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Study of thermal stability and determination of effective activation energy values
during degradation of unsaturated polyester copolymers in the air atmosphere

The study of the kinetic parameters of copolymers based on polyethylene glycol fumarates, as well as the exter-
nal and internal effects on them, is essential for production processes at various levels. This will solve a whole
range of issues in the field of the shelf life of materials and storage conditions. All these point to the relevance of
this research. The authors of the research attempt to test the most common thermogravimetric data processing
methods and to improve them in terms of the quality of the predictive capabilities of the resulting regression
equation. Both of them are important for the production of initial components and the manufacture of the final
product from the studied materials. Therefore, the study and further use of the numerical data of the TG/DTA
curves applies to both theoretical and practical branches of science. Thus, summarizing the experimental data on
the thermal stability studies, we assume that p-EGF: AA copolymers with compositions of 21.03:78.97 and
68.96:31.04 wt.% have a relatively high degree of resistance to heating. It was found that the calculation by the
FR method agreed well with the results of the KAS method. It should be noted that for the p-EGF: AA copoly-
mer (21.03:78.97 wt.%) at heating rates of 5.0, 10.0, 20.0 °C-min %, the average activation energy data obtained
for two methods increase in the following series: EKAS =187.34 kJ /mol < EFR =200.17 kJ/mol.

Keywords: thermogravimetry, thermal analysis, kinetic parameters, copolymers, polyethylene glycol
fumarate, acrylic acid, activation energy, polyesters.

Introduction

Previously, we have developed methods for producing unsaturated polyester resins [1]. By implement-
ing radical co-and terpolymerization of ionic monomers, a number of cross-linked polymers with a mesh
structure were obtained, which can be used as hydrogels in vegetable crops. Also, the main Kinetic parame-
ters of the decomposition of some of the above copolymers were identified using differential and integral
methods [2, 3]. The research result showed the practical value of this technique. It should be noted that, be-
fore our study, the process of studying the thermal stability of unsaturated polymers had not yet been consid-
ered by experts.

An integral part of the research is that no domestic or international professional literature has yet been
developed that allows the most accurate prediction of the composition of polymeric materials and their kinet-
ic properties. Determining the properties of kinetic polymers is a complex process in which many external
factors have to be considered, especially thermal exposure, which requires significant time, material and
physical cost. With the help of data, the prediction accuracy will increase, and the process itself will become
less costly and time-consuming.

The main purpose of this work is to conduct a thermal analysis [4] of unsaturated polyester resin copol-
ymers of various compositions in the atmosphere and to interpret the kinetic parameters obtained as a result
of mathematical processing of thermogravimetric data.

Experimental

The study of the thermal decomposition of the copolymer of polyethylene glycol fumarates with acrylic
acid was carried out on a differential scanning calorimeter LABSYS™ EVO 1600 °C SETARAM, (France)
in dynamic mode in the temperature range of 30-1000 °C at heating rates 5.0, 10.0, 20.0 °C-min in the puri-
fied air environment, at a speed flow 30 mL/min. The device calibration for thermogravimetric studies and
heat flux was performed according to CaCOsz and In (Indium) standards, respectively.
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As arule, the differential kinetic equation for the thermal decomposition process can be written as follows:

In(Bg—_(;j ~ In[ Af (a)]—% )

The expression on the right side of the equation contains an exponential function and this expression
cannot be represented as an analytical function. The solution can be the search for some approximation [5].
In practice, the most common way to overcome this difficulty is to use the following methods:

a) The Friedman method (FR) [6] is considered a “model-free” method, since f(a) is not explicitly spec-
ified.

b) The main equation of the Kissinger-Akahira-Sunose (KAS) method [7, 8] is as follows:
In(B/T?)=In[ AE/(Rg(at))|-E/RT

The choice of methods is due to the possibility of comparing the activation energy obtained by differen-
tial and integral methods, which makes it possible to assess the validity of the assumptions made when deriv-
ing these equations. The results of the FR and KAS methods are systematized in Table 1 the graphical inter-
pretation is shown in Figure 3.

Results and Discussion

In this work, the objects of study were previously synthesized copolymers of polyethylene glycol
fumarate with acrylic acid with compositions of 21.03:78.97 and 68.96:31.04 wt.%. Figure 1 demonstrates
the results of thermogravimetric analysis of these copolymers.
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Figure 1. Dependences of samples mass on temperature (a) and mass change rate (b)
of p-EGF:AA copolymers at a heating rate of 10 °C/min

Figure 1 indicates the thermograms of copolymers of p-EGF:AA composition 21.03:78.97 and
68.96:31.04 wt.%. It is shown that the copolymers of p-EGF:AA (21.03:78.97 and 68.96:31.04 of the wt.%)
are resistant to 1000.0 °C, while the copolymers are observed exothermic effect Tinitia = 277 + 0.1 °C (at
386 °C) for p-EGF:AK (21.03:78.97) and Tinitias = 265.0 = 0.1 °C (at 375.0 °C). The low-temperature peak is
associated with the cleavage of crystallization water, the second peak is explained by the destruction of the
main chains, which proceeds by random rupture model. The p-EGF:AK copolymers composites 21.03:78.97
and 68.96:31.04 wt.% (Figure 1, b) are resistant at 1000.0 °C, from 10 % to 15 % weight loss at 200.0 °C.
The residual weight is 58-60 %.

Table 1
Thermogravimetric data for copolymers 21.03:78.97 and 68.96:31.04 wt.%

Copolymer Tinitial(°C) Tpeak(°C) Ttinai(°C)
21.03:78.97 wt.% 277 386 472
68.96:31.04 wt.% 265 375 470
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To determine the activation energy of the thermal decomposition process, the main stage of the copol-
ymer decomposition was chosen (Figure 1b). Figure 2 (a, b) shows the decomposition degree.
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Figure 2. Dependence of conversion degree a on temperature of p-EGF:AA copolymers 21.03:78.97 (a)

and 68.96:31.04 (b) at different heating rates

As can be seen from Figure 2, the calculated values of the degree [9] of transformation have a similar
conversion nature. However, there is a delay in the decomposition process with an increasing heating rate.
This can be seen from the shift in the initial temperature from 300 °C to 330 °C for lower and higher heating
rates, respectively. Kinetic parameters obtained from the slope and intersection of the straight lines are pre-
sented in Table 1; graphical interpretation is shown in Figure 3.
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Figure 3. Graphical dependences of Kissinger-Akahira-Sunose (a, b) and Friedman (c, d) equations
for the p-EGF:AK copolymer at 21.03:78.97 and 68.96:31.04 wt.% ratios
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The curves (Figure 3) obtained by the KAS and FR methods for p-EGF:AA copolymers at 21.03:78.97
and 68.96:31.04 wt.% ratios are linear, which means that both methods provide reliable results regarding
their thermal decomposition kinetics. The conclusion further [10] is supported by the fact that the activation
energies calculated by both methods agree relatively closely (Table 1). This experimental result suggests that
both the composition and, most importantly, the ability of NPS (polyethylene glycol fumarate) to form co-
polymers with acrylic acid (AA) play an important role in determining the thermal degradation kinetics of p-
EGF: AA copolymers. The fact that in the FR method [6] (model-free analysis) f(a) is a constant value,

while the logarithm of the conversion rate In[B(da /dT )] is considered as a function of the corresponding
temperature at any fixed value of a. In contrast, in the KAS method [7, 8] (integral method), the determina-
tion of Kkinetic triplets is based on determining the temperature (T) corresponding to a certain, derivatively
chosen value of the degree of conversion () at various heating rates (). Analysis of the obtained results

(Figure 4) led to the conclusion that the FR and KAS methods make it possible to determine the kinetic char-
acteristics of the decomposition of p-EGF:AA copolymers.
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Figure 4. Activation energies according to Kissinger-Akahira-Sunose (KAS) and Friedman (FR)

Comparing the data (Figure 2) from the KAS and FR approaches, it can be noted that the results for ac-

tivation energies are similar. Nevertheless, the first method (KAS) provides activation energies ( E ) values
which are10 % lower than those of the FR method. This makes sense because these methods are based on
relatively different approximations. However, the FR equation provides more reliable and accurate results
than the KAS equation [11].

Conclusions

The thermostability and thermal decomposition kinetics of copolymers of polyethylene glycol fumarate
with acrylic acid (21.03:78.97 and 68.96:31.04 wt.%) were first studied by thermogravimetric analysis
(TGA) and differential thermogravimetry (DTG). A new direction of application in the identification of co-
polymers, as well as in the development of production technology [12] and safe disposal of macromolecular
substances based on NPS (polyethylene glycol fumarate), was investigated. These parameters were deter-
mined based on FR and KAS methods, which have good convergence. It was shown that thermostability de-
creases in the following order: p-EGF:AA (21.03:78.97) > p-EGF:AA (68.96:31.04). Based on the study of
TG/DTG curves for copolymers of polyethylene glycol fumarate with acrylic acid of two different composi-
tions 21.03:78.97 and 68.96:31.04 wt.%, it can be assumed that these compounds have a relatively high de-
gree of heat resistance. Under the influence of oxygen, the copolymers are completely decomposed to high
temperatures without a carbon residue. It was also found that the copolymer with a high content of polyester
resins exhibits less activity.
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Aya atmocdepachbIHIaFrbl KAHBIKIIAFaH MOJUIGUP conomMepJiepiHiH
Aerpagaumschbl Ke3injae :KblL1y TYPAKTBLIBIFBIH 3€PTTEY
’KOHE AKTUBTEH/IIPY IJHEPIrUsiCbIHbIH THIM/I MOH/IEPiH AHBIKTAY

TomuaTinerrmukonspymapar HETi3iHIAETi COMOJIMMEpIEPAiH KHHETHKAIBIK KOPCETKIITepi, COHIai-ak,
oNlapFa iMIKi JKOHE CHIPTKBI oCcep €Ty CalachIHIAFBI 3epTTEyJiep op TYPJIi ACHTeHIeri eHaipicTiK mpouecTep
YIIiH erTe MaHp3ABL. byn MarepmangapiblH KapaMIbUIBIK Mep3iMi MEH OnapAbl CakTay MapTTapsl
caslaChIHIarbl OipKaTap Moceseep i memreai. MyHbIH 09pi OCHI 3epTTeyIiH 03eKTiIiriH kepeeTeni. XKympicta
TEpMOTPaBUMETPHSUIIBIK IePEKTepAi OHJIEYIH KoHE OoJlap/iaH aJIbIHFaH PErpecCHsUIBIK TEHJCYIiH O0IDKaMIbI
MYMKIHJIKTEpiH camachkl TYPFBICBIHAH JKETUINIPY/iH KeH TapaifaH oJICTepiH TeKcepyre opeKeT jKacayFaH.
CoHbIMEH Karap, Oyl KepceTkimTep OacTanmKpl KOMIIOHEHTTEpHl OHIIpy YLIH Je, 3epTTeleTiH
MaTepHangapAaH TYNKUTIKTI eHiMIl jkacay yiniH ae ete maimansl. ConapiktaH TI/JJTA KHCBIKTapbIHBIH
CaHABIK JIEPEKTEPiH 3epTTey KoHE OJaH opi Kapal maijanaHy FBUIBIMHBIH TEOPHSIIBIK JKOHE IPAKTHKAJBIK
cajajapsl YIIiH MaHb3BI Oap. Ocbutaiiiia, TEPMUSIBIK TYPAKTBUIBIFBIH 3epTTey OOMBIHINA KCHEPHMEHTTIK
JIepeKTepai SKMHAaKTail  oTeIpem, Kypambsl 21.03:78.97 xome 68.96:31.04 OGomarerH n-OI'®:AK
COTIONIMMEPIIEPiHIH KBI3ABIPYFa TO3IMALIITIH CalBICTRIPMANbI TYpJe JKOFaphl Jopekere Me Ien OOmKaHaIbl.
Conpaii-ak, ®P amici GoiibiHina ecenteynep, KAC aniciHiH ecentey HATHXENEPIMEH JKaKChl CoHKeCeTiHir
anpikTanael. 1-O0®: AK cononumepi ymin (21.03:78.97 macc. %) 5.0, 10.0, 20.00 C. mun. xp3abIpy
KBUITAMIBIFBI Ke3iHJe aKTHBTCHIIPY SHEPruschl OOWBIHIIA aJbIHFAH OpTalla JepeKTep eKi oic yIuiHae
MbIHA KaTap/a apTaJibl: Exac= 187.34 kJx/MomB <Eop=200.17 kJk/MOJIb.

Kinm ce30ep: TepMOrpaBUMETpHs, TEPMUSAIBIK aHAJIM3, KUHETHKAJBIK IapaMeTpiiep, COMOIMMeEpIep,
HOJIMATHICHIIMKOIb(YMaparT, aKpUJT KbIIIKbUIBI, aKTUBTSHIIPY YHEPIUSICHL, OIHI(UpIep.
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HN3y4yenne TepMuyecKoi CTa0MJIBHOCTH U onpeaeaeHue 3¢ GpeKTHBHBIX
3HAYeHHMH YJHEPIruH AKTHBALMH NPH JAerpaJjaluu CONoJIHMEpPOB
HEHACBILEHHBIX 013} uUpoB B aTMocdepe Bo3ayxa

HccnenoBanus B 001aCTH KMHETHYECKUX IOKa3aTelel CONMOJIMMEPOB Ha OCHOBE ITOJMITIIICHITIMKOIb(pYMa-
paToB, a TaKKe BHEIIHErO W BHYTPEHHETO BO3JCHCTBUS Ha HUX OYCHb Ba)XKHBI JUISI IPOU3BOACTBEHHEIX IPO-
[IECCOB CaMOT0 Pa3IMIHOTO YPOBHSA. JTO MO3BOJHUT PEUINTH LIENBIH CIIEKTP BOIIPOCOB B 00JIACTH CpPOKa TOJI-
HOCTU MaTepuajoB U YCIOBHH MX XpaHeHHsA. Bce 3To ykas3bIBaeT Ha akTyallbHOCTb JaHHOTO HCCIIEJOBAHUS.
B craThe mpennpuHATa MOMBITKA IPOBEPKU HanOoJIEe PacCIPOCTPAHEHHBIX METOA0B 0OPabOTKH TEpMOTpaBH-
METPUYECKHUX JAHHBIX U MX COBEPLICHCTBOBAHUS C TOUKH 3PEHUS] KAaueCTBA MPOTHO3HPYIOIIUX BO3MOXKHO-
CTell TTOJTyJaeMOro perpecCHOHHOTO YpaBHEHHA. B To ke BpeMs JaHHbIE MTOKA3aTeNN OYEeHb Ba)KHBI KaK IS
MPON3BOJICTBA UCXOHBIX KOMIIOHEHTOB, TaK M JUIS M3TOTOBJICHHS! KOHEYHOTO TIPOIYKTa U3 MCCIeIyeMbIX Ma-
Tepuasio. [lo3TOMy HcciieIoBaHAE U JadbHEHINIEe HCIOIF30BaHNAE YNCIOBBIX TaHHBIX KpuBbIX TI//ITA mme-
€T aKTyaJbHOe 3HaYeHHe Kak Ul TEOPETHYECKOH, Tak | Ul IPaKTHIecKoH oTpacieil Hayku. Takum ob6pa-
30M, 000011ast SKCIIEPUMEHTAIBHbIE JaHHBIE 110 H3YYSHUIO TePMHIECKOH CTaOMIBHOCTH, aBTOPHI MIPUXOJIIT K
BBIBOZY, 4T0 cononuMepsl I-OI'D: AK cocraBom 21.03:78.97 u 68.96:31.04 macc, % 06magatoT OTHOCHTEIb-
HO BBICOKOH CTENEHBIO YCTOHYMBOCTH K HarpeBaHHio. Kpome Toro, ObIIO YCTaHOBIECHO, ITO, PACCUHTaHHBIE
o metoxy ®P xopomo cornacyroTes ¢ pe3yiabpTaTaMu pacyera ¢ mpumeneHneM meroga KAC. Crenyer otMme-
TUTh, 4To s comomuMepa m-OI'®:AK (21.03:78.97 macc, %) mpm ckopoctsix Harpesa 5.0, 10.0,
20.0 °C-mun'noNTyYeHHbIE Cpe/IHUE JaHHBIE TI0 SHEPTHH AKTHBALMH YBEJIMUMBAIOTCS IS JBYX METOJIOB B
cnenytoreM pany: Exac=187.34 k/lx/monb <Eop= 200.17 kJ[#/MOJb.

Kniouesvie cnosa: TepMOTpaBUMETpHs, TEPMUIESCKUN aHAIN3, KHHETUYECKHE MapaMeTphl, COMOIUMEPEL, II0-
JIMATUIICHIIIMKOIIb(yMapaT, akpuiIoBast KHCIIOTa, SHEPTUs aKTHBALNH, TIOIHI(QHUPEL.
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