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Abstract—The thermal decomposition of copolymers based on polyethylene glycol fumarate with acrylic acid
in oxygen and nitrogen were studied. The activation energies at different degrees of conversion were evaluated
by the Friedman and Flynn–Ozawa–Wall kinetic methods. It was found, using the nonparameteric kinetic
methods, that the reaction rate depends on the temperature and degree of conversion in air and inert media.
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At present, the efforts of researchers are devoted to
seeking new compounds for the synthesis of polymers
with valuable properties. From this viewpoint, unsatu-
rated polyesters based on fumaric acid are of interest
for theoretical and practical research as they have
found use in the preparation of biodegradable poly-
mers with wide applications. As is known, the decom-
position of these compounds results in the formation
of fumaric acid—a natural substance involved in the
tricarboxylic acid cycle (Krebs cycle)—and 1,2-diol
commonly used as a diluent in pharmaceuticals. In
addition to other advantages such as a simple and
effective method of synthesis, unsaturated polyesters
contain unsaturated double bonds; this can be used for
cross-linking with various ionogenic monomers and
hence opens the way toward synthesis of materials
with a given set of properties. These materials should
retain their properties when exposed to high tempera-
tures, corrosive media, moisture, and other destruc-
tive factors. The dynamic thermogravimetry methods
allow us to determine the activation energy of thermal
decomposition, which is used to characterize the
mechanisms of thermal destruction and stability of
polymers [1–4].

The thermal stability of substances is generally
studied in two ways: studies of the temperature depen-
dence of mass loss [5–8] and kinetic analysis [9, 10].

It is reasonable to ask which method would be suit-
able for determining the kinetic parameters of the
destruction of polymers and composite materials.

Earlier, we showed the possibility of using the non-
isothermal calculation methods for determining the
thermodynamic parameters of polypropylene glycol
maleate–acrylic acid copolymers [11]. In continua-

tion of these studies, here we studied the kinetics of the
thermal decomposition of copolymers based on poly-
ethylene glycol fumarate with acrylic acid in oxygen
and nitrogen at different heating rates.

EXPERIMENTAL

The objects of investigation were the copolymers of
polyethylene glycol fumarate (p-EGF) with acrylic
acid (AA) with molar compositions of 7.9 : 92.1 and
89.1 : 10.9 synthesized previously [12]. The thermal
analysis was performed by differential thermogravim-
etry (DTG) and differential scanning calorimetry
(DSC) using a Setaram DTA/DSC differential scan-
ning calorimeter. The thermograms were recorded
under the following conditions: Al2O3 crucible, nitro-
gen or air atmosphere, temperature range 30–800°C,
heating rate of 5–20 K/min, 12–16 mg samples. All
the calculations were performed using the Mathcad
program.

RESULTS AND DISCUSSION

The thermoanalytical characteristics of the decom-
position of the p-EGF–AK copolymers are repre-
sented by the TG/DTG curves (Fig. 1). Note that the
total mass loss at five heating rates was 74.9–81.6%
(Fig. 1a). The changes in the relative mass at different
heating rates show themselves at temperatures in the
range 200–500°C for all the dependences. A change in
the heating rate of the samples did not affect the
behavior of the TG and DTG curves (Figs. 1a and 1b),
and no new peaks were detected. An increase in the
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Fig. 1. TG/DTG curves of the p-EGF–AA copolymers at
different heating rates: (1) 5, (2) 10, (3) 15, and
(4) 20 K/min. 
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heating rate led only to an insignificant change in the
temperature of the start of the peaks, the minimum,
and the end of the deviation of the curve from the
baseline.

The mathematical processing of the thermogravi-
metric curves presented in Fig. 1 allows us to deter-
mine  using the Friedman (FR) [13] and Flynn–
Ozawa–Wall (FOW) isoconversion methods [14]. To
evaluate the complex processes occurring simultane-
ously with the thermal destruction, the nonparametric
kinetic (NPK) method was used [15].

The plot of the kinetic model obtained by the
Friedman differential method is shown in Figs. 2a and
2c. For kinetic analysis, a set of points with the same
degree of conversion were processed; the plot was a
series of several straight lines each characterized by its
own activation energy (Figs. 2a and 2c). The output
parameters (E, ) were calculated in a similar way
using the Flynn–Ozawa–Wall method (Figs. 2b and
2d). As a result of the thermal decomposition of the p-
EGF–AA copolymers, the chain propagates by a het-
erogeneous reaction on the boundary between the
polymer and the gaseous products of thermolysis
(CO2, CO, H2O, etc.): the particles diffuse to the ash
layer accumulating during the combustion of fuma-
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rate, which indicates the limiting stage of the process
as it requires high activation energy (Figs. 3 and 4).
The results of the mathematical processing of the TG
curves are presented in Figs. 3 and 4.

For kinetic analysis of the thermal destruction of
the samples, the nonparametric kinetic (NPK)
method [15, 16] was also used, which is a special
approach to the processing of kinetic data. The exper-
imental reaction rates were located in a matrix
expressed as the product of two vectors containing

 and . This mathematical model is actually a
corollary of the equation:

(1)

Here, the reaction model  is the dependence of
the degree of conversion, and  is the temperature
dependence.

The NPK method uses the singular decomposition
(SVD) algorithm for decomposition of a matrix M into
two vectors [17]. The matrix M is analyzed in the fol-
lowing way:

(2)

The most important feature of this method is that
it can be used to decompose the submatrix with
respect to the temperature ( ) and conversion func-
tion ( ) without any assumptions about their func-
tionality:

(3)

(4)

To determine the kinetic model, we suggest
using the Šesták–Berggren equation [18]:

, where  is determined by the
physical effect that is due to the presence of the reac-
tion product, and  is due to the chemical effect
including the residual reagent , while the tem-
perature dependence is determined by the Arrhenius
equation. The value of the explained variation 
defines the contribution of each of the simultaneous
steps for the whole process of thermal decomposition;
thus, %.

The reaction rate ( ) of the decomposition
of the p-EGF–AA copolymers obtained experimen-
tally at different heating rates was interpolated as a sur-
face in a 3D space ( , α, T). The surface is
organized as a matrix , where the lines correspond
to different degrees of conversion from  to , and
the columns represent the temperatures from T1 to Tj
(Fig. 5).

The results of the NPK study of the p-EGF–AA
copolymers (7.9 : 92.1 and 89.1 : 10.9 mol) are summa-
rized in Table 1. Note that the main process is a chem-
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Fig. 2. Graphical data obtained by the (a, b) Friedman and (c, d) Flynn–Ozawa–Wall methods for the p-EGF–AA copolymers
at different heating rates: (1) 5, (2) 10, (3) 15, and (4) 20 K/min. 
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ical reaction with a reaction order n = 0.5 accompa-
nied by a physical process (m = 0). In the thermal
decomposition analysis, a process with the activation
energies shown in Table 2 was identified. The average
value of the activation energy obtained by the NPK
method agrees with the values obtained by the isocon-
version methods (Table 2). eto

v 
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Table 1. Kinetic parameters of the thermal decomposition o
kinetic method (NPK)

p-EGF–AA , % , kJ/mol , s–1

In nit

7.9 : 92.1 100 153.73 4.30 × 1013

89.1 : 10.9 210.67 5.67 × 1018

In 

7.9 : 92.1 100 161.97 6.24 × 1014

89.1 : 10.9 194.67 1.07 × 1018

λ aE ABuk

CONCLUSIONS

Thus, the simultaneous use of the TG/DTG data
for kinetic analysis gave a more complete picture of the
thermal destruction of the p-EGF–AA copolymers.
This made it possible to evaluate the kinetic parame-
ters using three kinetic methods and to compare the
activation energies obtained from the experimental
F PHYSICAL CHEMISTRY A  Vol. 93  No. 7  2019

f p-EGF–AA copolymers calculated by the nonparameteric

m n , kJ/mol , s–1

rogen

0 0.5 111.94 6.68 × 109

155.72 5.25 × 109

air

0 0.5 117.43 1.52 × 108

155.67 3.49 × 109

aE A
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Fig. 3. Dependences of the conversion (α) on the activation energy (Ea) for the p-EGF–AA copolymers in (a, b) nitrogen and
(c, d) air calculated by the Friedman method. 
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Fig. 4. Dependences of the conversion (α) on the activation energy (Ea) for the p-EGF–AA copolymers in (a, b) nitrogen and
(c, d) air calculated by the Flynn–Ozawa–Wall method. 
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Fig. 5. Surface of the p-EGF–AA copolymers in a three-dimensional space: dependence of the reaction rate  on the tem-
perature (T) and conversion (α) in (a) nitrogen and (b) air. 
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TG and DTG data. The kinetic parameters were cal-
culated using the Friedman and Flynn–Ozawa–Wall
methods and the nonparametric kinetic (NPK)
method. The Friedman and Flynn–Ozawa–Wall
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Table 2. Average values of activation energy obtained by the
kinetic methods being compared ( , kJ/mol)

p-EGF–AA FR FOW NPK

In nitrogen

7.9 : 92.1 165.20 157.75 153.73

89.1 : 10.9 285.93 201.46 210.67

In air

7.9 : 92.1 164.31 165.82 161.97

89.1 : 10.9 213.47 192.50 194.67

aEBuk

methods give the invariant part of the activation
energy, but the kinetic description is too formal. The
NPK method offers two main advantages: (a) the pos-
sibility of separating two or more steps of the complex
decomposition reaction and (b) the possibility of dis-
criminating between the degrees of conversion via the
corresponding temperature functions from the rate
equation.
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