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Abstract—The thermal decomposition of polyethylene glycol fumarate—acrylic acid copolymenis investi-
gated at different rates of heating. It is shown that increasing the rate of heating raises the temperatuge ofithe
onset of decomposition. The kinetic parameters of decomposition are calculated using “the integral
Kissinger—Akahira—Sunose procedure. It is found that at different degrees of conversiongthe activation ener-
gies are very close: £'=205—227 kJ/mol. The effect the composition of the copolymer has endhe results from
kinetic calculations is shown. The Coates—Redfern approach is used to determine the,pre-exponential factor
and the model of thermal decomposition. Calculated thermogravimetric cufves:are constructed and com-

pared to experimental ones.
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INTRODUCTION

Science’s interest in obtaining and producing new
materials based on unsaturated polyester resing is
growing every year. Unsaturated polyester résins ‘are
products of the polycondensation of polyhydsic alco-
hols with unsaturated polybasic acids or anhydrides
[1]. In a solution of monomers with additions of a per-
oxide initiator, they can cure at both Teom tempera-
ture and low temperatures withgut the release of by-
products. Unsaturated polyestersfalso provide the
greatest possibility of directed maedification, due to
polymerization with diffetentmienic monomers and
thus open the way to obtaining materials with prede-
termined valuable sets of properties [2].

Copolymers (unsaturated polyester resins with
hydrophobieymofiomers that have a spatially cross-
linked structure) are characterized by thermal stability
in a wide rangehef temperatures [3]. Studies have
revealed that the composition of unsaturated polyester
and the monomers used for crosslinking strongly
affect the thermal stability of products of copolymer-
ization. Results from thermogravimetric analysis show
that these copolymers are thermally stable up to 250—
300°C, after which thermal destruction proceeds in
several stages [4, 5]. The thermal decomposition and
kinetic parameters of copolymers of polypropylene
glycol maleinate with acrylic acid were studied in [6],
and the dependence of destruction on the ratio of
components was established. The thermal decomposi-

tion of copolymers of polyethylene glycol fumarate
with acrylic acid was investigated in [7]. Using the
Friedman and Flynn—Ozawa—Wall procedures, the
activation energies were estimated at various degrees
of transformation. Nonparametric kinetics was used to
establish the reaction rate’s dependence on tempera-
ture and degree of conversion.

In this work, we determine the kinetic parameters
of the thermal decomposition of a copolymer of poly-
ethylene glycol fumarate with acrylic acid, according
to the recommendations (ICTAC) of the Kinetic
Committee [8, 9].

EXPERIMENTAL

Our objects of study were copolymers of polyeth-
ylene glycol fumarate (p-EHF) and acrylic acid (AA)
synthesized earlier in ratios of 7.95 : 92.05 and 89.05 :
10.95 at a temperature of 293 K [10]. The thermal
properties of the copolymers were studied on a Lab-
SYS evo TG/DSC unit (Setaram, France) for simulta-
neous thermal analysis in the dynamic mode. Samples
were brought to temperatures of 30—1000°C with
heating rates of 5, 10, 15, and 20 K/min in an atmo-
sphere of nitrogen and air inside an Al,O; crucible.
The gas flow rate was 30 mL/min. The weight of the
samples was 10—12 mg. The experimental data were
treated using the Microsoft Excel and Processing pro-
grams.
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Fig. 1. Temperature dependences of (a) weight changeland
(b) rate of weight change for p-EHF : AA copolyiiess at a
ratio of 7.95 : 92.05 wt % (in nitrogen).

We used integral procedures te*determine the acti-
vation energy (F) and pre-exponentialéfactor (4). An
approximation of the tempefature,integral produced
an inaccurate value of E. “Bheimore accurate approxi-
mation of Murray and€White, can be reduced to the
familiar so-called Kissinger—Akahira—Sunose equa-

tion [11, 12]:
B: E
Inj|,——4= const — —. 1
(TZ RT M

o,

The Kissinger—Akahira—Sunose equation provides a
substantial improvement in the accuracy of the activa-
B:

tion energy. Constricting dependency In [T_ZJ onl/T,

oL,
we get a line on which we can determine E.

A suitable model can be selected for describing the
dependence of the relative change in mass temperature

and simultaneously determining the activation energy
E and pre-exponent A. There are several ways of fitting
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non-isothermal models. One of the most famous is
the Coates—Redfern approach [13], which uses an
asymptotic expansion to approximate the integral of
the exponential function in the equation

o | —-Inl-a) «n=1
g(a) = do=91-(1-)™
!(1—00" 2= .y,
1—n
which yields
m[@}:m AR\ _ E Q)
T’ BE) RT

Dependence In(g(o)/T?) on Y T4sya line*with slope
tangent (—E/R), which allows™us tojdetetmine the
activation energy.

RESULTS,AND, DISCUSSION

One of the mostimportant applied problems in the
chemistry of macromelecular compounds is creating
heat-resistant¥polymeric materials. The greatest issue
is thus the“possibility of determining the activation
energy fogthermmal decomposition, which is used to
Characterizejthe mechanisms of thermal destruction
andthestability of polymers by dynamic thermograv-
imetry and other means. In this work, we were able to
detepmine the main kinetic parameters of the decom-
position of a copolymer of polyethylene glycol fuma-
rate with acrylic acid (p-EHF : AA) using isoconver-
sion models. Our results demonstrated the practical
value of this approach.

The curves obtained using thermogravimetric
analysis and the rates of decomposition are shown in
Figs. 1, 2.

As is shown in Fig. 1a, a sample of a copolymer of
polyethylene glycol fumarate with acrylic acid in an
inert medium begins to decompose at ~180°C. Slow
decomposition of the sample with the release of vola-
tile substances is observed up to ~300°C. The main
stage of thermal decomposition of the copolymer lies
in the range of ~ 320 to ~ 440°C, after which stabiliza-
tion of the sample mass is observed. The rate of weight
loss (Fig. 1b) as that of heating grows is 5 to
18 mg/min. The graphs clearly show the shifts of the
curves toward higher temperatures.

For comparison, the weight loss and rate of weight
loss of copolymers in air are shown. Figure 2a shows
that the copolymer has three main stages of weight
loss. Up to ~200°C, there is slow decomposition of the
sample with the release of volatile substances. The
main stage of destruction lies in the range 300—420°C.
At temperatures of 420 to 800°C, the sample burns out
until it decomposes completely. As in an inert
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Fig. 2. Temperature dependences of (a) weight changeland
(b) rate of weight change for p-EHF:AA copolymiess at a
ratio of 7.95 : 92.05 wt % (in air).

medium, the rate of decompositi®fpvariesPfrom 5 to
17 mg/min. The main peaks are(observed at 400°C.

The thermogravimetfic curves-atsdifferent heating
rates were processed using "amgintegral approach.
Graphic dependences ofjthe‘equations of isoconver-
sion method are shown in Fig. 3.

Kinetic parameters‘were calculated for obtained
partial dependences,and the coefficients of correla-
tion given in Table Ld#vere calculated.

Analysis of the'data in Table 1 shows that the acti-
vation energy determined with integrals changes
slightly and is virtually independent of the experimen-
tal system in which thermal destruction was imple-
mented. The preexponential factor is in this case more
sensitive to different external parameters and changes
by several orders of magnitude. The values of E gener-
ally show the same tendency of change, allowing us to
consider the ones we obtained to be quite reliable.

The data presented in Table 2 indicate that the acti-
vation energy is high for copolymers with lower poly-
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Fig. 3. Graphic dependences of thelKissiges—Akahira—
Sunose equations for the p-EHEAA copolymer at a ratio
of 7.95: 92.05 wt % and different rates of‘heating.

ester resin contentsmglhermal destruction in air
reduces the thermal stability of the copolymers. Its
effective activation“energy is therefore relatively low.
The obtained kin€tic characteristics of the destruction
of copolyfaer p2EGF:AA can therefore be used to
identifymit, sice they are strictly individual for each
compound

TBhe Coates—Redfern approach was used to deter-
mine the model of the reaction associated with the
main stage of decomposition. According to Eq. (2),
the activation energy for different functions g(o) can
be calculated at a constant rate of heating by fitting lin-
ear dependence In (g(o)/7?) on 1/T. The slope of the
corresponding dependences allows us to determine the
activation energy for each possible model (Fig. 4). The
Coates—Redfern approach thus allows us to determine

Table 1. Kinetic parameters calculated wusing the
Kissinger—Akahira—Sunose approach at different degrees
of conversion

o E, kJ/mol A, min™! R?
0.1 205.23 2.02 x 10" 0.9964
0.2 208.02 1.26 x 10" 0.9909
0.3 225.79 1.99 x 1013 0.9943
0.4 223.88 9.17 x 1012 0.9978
0.5 227.04 1.10 x 10 0.9988
0.6 224.93 5.21 x 1012 0.9984
0.7 218.06 1.04 x 10" 0.9986
0.8 221.13 1.41 x 102 0.9993
0.9 225.21 1.23 x 1012 0.9946
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Table 2. Activation energies for p-EHF copolymers : AA
(m; : m,) in an atmosphere of nitrogen and air

E, kJ/mol

my : my, wt %

In a nitrogen atmosphere

7.95:92.05 219.92

89.05:10.95 201.87
In air

7.95:92.05 148.47

89.05:10.95 149.54

Table 3. Kinetic parameters obtained with the Coates—
Redfern procedure at a heating rate of 10 K/min

Reaction FE
model 8(0) K/mot| K| In4
P4 ol/4 19.92 | 0.7028 | 11.07
P3 ol/3 30.25 | 0.7846 | 9.74
P2 ol/? 50.93 | 0.8391 | 7.09
P2/3 |02 174.96 | 0.8863 | 8.81
Dl o? 300.58 | 0.8908 | 16.75
Fl1 —In(1 — or) 163.78 | 0.9982 | 13.20
A4 [—In(1 — or)]'/4 32.63 | 0.9790 | 7.98
A3 [—In(1 — o0)]'/3 47.20 | 0.9829 | 5.62
A2 [—In(1 — o0)]'/? 76.34 | 0.9859 | 0.92
D3 [1—(1 —o)]'31? 226.98 | 0.9949 | 39.67
R3 1—(1 -3 144.75 | 0.9612 | 6.94
R2 1—(1—o)l? 136.04 | 0.9426 | 59
D2 (1 —o)ln(1 —o) + o | 265.15 | 0.9242.4,21.72

the total kinetic triplet (£, A, and g(e)). The parame-
ters obtained from the slopes and intetsection of the
lines are presented in Table 3.
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Fig. 4. Graphic dependences of the Coates—Redfern equa-
tion (reaction model D3) for p-EHF:AA copolymer at dif-
ferent rates of heating.
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The best model was chosen according to its agree-
ment with the activation energy calculated earlier. The
best fit was for the D3 model (three-dimensional dif-
fusion).

To confirm the correctness of our data, we com-
pared the experimental TGA curves to ones calculated
using the equation [14]

mﬂo = explZ—%j‘oexp (_Rﬁe) dﬂ}, 3)

where m and m, are the current and initial sample
weights, T is temperature (K), E is the activation
energy, R is the gas constant, and A is,a pré-exponen-
tial factor.

Average values of the activation ‘€mergy, Jobtained
using the Kissinger—Akahira=Sunase approach at dif-
ferent degrees of expansion{wesemsed to calculate the
current mass of each polymersample (Table 1).

As is seen from Fig. S, the values of the current
sample mass, calcdlated using formula (3), converge
satisfactory withythe€xperimental data. This is typical
for other values of heatifg rates as well.

CONCLUSIONS

The thermal stability of copolymers of polyeth-
ylene glycol fumarate with acrylic acid was deter-
mined. The kinetic parameters of thermal destruction
were/ determined using the Kissinger—Akahira—
Sunose isoconversion approach. It was found that the
activation energies rise along with the composition of
the copolymer of unsaturated polyester resin. When
heated in air, the copolymer was vigorously oxidized
by the action of atmospheric oxygen. If the material
was heated without air (e.g., in a nitrogen atmo-
sphere), the copolymer broke down into low—molec-
ular weight products. The Coates—Redfern approach
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Fig. 5. (1) Experimental and (2) calculated dependences of

the relative mass of p-EGF:AA samples on temperature at
a heating rate of 10 K/min.
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allowed us to calculate the pre-exponential factor and 7.
the model of the reaction: 4 = 1.69 x 1077 and flot) =
[(1 = (1 —))'/?)?, respectively.

A. Z. Sarsenbekova, G. K. Kudaibergen, M. Zh. Bur-
keev, and G. K. Burkeeva, Russ. J. Phys. Chem. A 93,
1252 (2019).
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