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Investigation of the destruction of copolymers of poly(ethylene glycol)fumarate
with methacrylic acid using differential equations

In the article the thermal characteristics of a copolymer of poly(ethylene glycol)fumarate with methacrylic acid
were studied in a dynamic mode in a nitrogen atmosphere for the first time. A kinetic analysis of the thermal
destruction process was carried out using three different data processing methods (Freeman-Carroll, Sharp-
Wentworth, Achar). Thermodynamic characteristics were also calculated, namely the change in the Gibbs en-
ergy (AG), enthalpy (AH) and entropy of activation (AS). The curves of thermogravimetric and differential
thermogravimetric analysis of the copolymer were studied in a nitrogen atmosphere at a heating rate of
10 °C/min. The main stage of the copolymer decomposition was found to occur in a narrow temperature range,
which is confirmed by a peak in the differential curve. Changes in the reaction rate of the copolymer were
shown due to the decrease in the sample mass. It was shown that the results of kinetic analysis depend on the
molecular structure of the compounds under study. The activation energies found by the Freeman-Carroll
method have lower values, while the Achar and Sharp-Wentworth methods give the same results.

Keywords: dynamic thermogravimetry, thermal destruction, copolymer of poly(ethylene glycol)fumarate with
methacrylic acid, activation energy.

Introduction

Currently the use of unsaturated polyester resins in industrial countries is promising and profitable, which
in turn is due to the relative simplicity of the technology for their production and the low level of financial,
material, energy, and labor costs. The presence of unsaturated double bonds in the molecule of unsaturated
polyesters allows them to be used as a matrix for obtaining spatially crosslinked copolymers, the formation
mechanism of which has been described in many works [1]. This is associated with the necessary stability of
weak polyesters to hostile spheres, excellent energy and machine features [2].

Unsaturated polyesters are called hetero- or carbon-chain thermosetting oligomers and polymers contain-
ing ester groups and multiple carbon-carbon bonds [3-4]. They are usually obtained from acids and alcohols
(or their derivatives) by field condensation or copolymerization of alkylene a-oxides with dicarboxylic acid
anhydrides, and at least one reagent must be unsaturated.

Unsaturated polyester resins have a set of useful properties, in particular, they have a lower viscosity,
and, they are easier to cure with vinyl monomers in comparison with epoxy resins, which indicates their greater
reactivity [5]. The increase in the production of unsaturated polyesters required intensive research into the
features of their synthesis, the possibility of copolymerization with other monomers and oligomers, the study
of the structure and properties of the obtained copolymers, the search for the most effective methods of their
processing and rational areas of application in a weatherometer and a fedeometer. After that, it was found that
replacing styrene partially or completely with methyl acrylate improves the color stability of the material and
the durability of the first layer to erosion and retains the shine.

Previously, the authors of [6, 7] synthesized polyester resins copolymers, which were used as moisture
sorbents and metal-polymer complexes. The acquired knowledge indicates the interdependence of the degra-
dation process on the components’ ratio in the copolymer as well as the influence of the environment during
the thermal analysis process. It was shown that the results of kinetic analysis depend on the molecular structure
of the compounds under study [8].

In this work we investigated the thermal destruction of copolymers of poly(ethylene glycol)fumarate with
methacrylic acid in a nitrogen atmosphere.
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Experimental part

Poly(ethylene glycol)fumarate was obtained [9] by the polycondensation reaction of maleic anhydride
and propylene glycol according to a standard procedure. The progress of the reaction was monitored by deter-
mining the acid number.

Copolymers of poly(ethylene glycol)fumarate (p-EGF) with methacrylic acid (MAA) were obtained [9]
by copolymerization in a dioxane solution at a monomer mixture.

The study of the thermal properties of the p-EGF:MAA copolymer was carried out on a device for syn-
chronous thermal analysis Labsys Evolution TG-DTA/DSC from Setaram in a dynamic mode in the tempera-
ture range of 30—700 °C when heated in an Al,O3 crucible at a rate of 10 °C/min in an inert nitrogen medium
with a flow rate of 30 ml / min. The instrument for thermogravimetric studies and heat flux were calibrated
using CaCOs; and in standards, respectively. The experimental data was processed using Microsoft Excel and
Processing programs.

A Kinetic analysis was carried out in order to determine the kinetic parameters of the decomposition of
poly(ethylene glycol)fumarate with methacrylic acid.

Freeman and Carroll method [10]. The order of the reaction n and the activation energy of the reaction

E are calculated by the equation:

AlogWr AlogWr

where wr = we— W, W is the maximum weight loss; w is the total weight loss by time t.
Sharp and Wentworth method [11].

Alog (dcj
dt A E
———=logT-—, )
1-c B RT
where c is the mass fraction of the sample that reacted during the time t; B is a heating rate.
Achar method [12].
|Og Ld_a :|Ogé+£, (3)
f(a) dt B RT

where a is the mass fraction of the sample that reacted during time t and  is a heating rate.
When linearizing the data the calculated points for all samples are placed on straight lines constructed

using the least squares method, for which the slope corresponds to —E , the cut-off section on the ordinate

corresponds to the effective order of the reaction.
Thermodynamic characteristics change in Gibbs energy (AG) and activation entropy (AS).

AH =E —RT, (4)
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Here kg and h are the Boltzmann and Plank’s constants, respectively. T, is the temperature, at which
the maximum mass loss of the sample occurs.
m, —m
o ™
m, —m;,

where m;, m;, and m; are the mass at the beginning, at time t, and at the end of the reaction.

(0

Results and discussion

One of the most important applied problems in the chemistry of macromolecular compounds is the crea-
tion of heat-resistant polymer and composite materials. Therefore, the most important issue is the possibility
of determining the activation energy of thermal decomposition, which is used to characterize the mechanisms
of thermal destruction and stability of polymers, including using methods of dynamic thermogravimetry. The
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main kinetic parameters of the copolymer of poly(ethylene glycol)fumarate with methacrylic acid
(p-EGF:MAA) using differential methods (Freeman-Carroll, Sharp-Wentworth, Achar) were determined in
the course of the study. Copolymer of poly(ethylene glycol) fumarate with methacrylic acid was heated at

10 °C/min.

The resulting curves of thermogravimetric analysis and decomposition rates are shown in Figure 1.

Figure 1. Temperature dependences of weight change (TG curve), rate of weight change (DTG) for p-EGF: MAA
copolymer at initial ratios M1:M,, wt% — 6.65:93.35 wt% (under nitrogen atmosphere)
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Figure 2. Graphical analysis results determined by the Freeman-Carroll (a), Sharp-Wentworth (b)
and Achar (c) methods for the analyzed p-EGF:MAA samples at the M1:M2 ratios, wt.%: 6.65:93.35;
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In Figure 1 a sample of a copolymer of poly(ethylene glycol) fumarate with methacrylic acid begins to
decompose at 200 °C. Then, the beginning of the sample decomposition with the release of volatile substances
is observed up to a temperature of about 300 °C. The main stage of the copolymer thermal decomposition
occurs from a temperature of ~ 320 °C ~ 430 °C. Then the end of the thermal decomposition process can be
observed. In this case, the total weight loss of the sample is ~ 74.42 % of the initial weight. A slight change in
the rate of weight loss is observed on the DTG curve in the temperature range of 230-270 °C, followed by a
sharp increase with a peak at 375 °C.

Based on the data obtained as a result of thermal analysis of the copolymer, the activation energy values
were calculated using the Freeman-Carroll, Sharp-Wentworth and Achar methods. The effective values of the
activation energy, preexponents and the order of the destruction reaction were established graphically (Fig. 2).

Comparing the graphs, we can conclude that the points have the greatest scatter for the Freeman-Carroll
method (Fig. 2.), which leads to an inaccuracy in the estimation of the activation energy values. The straight
line has a slope corresponding to the correlation coefficient R = 0.9691, which is slightly less than the values
calculated by the Sharp-Wentworth and Achar methods (Fig. 2).

Table 1 shows the results of the activation energies calculated using three different methods.

Table 1

Kinetic and thermodynamic parameters of the thermal destruction of the p-EGF-MAA copolymer

Methods Ea, kd/mol AG, klJ/mol | AH, kJ/mol |AS, kJ/mol R? n
Freeman-Carroll 122.06 71.14 119.79 -178.11 0.9691 0.32
Sharp-Wentworth 127.28 76.36 125.01 -178.10 0.9856 0.29

Achar 128.57 77.65 126.29 -178.09 0.9843 0.28

As one can see from the table, the data have excellent convergence with an error of less than 5 %. Using
the obtained values of the activation energy, we calculated thermodynamic characteristics change in Gibbs
energy (AG) and activation entropy (AS). We can also observe that the parameters calculated by the Freeman-
Carroll method have lower values, while the Achar and Sharp-Wentworth methods give the same results. The
positive value of the Gibbs energy AG indicates the impossibility of spontaneous implementation of the de-
struction process.

Conclusion

The Kkinetic characteristics and thermodynamic parameters of a copolymer of poly(ethylene gly-
col)fumarate with methacrylic acid have been determined for the first time. Analysis of TG and DTG curves
showed sufficient thermal stability of these copolymers in a nitrogen atmosphere. It was found that the main
stage of the decomposition of the copolymer occurs in a harrow temperature range, which is confirmed by a
peak in the differential curve. The kinetic parameters of the decomposition reaction are calculated by the dif-
ferential methods, namely Freeman-Carroll, Sharp-Wentworth and Achar methods. The activation energies
obtained by these methods have satisfactory convergence. We can also notice that the parameters calculated
by the Achar and Sharp-Wentworth methods give more accurate results. In this regard, we recommend appli-
cation of exactly two of these methods.

References

1 Cenos JI.H. Henaceimennsie nonua¢upst / JILH. Cenos, 3.B. Muxaitnosa. — M.: Xumus, 1977. — C. 7, 8.

2 Kandelbauer A. Handbook of Thermoset Plastics / A. Kandelbauer, G. Tondi, O.C. Zaske, S.H. Goodman. — Amsterdam:
Elsevier Inc. Chapters, 2014. — P. 6-111.

3 Boenig H.V. Unsaturated Polyesters. Structure and Properties / H.V. Boenig. — Amsterdam: Elsevier Publishing Company,
1964.

4 Wu Y. Acrylated epoxidized soybean oil as a styrene replacement in a dicyclopentadiene-modified unsaturated polyester resin
/Y. Wu, K. Li // Journal of Applied Polymer Science. — 2018. — Vol. 135, No. 19. — P. 46212. https://doi.org/10.1002/app.46212

5 Burkeev M.zZh. Thermal destruction of copolymers of polypropylene glycol maleate with acrylic acid / M.Zh. Burkeev,
A.Zh. Sarsenbekova, E.M. Tazhbaev // Russian Journal of Physical Chemistry A. — 2015. — Vol. 89, No. 12. — P. 2183-2189.
https://doi.org/10.1134/S0036024415120067

6 Burkeev M.Zh. New polyampholyte polymers based on polypropylene glycol fumarate with acrylic acid and
dimethylaminoethyl methacrylate / M.Zh. Burkeev, G.K. Kudaibergen, G.K. Burkeeva et al. // Russian Journal of Applied Chemis-try.
—2018. — Vol. 91, No. 7. — P. 1145-1152. https://doi.org/10.1134/S1070427218070121

50 Bulletin of the Karaganda University


https://doi.org/10.1002/app.46212
https://doi.org/10.1134/S0036024415120067
https://doi.org/10.1134/S1070427218070121

Investigation of the destruction of copolymers ...

7 Burkeev M.Zh. Comparative analysis of the thermal decomposition kinetics of polyethylene glycol fumarate—acrylic acid co-
polymers / M.Zh. Burkeev, G.K. Kudaibergen et al. / Russian Journal of Physical Chemistry A. — 2019. — Vol. 93, No 7. —P. 1252—
1257. https://doi.org/10.1134/S0036024419060281

8 Burkeev M.Zh. The use of differential calculation methods for the destruction of copolymers of poly(ethylene glycol)fumarate
with the acrylic acid / M.Zh. Burkeev, A.Zh. Sarsenbekova, A.N. Bolatbay, E.M. Tazhbaev, S.Zh. Davrenbekov, E. Nasikhatuly, E.Zh.
Zhakupbekova, A.A. Muratbekova // Bulletin of the Karaganda Univ. Chemistry Series. — 2020. Vol. 3. — P.4-11.
https://doi.org/10.31489/2020Ch3/4-10

9 Burkeev, M.zZh. Synthesis and investigation of copolymer properties on the basis of poly(ethylene glycol)fumarate and
methacrylic acid / M.zZh. Burkeev, G.K. Kudaibergen; Ye.M. Tazhbayev, J. Hranicek; G.K. Burkeyeva, A.Zh. Sarsenbekova // Bulletin
of the Karaganda Univ. Chemistry Series. — 2019. — Vol. 93. — P. 32-38. https://doi.org/10.31489/2019Ch1/32-38

10 Freeman E.S. The application of thermoanalytical techniques to reaction kinetics: The thermogravimetric evaluation of the
kinetics of the decomposition of calcium oxalate monohydrate / E.S. Freeman, B. Carroll // J. Phys. Chem. — 1958. — Vol. 62, No. 4.
—P. 394-397.

11 Sharp J.H. Kinetic analysis of thermogravimetric data/ J.H. Sharp, S.A. Wentworth // Anal. Chem. —1969. — Vol. 41, No. 14.
— P. 2060.

12 Achar B.N. Kinetics and mechanism of dehydroxylation processes, I, applications and limitations of dynamic methods /
B.N. Achar, G.W. Brindley, J.H. Sharp // Proc. Int. Clay. Conf. — 1966. — P. 67-73.

M.X. Bypkees, ¥.b. Teneyos, A.H. bomnar6aii, /. Xapnudex,
C. XK. oypen6ekos, E.M. Toxb6aes, 2.2K. XKakpinmbekosa

o> THAEHT THKOIb(YMAPATTHIH METAKPHJI KBIIKbLIbIMEH COMOJINMePJIepPiHiH
AecTpyKIUACHIH AuddepeHuuAIIBIK TeHIeYJ/Iep KOJAaHy apKbLIbI 3epTTey

Makanaza TOJMHATHICHIIHKOIb(GYMapaTThlH METaKpHiI KBIIIKBUIBIMEH —COIOJMMEPIHIH —JHHAMHUKAJIBIK
pexuMIeTi, a30T aTMOC(epachHIAFbl TEPMUSUIBIK CHIIATTaMajIapbl aFall peT 3epTTeliHreH. Mamimertepai
OHJICYIiH Yl apTyp:i omictepin (Ppumen-Kappon, Illapn-YsHTBOpT, AXap) KOJIAaHA OTHIPHIIN, TEPMUSIIBIK
JNECTPYKIMS TIPOLECiHE KHHETHKANBIK capanrtay OKkyprisiimi. CoHBIMEH KaTap, TepMOANHAMHKAIIBIK
cumattamanap — ['u60c sHeprusceiHbIH 03repyi (AG) sHTamemus (AH) xoHe aktuBanms >HTpomuscH (AS)
ecenreninai. ComonuMepaiH TEPMOTPaBUMETPUSUIBIK JKoHE AH(depeHIHanIblK TePMOTPaBUMETPHUSIIBIK
capanTamMa KHUCBIKTapbl a30T aTMocdepachlHAa KbI3AbIpY >KeUimamiasirbl 10°C/MuUH Ke3iHIE 3epTTeNiHIi.
ComnonumepIiH TeMIepaTypaHbIH Tap HHTEPBAJIbIHAA )KYPTeH KoHe AudepeHnnanIbK KIChIKTaFb! IIBIHMEH
JIOTIETIICHTeH  BIABIPAYBIHBIH HETi3ri Ke3eHI aHBIKTANABL YJTIHIH MacCachIHBIH a3alObIMEH OaiJIaHBICTHI
CONOJIMMEP/IIH peakuus >KbUINaMIBIFBIHBIH ©3repyi Kepcerinmi. KuHeTHkanbIK capanrtay HOTHIKETIEpiHIH
3epPTTETIHIeH KOCBUIBICTAPABIH MOJIEKYJalblK KYPBUIBIMBIHA OailIaHBICTBIIBIFBI KepceTinreH. ®dpumen-
Kappon oniciMeH TaObUFaH aKTUBALMs SHEPTUSACHIHBIH MOHI TOMEHIpeK Iiamara ue, ad Axap men Illapm-
YaHTBOPT dmicTepi Oipaei HoTmxkenep oepeni.

Kinm ce30ep: mTMHAMUKAIBIK TEPMOTPABUMETPHS, TEPMISIIBIK JIECTPYKIHS, TOIHITHICHTIINKOIb()YMaPATTHIH
METaKpHJI KbIIIKBUTBIMEH COMOIUMEp], aKTHBAIHS SHEPTUSICHI.

M.X. Bypkees, ¥Y.b. Toneyos, A.H. bonar6aii, JI. XaBiuuex,
C. XK. laypen6exos, E.M. Taxb6aes, 3.2K. )KakynbekoBa

HccaenoBanus 1eCTPyKIHMH COMOJIUMEPOB MOJTUITHICHIIMKOJIbpYyMapaTa
¢ METAKPWJIOBOH KHUCJIOTOM € MCIO0JIb30BaHNeM AU PepeHHATbHBIX YPABHEHU I

B craTbe BriepBBIe H3y4EHBI TEPMUYECKHE XaPAKTEPUCTHKHI COMOINMEpPA ITOIMITHICHITIHKOIb(pyMapaTa ¢ Me-
TaKpHJIOBOW KHUCIOTON B TMHAMHUYECKOM pexuMe, B aTMocdepe azora. [IpoBeieH KMHETHIECKUH aHAIN3 TPO-
1ecca TepMHYECKON JECTPYKIMU C UCIIOJIb30BAaHUEM TPEX pa3HBIX METOAOB 00paboTku naHHBIX (DprmeHa—
Kapposna, [llapma—YsuTBOpTa, AXapa). Takke ObUTH pacCYMTaHbl TEPMOAMHAMHYCCKUAE XaPAKTEPUCTUKH —
n3MmeHeHue sHepruu ['m66ca (AG), suransnuu (AH) u suTponuu aktusaimu (AS). Kpussle TepmorpaBumMeTpu-
4ecKoro u qupepeHIMaTBHOTO TEPMOTPAaBUMETPHUIECKOT0 aHaIN3a ConorMepa ObUTH H3yUeHbI B aTMochepe
a3ora nmpu ckopocty HarpeBanus 10°C/MUH. Bpin yCTaHOBIIEHB! OCHOBHBIE 3TAITBI Pa3JIOKEHHS COIOJIIMEDA,
MPOUCXOMAIINE B y3KOM MHTEpBaJIe TEMIIepaTyp, KOTOPHIH MOATBEPKAACTCS MUKOM Ha IH(GepeHIHaTbHON
KpHBOH. BbIy 1moka3aHbl N3MEHEHUs] CKOPOCTH PEaKIH COMOIMMEpPa B CBA3M C YOBIBAaHHEM MacChl 00pasma.
TloxazaHo, 9TO pe3yIbTaThl KHHETHIECKOTO aHAIN3a 3aBUCAT OT MOJEKYJISIPHOH CTPYKTYPBI HCCIETYyEMBIX CO-
eNMHCHNI. 3HAUYeHUs SHEPTUH aKTHUBALMK, HalaeHHBIe MeTooM Ppumena—Kapposa, UMErOT 0oJice HU3KHE
3HA4YCHUA, a METOIbI Axapa u LHapnafS’aHTBopTa Jar0T OAMHAKOBBIC PE3YJIbTATHI.

Knioueguie cioBa: TUHaAMUYECKasi TEPMOTPABUMETPHS, TEPMUUECKAs! IECTPYKLHS, COOIUMED TOJU3THIICHIJIU-
KOJIb(hyMapaTa ¢ METaKPHIOBOM KUCIOTOU, SHEPT U aKTHBAIIHH.
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