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Thermal decomposition of the copolymer of polyethylene glycol fumarate with acrylic
acid (p-EGF:AA) of two different compositions synthesized earlier was studied in the present
work. TG and DTG curves prove that decomposition takes place in several stages. According to
thermogravimetric curves it has been found out that for the copolymer with higher content of
acrylic acid the decomposition of the copolymer’s sample is started at higher temperatures. It
has been shown the shift of the temperature of decomposition’s start to the higher area with the
increase of heating rate which is necessary for the detorsion of macromolecular coil. Experimental
data processed using graphical methods of Kissinger—Akahira—Sunose and Friedman allowed us
to calculate the activation energy of the thermal decomposition process. It has been established
that the copolymer with the composition of 21.03:78.97 mass.% has lower meaning of activation
energy than the one with the composition of 68.96:31.04 mass.%. As a result of calculation one
can see that the meanings found out using these methods depend slightly on conversion. Using
Achar-Brindley-Sharp method and the method of invariant kinetic parameters the kinetic triplet
of the decomposition process has been found which was used to build the calculated curve. The
dependences of g(a) on a using these parameters showed a satisfactory agreement of calculated
curves with the experimental ones. One can conclude that the decomposition process of the
copolymer of polyethylene glycol fumarate with acrylic acid is well described with of D3 (three-
dimensional diffusion) model.

Keywords: thermogravimetry; activation energy; copolymers; polyethylene glycol
fumarate; acrylic acid.
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NOAUSTUNEHTIMKONbPYMapaT cononmmepiHiH, (n-3rd:AK)  TepmuANbIK biablipaybl 3epTTenreH.
TG xaHe DTG KMCbIKTapbl biablpay npoueci bipHewe caTblga KYpPeTiHiH Aanengengi.
TepmorpaBMMeTPUANBIK KUCBIK CbI3bIKKa CIMKEC, KypaMblHAA aKpUA KbILWKbINbI Ken conoanmep
YWiH cononumep YAriCiHiH blAblpaybl KOfapbl TemnepaTypaga 6acTanaTbiHbl aHbIKTaNAbI.
MaKpoMONneKkynanblK  WapnapAbl alHanAblpy  KakeTTinirimeH 6aWnaHbICTbl  Kbi34blpy
KbIIAAMIbIFbIHbIH KOFapbliaybIMeH XOFfapbl aiMaKKa blAblpayAblH 6acTany TemnepaTypacbIHbIH,
e3repyi kepceTinreH. PpuamaH meH KuccuHpxep-Axkaxup-CaHysapiH rpaduKkanbik agictepimeH
OHAEeNreH IKCMEePUMEHTTIK MaNiMeTTep TEPMUANDIK, biAblpay NPOLECiHIH aKTUBTEHY SHEPTUACLIH
ecenTeyre MymKiHAik 6epai. 21.03:78.97 macc. % KypamblHbiH cononnmepi 68.96:31.04 macc.
% -TeH >XOfapbl blAblpay aKTUBTEHAIPY SHEPruAcblHa Me eKeHairi aHbikTanabl. Ecenteynep
HaTUXKenepi 6oMbIHWA OCbl dAicTepMeH TabbinFaH MaHAEP KOHBepCUAFa KaTTbl Tayenai emec
eKeHiH Kepyre 6onagbl. Axap-bpuHanu-llapna aficiH XoHe WHBAPWMAHTTbl KUHETUKANbIK
napameTpJsiep 3/iCiH KOAAAHA OTbIPbIN, eCenTeNreH KUCbIK CbI3bIKTbl KYPY YLWiH KONAaHbINATbIH
blAblPay MPOLECIHIH, KUHETUKANbIK TpunaeTi Tabbingbl. Ocbl NapameTpiepai KongaHa oTbipbIn,
g(a) a-fa Tayenainiri ecentey KMCbIKTapblHbIH, TAXipubenik KUCbIKTapMeH KaHafaTTaHap/bIK
KeNicimiH KepceTTi. AKPUA KbILWKbIIbIMEH NONNITUNEHINKONbGYMApAT CONONMMEPIHIH biablpay
npoueci D3 (yw enwemai anddysuna) mogenimeH Kakcbl cunaTTanfaH Aen aiTa anambis.
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B HacToswel paboTe MccaefoBaHO TepMUYECKOE Pas/ioKeHMe CUHTe3MPOBAHHOMO
paHee conosvmepa NoMMITUNEHIIMKOAbOYMApaTa C akpuaoBoW Kucnotoi (n-3rd:AK) aByx
pa3nunyHbix cocTaBoB. TG 1 DTG Kpusble A0Ka3bIBAOT, YTO NPOLLECC PA3/IOXKEHUA MPOUCXOAUT B
HECKO/IbKO cTaaunit. Mo TepmorpaBMMeTpUYECKUM KPUBBIM YCTAHOBJIEHO, YTO ANA conoanmepa
c 6onblnMm copepikaHMem akpUIOBOW KUCOTbI pas3sioxeHne obpasL,a cononimmepa HaunHaeTcA
npu 6onee BbICOKMX TemnepaTypax. [ToKasaH cABUr TemnepaTypbl Ha4ana pasnoxeHusa B bonee
BbICOKYI0 06/1aCTb C POCTOM CKOPOCTM Harpesa, CBA3aHHbIN C HEOOXOAMMOCTbBIO PaCcCKpy4MBaHUA
MaKpPOMONEKYNAPHbIX KNYOKOB. IKCNepuMeHTaNbHble AaHHble, 06paboTaHHble rpaduyecknumu
metogamn dpuamaHa u KuccuHpxkepa-Akaxmpa-CaHysa, MO3BONIMAM paccyMTaTb 3Hepruu
aKTMBaLMK Npouecca TEPMUYECKOTO pa3ioXeHUA. YCTaHOBNIEHO, YTO CONOAMMEP C COCTaBOM
21.03:78.97 macc.% umeeT 3HepPrvlo aKTUBAUMKW pPa3noXeHua Bbiwe, yYem 68.96:31.04
macc. %. Mo pe3ynbTaTam pacyeToB MOXHO YBWUAETb, YTO 3HAYeHWUA, HaWAeHHble AaHHbIMU
MeToAaMW, He CUAbHO 3aBUCAT OT KOoHBepcuun. Ncnonb3ya meton Axapa-bpuHann-Lapna un
MeTO/, UHBAPUAHTHbIX KMHETUYECKUX NMapamMeTpoB, HaleH KUHeTUYeCKMin TpunaeT npouecca
pasfNoXeHnA, KOTOpbI WMCNONb30BaH ANA MNOCTPOEHWA pacyeTHON KPWUBOW. 3aBUCMMOCTHU
g(a) oT o ¢ Mcnosib30BaHWEM [aHHbIX NapameTpPOB NOKasanu yA0BNETBOPUTENbHOE COrlacue
PacY€THbIX KPMBbLIX C 3KCMEepUMeHTanbHbIMU. MOXHO CKas3aTb, YTO NPOLECC Pa3/oXeHua
cononumepa NONUITUNEHTINKONbdYMapaTa C aKpWUIOBOM KUC/IOTOW XOPOLIO ONWCbiBaeTcA
mogzenbto D3 (TpexmepHan audodysua).

KnioueBble cnoBa:  TepMOrpaBumMeTpus;
NOAUSTUNEHTANKOAbGYMAPaT; aKPMA0BaA KUCAOTA.
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1. Introduction

The study of the kinetics of thermal decomposition of the
copolymers on the basis of unsaturated polyester resins is of
great importance from the scientific point of view within the
last decades as the study of physicochemical properties of such
objects has vital role in modern industry [1].

Unsaturated polyesters are obtained by condensation
polymerization of unsaturated dicarbon acids or their mixtures
with saturated acids with polyhydric alcohols [2]. Compositional
materials based on polyester resins have wide application as
binding, film-forming, impregnated and filling compounds [3].
Besides, the ease of processing the unsaturated polyesters to
the end-product makes actual the use of the copolymers on
their basis for the number of industrial directions and therefore
the question of the level of their thermal stability is of special
importance [4,5].

Usually the thermogravimetry is used for the study of
thermal destruction of polymers. Qualitative analysis of
experimental data depends on reliable estimation of kinetic
parameters E, A and f(a), and in essence it gives mathematical
explanation which is necessary for the extrapolation of the
behavior of the decomposition reaction. In this regard there
were worked out many different methods for the determination
of kinetic parameters on the basis of experimental data of
thermogravimetry [6,7].

At the beginning stage of the studies the main kinetic and
thermodynamic parameters of decomposition of some
copolymers on the basis of polyethylene glycol fumarate with
acrylic acid have been determined with the help of differential
and integral methods [8,9]. It was found that at different
degrees of conversion, the activation energies are very close: E
= 205-227 kJ/mol. And the copolymer is more thermally stable

in a nitrogen atmosphere in accordance with the kinetic
parameters. The result of the study has shown the practical
value of this procedure.

The aim of this work is to make a comparative analysis of
the kinetics of thermal decomposition of the samples of
polyethylene glycol fumarate with acrylic acid of the
composition of 21.03:78.97 and 68.96:31.04 mass.%.

2. Experiment

Study of thermal properties of p-EGF:AA copolymer in
three parallel experiments was made with the help of device for
simultaneous thermal analysis Labsys Evolution TG-DTA/DSC of
«Setaram» brand in dynamic mode with temperature range of
30-600°C at heating in AIZO3 crucible with rate of 2.5, 5, 10 and
20°C/min in nitrogen atmosphere with stream rate of 30 mL/
min. Calibration of device for thermogravimetric studies and
heat flow rate was carried out three fold under the CaCO,
standards and In respectively.

The kinetics of thermal decomposition is usually expressed
by the following equation:

da
o (1)
ac = kM

where k is the rate constant, t is the reaction time, a is the
conversion, which is described as:
mi —me )

a:
mi—mf

where m, m, and m_are the mass at the beginning, at time
t, and at the end of the reaction.
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The decomposition rate constant (k(T)) is a temperature-
dependent function and is usually described by the Arrhenius
equation.

Hence, the equation (1) can be written as follows:

da —E
i Aexp <ﬁ> f(@) (3)

where A is the pre-exponential factor, E is the activation
energy, R is the universal gas constant (8,314 J-mol?), f(a) is the
reaction model and T is the temperature (K).

Integral and differential methods were used to determine
the activation energy (E ).

The Kissinger—Akahira—Sunose method [10,11] is based
on the following expression:

In (%) = Const — <%> (4)

where B, is the heating rate (°C/min).

The activation energy can be obtained from a plot of
In ﬁ versus 1/T, for a given value of the degree of conversion,
a, wHere the slope is equal to E, /R.

The most common differential isoconversion method is

that Friedman method [12]. The method is based on the

equation:
da
1B\ o7 ) wi

Eq. (5) is applicable to any temperature program. At each
given a the value of E_is determined from the slope of a plot of
ln(6i*da/dt)a,iagainst 1/To(,i' The index is introduced to denote
various temperature programs.

To define the reaction model and pre-exponential factor,
method of invariant kinetic parameters and model fitting
method were used in this work. Differential method of Achar-
Brindley-Sharp [13] was obtained as the result of equation
logarithm (3):

= In[f()As] — % (5)

da/dt\ E
In (m) =[nA— ﬁ (6)

Left part of equation (6) for this analytic form f(a) will be
straight line, whose incline and crossing allow the estimation of
activation energy and pre-exponential factor, respectively.
Despite the fact that parameters are modified in wide range
with f(a), they all demonstrate the strong correlation, known as
compensation effect:

lnAL- = a*Ei + b* (7)
where a"and b” are the compensation parameters and the

subscriptirefers to a factor producing a change in the Arrhenius
parameters(conversion, temperature program).

Using the ratio of apparent compensation effect,
compensation parameters are defined for each heating rate.
Thus, diagram a" vs b represents the straight line, whose
parameters allow estimating the invariant kinetic
parameters [6]:

b*=InA+a’E (8)

3. Results and Discussion

At practical application of polymers, thermal stability in
necessary temperature range plays a great role. Copolymers of
unsaturated polyether resins with hydrophobial monomers,
having the spatial linked structure, are distinct with thermal
stability in wide range of temperatures and are widely
described in the literature [14,15]. In the result of studies it was
found that composition of unsaturated polyether and
monomers used for linking influences significantly the thermal
stability of copolymerization products, presence of aliphatic
inclusions in copolymer decreases the thermal resistance.
Increase of degree of unsaturation of polyether resin, as well as
increase of polyether resin content compared to monomer
leads to increase of thermal stability of copolymers. Results of
thermogravimetric analysis showed that these copolymers

are thermally resistant up to 250-300°C, and after
this thermal destruction happens, that runs
in several steps.

At the first time synthesized copolymers of

polyglycolemaleanates with unsaturated carbonic acids have
spatial linked structure as well [16,17], and it seemed interesting
to study the influence of temperature on their behavior by
thermogravimetry. In this work, is a previously synthesized
copolymers p-EGF:AA of composition 21.03:78.97 and
68.96:31.04 mass.% is the object of research [18], which have
proven themselves as «smart» systems. Thermogravimetric
analysis was performed in dynamic conditions at four different
heating rates. Figure la shows the dependence of sample
weight from the temperature, and figure 1b shows the curves of
the rate of decomposition.

As we see in Figure 1a, increase in the composition of
acrylic acid leads to the offset of copolymer decomposition
start to the area of higher temperatures. This concept is
illustrated slower with DTG curve (Figure 1b): thus, maximum
rate of copolymer decomposition is moved from 356 to 3752C.
Figure 1 shows that decomposition process is started at the
temperature of ~150°C, and then there is step-by-step
decreasing of sample weight with emission of volatile matters.
The second stage of decomposition starts at the temperature
of 265°C and is finished at 480°C, with a lower ratio of acrylic
acid. With a ratio of 21.03:78.97 mass.%, start and final
decomposition temperature moved to 280 and 500°C
respectively. The same trend is observed in DTG curve. Residue
weight at the end amounts approximately 15-17 percent of
total sample weight.
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Figure 1 - TG (a) and DTG (b) curves of p-EGF:AA 21.03:78.97 and 68.96:31.04 mass.% at heating rate 5°C/min

To process the thermogravimetric curves at different
heating rates, areas with highest weight loss are selected.
Figure 2 shows the dependence of conversion degree and
temperature.

Figure 2 — Dependence of the conversion (a) of the copolymer
p-EGF:AA 21.03:78.97 mass.% on the temperature at different
heating rates

With the aim to estimate the thermodynamic stability
subject to activation energy of copolymers, equations the
Kissinger—Akahira—Sunose and the Friedman was applied.
Selection of these methods was conditioned with the possibility
to compare the activation energies obtained by integral and
differential methods, which allow to estimate the legitimacy of
allowances made at equation derivation. Dependence diagrams
of equations are shown in the Figure 3 a, b, c and d.

ISSN 1563-0331
elSSN 2312-7554

As can be seen from the graphs, the points obtained by
the Friedman differential method have a greater scatter (Figure
3) than in the Kissinger-Akahira-Sunose (KAS) method, and as a
consequence, the latter are more parallel to each other. For all
the obtained partial dependencies, activation parameters are
calculated; their values are shown in Table 1.

As we see in Table 1, activation energies at different
levels of conversion, have good convergence for both
methods. At the primary stage of decomposition, activation
energy values are changed in the range ~236 and 271 kJ/mol.
Further we can observe stabilization and slight decrease. At
value of a > 0.7 activation energy starts increasing gradually
and reaches its maximum at o = 0.9. Increase of E_is mainly
connected to intensive decomposition of copolymer p-EGF:AA
at high temperatures in inert media. As well, high values of
activation energy in the beginning of the process witness the
complex processes, happened at thermal destruction, related
to breaking of unsaturated double bonds in copolymer
structure.

Using equation 6, thirteen values of E and InA were
obtained for respective reaction models. Since for invariant
kinetic parameters method it is necessary for E_not to depend
strongly on level of transformation, the range 0.1-0.9 was
selected.

Figure 4a shows that for the ratio 21.03:78.97, the points
lie on the same straight line and have a high degree of
correlation, and for the ratio 68.96:31.04, the degree of
correlation is slightly lower (Figure 4b). In inclination and
crossing of the diagram, invariant kinetic parameters of
copolymer decomposition were found, E_ = 240 kJ/mol and InA
=38 for a copolymer with a lower ratio of polyester resin and E_
=248 kJ/mol and InA = 40 with a higher ratio. Activation energy
conforms with values obtained by isoconversion methods.

When both parameters are defined, we can numerically
reconstruct the reaction models in any integral or differential

Chemical Bulletin of Kazakh National University 2022, Issue 2
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Figure 3 — Kissinger-Akahira-Sunose (a,b) and Friedman (c,d) plots of p-EGF:AA 21.03:78.97 and 68.96:31.04 mass.%

Table 1 — Kinetic parameters according to, Kissinger-Akahira-Sunose and Friedman

Kissinger-Akahira-Sunose Friedman
a, % 21.03:78.97 68.96:31.04 21.03:78.97 68.96:31.04
E, R E, R E, R E, R
kJ/mol kJ/mol kJ/mol kJ/mol
0.1 236.21 0.9881 242.51 0.9967 248.26 0.9936 271.19 0.9993
0.2 232.57 0.9979 223.95 0.9919 244.16 0.9996 231.25 0.9859
0.3 240.42 0.9961 250.39 0.9966 237.38 0.9975 247.91 0.9885
0.4 233.72 0.9998 226.02 0.9766 232.53 0.9997 222.04 0.9608
0.5 225.87 0.9999 246.61 0.9438 225.28 0.9997 240.61 0.9303
0.6 222.79 0.9986 267.16 0.9555 224.76 0.9981 261.84 0.9486
0.7 223.12 0.9995 234.02 0.9558 230.13 0.9990 230.68 0.9582
0.8 226.84 0.9983 237.56 0.9790 237.48 0.9980 238.34 0.9829
0.9 235.11 0.9884 250.03 0.9849 242.70 0.9853 259.55 0.9880
Mean 230.74 0.9963 242,03 0.9756 235.85 0.9967 244.82 0.9714

BecTHuK KasHY. Cepua xummyeckaa. — 2022. — Ne 2


http://context.reverso.net/%D0%BF%D0%B5%D1%80%D0%B5%D0%B2%D0%BE%D0%B4/%D1%80%D1%83%D1%81%D1%81%D0%BA%D0%B8%D0%B9-%D0%B0%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9/%D0%A1%D1%80%D0%B5%D0%B4%D0%BD%D0%B5%D0%B5+%D0%B7%D0%BD%D0%B0%D1%87%D0%B5%D0%BD%D0%B8%D0%B5

M.Zh. Burkeev et al.

31

Figure 4 — Plot of the supercorrelation ratio (a* vs b*) of p-EGF:AA 21.03:78.97 mass.% (a) and 68.96:31.04 mass.% (b)

Table 2 — Some of the kinetic models used in the solid-state kinetics

# Reaction model Code fla) g(a)

1 Power law P4 4 a4 alA

2 Power law P3 3a?? als

3 Power law P2 2 a2 al?

4 Power law P2/3 2/3 a2 a??

5 One-dimensional diffusion Mampel (first D1 1/2 ot a?

6 order) F1 1-a -In(1-a)

7 Avrami—Erofeev Al 4(1- a)[-In(1- o) [-In(1-a)]**
8 Avrami—Erofeev A3 3(1- o)[-In(1- a)]?? [-In(1-a)]*”2
9 Avrami—Erofeev A2 2(1- a)[-In(1- a)]¥2 [-In(1-a)]2
10 Three-dimensional diffusion Contracting D3 3/2(1- a)?3[1-(1- a)]*3]* [1-(1-a)]3)?
11 sphere R3 3(1- a) 1-(1-a)?
12 Contracting cylinder R2 2(1-a) 1-(1-a)2
13 Two-dimensional diffusion D2 [-In(1-a)]* (1- a)In(1-a)+ a

form. The models used in this study have been summarized in
Table 2. Integral form might be reconstructed by value
substitution of E_ and A to the equation [19]:

A e (ZE ) ar
g(a)—EfO exp| pr (9)

With the help of equation 9, the set of numeric values g(a)
for different conversion levels was obtained. With the aim to
check the correctness of obtained data, we made the attempt
to compare the experimental curves with calculated ones.

The dependence graph of the reaction model on the
conversion degree has a profile reminiscent of an accelerating
reaction (F1, D1, R3, etc.). Therefore, the calculated data were
compared to the previously selected theoretical graphs g(a).
As seen in Figure 8, a good conformity was found for the D3
model, the same situation is peculiar for other values of
heating rate.

Figure 5 — Theoretical g(a) plots as a function of conversion a
for several kinetic models and experimental plot for kinetic

model D3 (dotted lines)
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4. Conclusion
Thermal decomposition of copolymer p-EGF:AA at
different heating rates was studied, and it showed that growth
of the latter moves the decomposition start temperature to
higher area. Comparative analysis showed that the more heat-
resistant is that the copolymer with a lower content of polyester
resin. Activation parameters of decomposition reaction are
calculated with isoconversion methods of Friedman and
Kissinger-Akahira-Sunose, which have high converging.
Combining different methods, kinetic triplet was obtained,
corresponding to E = 240 kJ/mol, A = 3,19:10" min™ for a
copolymer of composition 21.03:78.97 mass.% and E_= 248 kJ/
mol, A = 2,3510” min® for a copolymer of composition
68.96:31.04 mass.%. Using the integrated Arrhenius equation,
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