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B 2016 romy ans pa3BUTUS W YAyYIIEHHS KadeCTBa >KU3HU Ka3axCTaHLEB ObLI
CO3JaH YacTHbIM bnarorBoputenbHblid GoHa «Xaiblky». 3a roibl CBOSH OesITeIbHOCTH
Ha peajHu3aluio OJaroTBOPUTENILHBIX NMPOEKTOB B 00JacTAX oOpa3oBaHMS M HAyKH,
COLMAJILHOM 3aIlUTBI, KYJABTYpPBI, 31IpaBooXpaHeHus u cnopra, Ponp Beaenna Oosee
45 MunnuapaoB TEHre.

Oco6oe BanManue birarorBoputenbHbIi GoHT «XabIK» ynenseT 00pa3oBaTeIbHbIM
IporpaMmam, C4uTas 3TO HallPaBJICHUE OJHUM W3 KIIIOUEBBIX B CBOEH JESATEIBHOCTH.
Oxas3biBasi MOAJIEPKKY OT€UECTBEHHOMY 00pa30oBaHuto, GOH/I BHOCUT CBOI OCHIIbHBIN
BKJIaJI B Pa3BUTHE KauecTBEHHOTo oOpa3oBanus B Kazaxcrane. Tem camMbiM ciocoOCTBYS
pOCTy uncIa JItoneH, ClIoCOOHBIX MEHSTh KU3Hb B CTPaHe K JIy4IlleMy —Ipo(ecCHOHAIOB
B pa3iMyHbIX cdepax, MOTCHUUAIBHBIX JIMACPOB M «BEJIUKUX YMOB». OnHOH U3
3HAUUMBIX HMHUIMATHB (oHJa «Xanblk» B oOpas3oBaresibHOW cdepe craim MpoeKT
Ozgeris powered by Halyk Fund — mepBblii B cTpane OuzHec-uHKYOaTop ISl yUaluxcs
9-11 xmaccoB, KOTOpBI MOMOTraeT pa3BUBAaTh HEOOXOAMMBIE B COBPEMEHHOM MHpE
MpeANpPUHUMATENILCKUE HaBbIKK. Tak, Ha comelCTBHE MajoMy OM3HECY IMIKOJbHHUKOB
66110 BhIIeneHo Oosee 200 rpanToB. J{iis moaiep KKy TaJaHTIIMBBIX 1 MOTHBHPOBAaHHBIX
nereit @OoHI HEOAHOKPATHO BBIACISUT TPaHThI HAa 00yueHue B MexIyHapOJHOH IIKOoJIe
«Mupacy» u B Astana IT University, a Taxke MOMOI Ka3axCTaHCKUM LIKOJbHHKAM
npuHATH yyactue B npectxHoM KoHKypce «USTEM Robotics» B CLLIA. ABropckue
pabotel B pamkax npoekra «Tamimrep», koropomy DoHI OKa3an HOAICPHKKY, JICIIIN B
OCHOBY Y4€OHOH MPOrpaMMbl, Y4€OHHKOB U Y4€OHO-METOANYECKUX KHHUT 10 IPEAMETY
«OcCHOBBI TIpeANpUHUMATENBCTBA U Ou3Heca», mpenogaBaemoro B 10-11 kmaccax
Ka3aXCTAaHCKMX ILIKOJ U KOJUIEIKEH.

[TomuMo mnomomM MIKOJIBHMKAM, ydallMMcs KoJulepke M cryaeHTaM DoHp
CUMTAET BAXXHBIM BHECTH CBOW BKJIAJ B IMOBBILICHHE KBAIM(QHUKAIWU IIE€AaroroB,
COBEpIIIEHCTBOBAHNE HUX 3HAHMH U HABBIKOB, IOCKOJIbBKY HMEHHO OHHU SIBJISIOTCS
[IPOBOAHUKAMH 3HAHUHM OyIyIIMX MOKOJeHHH KazaxcTaHueB. [Ipu mognepxkke donna
«XanplK» B IOKHOH cTONMie ObUI OpPraHW30BaH E€XKEroJHbIM TOPOACKONW KOHKYpC
nenaroroB «Almaty Digital Ustaz.

BaxHoll MHMLIMATUBOW CTall pealn3yeMblii MPOEKT 1O OOYYEeHHIO OCHOBaM
(MHAHCOBOM TPaMOTHOCTH Mpernoaasareield n3 BockMH obnacteidl Kazaxcrana, urto
JIOJDKHO OKa3aTh CYIIECTBEHHOE BIIMSIHUE Ha BOCIIMTaHUE (PMHAHCOBOW IPAMOTHOCTH H
MpEeIIPUHUMATEIBCKOTO MBIIIIJIEHHS Y HOBOTO TIOKOJIEHUSI TPaXAaH CTPaHBI.

Heob6xonumyro nmomois @oHx «Xanblk» OKa3blBaeT U TeM, KTO 0COOCHHO OCTPO
B Hell Hyxnaercs. B paMkax counanabHOM 3alllUThl HACEJIEHHsS aKTHUBHO NPOBOAUTCS
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paboTa 1o TOAJEPKKE NIETeH, OCTABIIMXCS 03 pOIUTENCH, JeTedl W B3POCIBIX U3
COLMAJIbHO YA3BUMBIX CJIOEB HACEJICHHUS, JIFOJEN C OTPAaHUYEHHBIMUA BO3MOKHOCTSIMHU, a
TaKKe 00€CIICUCHUIO HYK/IAIOIIMXCSI COLUATBHBIM KHIIIbEM, CTPOUTEILCTBY COIIHATBLHO
BaXKHBIX OOBEKTOB, TAKUX KaK JCTCKHE CaJbl, ACTCKHE TUIOIAIAKU U (PU3KYIBTYpPHO-
03JI0POBUTEJIbHBIE KOMITJIEKCHI.

B xommnky no0peix gen @onnma «Xanablk» MOXKHO JOOABUTh OKa3aHUE ITOMOIIH
JIETCKOMY CIIOPTY, Ky/ia OTHOCHTCS TIOJJICP’KKa B PA3BUTHU JIETCKOTO PyTOOJIA M Kapare
B Hame# crpaHe. JKU3HEHHO BaKHYIO TIOMOIL biaroTBopuTeNnbHbIN QOHT «XaIbIky»
OKa3all HalllUM COOTeUECTBEHHUKAM BO BpeMsi HenasHel nangemuun COVID-19. Torna,
B pasrap TsDKenod 0oprObl ¢ KopoHaBUpyCcHOH nHpeknuerd Doun Beiaenui cBbime 11
MUJUTMAPJIOB TEHTe Ha MPHOOpPETeHHE HEOOXOAMMOI0 MEIUIIMHCKOTO 00O0pYIOBaHUS
U JIOPOTOCTOSIIUX MEAMIMHCKUX IPEraparoB, aBTOMOOWIICH CKOPOM MEIMIIMHCKON
TIOMOUIH U CPENICTB 3aLIUThL, aAPECHYIO MAaTEPUAIbHYIO IOMOLIb COLIMAIBHO YSI3BUMBIM
CJIOSIM HACEJICHHUS U JICHE)KHBIC BBITUIATHI MEUIIMHCKUM PaOOTHUKAM.

B 2023 romy Hapsamy C IOpYyrUMU TpPOCKTaMH, HAlCJICHHBIMM Ha IMOBBIIICHUE
0JIaroCOCTOSIHUSL Ka3aXCTaHCKUX TpaxkaaH DOHJ penimi yneinuTb 0c000€ BHUMAaHHUE
HayKe, MOCKOJIbKY OHa SBJIICTCS YacThlO0 OOIIECTBEHHOW KYJIBTYPhI, a YPOBCHb €€
pa3BUTHS ONPEIENAET yPOBEHD Pa3BUTHUS TOCY1apCTBA.

I[onnepxkka @oHAOM BbIMycKa >XKypHajaoB HamuonanbHOM AxageMun Hayk
PecriyOnuku KazaxcraH, KOTOpbIe BXOAST B MeEXIyHapoiHble (OHABI Scopus u
Wos U B KOTOPBIX NYOJNUKYHOTCS CTaTbd OTEUECTBEHHBIX YYCHBIX, JIOKTOPAHTOB W
MaruCTPaHTOB, a TaK)KE HAYYHBIX COTPYJAHHUKOB BBICHIMX YYEOHBIX 3aBEJCHHUU W
HAy4HO-UCCIIEA0BATENIbCKUX MHCTUTYTOB HALLIEN CTPAHBI SIBJISECTCS HE MEHEE 3HAYMMBIM
BKu1ajioM DOH/Ia B pa3BUTHE Ka3aXCTAHCKOTO OOIIIEeCTBa.

C yBakeHunem,
BbaarorBopurebHblii ®oHa «XaabIK»!
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Abstract. Excessive water generation is a major challenge in oil and gas production.
This problem can lead to reduced production efficiency and increased operating costs. To
solve this problem, the oil industry employs several techniques. One of these is the use
of preformed particle gels (PPG). Many hydrogels have limited mechanical strength and
tend to degrade under reservoir conditions characterized by high salinity, temperature and
pH. This article presents experimental results on the application of composite hydrogels
composed of acrylamide (AAm), sodium acrylate (SA), and bentonite as a capping
agent. The polymer composition was prepared by radical polymerization in the presence
of a crosslinking agent, N,N-methylenebisacrylamide (MBAA). Consequently, a series
of PPGs with different compositions were prepared. These samples were characterised
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by FTIR, mechanical analysis and thermogravimetric analysis. The swelling ability of
the hydrogels was investigated both in water and in brine with different salinity. The
effect of AAm/SA concentration on the mechanical properties and degree of swelling
of the hydrogels was investigated. The results indicate that the degree of swelling in
the hydrogels increases with higher sodium acrylate content. Moreover, the hydrogel
particles show favorable swelling capacity when used in saline solutions. The diffusion
mechanism was studied using the model proposed by Yavari and Azizyan, and it was
found that the relaxation process predominates. These hydrogels show both thermal and
mechanical stability with elastic modulus ranging from 62 to 85 Pa. The results confirm
that PPGs based on AAm/SA/MBAA can serve as effective plugs that are temperature
and salt resistant and exhibit high mechanical strength.

Keywords: hydrogels, PPG, oil recovery, water cut, sodium acrylate, acrylamide
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MYHA# OHJIPYII )KOFAPJIATY YIIIH THAPOTEJb BOJIIEKTEPIH
(PPG) CUHTE3/IEY KOHE 3EPTTEY

AnHoTauus. MyHaii )xoHe Ta3abl OHIIpy OapbICHIHIATHI, CYAbIH apThIK MeOJIep/e
Ty3UTyl e3ekTi MocenenepiaiH Oipi Oombim TaObutambl. OChl JKarmall ©HIIPICTIH
KAapKBIHABUIBIFBIH TYCIPiN, KEepiCiHIIEe OMepauusulblK IIBIFBIHIAPABI apTThipagsl. by
MOceJeHl MyHaii eHIpy calachlHAa Mey YILIiH op TYpJi 9icTepai KoJAaHaabl, COHbIH
IIHIe aJJblH ana KalblTackaH rugaporeis Oemmekrepin (PPG) xommany omici ne
Oap. Kenreren ruaporenbaep oJCi3 MEXaHUKaIBIK KaCHETTEpPre ne, COHBIMEH Koca Cy
KOMMachI )kaFJaiibIHa (;KoFapbl TY3ABUTBIK, JKOFapbl TeMIIeparypa xkoHe pH) xoibutaapl.
By makanana akpunamua (AAm), Hatpuit akpuiatel (SA) )koHe OEHTOHUT Heri3iHzaeri
Kypama Truporeiblepai xaly areHTTepi peTiHie maiaanany OOMbIHIIA TXKipUOENiK
ManiMeTTep Kentipineai. [lomumeprnik KOMIIO3UIMST alKACTBIPFBI areHT peTiHae —
N,N-metunenbucakpunamuna (MBAA) konaansi, 60C paguKaiibl COMOIUMEPICHY
xoneiMeH anbiHFaH. Yurinep FTIR, MexaHWKanblK >KOHE TEPMOTPaBUMETPHSUIBIK,
Tangay apKbUIbl CHIATTANAbl. | MaporensaepliH iCiHy KacHMeTiH cyna >KoHe opTypii
TY3IBUIBIKTAFbI TY3/IbI €piTIHALIEpAe aHBIKTaAbl. COHBIMEH KOca THAPOreNbAepIiH iciHy
Jopekeci TeMIlepaTypaHblH e3repreHzae 3eprrengi. AAmM/SA KOHIEHTPaUUsIChIHBIH
TCUIPOTEIBACPAIH MEXaHUKAIBIK KaCUETTEePl MEH ICIHY JOpeKeciHe ocepi 3epTTeli.
ANBIHFaH HOTWKENIep TUAPOTENbAEPAiH ICIHY Jopekeci HaTpuil aKpWIATBIHBIH
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MOJIILIEPiHiH 6CyiMeH apTaThblHbIH KepceTTi. COHbIMEH KOCa, THIPOTeNb OeJIeKTep
TY3bI epITiHAIepIe KaHaFaTTaHaAPIBIK iICiHY KaOineTiH KepceTTi. SIBapu xoHe A3u3sH
YCBIHFAaH MoJenb KeMeriMeH auddys3us MexaHu3Mi 3eprrenai. Pemakcanus mponeci
0aceIM eKeHi aHBIKTaJAbl. | Maporenbaep MeXaHUKAJbIK JKOHE TEPMHSUIBIK TYPAKTHL.
FOur Mmonynei 62 men 85 I1a apacsinna e3repeni. AnbiaFan HoTHkRenep AAmM/SA/MBAA
Herizingeri PPG Tepmo koHe TY3Ibl TYpaKThl, COHBIMEH KOCA JKOFapbl MEXaHHKAJIBIK
Oepik xaly areHTi peTiHje naiaatanyra 00IaTbIHBIH KOPCETTI.

Tyiiin ce3nep: rumporenbaep, PPG, myHail ennipy, cymnaHy, HaTpHil aKpHJIaThL,
aKpUIIaMHU

Kaporcoinanovpy: bByn scymuvic Kasakeman Pecnyonuxacel Foinvim dicone sco2apbl
Oinim munucmpniei Folaivlm KOMUMEMIHIY KapiCbLIblK KOAOAYbIMEH OPbIHOALObL (SPAHm
NeAP13068286).
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CHUHTE3 U UICCJEJOBAHUE I'IPOTEJEBBIX YACTULL (PPG)
JUUISI MOBBILLIEHUSI HEGTEOTJAUM [IIACTOB

Annoranusi. O6pazoBaHue M30BITOYHOTO KOJMYECTBA BOABI SIBISACTCS CEPbE3HOM
npobnemMoii B mporecce 100bIYM HEPTU U Taza. DTO MOXKET CHHXKATh d()(PEKTUBHOCTD
JNOOBIYM M YBEJIMYMBATH ONEPAaLUOHHBIE pacxonsl. st pemieHus 3TOH MpoOiIeMsl
B He(TenoObIBAIOLIEH OTPACAH HCIONB3YIOT Ppa3iHyHble METOIBI, BKJIOYAIOLIHNE
MpUMEHEHHUE MpeaBapUTeIbHO CPOPMOBaHHBIX ruaporeneBsix yactull (PPG). Muorue
THIPOTeNIN 00JaJatoT CIa0bIMH MEXaHMYECKMMU CBOMCTBAMU,a TAKKE pa3pyIlaloTcs B
ITACTOBBIX YCJIOBHSX (BBICOKAsl COJICHOCTh, MOBBIIIEHHAs Temneparypa u pH). B aroi
CTaTbe MPUBOJATCS IKCIEPUMEHTANIbHBIE JAAaHHBIE MO MCIOJIB30BAHUIO KOMITO3UTHBIX
rugporesieii Ha ocHoBe akpuinamuaa (AAm), akpuiara Hatpusi (SA) u OeHTOHHMTA,
B KayecTBE 3aKyNOPHUBAIOIIMX areHToB. [lomumepHas Kommo3unus Obla TONydeHa
MyTeM CBOOOAHOPAAMKAIBHOW CONONMMEPU3ALMH B TPHCYTCTBUH CIIMBAIOIIETO
arenta — N,N-metunenoucakpuiamuaa (MBAA). B pesynbrare Obiia monyueHa cepust
PPG c paznuunbiM coctaBoM. OOpasiisl OblTH oxapakTepuzoBanbl ¢ nomomnsio FTIR,
MEXaHHYECKOTO M TEepMOTpaBHUMETpUUecKoro aHaiusa. HaOyxaromryro crmocoOHOCTb
THIpPOTeNiel Ompenessuin B BOJAE M paccojie C Pa3IMYHONM COJICHOCTBIO, TaKke Oblia
H3y4yeHa CTeNeHb Ha0yXaHus TUAPOresIel Mpu N3MEeHEHHH TeMIeparypsl. VccnenoBano
BJIMsAHUE KOHLEHTpauuu AAm/SA Ha MeXxaHMYEeCKHE CBOWCTBA U CTETNICHb HaOyXaHHS
rugporeneil. Pesynbrarsl mokasasim, 4To cTelneHb HaOyXaHHs THAPOTeieH MOBBIIIACTCS C
MOBBILIEHUEM COJIEPKaHUs aKkpuiiaTa HaTpusl. Takke ruaporeaeBble YaCTHULIbI TOKa3aln
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YAOBIIETBOPUTENIbHBIE HAa0yXarollue CIOCOOHOCTU TPU MCIOJIB30BAaHUU B COJICHBIX
pactBopax. UccnenoBan mMexaHu3Mm Aud(y3un ¢ MOMOIIBIO MOJENH, MPEAI0KEHHON
SBapu n A3u3siHOM. YCTaHOBIIEHO, YTO MpeoliiafgaeT mpouece peiakcauuu. [ uaporenn
0051a/1al0T TEPMUYECKOM 1 MEXaHUYECKOH yCTOWYMBOCThI0. Moaynb FOHra Bapbupyer
ot 62 no 85 Ila. [lomyuenHsle pe3yabraTsl IpoAeMOHCTpUpoBaid, 4yTo PPG Ha ocHoBe
AAmM/SA/MBAA MoxeT OBITh UCIONB30BaH B KaueCTBE 3aKyNOPHBAIOLIEIO arcHTa,
00J1a/1a01IeT0 TEPMO-, COJIEYCTONYMBOCTBIO U BBICOKOW MEXaHUYECKON MPOYHOCTEIO.

KuiroueBble ciaoBa: ruaporenu, PPG, nedreornaua, oOBOIHEHHOCTb, aKpUIaT
HaTpus, aKpUIaMHJL

Dunancuposanue: Jlannas paboma 6bINOIHEHA NPU PUHAHCOBOU NOOOEPICKe
Komumema mnayxu Munucmepcmea nayku u evicuieco obpaszosanus Pecnybnuku
Kaszaxcman (epanm NeAP13068286).

Introduction

Polymer gels consist of interconnected polymer chains that swell greatly in a solvent
but do not dissolve in it. Their ability to significantly change their volume depending
on environmental variables such as pH, ionic strength, temperature, and other factors
offers promising opportunities for their application in various fields, including medicine,
agriculture, pharmacology, ecology, and catalysis (Abilova, 2020). For more than four
decades, polymer flooding technology has been widely used in methods for enhanced
oil recovery (Liu et al., 2010; Qiu et al., 2017). In the context of polymer flooding,
polymers improve the cleanup efficiency, i.e., the fraction of the reservoir volume
between the injection and production wells that comes into contact with the injected
fluids. This is achieved by increasing the viscosity of the fluids, which ultimately leads
to an increase in oil production (Xua et al., 2019). However, there is a problem that
the injected polymer solutions seek preferential pathways and pass through layers with
high permeability, which contributes to high water content (Amaral CNR et al., 2019).
Therefore, the primary goal is to address the problem of channel flooding, as it leads
to problems such as channel corrosion and a reduction in oil production, among others
(Sth'efany et al., 2022). Most hydrogel systems used to enhance oil recovery are limited
in their application to high temperature, acidity, and salinity (Pereira Kaio et al., 2020).
Currently, hydrogel composites are used with various fillers, including silica, clay, and
coal fly ash (Bai et al., 2015). In-situ gels using microgels and PPG are also commonly
used. (Sun L.et al., 2019; Mehrabianfar et al., 2020).

PPG are particularly noteworthy for their role in controlling compliance. In the
preparation of PPG, a gel is first synthesized from a polymer and a crosslinking agent.
Then, this gel is broken down into particles of specific sizes. These gel particles are
customizable in both size and strength. They are insoluble but easily dispersible in
water, exhibit remarkable swelling ability, are environmentally benign, provide long-
term stability, and have excellent plugging properties (Yu et al., 2018).

This article presents data on the synthesis and characterization of composite
hydrogels based on Aam/SA/MBAA, which can be used as promising materials for
enhanced oil recovery.
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Materials

The following monomers were used to synthesize the hydrogel particles: Acrylamide
(AAm) and sodium acrylate (SA). N,N'-methylenebisacrylamide (MBAA) served as
a crosslinking agent. All reagents are produced by Sigma Aldrich and used without
additional purification. Analitical grade ammonium persulfate (APPS) and sodium
metabisulfite (SMB) from Reachim (Russia) were used as polymerization initiators.
The bentonite clay (Zhejiang Qinghong New Material Co., Ltd.) was incorporated to
improve the mechanical properties of the hydrogel particles.

Synthesis of hydrogels based on AAm/SA/MBAA

Hydrogel samples were synthesized by free radical polymerization with different
starting molar ratios of monomers. The primary outline of the polymerization process
is illustrated in Figure 1. The content of reagents used for the synthesis of hydrogels is
listed in Table 1.

Table 1 — Monomer masses for synthesis of PPG

Aam/SA ratio, % 95/5 90/10 8515 [80/20  |75/25
Composition of initial monomer compound | Mass, g

Bentonite 0,5 0,5 0,5 0,5 0,5
Water 9 9 9 9 9
MBAA 0,0107 0,0107 [0,0107 [0,0107 0,0107
AAm 0,4645 0,4151 0,4068 |0,3903 0,2430
SA 0,0248 0,0742 0,0825 10,0990 0,2464

Briefly, to prepare a hydrogel sample with a molar ratio of [AAm/SA] of [95/5]
0.0107 g of MBAA were added to 9 g of water and stirred until completely dissolved.
Next, 0.4645 g of AAm were added to the mixture and thoroughly mixed into the
solution. After that, 0.0248 g of SA were added and mixed for 2—3 minutes. Following,
0.5 g of dry bentonite were added into the mixture. The resulting solution was stirred
on a magnetic plate for 2 hours to ensure complete mixing and to allow the bentonite to
swell. The solution was then poured into cylindrical syringes with a 10 mL volume and
purged with argon for 10 minutes to create an inert atmosphere. Subsequently, 0.1 mL
of the first initiator solution containing 0.1 g/mL of APS was added and mixed using
a metal spatula. Then, 0.1 mL of the second initiator solution containing 0.01 g/mL of
SMB was added and mixed again. The syringe was sealed with a plastic cap and placed
in a thermostat at a temperature of 60 °C for 2 hours for polymerization. Hydrogels
of other compositions were prepared in a similar manner using the mass ratios of the
monomers given in Table 1.

Investigation of AAm/SA/MBAA hydrogel properties

FTIR-spectroscopy

The functional groups of the hydrogels were analyzed using Cary 660 FTIR
spectroscopy, manufactured by Agilent in the USA, and equipped with a pike MIRacle
ATR accessory operating in Attenuated Total Reflection mode. To obtain the FTIR
spectra, the hydrogels were immersed in 10 mL of deionized water and then freeze-
dried for 24 hours to remove any residual moisture. The FTIR spectra were recorded
at room temperature, covering the range of wavenumbers from 700 cm™ to 4000 cm™.
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Swelling kinetics study

Determination of the kinetics of hydrogel swelling based on AAm/SA/MBAA was
carried out by the gravimetric method, in which the mass of the hydrogel is measured
before and after swelling.

The swelling kinetics was carried out by the gravimetric method (Gussenov et al.,
2023). A dried hydrogel sample was placed in a glass of water with a volume of 100 mL.
After 5 minutes, it was removed, the excess liquid was removed and weighed. Then the
sample was re-placed in the same glass. The mass of the sample was measured through
5,10, 15, 30, 60, 120, 180, 1440, 2880 min., etc. until the constant mass of the sample

is reached. The kinetics of swelling was calculated by the formula:
m—mg

== (1)
where

5D is the degree of swelling, g/g

m is the mass of the swollen hydrogel at a time, g

MMy is the mass of the dry hydrogel, g

The degree of swelling of hydrogels was also carried out by gravimetric method.
The dried hydrogel sample was placed in a glass of water for a day. A day later, the
sample was extracted, the excess liquid was removed and it was weighed. The degree of
swelling of the hydrogels was assessed under various conditions, including:

» Ambient Temperature: Measurements were taken at different temperature,
specifically 2 0°C, 40 °C, 60 °C, and 80 °C.

» Salt Concentrations in Solution: Swelling experiments were conducted in solutions
with varying salt concentrations, ranging from 1, 10, 25, 50, 75, 100, to 150 g/L.

Mechanical properties of hydrogels

Mechanical analysis was conducted using a TEXT plus computer analyzer, which is
a product of Stable Microsystems based in the UK. For the analysis, cylindrical hydrogel
particles were used, with dimensions of a height of 10 mm and a contact area of 78 mm?.
These samples were positioned on a test table and subjected to compression using an
upper loading cylinder probe (P/10) at a speed of 0.1 mm/s in compression mode. The
power target mode was consistently applied throughout all the experiments.

Young's modulus, a measure of stiffness, was determined by analyzing the initial
sections of the stress/strain curves. The magnitude of stress, denoting the force per unit
area, was calculated based on the maximum force value recorded during the tests (2).

Stress = M ()
Area(mm?=)
Thermal analysis of hydrogels
The thermal stability of hydrogels was evaluated using the ThermoGravimetric
Analyzer TGA1250 (FPI inc. China). Heating was carried out in the temperature
range from room temperature to 600 °C with a heating rate of 10 © C/min in a nitrogen
atmosphere.
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Results and discussion
The copolymerization of AAm and SA proceeds in accordance with Figure 1.

HC==cH + H,c==CH +  H,e==CH
| | I ; : :
c —c c —C c —c
——Te) c=—0 —

\Na |

O—O
T

Figurel - Scheme for synthesis PPG based on AAm/SA/MBAA

[Aam/SALI9S/S]  [AamSAL90/10]  [Aam/SAT{8S15]  [Aam/SAT[8070] [Aam/SAL75/25] [Aam/SAl]
Figure 2 - Samples of synthesized hydrogels based on AAm/SA/MBAA

Figure 2 shows samples of synthesized hydrogel particles based on AAm/SA/MBAA.

Due to the heterogeneity of the samples [AAmM/SA]:[80/20], [AAmM/SA]:[75/25],
[AAm/SA]:[50/50], only the samples [AAm/SA]:[95/5],[AAm/SA]:[90/10], [AAm/
SA]:[85/15] were used for the experiments.

The hydrogels obtained were studied by IR spectroscopy, thermogravimetry and

mechanical analysis.

Figure 3 shows the IR spectra of the hydrogel composition.

1656

1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000

Wavenumber, cm™

Figure 3 - IR spectra of AAm/SA/MBAA hydrogel
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The IR spectra of the samples of synthesized hydrogels show several
characteristic peaks. The absorption bands in the range 2800-3000 cm™
correspond to the asymmetric and symmetric vibrations of the CH groups.
The absorption bands at 1656 and 1590 cm™ belong to the oscillations of the
N-substituted groups, which are the groups of amide I and amide II, respectively.
The absorption band at 1452 cm™! is characteristic of the bending oscillations of
the C-H groups of hydrogels. The absorption band at 14 cm™ corresponds to the
fluctuations of the C-N groups. Thus, the IR spectra indicate the formation of a
composite hydrogel based on AAm/ SA.

The swelling ability and rate of hydrogels are influenced by a range of
parameters owing to the capacity to retain water within their three-dimensional
(3D) polymer mesh. These parameters include ionic strength, temperature,
the degree of crosslinking in the gel structure, the type of monomer groups,
and pH, among others. In efforts to describe the kinetics of swelling in gels,
several kinetic models are employed, but many of these primarily focus on either
diffusion or the relaxation of the polymer as the predominant process governing
the swelling rate.

Here, a novel model, as proposed by Yavari and Azizyan (Yavari et al., 2022),
has been explored. This innovative mixed model is designed to comprehensively
describe the swelling process across the entire spectrum of swelling degrees
and to determine whether the dominant mechanism is diffusion or polymer
relaxation. The model is based on a straight forward Equation 3, which considers
the kinetics of swelling and provides the means to assess the influences of both
diffusion and polymer relaxation on the process.

S, =5, [1—etRarkat’a)] (3)

5¢ is the swelling of the hydrogel (g/g) at time t,

5. is the equilibrium swelling of the hydrogel (g/g),

k, and k; are the constants of the swelling rate.

According to this model, the relaxation of polymer chains is the most
important factor in the swelling rate of gels when k, >> k. On the other hand,
when k <<k, the swelling rate is mainly influenced by diffusion. In cases where
the values of k, and k, are relatively close, both the diffusion and relaxation
modes contribute to the determination of the swelling rate. The kinetic curves
of hydrogel swelling based on AAm/SA/MBAA are shown in Figure 4, and the
data are listed in Table 2.
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Figure 4 - Dependence of hydrogels SD on time

Table 2 - Data on the swelling of hydrogels

Sample 5 ky ko R? Main process
[AAm]/[SA][95)/[5] 4,42 0,0091 20,0152 099 |Relaxation
[AAm]/[SA]:[90]/[10] 347 0.0119 20,0150 097 | Relaxation
[AAm]/[SA][85]/[15] 2,74 0,0109 20,0104 099 |Relaxation

As can be seen from Figure 4 and Table 2, the points on the curve, the model developed
by Yavari and Azizyan, describe the experimental data very well, as evidenced by the
high value of the correlation coefficient (R2=0.99). According to the obtained results,
the swelling of hydrogels based on AAm/ SA is determined by the relaxation of the
polymer chains.

As can be seen from Figure 4, equilibrium swelling of the hydrogel is reached on the
second day. Also, in his research, the author (Wanli at al., 2019) chooses the swelling
time of hydrogel particles during the subsequent oil displacement test equal to 2 days.

Moreover, the degree of swelling itself varies significantly depending on the
composition of the monomer. With increasing sodium acrylate content, an increase in
the degree of swelling of the hydrogel particles is observed (Figure 5)

Swelling degree, g/g

60

95:5 90:10 85:15
[AAmM: SA] : [%:%]
Figure 5 — Dependence of SD on the composition of the hydrogels
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Figure 6 — Dependence of SD of hydrogels on the monomers content during temperature changes

Figure 6 shows the effect of temperature on the swelling of PPG. At higher
temperatures, the amide group (-CONH2) of acrylamide is hydrolyzed to the carboxyl
group (COOH). The ability to swell hydrogels increases with increasing temperature.
A significant increase in swelling ability occurs at a temperature of 80 ° C. A similar
effect was observed by the author (Suleimenov at al., 2020) in his work.

30p

=gl
e—10glL
=25 g/L

fp—50 gL
T 975 gL
=100 g1
{=p— 150 gL
20 }\_‘
10F E é

95:5 90:10 85:15
[AAm:SA], [%:%]

Swelling degree, g/g

Figure 7 - The SD of hydrogels as a function of the ionic strength

Theinvestigation ofhydrogel swelling in saline water was conducted with the objective
of assessing the degree of swelling under realistic conditions, as oil field reservoir
waters often have elevated salinity levels. In Figure 7, it can be noted that hydrogels
show a high degree of swelling at low concentrations of salt, at high concentrations
there is a weak swelling, while the degree of swelling does not change significantly.
This indicates the possibility of using these hydrogels in reservoir conditions. Similar
results were obtained by Mehrabianfar P. (Mehrabianfar et al., 2020).
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Figure 8 - TG curves of hydrogels

Thermogravimetric analysis showed that all samples exhibited remarkable stability
in the temperature range from 25°C to 200°C, as shown in Figure 8. A significant loss
of mass of the hydrogel particles was only observed at temperatures above 250 °C. This
degree of temperature stability of the samples is more than sufficient for injection into oil-
bearing formations, since temperatures in these formations do not usually exceed 80 °C.

The mechanical properties of hydrogels do not differ significantly in their strength
(Figure 9, Table 3).
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Figure 9 -Strain-Stress curves of hydrogels
Table3 - Dependence of the Young's modulus of hydrogels on the composition

Hydrogel composition [AAmM/SA] [95/5] [90/10] [85/15]
Young's modul, Pa 85,13 £ 0,36 82,58 £0,25 68,58+ 0,19

As the concentration of sodium acrylate increases, the mechanical properties of the
hydrogels tend to deteriorate. Conversely, an increase in the concentration of acrylamide
results in an elevation of Young's modulus, indicating improved mechanical strength.
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Conclusion

A series of hydrogels consisting of AAmM/SA/MBAA with different component ratios
were successfully synthesized. The interaction between these monomers in the hydrogel
synthesis process is confirmed by the FTIR results. The resulting hydrogels exhibit
favorable mechanical properties and a considerable degree of swelling. Moreover,
they show remarkable swelling ability even at high temperatures and high salinity. The
results of the thermogravimetric analysis indicate that these hydrogels are suitable for
use in reservoirs with elevated temperatures.

Overall, the results indicate that these hydrogel particles have great potential to serve
as an effective material for PPG, with the goal of enhancing oil recovery in oil fields.
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