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AHHOTALMUA

O6ocHoBaHue. Vicnonb3oBaHWe  OUTYMHO-NONMMMEPHbIX  KOMMO3UTOB  SBMASIETCS  aKTyanbHbIM
HanpaeneHnem Ans  YNyylWeHUs 3KCMMyaTauMOHHbIX —XapakKTEePUCTUK OUTYMHbIX MaTepuanos
B [JOPOXHOM CTPOUTENbCTBE. V3ydeHue CTPYKTypbl U MEXaHW3MOB B3aWMMOAEWCTBUS KOMMOHEHTOB
B TaKMX KOMNO3ULIMAX NO3BOMSET ONTUMU3NPOBATL COCTaBbl M NOBLICUTL KAYECTBO KOHEYHOTO NPOAYKTa.
Lenb. Lienbto paboTbl ABNSETCA MCCnegoBaHue CTPYKTYpbl 1 XapakTepa B3anMoaenCcTBMUS KOMMOHEHTOB
BUTYMHO-NONMUMEPHBIX KOMMO3WUTOB Ha OCHOBE OWTymMa, nonunponuneHa W TSXENbIX HedTSAHbIX
OCTaTKOB C MCMOMb30BaHNEM MeToaa uHdpakpacHow (aanee — MIK) cnektpockonuu.

MaTtepuanbl n metoabl. B nccnegosaHum mcnone3doBanu metopn WK-cnektpockonuu ans aHanusa
CTPYKTYPHbIX W3MEHEHWI B KOMMO3uTax. M3yyanucb CREKTPbl WCXOOHbIX KOMMOHEHTOB (6uTyma,
nonunponuneHa, TEXENbIX HeMTAHbIX OCTaTkoB) M moauduumpoBaHHoro 6utyma. [lposBogunu
CpaBHUTENbHbBIN aHanu3 MONOXEHNSA M MHTEHCUBHOCTM XapakTepUCTUYECKUX MOroc MOrMOLEHNUs,
COOTBETCTBYHOLLMX OCHOBHbIM (DYHKLMOHAMbHBLIM rpynnam.

PesynbraTtbl. YCTaHOBMEHO, YTO NPV BBEOAEHUWN MONUMNPONMIIEHa NPOUCXOOSAT M3MEHEHMS B CnekTpax
nornowleHms 6utyma, ocobeHHO B 0bnactu BaneHTHbIX konebaHuii yrnepoa-BoaoOpPOAHbIX W yriepoa-
KMCMOPOAHbIX CBsi3e. OTO CBMAETENLCTBYET O CTPYKTYPHbIX Npeobpa3oBaHusx 1 nepepacnpegeneHnm
MOMEeKYNspHbIX B3avMOZEWCTBMN B cucTeme. [lononHuTenbHoe BBEAEHWE TAXKENbIX HeMTAHbIX
OCTaTKOB ycunuBaeT 3TN apdekTbl, MPUBOAA K U3MEHEHMIO (DU3NYECKNX XapaKTEPUCTUK KOMMO3uUTa,
B YacCTHOCTW, YyBEMUYEHWIO TemnepaTypbl pasMArdYeHUs W CHMKEHUIO neHeTpauun. [lokasaHo,
YTO CTeneHb B3aVMOQEWNCTBMA KOMMOHEHTOB 3aBUCUT OT KOHLEHTpauuu nonmumepa M YCroBun
mMogudmkauun.

3aknioyeHue. [lonyyeHHble pesynbTaTbl  PacKpbIBAOT  MeEXaHu3Mbl  CTPYKTypooGpa3oBaHust
1 B3aMMOAENCTBUSI KOMMOHEHTOB B BUTYMHO-NONMMEPHbBIX KOMNO3nUTax, obecneunsas Hay4Hyt0 OCHOBY
Ans onTyMU3aummn peuentyp moauduLmpoBaHHbix 6utymoB. Pabota cnocobcTByeT pa3Butuio METO40B
MCCNeaoBaHNs U paclUMPEHNO NPUMEHEHUst BUTYMHbIX MaTepuanoB B CTPOUTENbHON U OOPOXHOMN
VHOYCTPUN.

Knroveenie croea: bumymHo-nonuMepHsil komno3um, VMIK-criekmpockonusi, nonunponuieH, msxénbie
HegbmsiHble ocmamku, hyHKUUOHarbHbIe 2pyrinbl, CMPYKMYypHbIe npeobpa3osaHusi.
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ABSTRACT

Background: The use of bitumen-polymer composites is a relevant and promising approach
to improving the performance characteristics of bituminous materials in road construction. Studying
the structure and interaction mechanisms of components in such composites enables the optimization
of formulations and enhancement of the final product’s quality.

Aim: The aim of this research is to investigate the structure and the nature of interactions between
the components of bitumen-polymer composites based on bitumen, polypropylene, and heavy petroleum
residues using infrared (IR) spectroscopy.

Materials and methods: The IR spectroscopy method was used to analyze structural changes
in the composites. The spectra of the initial components (bitumen, polypropylene, heavy petroleum
residues) and the modified bitumen were studied. A comparative analysis of the position and intensity
of characteristic absorption bands corresponding to the main functional groups was carried out.
Results: It was found that the introduction of polypropylene causes changes in the bitumen absorption
spectra, particularly in the region of the stretching vibrations of carbon-hydrogen and carbon-oxygen
bonds. This indicates structural transformations and redistribution of molecular interactions within
the system. The additional incorporation of heavy petroleum residues amplifies these effects, resulting
in changes in the physical properties of the composite, — notably, increasing the softening temperature
and decreasing penetration. It was shown that the degree of interaction between components depends
on polymer concentration and modification conditions.

Conclusion: The obtained results reveal the mechanisms of structure formation and component
interaction in bitumen-polymer composites, providing a scientific foundation for optimizing modified
bitumen formulations. The work contributes to the development of research methodologies and expands
the application of bituminous materials in construction and road industries.

Keywords: bitumen-polymer composite; IR spectroscopy; polypropylene; heavy petroleum residues;
functional groups; structural transformations.
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AHHOTALUUA

Herizgey. Butym-nonumepni kKoMno3uTTepai NanaanaHy Xon KypbinbiCbiHAa BUTyM matepvangapbiHbIH
navganady cunatramanapbiH  JKakcapTygblH — e3ekTi  GafbiTel  Gonbin  Tabbimagel.  MyHaaw
KOMMo3uuusinapaarbl KOMMNOHEHTTEPAIH e3apa 9peKeTTEeCYiHiH KypblnbiMbl MEH MeXaHU3MAEepiH 3epTTey
KOMMO3nuusinapAbl OHTannaHabIpyFa )XeHe COHfbl OHIMHIH canacblH apTTblpyFa MyMKIHAIK 6epeai.
MakcaTtbl. 2KyMbICTbIH MakcaTbl MHpakbi3bin (byaaH api — WIK) cnekTpockonusa aficiH nawpganaHa
OTbIpbIN, OUTYM, MNONMUMPOMMIEH >OHe ayblp MyHan KangplkTapbl HeridiHaeri GuTym-nonumepni
KOMMO3UTTEP KOMMOHEHTTEPIHIH KypbIibiMbl MEH ©3apa 9peKeTTecy cunaTtbiH 3epTTey 6onbin Tabbinagbl.
Martepunanpap meH apgictep. 3eptrey OapbiCbiHOa KOMMO3UTTEpAEri KypbinbiMAblK e3repictepgi
Tangay ywid WK cnektpockonusa agici kongaHabl. bactanksl KOMNoHeHTTepaiH, (buTyM, monunponuneH,
ayblp MyHan kangblKTapbl) aHe MoauduKaumanaHFaH OWUTYMHbIH cnekTpriepi 3epTtengi. Heriari
dyHKUMOHanabpl TOoMTapfFa CaWKec KeneTiH cunatTamanblk  CiHipy >KOnakTapblHbIH - Xafgawibl
MEH KapKblHAbINbIFbIHA CanbICTbIpManb! Tangay Xyprisingi.

HoaTtuxenepi. MNonunponuneHai eHrizy kesiHge OuTymabl CiHipy cnekTpnepiHge, acipece kewipreri-
cyTeri >xeHe KeMipTeri-oTTeri OanaHbiCTapbiHbIH BaneHTTik Tepbenici anmarbiHoa e3repicTepAiH
B6onaTbiHbl aHblKTandbl. byn >xynegeri Monekynanblk e3apa apekeTTecynepaiH KypbinbIMAbIK TYpneHyi
MeH kanta GeniHyiH kepceTtei. Ayblp MyHaW KanablkTapbliH KOCbiMLLA eHridy Byn acepnepai kywenTegi,
KOMMO3UTTIH hm3unKarnblk cunatTamanapblHblH ©3repyiHe, atan anTkaHaa )XyMcapTy TeMmnepaTypachbIiHbIH
XOfFapbifnayblHa XaHe eHyfiH (neHeTpauusiHbiH) TemeHaeyiHe okenepi. KomnoHeHTTepaiH e3apa
9peKeTTecy Adpexeci MoNMMep KOHLEHTpauMsaChiHa aHe Moaudmkaums xaraannapbiHa 6annaHbiCTb
eKkeHAjri kepceTingi.

KopbITbiHAbI.  AnblHFaH — HaTwxxenep  MogudukauusnanFaH OuTymaapabliH - peuentypanapbiH
OHTannNaHAbIpyablH, FbilbIMW HEFi3iH KamTaMacbl3 eTe OTbIpbin, OMTym-nonumepni KOMNo3uTTepaeri
KOMMOHEHTTEPAIH KypbiNbiMbl MEH ©3apa 9peKkeTTecy MexaHW3MAepiH awagbl. byn XymbiCc 3epTTey
9AiCTepiH AaMbITyFa XaHe KypbIMbIC XX8HE 0N MHAYCTpusacbiHAa OUTYyM MaTepuangapbiH KongaHyabl
KEeHenTyre biknan etegi.

Hezizzi cezdep: 6umym-nonumepni komno3um, UK-criekmpockonusi, rnosunponusieH, aybip MyHau
Kandbikmapbl, PyHKUUOHan0bI mornmap, KypbirbiMOblK e32epicmep.
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BBeneHune

BuTyMHO-NonuMepHble  KOMMNO3UTbl  Mpea-
CTaBnsAT coOON MepcrneKkTMBHbIE MaTepuansl, 06-
nagawmowme  yrnyylweHHbIMM  3KCNlyaTauMoHHbIMU
XapaKTepuUcTUKamMun Mo CpaBHEHUIO C HemMoandULm-
poBaHHbIM 6uTymom [1]. JobaBneHve nonvmepoB
NMo3BONSIET MOBBLICUTb TEPMOCTOMKOCTb, MNNacTu4-
HOCTb U YCTOMYMBOCTb K CTApEeHU0, YTO OCOBEHHO
BaXXHO AN MX UCMOMb30BaHUsI B JOPOXHOM CTpO-
utenbctee U ruapounsonsauun [2]. B nocnegHee
Bpemsi 0cobbIl MHTEPEC BbI3bIBAOT UCCIEA0BaHMS,
HanpaeBneHHble Ha U3yYyeHne CTPYKTYPHbIX N3MeHe-
HUA BUTYMHBIX KOMNO3MTOB C nomolibio UK-cnek-
TPOCKOMNWMK, KOTOpas NO3BONSET NAEHTUDULMPOBATD
(PyHKUMOHAmbHbIE TPYNMbl U OLEHUTb XMMUYECKMe
npeobpasoBaHus B MaTepuarne [3, 4].

MonunponuneH sBnsieTcs ogHWM U3 Hanbo-
riee WMpOKO NPYMEHSAEeMbIX NONMMepoB B Moaudu-
Kauumu 6uTyma, MOCKONbKy OH obnagaer BbICOKOW
CTOMKOCTbIO K TEPMOOKUCIMTENBHOMY CTapeHuto
W ynyylwaeT MeXaHU4YecKue CBOWCTBA KOHEYHOro
npogykta [5]. OpgHako B3aumopencTBne OuTyma
C MONUNPONWUIIEHOM 3aBUCUT OT psida (hakTopoB,
BKITHOYAsi KOHLEHTpaUMIo nonmmepa, yCcroBusi cMme-
LUMBaHWUA U Hanu4yme OOMOMHUTENbHbIX Moguduka-

TopoB [6, 7].

Tsxénble HepTAHbIE OCTaTKN UrPatoT BaXHYHO
ponb B  perynMpoBaHWM  CBOWCTB  OUTYMHbIX
KOMMO3WTOB, BMUSIA Ha WX  peoniornyeckune

N TepMMYECKMNe xapakTepucTtukm [8]. MiccnegoBaHus
MoKasblBalT, YTO WUX COBMECTHOE MpUMEHEHMe
C nonvMepamy MOXEeT NpUBECTU K 0Opas3oBaHUio
KOMMO3MUMA € YNYYWEHHOW  3NacTUYHOCTbIO
N KOT€3MOHHOW MPOYHOCTLIO [9].

WMK-cnekTpockonus 3apekomengoBana cebs
Kak 3apheKTUBHLIA MeToq aHanusa CTPyKTypbl 6u-
TyMHO-nonmmepHbix Matepuanos [10]. CnekTpanb-
HbIi aHanM3 AaéT BO3MOXHOCTb OTCMeXuBaTb MNpo-
LieCCbl OKMUCNEHUs, MONMMepU3aumMn 1 AecTpyKuum,
4YTO 0COGEHHO BaXXHO NPUW U3Y4eHWUU J0NTOBEYHOCTH
matepuanos [11-15].

HacToswas paborta nocesileHa uccrnenosa-
HUIO CTPYKTYPbl BUTYMHO-NONMMEPHBIX KOMMO3UTOB
Ha ocHoBe OWTymMa, MONMNpoOMUIIeHa W TAXKENbIX
HedTAHBbIX ocTaTkoB metodoM WMK-cnekTpockonuu.
OcHoBHas Lenb nccnefoBaHus — OLEHUTb BNUsSHUE
Pa3nUyHbIX KOHLEHTpaLMiA NoNMNponuiieHa Ha cnek-
TpanbHble XapakTepucTKM 06pasLoB 1 BbISBUTL 3a-
KOHOMEPHOCTM UX CTPYKTYPHbIX U3MeHeHnn [16, 17].
B xoge 9KkcnepvMeHTOB  npoaHanv3vpoBaHbl
ocHoBHble Mukn  MK-cnekTpoBs, oTHocsLWmecs K xa-
PaKkTEPUCTMHECKUM  (DYHKUMOHASbHLIM  Fpynnam
6utyma 1 nonumepa, a Takke UX U3MEHEHUs Mo-
cne okucnenus [18—20]. AHann3 CTpyKTypbl BUTyMm-
HO-NONMUMEPHbIX KOMMO3NTOB Ha OcHoBe 6MTyma,
nonunponuieHa n THKEMbIX HEeMTAHbIX OCTaTKOB
C npumeHeHvem WK-crnekTpockonuu no3BonuT
BbISIBUTb XapakTep B3avMOAEWCTBMIA B cuUCTEME
1 onpeaenuTb BNUsHWE NONIMMEPHON MoanduKaumum
Ha MOMeEKYNsAPHYI0 CTPYKTYpy Butyma.

MaTepuanbl n meTogbl

Ons naeHTudpukaumm YHKLMOHAMNbHBbIX
rpynn B cocTaBe uccrnegyembix obpasuoB npume-

G4 e

HAnacb MK ®ypbe-cnektpockonus (ganee — FTIR,
aHen. Fourier transform infrared spectroscopy).
CnekTpbl ObiNMM 3aperncTpupoBaHbl C MCMOMNb30-
BaHveMm cnekTpometpa IRTracer-100 SHIMADZU
B AuanaszoHe 4000-400 cm' c paspelLueHnem
4 cm'. AHanu3 nonvMepHbIX 06pa3uoB (BTOPWY-
HbI MONMNPONWUAEH, NOMUMPOMNUMEHOBLIN MELLIOK,
nynelpyatas nnéHka) npoBogwnca B BWAE TOH-
KOW NNEHKU C ULEenbl BbISBNEHUS XapakTepHbIX
nonoc nornoweHnsi. OCHOBHOE BHWMaHve yae-
nsnocb umaeHtudukaummn konedanun C-H, C=0
N Apyrmx yHKUMOHAmMbHbIX TPYMM, YyKasbiBaOLLMX
Ha BO3MOXHbIE€ CTPYKTYPHbIE U3MEHEHUs maTtepwua-
na nocne moaudukaumum utyma.

B xope wuccneposaHus
crnegylowme matepuansi:

1. butym mapkn BHI 100/130 oteyecTtBeH-
Horo npowussoguTenda TOO «[MaBnogapckum He-
drexummnyeckuin 3ason». aHHbIi 6uTym obnagaet
BbICOKOM BSA3KOCTbHIO M LUMPOKO NPUMEHSAETCA B J0-
POXHOM CTpouTenbcTBe Bnarogaps CBOMM 3KCMny-
aTauMOoHHBIM XapakTepucTukam, obecneunsaoLmnm
ero aPPEKTNBHOCTb B Pa3NUYHbIX KIIMMAaTUYECKUX
YCMOBUSIX.

2. BTOpWYHBIA MONMNPONWUMEH, MOMNyYeHHbIN
oT TOO «Komnanusi Hedptexum LTD», npencras-
nset cobon nepepaboTaHHbIA TEPMONMAaCTUYHBbIN
maTtepuan Ha ocHoBe nponuneHa. Ero cnektp ge-
MOHCTPUPYET XapaKkTepHble MOMoChl MOMMOLLEHUs,
COOTBETCTBYIOLME PA3NUYHBIM TUMaAM NONUMEpPOB,
BKINIOYasA U30TAKTUYECKUIA MONUNPOMUIIEH, COMonu-
Mepbl MOMMITMIIEHa U NponuieHa v Apyrue nomnu-
MepHble CTPYKTYpbl.

3. Taxénbin HedTAHOM ocTaTok Mapkn H603.
OH uncnonb3oBancs AN perynupoBaHns BA3KOCTU
N yNyYyLeHNs TEXHONOrMYECKNX XapaKTepUCTUK Mno-
nuMepHo-moguduumpoBaHHoro butyma. BeeneHne
HedTAHOro ocTaTka MoBbILIAET TEKyYeCTb MaTepu-
ana n obecneyvBaeT paBHOMEPHOE pacrnpeaeneHve
KOMMOHEHTOB B CMeCU, CNocobCTBYS MOMYyYEHUHO on-
TUManbHoro 6anaHca Mexay NNacTUYHOCTbLIO U BA3-
KOCTbI0. OTO yny4yllaeT AOMrOBEYHOCTb N yCTONYM-
BOCTb JAOPOXHbIX NOKPbITUN.

Ha puc. 1 npeacraBneHsl MIK-cnekTpbl ucnonb-
30BaHHbIX MatepuanoB. VK-cnekTpbl nccnegyembix
06pasLoB [AEMOHCTPUPYIOT XapaKkTepHble Monochl
NOrMOLLEHNs, COOTBETCTBYIOLLUME OCHOBHBLIM (PYHK-
LMoHanbHbIM rpynnamM. BaneHtHble konebanusa C-H
B CH,- v CH,- rpynnax nabmiogatotcs B obnactu
2956 n 2854 cm™ gns Bcex 06pa3uoB C pasnuyHom
WHTEHCUBHOCTbIO. [lonoca nornoweHns  kapbo-
HUNbHbIX rpynn C=0 (okono 1700 cm™) BbipaxeHa
B OUTYyME M TsXKENOM HedTSHOM ocTaTke, 4TO
CBMAETENbCTBYET O HanMyuMm  KUcrnopoacopep-
Xalmx coeaMHEHUW, Takux Kak acdanbsTeHbl
N KeToHbl. B cnekTpe nonunponuneHa gaHHas no-
noca oTCyTCTBYeT unu nposBnsietcs cnabo. [e-
opmaumorHble konebanna CH,- n CH,- douken-
pytotca npu 1460 n 1375 cm' ¢ makcumanbHOM
WHTEHCUBHOCTbIO B nonunponuneHe. KonebaHus
-(CH,)n- rpynn (okono 720 cm™), xapakTepHble
ONns  ANMHHOLENOYEYHbIX YreBoAopodoB, OTYHET-
NVBO BbIpaXeHbl B BUTyMe U THXKENOM HedTAHOM
octatke. KonebaHnus C—-C n C—H B kpuctannuye-

ncnonb3oBanucb
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— GUTYM TANENBIT HediTAHOM ocTaToK AN BTOPHUHKI
PucyHok 1. UK-cnekTpbl 6UTYMa, TAXENOrO
HecTAHOrO ocTaTka U BTOPUYHOTO
nonunponuneHa
Figure 1. IR spectra of bitumen, heavy oil residue,

and secondary polypropylene

CKOW CTPYKType NonunponuneHa nposiBrsoTcs
B obnactn 993-918 cm'. VIK-cnekTpanbHbIn aHa-
13 nokasar, 4YTo NONWNPONUIEH XapakTepuayertcs
WHTEHCUBHbIMW NUKaMW, COOTBETCTBYHOLWMUMU KO-
nebanuam CH,, CH, n C-C, 4to cBugetenscray-
€T O ero HacblWEeHHON YrneBoAOPOAHOW Mpupoae
N OTCYTCTBUM KUCIIOPOACOAEPXKALUMX COEAUHEHWIA.
B cnekTpax 6utyma u Tsxxénoro HedpTsiIHOro octaTka
HabnogalTCs BblpaXeHHble MOMoChl MOrMOoLEHUs
KapboHunbHbIX rpynn (=1700 cm™), a Takke koneba-
HWSA, XapakTepHble ANS HaCbIWEHHBIX YrNeBOAOPO-
0oB (2956 n 2854 cm™).

OTO noaTBepXAaeT WX CrOXHbIA COCTaB,
BKIIOYaKOLWMIA acanbTeHbl, CMONUCTbIE U NONsip-
Hble KOMMOHEHTbI. AHanM3 WHTEHCUBHOCTU Crek-
TpanbHbIX NMNONOC NO3BOMNAET OLEHUTb CTENeHb B3a-
MMOLENCTBMS KOMMOHEHTOB B MOANMMLIMPOBAHHOM
martepuare, 4To MoXeT OblTb NMONesHo npu uccre-
[OBaHWUN CTPYKTYpbl GUTYMHO-NONMMEPHbLIX KOMMO-
3UTOB.

Pe3ynbTaThbl M 06cyxaeHue

Ha npeacraBneHHbix WK-cnektpax (puc. 2)
Ansi cmeceit GuTyma M nonunponuneHa B nponop-
umsx 94% : 6% n 95% : 5% cooTBETCTBEHHO Ha-
6nopaloTcs OCHOBHble konebaHusl, xapaKTepHble
AN UCXOAHBIX KOMMOHEHTOB.

B obnactn 2956 n 2854 cm™' oTmevatoTca UH-
TEHCMBHbIE MOMOCHI, COOTBETCTBYHOLLME BaSleHTHbIM
konebanuam C-H B CH,- n CH,- rpynnax, 4o noa-
TBEPXAAeT Hannumne HacblLLEeHHbIX YrNeBOAOPOAHbIX
parMeHTOB, XapakTepHbIX Ans 6Gutyma u nonunpo-
nunexa. B paitoHe 1700 cm™, oTBeyvatoLLemM 3a kapbo-
HUnbHble rpynnbl C=0, UHTEHCUBHOCTb MOMOCHI CHU-
)KeHa Mo CPaBHEHMIO C YUCTbIM BUTYMOM, HYTO MOXET
CBMAOETENBLCTBOBATL O YAaCTUYHOM 3KpPaHWPOBAHWUM
KucrnopoacogepxXallumx CoeMHeHNn 3a CYET B3au-
mMogewncTeus Gutyma ¢ nonumepom. JedopmarmoH-
Hble konebaHus CH,- n CH_-rpynn B obnactu 1460
n 1375 cm™ coxpaHsitoTCs, YTO NoaTBePXKAAeT npu-
cyTcTBME monunponuneHa B cmecu. lonoca okono
720 cm”, xapaktepHas ans -(CH,)n- rpynn (anux-
HoLenoyeyHble YrmeBOAOPOAbl), TakkKe XOpOLUO
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PucyHok 2. UK-cnekTpbl 6UTYMHO-NONUMEPHbIX
KOMMO3WUTOB C Pa3HbIMW MacCoBbIMMN
COOTHOLLEHMAMM BUTymMa U nonumepa

Figure 2. IR spectra of bitumen—polymer

composites with different mass ratios
of bitumen and polymer

BblpaXKeHa, YTO yKa3blBaeT Ha Hanmmuue CTPYKTyp-
HbIX YrMeBOAOPOAHbIX CoeauHeHun. B auanasoHe
993-918 cM™' NpUCYTCTBYIOT MOMOCHI, XapaKTepHbIe
ana C-C n C-H konebaHuii B KpUCTannnyeckon
CTPYKType nonunponuneHa, 4To noatsepxaaeTt
ero pacnpegeneHune B GutymHon martpuue 6e3 3Ha-
YUTENbHBIX U3MEHEHWI CTPYKTYPbI.

Takum obGpasom, pobaBneHve nonunpo-
nuneHa B OWTYM He NpMBOAWUT K WCHE3HOBEHWIO
ero XapakTepHblX MOMOC MOFMOLLEHNs, OAHAKO Ha-
6niogaeTcs M3MeHeHWe WHTEHCMBHOCTU  kapbo-
HUNbHOro nuka B obnactu 1700 cm™, 4yTO yKasbiBaeT
Ha BO3MOXHble B3aUMOQENCTBUA Mexay OuTy-
MOM W nonumepoM. CHWXeHNe WHTEHCUBHOCTU
nuKoB nonunponuneHa B obnactn 993-918 cm™
npu yMeHbLLEHWUN ero coaepxaHus ¢ 6% o 5% cau-
AeTenbCTBYeT O [0303aBMCUMOM pacnpeseneHum
nonvmepa B GUTYMHOW MaTtpuLe.

Tenepb Ha npepacTtaBneHHbix WK-cnekTpax
nokasaHbl CMeCu, copepxaline He TOnbko BuTym
1 nonunponuneH, Ho u 1% Tskénoro HedTAHOro
octatka. Mepebii coctaB (93% Gutyma + 6% no-
nunponuneHa + 1% Tsxénoro HepTAHOro ocTaTtka)
npefAcTasneH Ha puc. 3.
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PucyHok 3. UK-cnekTpbl 6UTYMHO-NONMMEPHbIX
KOMMNO3UTOB C pa3fiMiHbIM cogepXxXaHuem 6uTyma,
nonumepa u TAXENoro HedPTAHOro ocraTka
Figure 3. IR spectra of bitumen—polymer
composites with varying contents of bitumen,
polymer, and heavy oil residue
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OCHOBHblE MOSIOCHI  MOFMOLWEHNA  OCTaloTCA
aHanorMyHbIMM NpeablayLwmMmM cnekTpam, OfHako
nobaBneHne TSXENOro HeTAHOro ocratka Mo-
XKET NOBMUSITb HA MHTEHCUBHOCTbL U (POPMY MUKOB.
B obnactn 2956 n 2854 cM' coxpaHsitoTcs Xapak-
TepHble konebanus C-H B CH,- n CH,- rpynnax.
Monoca npu 1700 cm™, cooTBeTcTBYlOLAsA kapbo-
HUMbHBLIM coeanHeHusaM (C=0), MOXET U3MEHATLCSA
n3-3a B3aMMOOENCTBUS KOMIMOHEHTOB, B YAaCTHOCTM,
BO3MOXHOTO [OMNOMHUTENbHOrO BKMaja Kucrnopop-
COAEPKaLLNX COEANHEHUN TSHKENOro ocTaTka.

DedopmaunoHHbie konebanmsa CH,- n CH,-
rpynn (1460 n 1375 cm™) ocTaloTcs BblpaXeHHbIMU,
4YTO MOATBEPXKAAET MPUCYTCTBME MOMMMPONUMeHa.
Takke coxpaHsitoTcs nonockl okono 720 cm™, yka-
3blBalOWMe Ha AOMMHHOLLENOYeYHble YrneBoaopoa-
Hble CTPyKTypbl. B ananasoHe 993-918 cm™ Habnto-
parotca korebaHus, xapaktepHble ana C-C n C-H
B KpUCTannuyeckon peLéTke nonmnponuneHa,
HO MX UHTEHCUBHOCTb MOXET YMeHbLUATbCS C MOHU-
XeHneM coaepxxanus nonumepa (c 6% 8o 4%).

[obaBneHve TSHKENOro HedTAHOrO ocTaTtka
B konuyecTBe 1% He NPUBOAUT K NOSIBIIEHWIO HOBbIX
BbIpa)KeHHbIX MOS0C, HO MOXET BMUSITE HA UHTEHCUB-
HOCTb YXe umMmerowmxcs, ocobeHHo B obnactu kap-
BGOHUIBHbIX COEANHEHWUIA U YINEBOAOPOAHbLIX FpymM.
CpaBHeHvie ABYX CNEKTPOB MOKa3bIBaET, YTO YMEHb-
lWeHne copepXaHus nonunponuneHa u Gutyma
Npy HEN3MEHHOM KOSIMYECTBE TSHKENOro ocTaTka Mo-
XKET NpUBOAUTL K HEBONbLINM U3MEHEHUSIM UHTEH-
CMBHOCTW XapaKTepHbIX NOoc.

OOMNONHUTENBHO

UcTtouHuK cpuHaHCcMpoBaHuA. ViccrnegoBaHue
BbIMOMHEHO Mpu  puHaHcoBon nopaepxke Ko-
mMuteTa Haykm MwuHUCTepcTBa HaykM M BbiCLUE-
ro obpasoBaHua Pecnybnukn KasaxctaH (rpaHT
NeBR21882278 «Co3faHune CTpoUTENbHO-TEXHUYE-
CKOFO MHXWHUPWHIOBOIO LIeHTpa NO OKasaHuio Mor-
HOrO LMKIa akKpeaWTOBaHHbIX YCIyr CTPOUTENbHO-
ro, OOPOXHO-CTPOUTENBLHOrO cekTtopa Pecnybnukn
KazaxcTtaHy).

KoHcnukT wuHTepecoB. ABTOpbl Aeknapupyrot
OTCYTCTBME SIBHbIX W MOTEHUMAmNbHbIX KOHMIUKTOB
WHTEPECOB, CBSI3aHHbIX C Mybnukaumnen HacTtosLwen
cTaTtbm.

BnaropgapHocTb. ABTOpbI Bbipaxato brnarogapHocTb
Tonkumbaey M@abuty AxxgapoBudy — leHepanbHOMY
avpektopy OROJ1 «Accoumaumss npoussoguTenen
1 noTpebuTenen HedTerasoxXMMM4ECKon NpoayKLnm
(Hedprerasoxnmmnyeckas Accoumnanms)».

Bknap aBTOpoB. Bce aBTOpbl NOATBEPXKAAKT CO-
OTBETCTBME CBOEr0 aBTOPCTBa MeXAYyHapOAHbIM
kputepusim ICMJE (Bce aBTOpbI BHECIUN CYyLLECTBEH-
HbIA BKNag B pa3paboTky KOHUenuuu, npoBedeHune
nuccneaoBaHWs U NMOArOTOBKY CTaTbM, MPOYNU U Of0-
Opvnu uHanbHY0 Bepcuto nepen nybnukauven).
Haunbonbwnii Bknag pacnpenenéH criegyowmm
obpasom: CenteHoBa K. — koHuenuusi nccnego-
BaHus; Cbizablk A.lL — cbop n obpaboTka AaHHbIX,
HanucaHue TekcTa; [xekcembaeBa A.E. — cbop
1 obpaboTka AaHHbIX, unncTpauuy; diocoa PM. —
aHanm3 Nony4YeHHbIX AaHHbIX.

3akntoyeHue

Heobxogumo oOTMeTWTb, 4TO Ha npeacTaB-
neHHbix WK-cnektpax GUTYMHO-NONUMEPHbIX KOM-
Nno3nToB, MOAMMULMPOBAHHBIX MNONUNPONUIIEHOM
N TSXKENbIM HedTsAHbIM OocTaTkoM, HabnopatTcs
XapaKkTepHble MOoMockl MOMMOLEHNS, COOTBETCTBY-
lOLMEe OCHOBHbIM (PyHKLUMOHAMbHBIM Tpynnam 6u-
TymMa, nonMmepa W YrneBOOOPOAHBLIX COeduHe-
Hu. CpaBHWTENbHBLIA aHanuM3 CnekTpoB nokasar,
4YTO MPU U3MEHEHUWN CoAdepXaHus nonunponuneHa
Cc 6% 00 4% CcOXpaHSTCs OCHOBHblE KorebaHus
C-H B CH,- n CH,- rpynnax (2956 1 2854 cm™), no-
nocbl KApOOHUIbHBIX coeanHeHu (okoro 1700 cm™)
n  pgedopMaumoHHble KonebaHWus  MeTUNEeHOBbIX
N MeTUnbHbIX rpynn (1460 n 1375 cm™). OgHako
WNHTEHCUBHOCTb HEKOTOPbIX MOSIOC, 0COOGEHHO B 06-
nactn 993-918 cm™, cOOTBETCTBYIOLLEN CTPYKTYype
NONMMPONUIIEHA, CHWKAETCA NpY YMEHbLUEHUN €ro
KOHLEHTpaLuuu.

[OobGaBneHue Tsxé€noro HedTAHOro ocrtaT-
ka B konuyectBe 1% He NpuMBENO K MOSIBMEHUIO
HOBbIX (PYHKUMOHAMNbHbLIX FPYynn, OAHAKO MOrMo
NOBNUSATb HA WHTEHCMBHOCTb OTAENbHbLIX MOMOC
3a CYET B3aMMOJencTBnsa ¢ GUTymHonm matpuuen.
B uenom, nonyyeHHble AaHHble NOATBEPXAAIOT,
4YTO CTPYKTypa BUTYMHO-NONMMEPHbBIX KOMMO3UTOB
COXPaHSIET KIYEBbIE XapakTEPUCTUKM UCXOOHBIX
KOMMOHEHTOB, NPV 3TOM U3MEHEHWEe KOHLEeHTpa-
uMn nonumepa u OGUTyma okasbiBaeT BUsIHUE
Ha cTeneHb MoaudMKaUMM U  B3aNMOCBA3b
NX CTPYKTYPHbIX 91IEMEHTOB.

ADDITIONAL INFORMATION

Funding source. The research was carried out
with the financial support of the Science Committee
of the Ministry of Science and Higher Education
ofthe RepublicofKazakhstan(GrantNo.BR21882278
“Establishment of a construction and engineering
center to provide a full cycle of accredited services
for the construction and road construction sector
of the Republic of Kazakhstan”).

Competing interests. The authors declare that they
have no competing interests.

Acknowledgment. The authors express their
gratitude to Gabit Azhdarovich Tolkimbayev, General
Director of the Legal Entity Association “Association
of Producers and Consumers of Petrochemical
Products (Petrochemical Association).”

Authors’ contribution. All authors made
a substantial contribution to the conception
of the work, acquisition, analysis, interpretation
of data for the work, drafting and revising
the work, final approval of the version to be published
and agree to be accountable for all aspects
of the work. The greatest contribution is distributed
as follows: Gaini Zh. Seitenova — research concept;
Ayazhan G. Syzdyk — data collection and processing,
text writing; Assel Ye. Dzheksembayeva — data
collection and processing, illustrations; Rizagul M.
Dyussova — analysis of the obtained data.



OPUT'MHAJIBHBIE NCCJIIEAOBAHUA Tom 7, Ne 3 (2025) Becrauk Hedrera3oBoit orpaciu Kasaxcrana

CMUCOK UCNONb30OBAHHOM NIUTEPATYPbI

1. Weigel S., Stephan D. Bitumen Characterization with Fourier Transform Infrared Spectroscopy and Multivariate
Evaluation: Prediction of Various Physical and Chemical Parameters // Energy & Fuels. 2018. Vol. 32, Issue 10.
P. 10437-10442. doi: 10.1021/acs.energyfuels.8b02096.

2. Ma L., Varveri A., Jing R., Erkens S. Chemical characterisation of bitumen type and ageing state based on FTIR
spectroscopy and discriminant analysis integrated with variable selection methods // Road Materials and Pavement Design.
2023. Vol. 24. P. 506-520. doi: 10.1080/14680629.2023.2181008.

3. Xing C., Liu L., Li M. Chemical Composition and Aging Characteristics of Linear SBS Modified Asphalt Binders // Energy
& Fuels. 2020. Vol. 34, Issue 4. P. 4194-4200. doi: 10.1021/acs.energyfuels.9b04523.

4. Werkovits S., Bacher M., Theiner J., et al. Multi-spectroscopic characterization of bitumen and its polarity-based fractions //
Construction and Building Materials. 2022. Vol. 352. doi: 10.1016/|.conbuildmat.2022.128992.

5. Yadykova A.Y., Strelets L.A., llyin S.O. Infrared Spectral Classification of Natural Bitumens for Their Rheological
and Thermophysical Characterization // Molecules. 2023. Vol. 28, Issue 5. doi: 10.3390/molecules28052065.

6. Olabemiwo O.M., Esan A.O., Bakare H.O., Agunbiade F.O. Polymer modified-natural bitumen thermal aging
resistance studies // International Journal of Pavement Engineering. 2019. Vol. 20, Issue 10. P. 1207-1215.
doi: 10.1080/10298436.2017.1394102.

7. FiniE.H.,Hosseinnezhad S., Oldham D.J., Sharma B.K. Investigating the effectiveness of liquid rubberas amodifier forasphalt
binder // Road Materials and Pavement Design. 2016. Vol. 17, Issue 4. P. 825-840. doi: 10.1080/14680629.2015.1124800.
8. MarafiA., Albazzaz H., Rana M.S. Hydroprocessing of heavy residual oil: Opportunities and challenges // Catalysis Today.
2019. Vol. 329, Iss 1. P. 125-134. doi: 10.1016/j.cattod.2018.10.067.

9. Zofka A., Maliszewska D., Maliszewski M., Boratyriski J. Application of FTIR ATR method to examine the polymer content
in the modified bitumen and to assess susceptibility of bitumen to ageing // Roads and Bridges. 2015. Vol. 14, N 3. P. 163—-174.
doi: 10.7409/rabdim.015.011.

10. Muraza O., Galadima A. Aquathermolysis of heavy oil: A review and perspective on catalyst development // Fuel. 2015.
Vol. 157, Iss 1. P. 219-231. doi: 10.1016/j.fuel.2015.04.065.

11. Belyaev P.S., Frolov V.A., Belyaev V.P, et al. Petroleum bitumen and polymer-bitumen binders: Current state and Russian
specifics. Review // Oil and Gas Engineering. 2021. Vol. 2412, Issue 1. doi: 10.1063/5.0075420.

12. Kayukova G.P, Vakhin A.V., Mikhailova A.N., et al. Road bitumen’s based on the vacuum residue of heavy oil and natural
asphaltite: Part | — chemical composition // Petroleum Science and Technology. 2017. Vol. 35, issue 16. P. 1680—1686.
doi: 10.1080/10916466.2017.1356852.

13. Primerano K., Mirwald J., Lohninger J., Hofko B. Characterization of long-term aged bitumen with FTIR
spectroscopy and multivariate analysis methods // Construction and Building Materials. 2023. Vol. 409.
doi: 10.1016/j.conbuildmat.2023.133956.

14. Elwardany M., Habbouche J., Andriescu A., et al. Comprehensive performance evaluation of high polymer-modified
asphalt binders beyond linear viscoelastic rheological surrogates // Construction and Building Materials. 2022. Vol. 351.
doi: 10.1016/j.conbuildmat.2022.128902.

15. Luo S., Tian J., Liu Z., et al. Rapid determination of styrene-butadiene-styrene (SBS) content in modified asphalt
based on Fourier transform infrared (FTIR) spectrometer and linear regression analysis // Measurement. 2020. Vol. 151.
doi: 10.1016/j.measurement.2019.107204.

16. Lim C.S., Jang D.S., Yu S.M,, Lee J.J. Analysis of the Properties of Modified Asphalt Binder by FTIR Method // Materials.
2022. Vol. 15, Issue16. doi: 10.3390/ma15165743.

17. Sun G., Li B., Sun D., et al. Chemo-rheological and morphology evolution of polymer modified bitumens under thermal
oxidative and all-weather aging // Fuel. 2021. Vol. 285. doi: 10.1016/j.fuel.2020.118989.

18. Yang Q., Lin J., Wang X., et al. A review of polymer-modified asphalt binder: Modification mechanisms and mechanical
properties // Cleaner Materials. 2024. Vol. 12. doi: 10.1016/j.clema.2024.100255.

19. Weigel S., Stephan D. The prediction of bitumen properties based on FTIR and multivariate analysis methods // Fuel.
2017. Vol. 208. P. 655-661. doi: 10.1016/j.fuel.2017.07.048.

20. XuM., Zhang Y., Zhao P, Liu C. Study on aging behavior and prediction of SBS modified asphalt with various contents based
on PCA and PLS analysis // Construction and Building Materials. 2020. Vol. 265. doi: 10.1016/j.conbuildmat.2020.120732.

REFERENCES

1. Weigel S, Stephan D. Bitumen Characterization with Fourier Transform Infrared Spectroscopy and Multivariate
Evaluation: Prediction of Various Physical and Chemical Parameters. Energy & Fuels. 2018;32(10):10437-10442.
doi: 10.1021/acs.energyfuels.8b02096.

2. Ma L, Varveri A, Jing R, Erkens S. Chemical characterisation of bitumen type and ageing state based on FTIR
spectroscopy and discriminant analysis integrated with variable selection methods. Road Materials and Pavement Design.
2023;24:506-520. doi: 10.1080/14680629.2023.2181008.

3. Xing C, Liu L, Li M. Chemical Composition and Aging Characteristics of Linear SBS Modified Asphalt Binders.
Energy & Fuels. 2020;34(4):4194—-4200. doi: 10.1021/acs.energyfuels.9b04523.

4. Werkovits S, Bacher M, Theiner J, et al. Multi-spectroscopic characterization of bitumen and its polarity-based fractions.
Construction and Building Materials. 2022;352:128992. doi: 10.1016/j.conbuildmat.2022.128992.

5. Yadykova AY, Strelets LA, llyin SO. Infrared Spectral Classification of Natural Bitumens for Their Rheological
and Thermophysical Characterization. Molecules. 2023;28(5):2065. doi: 10.3390/molecules28052065.

6. Olabemiwo OM, Esan AO, Bakare HO, Agunbiade FO. Polymer modified-natural bitumen thermal aging resistance
studies. International Journal of Pavement Engineering. 2019;20(10):1207-1215. doi: 10.1080/10298436.2017.1394102.

7. Fini EH, Hosseinnezhad S, Oldham DJ, Sharma BK. Investigating the effectiveness of liquid rubber as a modifier
for asphalt binder. Road Materials and Pavement Design. 2016;17(4):825-840. doi: 10.1080/14680629.2015.1124800.

8. Marafi A, Albazzaz H, Rana MS. Hydroprocessing of heavy residual oil: Opportunities and challenges. Catalysis Today.
2019;329(1):125-134. doi: 10.1016/j.cattod.2018.10.067.



https://doi.org/10.1021/acs.energyfuels.8b02096
https://doi.org/10.1080/14680629.2023.2181008
https://doi.org/10.1021/acs.energyfuels.9b04523
https://doi.org/10.1016/j.conbuildmat.2022.128992
https://doi.org/10.3390/molecules28052065
https://doi.org/10.1080/10298436.2017.1394102
https://doi.org/10.1080/14680629.2015.1124800
https://doi.org/10.1016/j.cattod.2018.10.067
https://doi.org/10.7409/rabdim.015.011
https://doi.org/10.1016/j.fuel.2015.04.065
https://doi.org/10.1063/5.0075420
https://doi.org/10.1080/10916466.2017.1356852
https://doi.org/10.1016/j.conbuildmat.2023.133956
https://doi.org/10.1016/j.conbuildmat.2022.128902
https://doi.org/10.1016/j.conbuildmat.2022.128902
https://doi.org/10.3390/ma15165743
https://doi.org/10.1016/j.fuel.2020.118989
https://doi.org/10.1016/j.clema.2024.100255
https://doi.org/10.1016/j.fuel.2017.07.048
https://doi.org/10.1016/j.conbuildmat.2020.120732
https://doi.org/10.1021/acs.energyfuels.8b02096
https://doi.org/10.1080/14680629.2023.2181008
https://doi.org/10.1021/acs.energyfuels.9b04523
https://doi.org/10.1016/j.conbuildmat.2022.128992
https://doi.org/10.3390/molecules28052065
https://doi.org/10.1080/10298436.2017.1394102
https://doi.org/10.1080/14680629.2015.1124800
https://doi.org/10.1016/j.cattod.2018.10.067

ORIGINAL ARTICLES Vol. 7, Ne 3 (2025) Kazakhstan journal for oil & gas industry

9. Zofka A, Maliszewska D, Maliszewski M, Boratynski J. Application of FTIR ATR method to examine the polymer content
in the modified bitumen and to assess susceptibility of bitumen to ageing. Roads and Bridges. 2015;14(3):163-174.
doi: 10.7409/rabdim.015.011.

10. Muraza O, Galadima A. Aquathermolysis of heavy oil: A review and perspective on catalyst development. Fuel.
2015;157(1):219-231. doi: 10.1016/j.fuel.2015.04.065.

11. Belyaev PS, Frolov VA, Belyaev VP, et al. Petroleum bitumen and polymer-bitumen binders: Current state and Russian
specifics. Review. Oil and Gas Engineering. 2021;2412(1):060001. doi: 10.1063/5.0075420.

12. Kayukova GP, Vakhin AV, Mikhailova AN, et al. Road bitumen’s based on the vacuum residue of heavy
oil and natural asphaltite: Part | — chemical composition. Petroleum Science and Technology. 2017;35(16):1680-1686.
doi: 10.1080/10916466.2017.1356852.

13. Primerano K, Mirwald J, Lohninger J, Hofko B. Characterization of long-term aged bitumen with FTIR
spectroscopy and multivariate analysis methods. Construction and Building Materials. 2023;409:133956.
doi: 10.1016/j.conbuildmat.2023.133956.

14. Elwardany M, Habbouche J, Andriescu A, et al. Comprehensive performance evaluation of high polymer-modified
asphalt binders beyond linear viscoelastic rheological surrogates. Construction and Building Materials. 2022;351:128902.
doi: 10.1016/j.conbuildmat.2022.128902.

15. Luo S, Tian J, Liu Z, et al. Rapid determination of styrene-butadiene-styrene (SBS) content in modified asphalt based
on Fourier transform infrared (FTIR) spectrometer and linear regression analysis. Measurement. 2020;151:107204.
doi: 10.1016/j.measurement.2019.107204.

16. Lim CS, Jang DS, Yu SM, Lee JJ. Analysis of the Properties of Modified Asphalt Binder by FTIR Method. Materials.
2022;15(16):5743. doi: 10.3390/ma15165743.

17. Sun G, Li B, Sun D, et al. Chemo-rheological and morphology evolution of polymer modified bitumens under thermal
oxidative and all-weather aging. Fuel. 2021;285:118989. doi: 10.1016/.fuel.2020.118989.

18. Yang Q, Lin J, Wang X, et al. A review of polymer-modified asphalt binder: Modification mechanisms and mechanical
properties. Cleaner Materials. 2024;12:100255. doi: 10.1016/j.clema.2024.100255.

19. Weigel S, Stephan D. The prediction of bitumen properties based on FTIR and multivariate analysis methods. Fuel.
2017;208:655-661. doi: 10.1016/j.fuel.2017.07.048.

20. Xu M, Zhang Y, Zhao P, Liu C. Study on aging behavior and prediction of SBS modified asphalt with various contents based
on PCA and PLS analysis. Construction and Building Materials. 2020;265:120732. doi: 10.1016/j.conbuildmat.2020.120732.

WH®OPMALINA O ABTOPAX

CenteHoBa MNanHu XymaranmeBHa
KaHg. XMM. HayK

ORCID 0000-0001-6202-3951
e-mail: gainiseitenova@gmail.com.
Cbi3abliK AskaH ManbiMKbI3bI
ORCID 0009-0007-4435-0976

e-mail: ayazhanka.syzdyk@gmail.com.

DxekcembaeBa Acenb EpmekoBHa
PhD

ORCID 0009-0009-6153-9580

e-mail: dzhexembayeva_aye@enu.kz.
*MrocoBa Pusaryns MycnumoBHa
KaHg. TeXH. HayK

ORCID 0000-0003-3083-5255

e-mail: rizagul.dyussova@gmail.com.

AUTHORS’ INFO

Gaini Zh. Seitenova

Cand. Sc. (Chemistry)

ORCID 0000-0001-6202-3951
e-mail: gainiseitenova@gmail.com.
Ayazhan G. Syzdyk

ORCID 0009-0007-4435-0976

e-mail: ayazhanka.syzdyk@gmail.com.

Assel Ye. Dzheksembayeva

PhD

ORCID 0009-0009-6153-9580

e-mail: dzhexembayeva_aye@enu.kz.
*Rizagul M. Dyussova

Cand. Sc. (Engineering)

ORCID 0000-0003-3083-5255

e-mail: rizagul.dyussova@gmail.com.

*ABTOp, OTBETCTBEHHbIN 3a nepenucky/Corresponding Author



https://doi.org/10.7409/rabdim.015.011
https://doi.org/10.1016/j.fuel.2015.04.065
https://doi.org/10.1063/5.0075420
https://doi.org/10.1080/10916466.2017.1356852
https://doi.org/10.1016/j.conbuildmat.2023.133956
https://doi.org/10.1016/j.conbuildmat.2022.128902
https://doi.org/10.1016/j.conbuildmat.2022.128902
https://doi.org/10.3390/ma15165743
https://doi.org/10.1016/j.fuel.2020.118989
https://doi.org/10.1016/j.clema.2024.100255
https://doi.org/10.1016/j.fuel.2017.07.048
https://doi.org/10.1016/j.conbuildmat.2020.120732
https://orcid.org/0000-0001-6202-3951
mailto:gainiseitenova@gmail.com
https://orcid.org/0009-0007-4435-0976
mailto:ayazhanka.syzdyk@gmail.com
https://orcid.org/0009-0009-6153-9580
mailto:dzhexembayeva_aye@enu.kz
https://orcid.org/0000-0003-3083-5255
mailto:rizagul.dyussova@gmail.com
https://orcid.org/0000-0001-6202-3951
mailto:gainiseitenova@gmail.com
https://orcid.org/0009-0007-4435-0976
mailto:ayazhanka.syzdyk@gmail.com
https://orcid.org/0009-0009-6153-9580
mailto:dzhexembayeva_aye@enu.kz
https://orcid.org/0000-0003-3083-5255
mailto:rizagul.dyussova@gmail.com

