid-state process.

Theoretical background

In general, the thermal degradation reaction of a solid

polymer could be described as:

Asolid ¼ Bsolid þ Cgas ð1Þ

It means that a solid polymer A (solid) is decomposed

into residue B (solid) and volatile substances C (gas). In TG

measurements, the degree of decomposition could be

calculated as follows [12]:

X ¼ W0 �Wt

W0 �W1
ð2Þ

where X is the degree of decomposition; W0; Wt; W1
represent the initial, actual, and final mass of the material,
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respectively. A typical model for the decomposition degree

of the polymer A could be shown as:

dX

dt
¼ k � f ðXÞ ð3Þ

where dX/dt represents the decomposition rate; f(X) stands

for the function of X. And k is the Arrhenius rate constant:

k ¼ A � expð�E=RTÞ ð4Þ

where E is the activation energy (J mol-1), R is the gas

constant (8.314 J mol-1 K-1), A is the frequency factor

(M1-n s-1), and T is Kelvin temperature (K). Substituting

the Eq. 4 into Eq. 3, we could obtain

dX

dt
¼ A � expð�E=RTÞ � f ðXÞ ð5Þ

under the constant heating rate b (b ¼ dT=dt, �C min-1),

the degree of decomposition could be analyzed as follows:

dX

dT
¼ A

b
� exp �ET=RTð Þ � f ðXÞ ð6Þ

The Eq. 5 and Eq. 6 are the basic equations for the

kinetic calculation.

Kissinger method [13]

The Kissinger equation is:

ln
b
T2

p

 !
¼ ln

AR

E
þ ln nð1� XpÞn�1

h i
� E

RTp

ð7Þ

where b is the heating rate, Tp is the maximum temperature

of loss rate on the TG curves, A is the frequency factor, Xp

is the conversion rate of the maximum mass loss rate, and n

is the reaction order. The activation energy (E) could be

calculated from the slope coefficient of the straight line by

plotting ln(b/Tp
2) against 1,000/TP.

Flynn–Wall–Ozawa method [14, 15]

Separating the variable Eq. 6, it could be obtained:

gðXÞ ¼
ZXp

X0

dX

f ðXÞ ¼
A

b

ZTp

T0

expð�E=RTÞdT ð8Þ

Defining x = E/RT and integrating the right-hand side

of Eq. 8, it could be obtained:

A

b

ZTp

T0

expð�E=RTÞdT ¼ AE

bT
pðxÞ ð9Þ

Substituting the Eq. 9 into the Eq. 8, and then

calculating the logarithms, the result could be expressed as:

log b ¼ log
AE

gðXÞRþ log pðxÞ ð10Þ

where

pðxÞ ¼ e�x
�

x2
� �X

n¼1

ð�1Þn�1 n!
�

xn�1
� �

and g(x) is the function of the decomposition degree. When

20 B x B 60 is true, using the Doyle approximation, p(x)

could be expressed approximately:

log pðxÞ � �2:315� 0:4567x ð11Þ

Substituting the Eq. 11 into the Eq. 10 and rearranging,

we could obtain:

log b ¼ log
AE

gðXÞR� 2:315� 0:4567E

RT
ð12Þ

From this equation, log b * 1,000/T is a straight line,

the activation energy (E) could be obtained from the slope

coefficient (-0.4567E/R).

Coats—Redfern method [16, 17]

Coats—Redfern method solves the Eq. 8 by using an

asymptotic approximation at the different conversion rates.

If ð2RTÞ=E ! 0 is true for the Doyle approximation, we

could obtain a natural logarithmic formula:

ln
gðXÞ
T2
¼ ln

AR

bE
� E

RT
ð13Þ

According to the different degradation processes, the

corresponding theoretical function g(X) is listed in Table 1

[18]. Activation energy (E) could be calculated by the plot

of ln[g(X)/T2] * 1/T, by comparing, with which the

activation energies from Kissinger method and Flynn–

Wall–Ozawa method, and the reaction mechanism could be

determined.

Experimental

Materials

ABO (from Standard Chemicals, Tianjing, China), as aro-

matic diamine, was used as-received without any further

treatment. Adipic acid (from Guangfu Fine Chemicals,

Tianjing, China), as aliphatic diacids, were used after

recrystallization. N-methyl-2-pyrrolidone (NMP) (from

Standard Chemicals, Tianjing, China) was purified by

vacuum distillation and stored in the presence of molecular

sieves. Pyridine (Py) (from Xinxi Reagents, Tianjing,

China) was distilled and stored over KOH pellets before

using. Triphenyl phosphite (TPP) (from Guangfu Fine

1252 H. Gu et al.

123



Chemicals, Tianjing, China) as the catalyzer, was purified

by washing successively with 5 wt% aqueous NaOH, then

distilled water, and finally with saturated NaOH solution,

followed by drying over anhydrous MgSO4. Lithium

chloride (LiCl) (Standard Chemicals, Tianjing, China) was

dried under vacuum at 160 �C for 5 h.

Preparation of BO6

A typical procedure for the preparation of BO6 was taken

as follows: a 100 mL four-necked flask, equipped with

polytetrafluoroethylene stirrer, nitrogen inlet, thermometer,

and reflux condenser, respectively, was charged with

5 mmol (0.730 g) adipic acid, 5 mmol (1.125 g) aromatic

diamine, 13 mmol (3.3 mL, 3.880 g) triphenyl phosphate,

6.3 mmol (0.267 g) lithium chloride, 37.2 mmol (3 mL,

2.948 g) Py, and 123.7 mmol (12 mL, 12.336 g) NMP.

The mixture was heated for 5 h in a thermostatically con-

trolled heater at 90 �C under stirring and mild nitrogen

purging. When the polymerization was finished, the reac-

tion mixture was poured into 100 mL methanol to precip-

itate the polymer, which was collected by filtration.

The polymer was agitated in 25 mL hot ethanol for 10 min,

and filtered again. The washing treatment was repeated

three times, and the product was finally dried under

vacuum (-0.09 MPa, 100 �C, 10 h). The polymerization

process is shown in Scheme 1.

TG analysis

TG analysis was obtained on a Pyris PE system at various

heating rate of b (10, 15, 20, 25, 30 �C min-1) under

nitrogen atmosphere from 20 to 600 �C.

Results and discussion

Thermal degradation kinetics of BO6

The TG curves and differential TG (DTG) curves of BO6

at different heating rates in nitrogen are shown in Figs. 1

and 2.

The calculation of activation energy (E)

According to the Kissinger equation, the fitting correlation

coefficient R is 0.98658 by the plot of ln(b/Tp
2) against

1,000/Tp, as shown in Fig. 3. The activation energy (E) is

210.69 kJ mol-1 is calculated by the slope coefficient of

the straight line.

Table 1 Algebraic expressions for g(X) for the mechanisms of solid-state processes [18]

Symbol g(X) Solid-state processes

Sigmoidal curves

A2 [-ln(1 - X)]2 Nucleation and growth (Avrami equation 1)

A3 [-ln(1 - X)]3 Nucleation and growth (Avrami equation 2)

A4 [-ln(1 - X)]4 Nucleation and growth (Avrami equation 3)

Deceleration curves

R1 X Phase boundary controlled reaction (one-dimensional movement)

R2 2[1 - ln(1 - X)1/2] Phase boundary controlled reaction (contracting area)

R3 3[1 - ln(1 - X)1/3] Phase boundary controlled reaction (contracting volume)

D1 X2 One-dimensional diffusion

D2 (1 - X)ln(1 - X) ? X Two-dimensional diffusion (Valensi equation)

D3 [1 - (1 - X)1/3]2 Three-dimensional diffusion (Jander equation)

D4 [1 - (2/3)X] - (1 - X)2/3 Three-dimensional diffusion (Ginstling–Brounshtein equation)

F1 -ln(1 - X) Random nucleation with one nucleus on the individual particle

F2 1/(1 - X) Random nucleation with two nuclei on the individual particle

F3 1/(1 - X)2 Random nucleation with three nuclei on the individual particle

P(OPh)3, LiCl

Py,  NMP

N

O

H2N NH2
+ HOC

O

CH2 COH

O

N

O

NH
HN

O

CH2

O

C C
n

4

4

Scheme 1 Process of the

polymerization
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Flynn–Wall–Ozawa method is an integral method. The

curves of conversion (X) versus temperature at different

heating rates are shown in Fig. 4. X = 0.2, 0.25, 0.30, 0.35,

0.40, 0.45, 0.50, 0.55, 0.60, and 0.65 are taken to evaluate

activation energy, respectively. According to the Eq. 12,

the activation energy (E) could be obtained from the

slope coefficient (-0.4567E/R) by the plot of logb versus

1,000/T, as shown in Fig. 5. The slope coefficient and

correlation coefficient at different conversion (X) are listed

in Table 2. Finally, the average activation energy of BO6 is

200.53 kJ mol-1.

It could be concluded from the activation energy

(E) obtained by the two methods that the results are close to

each other. Therefore, it means that the determination of

activation energy (E) from Kissinger equation and Flynn–

Wall–Ozawa method is reliable.

The determination of reaction order (n) and frequency

factor (A)

For the simple reaction, the simplest and most commonly

used model of f(X) is as follows [19]:
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Fig. 1 TG curves of BO6 at different heating rates in N2
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f ðXÞ ¼ ð1� XÞn ð14Þ

Substituting the Eq. 13 into the Eq. 6, rearranging and

calculating the natural logarithm, we could obtain:

ln½ðbdX=dTÞ= expð�E=RTÞ� ¼ ln Aþ n lnð1� XÞ ð14Þ

The reaction order (n) and frequency factor (A) could be

obtained from the slope coefficient and intercept by the plot

of ln[(bdX/dT)/exp(-E/RT)] versus ln(1 - X).

The differential curve of TG at 10 �C min-1 is shown in

Fig. 6. X = 0.50, 0.55, 0.60, 0.65, 0.70, and 0.75 are

chosen to calculate the ln[(bdX/dT)/exp(-E/RT)]. The

results are listed in Table 3.

The fitting line of ln[(bdX/dT)/exp(-E/RT)] against

ln(1 - X) is shown in Fig. 7. It is found that the reaction

order (n) is 2.98126. The frequency factor (A) is

2.29405 M-1.98126 s-1.

Kinetic mechanism of BO6

To investigate the solid-state process for the thermal deg-

radation of BO6, Coats—Redfern method is chosen as it

involved the mechanism of solid-state process.

According to the Eq. 13, the activation energy (E) for

every g(X) function listed in Table 1 could be obtained

from the slope coefficient by the plot of ln[g(X)/T2] versus

1/T. X = 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50, 0.55, 0.60,

0.65, 0.70, 0.75, and 0.80 are taken to calculate the acti-

vation energy (E), and correction coefficient of every

g(X) function at a heating rate (b = 10 �C min-1). The

fitted curves at different conversion of Coats–Redfern

method are shown in Fig. 8. And the calculated results are

listed in Table 4.

Compared with the activation energy (E) obtained from

Kissinger equation and Flynn–Wall–Ozawa method, the

same result is obtained in Coats—Redfern method. When

the thermal degradation mechanism for BO6 is a R1 type, the

activation energy (E) corresponds to the other two methods.

Therefore, the R1 type is probably the thermal degradation

kinetic mechanism, and the rate-controlling process of

thermal degradation of BO6 followed the phase boundary

controlled reaction one-dimensional movement (R1) with the

integral form g(X) = X. In phase boundary-controlled

Table 2 Slope coefficient and correlation coefficient at different

conversions

X Slope coefficient E/kJ mol-1 Correlation coefficient/R

0.20 -11.68919 212.79 0.99653

0.25 -11.09544 201.98 0.99430

0.30 -11.01261 200.47 0.99536

0.35 -10.92453 198.87 0.99492

0.40 -10.88596 198.16 0.99463

0.45 -11.02609 200.71 0.99495

0.50 -10.84727 197.46 0.99390

0.55 -10.82714 197.09 0.99224

0.60 -10.81172 196.81 0.98949

0.65 -11.03767 200.93 0.98323
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Fig. 6 Differential curve of TG at 10 �C min-1

Table 3 Values at different conversions

X T/K ln(1 - X) ln[(bdX/dT)/exp(-E/RT)]

0.50 699.34 -0.69310 -1.35943

0.55 701.71 -0.79850 -1.48157

0.60 704.48 -0.91630 -1.79897

0.65 708.23 -1.04982 -2.24189

0.70 714.59 -1.20397 -2.88132

0.75 726.85 -1.38629 -3.28551
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Fig. 7 Reaction order (n) and the frequency factor (A) from exper-

imental data
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reactions, the reaction is controlled by movement of an

interface at constant velocity and then equation relating X is

the R1 function for a movement along a straight line [20].

Conclusions

The kinetic parameters of the thermal degradation of BO6

are investigated by using different methods. The results

show that the activation energy (E) obtained from Kis-

singer and Flynn–Wall–Ozawa methods are 210.69 and

200.53 kJ mol-1, respectively. The reaction order (n) and

frequency factor (A) calculated by the differential are

2.98126 and 2.29405 M-1.98126 s-1, respectively. The

result from Coats–Redfern method illustrates that the solid-

state process for the thermal degradation of BO6 obeys the

phase boundary controlled reaction one-dimensional

movement (R1) with the integral form g(X) = X.
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