Pesynbmamsbi numepamypHo20 0630pa Mokasbigarom, 4Ymo MUKPOBOJSIHOB0E 6biliesiadusaHue
se51s5.emcsi nepcrnekmusHbiM HarnpaeneHuem 6razo0apsi 3HepP203ghheKmuU8HOCMU, YCKOPEHUIO KUHemuKu
peakyull, noebilWeHU cmerneHu rnepexoda antoMUHUS 8 PACMBOP U CHUXEHUI0 3KO/I02UYeCcKol Haz2py3Ku.
Kpome mozo, 8 pabome onpedeneHbl OCHOBHbIE Hay4YHbIe NMpeumMyuiecmea 0aHHOU MexXHOMo2uu U KIlto4yesble
HanpaesneHusi eé danbHeliueao paszgumusi, eKnroyasi arybuHy MPOHUKHOBEHUST MUKPOBOSIH U Ornmumu3auuro
PEXUMOB MOWHOCMU U memnepamypbi.

Takum obpasom, daHHasi ob63opHas paboma cucmemMamu3upyem Hay4YHble OCHO8bI MNPUMEHEHUS
MUKPOBOJTHOBbIX MmexHonoauli 8 rnepepabomke 3o050wWrnakosbix omxodo8 u criocobcmsyem paspabomke
HOBbIX 3KOsI02U4ecKU be3onacHbix Memodos 3ghgheKmMuUBHO20 U38/1€HEHUS aTlOMUHUST U3 0mMX0008.

Knrodesble cnoea: 3onowinakosbie omxo0bl, OKCUO amoMUHUS, 2paghum, 311eKmpoMazHUMmMHbIe
mexHosioeuU, arroMUHUl, MUKPOBOIHo8ast obpabomka, ebiuenadyusaHue, XuMmudeckas mepmooOuHamuKa.
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RESEARCH OF THE EFFECT OF UV-IRRADIATION ON UNSATURATED POLYESTER
RESINS OBTAINED IN THE PROCESS OF «COLD» CURING WITH ACRYLIC ACID

Annotation: The investigation of the influence of UV irradiation on polymers represents an important
and relevant area of science and technology, as it enables the development of new approaches for designing
more durable and efficient materials. This work examines the changes occurring in polymers based on
unsaturated polyesters under prolonged exposure to ultraviolet radiation. The objective of the study was to
evaluate the effect of long-term UV irradiation on the thermal stability of polymeric materials based on
polyethylene glycol maleate and polypropylene glycol maleate copolymerized with acrylic acid at a component
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ratio of approximately 70:30 wt.%. The samples were examined using microscopy to identify microcracks
formed as a result of UV exposure. In addition, visual assessment of color variation and the appearance of
turbidity in the studied materials was performed. Additionally, the carbonyl index was determined to
guantitatively evaluate the degree of photooxidative degradation of the polymers. This parameter characterizes
the accumulation of carbonyl groups formed as a result of polymer chain scission under UV irradiation and
allows estimation of the extent of photodegradation processes in the materials. The obtained results
demonstrate that the polymer synthesized on the basis of polyethylene glycol maleate exhibited a more
pronounced decrease in the onset temperature of thermal deformation after UV exposure compared with the
copolymer based on polypropylene glycol maleate, indicating higher resistance of the latter to UV-induced
degradation. The thermal stability of the copolymers was evaluated by thermogravimetric analysis through
determination of the onset temperature of thermal deformation before and after 21 days of UV irradiation.

Key words: UV-irradiation, thermal deformation, thermal stability, copolymerization, «cold» curing,
unsaturated polyesters, polyethylene glycol maleate, polypropylene glycol maleate.

Introduction

With the advancement in technology and increasing use of polymeric materials in various
industries such as automotive, construction, medical and packaging, special attention has been paid
to the durability and resilience of these materials [1-3]. Polymers have carved a significant niche in
the global market due to their versatility, lightness and low cost, however, their performance is largely
dependent on the effects of various environmental factors [4]. One of the most damaging effects on
polymers is ultraviolet (UV) radiation, which is a portion of the solar radiation spectrum. UV-rays can
significantly affect the structure and properties of polymeric materials, leading to their degradation.

UV-irradiation causes photochemical reactions in the molecular structure of polymers, which
can lead to the breaking of chemical bonds, formation of free radicals, and degradation of polymer
chains. These processes can affect many physical characteristics of materials, including strength,
elasticity, transparency and resistance to external aggressive influences such as moisture,
temperature and chemicals [5, 6]. The effect of UV-radiation is particularly noticeable on polymers
that are exposed to prolonged sunlight, such as in exterior coatings, product packaging, medical and
construction materials. Polymers can lose their original characteristics when exposed to UV-
radiation, which limits their service life and reduces the cost-effectiveness of their use [7].

However, the study of the effects of UV-radiation on polymers provides valuable information
for the development of new sustainable materials as well as methods to protect polymers from UV-
radiation. Current research is aimed at improving the UV-stability of polymeric materials through the
use of various stabilizers, UV-absorbers, and the introduction of innovative polymer compositions
with improved properties [8]. In addition, UV-radiation is used not only as a destruction factor, but
also as a tool to improve the properties of polymers, for example, in the curing process of some
types of coatings and resins [9].

Thus, the results of the study can be used to further optimize the composition of such polymers
in order to increase their resistance to UV-exposure, which will open new opportunities for their use
in conditions of prolonged solar irradiation.

This work is devoted to the investigation of prolonged exposure to UV-irradiation on the thermal
stability of polymers based on unsaturated polyesters, polyethylene glycol maleate (p-EGM) and
polypropylene glycol maleate (p-PGM) with acrylic acid (AA).

Materials and Methods

Reagents used in this work: ethylene glycol, propylene glycol, maleic anhydride, acrylic acid,
benzoyl peroxide, dimethylaniline («Sigma-Aldrich»), aluminum chloride («Reachim»). All reagents
were used without additional purification.

Initial polyesters — polyethylene glycol maleate and polypropylene glycol maleate — were
obtained by polycondensation reaction of ethylene glycol and propylene glycol, respectively, with
maleic anhydride according to the method [10, 11] at the temperature of 150-160°C. Aluminum
chloride was used as a catalyst.

«Cold» curing of solutions of the obtained unsaturated polyesters in acrylic acid of ~70:30 wt.%
composition was carried out using an optimized binary initiating system consisting of benzoyl
peroxide (PB) and dimethylaniline (DMA) (ratio of components 1:0.15 wt.% of the mass of the initial
solution). The curing was carried out at 20°C [12, 13].

The reaction products were identified by IR spectroscopy. Analysis of the obtained IR spectra
showed the presence of characteristic bands in the range of 1570-1590 cm (1572 cm and 1583
cm™), indicating the presence of unsaturated double bonds of p-EGM and p-PGM, which did not
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react. Both IR-spectra of the copolymers of p-EGM and p-PGM with AA exhibited absorption bands
with peaks at 1718 cm~t and 3432 cm™2, confirming the presence of -COOH carboxyl groups. Peaks
at 2846 cm™ and 2918 cm™ were also detected, which is characteristic of the methylene groups of
p-PGM.

Next, the effect of UV-irradiation on samples of binary systems of p-EGM and p-PGM with AA
in the ratio of ~70:30 wt.% was investigated. The experiment was carried out in accordance with EN
1297:2004, MOD (GOST 32317-2012) using Weiss UV3 instrument of Weiss Technik (Germany)
[14]. This device is a closed chamber for observation, providing irradiation of samples with ultraviolet
light with wavelengths 290 and 450 nm [15].

For the experiment, plates of different thicknesses from 1 to 5 mm were made (three samples
of each thickness for parallel experiments, which allowed to ensure the reliability of the results. The
irradiation intensity was kept constant and the experiment itself was continued for three weeks (21
days). The condition of the specimens after irradiation was assessed visually, focusing on color
changes and the appearance of microcracks.

To quantitatively assess the degree of photooxidative degradation, the carbonyl index (Cl) was
calculated, defined as the ratio of the area of the carbonyl group band (1710-1720 cm™) to the area
of the reference band (e.g., deformation vibrations of methylene groups in the 1450 cm™ region):

Cl = A7 1)
Asso

where A is the area of the corresponding peak.

To evaluate the thermal stability of the samples, their thermograms were analyzed by
determining the thermal deformation temperature in the range from 30 to 200°C. The process of
complete decomposition of copolymers was recorded at a temperature of about 550-600°C on a
device for the synchronic thermal analysis Labsys Evolution TG-DTA/DSC («Setaram») in dynamic
regimen [16].

Results and Discussion

Nowadays, polymeric materials play an important role in almost all areas of industry. The
exploitation of polymers includes their use in different environments, depending on their purpose.
Thus, polymers can be used in a wide variety of applications such as construction, packaging,
medicine, electronics and automotive. During their use, they are subjected to various influences that
can affect their mechanical, thermal, chemical and physical properties. Polymer aging is a set of
processes occurring in a material that cause deterioration of its properties over time. One of the main
factors affecting polymer aging is UV-radiation and temperature. In particular, UV-exposure leads to
polymer chain breakage, color change, loss of strength and elasticity (photoaging), and high
temperature accelerates degradation processes, for example, thermal aging causes changes in the
polymer structure, which can lead to its brittleness or softening.

Taking into account that photo-aging is accompanied by disruption of polymer structure,
appearance of cracks (surface and in the thickness of the material), surface opacity, etc., reduction
of mechanical characteristics of materials, the influence of UV-rays on polymeric materials should
be taken into account in the calculation of building structures or other polymer products by
appropriate coefficients of working conditions [17].

In double-reactive bonded polymers, aging is usually manifested by two types of processes:
degradation and cross-linking of macromolecules. The degradation process caused by UV-
irradiation is called «photodegradation» [15].

To determine the effect of UV-exposure on copolymers of p-EGM and p-PGM with AA of
~70:30 wt.% ratio, we performed visual evaluation of the samples to detect color changes and
appearance of turbidity. Further, microscopic analysis was performed to detect microcracks on the
surface of the samples due to irradiation. The results obtained by visual and microscopic analysis
are presented in Table 1.

Based on the experimental data obtained, it was found that as a result of prolonged exposure
of the analyzed binary system of p-PGM with AA to UV radiation, all samples, regardless of
thickness, acquired a yellowish tint. However, the surfaces did not tarnish or become matte. Also,
the color changes were more pronounced in plates of smaller thickness (1-2 mm) compared to
thicker samples. Although polymers are often subjected to cracking or degradation under UV
exposure, in this case microscopic analysis did not show the appearance of microcracks or other
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deformations on the surface of the samples. No visual changes in color, appearance of bubbles or

turbidity were recorded for the p-EGM samples with AA, and microcracks were also absent on their
surface.

Table 1 — Effect of UV-irradiation on copolymers of p-EGM and p-PGM with AA of ~70:30 wt.%
composition (after exposure to UV-radiation for 21 days)

Unsaturated Co-curing - Presence of
polyester agent Color change, turbidity microcracks, bubbles Other changes
Slight hardening,
p-EGM - - loss of flexibility
AA Slight hardening
p-PGM Slight yellowish tint - loss of flexibility

After UV irradiation, significant changes were observed in the IR spectra of copolymers in the
carbonyl group absorption region. For the p-EGM—AA copolymer, an increase in the intensity and
area of the absorption band in the range 1710-1720 cm™ was noted, indicating an increase in the
concentration of carbonyl fragments formed as a result of photooxidative destruction of the
macromolecular chain.

In the case of the p-PGM—AA copolymer, an increase in the intensity of the carbonyl band in
the range 1710-1720 cm™ was also observed after UV irradiation. However, the appearance of new
absorption bands in the 1680-1690 cm™ region was also recorded, caused by the formation of
conjugated carbonyl structures (chromophores). The formation of these structures was accompanied
by visual yellowing of the samples, which is characteristic of photoaging processes involving
conjugated systems (Figure 1).
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Figure 1 — IR spectra of p-EGM and p-PGM with AA copolymers
a— p-EGM-AA 68.94:31.06 wt.%; b — p-PGM-AA 68.65:31.35 wt.%

The calculation of the carbonyl index showed that for the p-EGM-AA copolymer, this indicator
increased from 0.82 to 1.46 after UV irradiation, while for the p-PGM-AA copolymer, a less
pronounced increase was observed — from 0.79 to 1.18. The more significant increase in CI for p-
EGM-AA indicates a more intense photo-oxidative degradation process.

The results of IR spectroscopy are consistent with the data from thermogravimetric analysis.

Thus, instrumental analysis of the thermal stability of the binary systems of p-EGM and p-
PGM with AA included thermogravimetric analysis (TGA) to determine the temperature of the onset
of thermal deformation before and after exposure to UV-radiation for 21 days. The thermogram
results showed that the thermal stability of p-EGM—AA decreased slightly after UV-irradiation. While
there was almost no change in the onset temperature of thermal deformation for the p-PGM-AA
system (Figure 2).
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Figure 2 — TG curves of p-EGM and p-PGM with AA copolymers at heating rate

of 10°C/min before and after UV-irradiation:
a — p-EGM-AA 68.94:31.06 wt.%; b — p-PGM—AA 68.65:31.35 wt.%

Thus, the onset temperature of thermal decomposition of the p-EGM-AA copolymer before
irradiation was 156°C, and after UV-irradiation it slightly decreased to 141°C (Figure 2 a). For the p-
PGM-AA binary system, the onset temperature of thermal decomposition before and after irradiation
was 168°C and 159°C (Figure 2 b).

Thus, based on the obtained data, it should be noted that exposure to UV-rays, even for a
long time, does not significantly affect the onset temperature of thermal deformation. However, with
respect to the binary system p-PGM-AA, it should be noted that its application in the production of
polymeric materials may be limited due to its color change as a result of exposure to UV-rays. In
comparison with the above-mentioned binary system p-PGM—-AA, the copolymers of p-EGM with AA
showed better performance, including a fairly good thermal stability after UV-irradiation. The
obtained results make it possible to speak about the preferability of using the binary system p-EGM—
AA as a polymer base in the production of materials for various purposes.

Conclusions

The studies of thermal stability as a result of prolonged exposure to UV rays on binary systems
of p-EGM and p-PGM with AA of ~70:30 wt.% composition have shown high thermal stability of
copolymers of these unsaturated polyesters after prolonged UV-irradiation, which reveals broad
prospects for their use as special-purpose materials.

The negative consequences of UV-irradiation on the copolymers of p-PGM with AA should be
attributed to the appearance of yellowness, which may limit their use in the manufacture of products
from the polymer, in which the importance is given to the color performance of the finished product.

Thus, as a result of the conducted experiment it is possible to draw a conclusion about the
preferability of choosing the binary system of p-EGM with AA for obtaining polymeric materials for
various purposes on their basis.
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WCCNEAOBAHME BIIUAHUA YP-OBNYYEHUA HA HEHACDILWEHHBIE NMOIM3®UPHBIE CMOIbI,
NONYYEHHBIE B MPOLIECCE «XOJIOOQHOIMO» OTBEPXXOEHUA AKPUITOBOU KUCITOTOU

U3ydeHue enusiHUs yrnbmpaghuonemogozo 0bsyyeHUs Ha ofiuMepbl S18/1emCsl  8aXHbIM U
akmyarsbHbIM HarpasieHUeM HaykKu U MexHUKU, MOCKOMbKY 1Mo3gosissiem pa3pabambigamb HO8bie M00X00bl K
cos0aHuro bonee 0o208e4HbIX U 3thghekmusHbIx Mamepuanos. B OaHHol pabome paccmampugaromcsi
UBMEHEHUS, npoucxodswue 8 rofumMepax Ha OCHO8€ HEeHaCbIWEHHbIX Moausgupos8 npu OnumesibHoM
go30elicmsuu ynbmpaghuosiemogoao u3ny4vyeHus. Llenbto uccriedosaHusi S18/151/10Ch U3y4YeHUEe BIUSHUS
npodormKkumesnbHo20 Y®-065y4yeHUsi Ha MepMUYecKyo cmaburibHOCMb MO/IUMEPHbBIX Mamepuasios Ha
OCHO8e onu3muJsIeHaIuKoIbMaieuHama u rnosunponuiieHaIuKonbManeuHama, omeepX0eHHbIX akpuioeol
Kucriomol npu coomHoweHUU KomrnoHeHmos ~70:30 macc.%. Ob6pasubl uccriedosanucb Memodom
MUKpPOCKOMuU 0115 8bISA8NIEHUST MUKPOMPEeWUH, 803HUKaOWUX 8 pesyrnbmame g8o30elicmausi YD-usny4YeHus.
HononHumensHo nposoduniack 8u3yasibHasi OUEHKa U3MEHEHUSI OKpacKku U [r10sI8/IeHUs MymHocmu
uccriedyeMbix  Mamepuarsos. HononHumenbHo 0ns1 Konu4ecmeeHHoU OUEHKU cmerneHu
gomookucumensHoul dezpadayuu nonumepos onpedesnsscs kapboHUMbHbIU UHOEKC. [aHHbIlU nokasamersb
xapakmepu3dyem HakorsieHue KapOOHUIbHbIX epynrn, obpa3yruwuxcs 6 pe3ynbmame pa3pyweHus
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rnoniumepHoU uernu rnod OelicmeueM yrnbmpaghuosiemogo20 U3JyHeHUs, U 0380Ji15em OoUeHUmb arybuHy
rnpomekaHusi rpoueccos ¢homocmapeHusi Mamepuanos. Tepmuyeckas cmaburibHOCMb COMNOAUMEPO8
onpedensnace MemodoM MmepMoepaguUMempuUYecKo20 aHasau3a rymeM ycmaHOo8/eHUs1 memrepamypbl
Havana mepmudeckol Oechopmayuu 0o u nocre Y®-obryyeHuss obpasuos e meyveHue 21 Cymok.
lMonyyeHHble  pe3ynbmambl  roKa3asu, ymo  rnonumep, CUHMEe3Upo8aHHbIli  Ha  OCHOB8e
rnonuamurieHanuKonbManeuHama, 0eMoHcmpupyem 6onee 8bipaxxeHHOe CHUXeHUe memnepamypbl Havana
mepmudeckol dechopmayuu rnocie YD-0bryyeHus 8 CpasHEeHUU C  COMofUMEePOM Ha OCHOo8e
rionunponuneHanuKkonbmManeuHama, 4mo cgaudéemernbcmeayem o boree 8bICOKOU ycmou4yugocmu rnocriedHez2o
K Bezpadayuu, obycrosrieHHoU Y®-0brydeHueM.

Knro4deebie cnoea: Y®-obnyyeHue, mennoeas Oegopmayusi, mepmuyeckass cmabusibHOCMb,
corionumepu3sayus, «X0ST00HOE» omeepxdoeHue, HeHacbIWeHHbIe nonuagpupsbl,
ronuamurieHauKoMbManeuHam, noaurnponuieHaIuKobManeuHam.

I'.K. BypkeeBa, A.K. KoaneBa*, H.M. XXymab6ek, XX.M. M6paeBa
Akagemuk E.A. bekeToB aTbiHAarbl KaparaHabl yNTThIK 3epTTeY YHUBEPCUTETI,
100026, KasakctaH Pecnybnukacel, KapafaHapl, YHMBepcuteTckas K-Ci, 28
*e-mail: cherry-girl1899@mail.ru

AKPUI KbILWKbITBIMEH «CYbIK» KATAKO NPOLIECIHAE AJbIHFAH KAHBIKMAFAH NMONMU3®UPIII
LUAUBIPITIAPFA YK-COYINENEHYAIH ©CEPIH 3EPTTEY

lNonumepnepeae ynbmpakynaiH ceyneneHydiH aCepiH 3epmmey fbiflbiIM MEH MEeXHUKa casiacbiHOafbl
MaHbI30bl api e3ekmi b6arbim 605bin mabbinadbl, cebebi on HerypribiM 6epik xaHe muimdi Mamepuandapobi
)xacayra xaHa macindepdi azipneyze MyMKiHOiK bepedi. byn Xymbicma ynbmpakyneiH coyneneHydiH y3aK
yakbim ocepi Ke3iHOe KaHbiKnaraH nonuachupnep HeeiziHOeai nonumepnepde XypemiH e32epicmep
Kapacmbipbindbl. 3epmmey0diH MaKkcambl — MOU3MUIEH2IUKOb MasieuHambl MeH MOoJSuUnponuieHaIuKob
MarsieuHamel Hez2i3iHOe akpuil KbiuKbibiMeH wamameH 70:30% maccarnbik KamblHacma arsiblHFaH rnosiuMepriiK
mamepuandapObiH y3aK Mep3iMOi yrnbmpakynziH cayneneHyOiH 8cepiHeH MepMUSIbIK MypaKmblibiFbiH
3epmmey. Yneinep ynbmpakynaiH caynesneHy0iH acepiHeH natda 6omambiH MUKpOXapbIKwanapobl aHbiKkmay
YWiH mukpockonusnelk adicneH 3epmmendi. CoHbIMeH Kamap 3epmmersieeH mMamepuandapdbiH MyCiHiH
eszepyi MeH nalnaHy Kybbinbicbl eu3yandbl myplde 6aranaHObl. COHbIMEH Kamap nonumepriepdiH
gomookcudmik Oeegpadauyusi OopexeciH caHObiKk mypfsbida baranay MakcambiHOa KapboHUsN UHOEKCI
aHbikmandbl. byn kepcemkiw ynbmpakynzaiH cayneneHydiH ocepiHeH ronumep mizbeziHiH bidbipaybl
HamuxeciHOe mysinemiH KapboHUl monmapbiHbIH XUHakmarybiH curiammalobl XoeHe mamepuandapobiH
gomomo3sy npoueciHiH mepeHOieiH 6aranayra MymMmKiHOiK 6epedi. CononumepriepdiH MepMUSbIK
mypaKkmblifibifbl  mepmMoepasuMempusifiblK manday odici apKbinbl, sFHU yreinepdi 21 meaynik 60Ukl
ynbmpakynaiH cayrneneHyze yuwbipamkaHra OeliH XoHe keliH mepmusinblKk Oegopmayuss 6bacmany
memrnepamypacbiH aHbiKmay apKbliibl 6aranaHObl. AfbIHFaH HomMuXXennep Moau3musieHa/IuKob ManeuHamel
Heei3iH0e cuHme3sdenzeH mnonumepde ynbmpakynaiH cayneneHyOeH KelUiH mepMusinbiK Oeghopmayusi
bacmany memnepamypachiHbiH aHafyprbiM  alkKblH memeHOelmiHiH Kepcemmi. byn kepcemkiw
r1ouUnNpPONUAEHaIUKOMNb MasleuHambl HezisiHOeai CononuMepMeH casbiCmblipraHO0a MOMEeH, SiFHU COHFbIChI
yrbmpakyraiH acepae aHarypribiM Xofapbl me3imoinik kepcemedi.

Tylin ce3dep: YK-coyneneHy, Xbiily 0eghopmMayusicbl, mepMusifibiK mypakmblisiblK, COMouUMeprey,
«CYbIK» Kamato, KaHbIKnaraH rnonuaghupriep, rnonuamurieHenuKonManeuHam,
ronunponueHaIuKoamaneuHam.
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INVESTIGATION OF CONVERSION OF N-BUTANE TO LIGHT OLEFINS ON CATALYSTS
Pd/]y-A|203 AND Pd/SIOz

Abstract: The results of the conversion of n-butane on supported palladium catalysts in a stationary
mode in the temperature range of 400-600 °C, at atmospheric pressure and a volumetric feed rate of n-butane
of 250 h-" are presented. The catalysts were obtained by the method of incipient wetness impregnation using
y-Al03 and SiO (silica gel) as supports, the palladium loading was 1 and 3%. It was found that, along with
the dehydrogenation of n-butane, cracking processes occur in parallel, leading to the formation of both olefins
(ethylene, propylene) and alkanes (methane, ethane, propane), isomerization of n-butane to isobutane, and
other reactions. Hydrogen contained in contact gases is equivalent to the amount of dehydrogenation and
degradation products. In trace amounts, non-condensed liquid products such as pentane and aromatics are
present in the gas phase. The catalysts were studied by SEM-EDS to determine the morphology of catalysts
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