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KaTtanutnyeckoe oKucaeHue nerkux yriesoaoposos
ANA TEPMOXMMMYECKOro MeToAa YBe/IuYeHUA
HedTeoTAaUN
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AHHOTauuA

B paborte paccMoTpeHa BO3MOXHOCTb OCYLLECTBJIEHUA TEPMOra30XMMMWYECKOro BO3AEHCTBUA HAa KapOOHATHbIN
KOJIIEKTOP NpPOAYKTaMU OKUC/IEHUA JIETKUX YrNeBOLOPOLOB BO BHYTPUCKBAXXMHHOM peaKTope. Ha npumepe
OKUCNEeHUs H-TeKcaHa B MPUCYTCTBUM HedTepacTBOPMMbIX KaTaiu3aTOPOB Ha OCHOBE NepPexoAHbIX METannoB
nokasaHo (popMmupoBaHMe opraHM4eckux Kap6oHoBbIX KMUCNOT (YKcycHas Ao 50 %, nponuoHoBas, BajiepMaHoBas),
cnupToB u 3¢hupoB, uto nogTeepkaaerca UK-cnektpockonuei U ra3oBoi xpomatorpacduein-macc-cneKTpomeTpue
(TX-MC). Kap6oHoBble KucnoTbl 6yayTo6ecneynBaTb NPOIOHIUPOBAHHYIO TEPMOKUCIIOTHY0 06paboTKY Kap6OHaTHOrO
KOJIIEKTOpa, a yrneBo40poaHble pacTBOpUTENu — u3BneyeHne HedTu U3 TPYAHOLOCTYNHbIX MecT pa3pabaTbiBaemoro
nnacra.

Martepuanbl u meToabl C npumereHnem NK-cnexktpockonuu n TX-MC aHanu3a 6bia1 nccnefoBaHbi
B kayecTBe MO/leNbHOrO CO@ANHEHUA WMPOKOW paKLMmM Nerkux NoJlyYeHHble NOCNe IKCNePUMEHTOB NPOAYKTbI OKMCNeHUA —
yrnesogopogos (LU®JY) ucnonbzosanu H-rekcaH. OKucneHne KOH[leHCMpOBaHHaA BOAHaA (pa3a U3 a30THOM NI0BYLIKK, a TaKKe
nposoaunu B peaktope npu 180 °C u 50 6ap npu HenpepbIBHOM 3KCTPAKT NoC/e IKCTparnpoBaHusa CUANKarens B ropayem pacrsopurene.
NponycKaHUW BO3Ayxa B NPUCYTCTBUU CUNMKarensa v HedTepacTBOPUMbIX

KaTanu3atopos B kKonnyectse 0,5% macc. no meranny (Fe, Cru Ni), a KnioueBble cnoBa

TaK¥kKe B UX OTCYTCTBUM (KOHTPONbHbIN OMbIT). COOTHOLWIEHUE H-TeKcaHa TpyaHou3sBnekaemas HedTb, KapOOHATHbIN KONNIEKTOP, OKUCNEHNE

1 cenukarens coctaBnsano 1:2 no o6bemy. FazoobpasHblie NPOAYKTbI LLI®JY, npoayKTbl OKMCNEHUA, NMOBbILEHVEe HedTen3BNEYEHNS,
OXMaXAanuncb B XONOANNbHIKE — 3MeeBUKe 1 a30THOW NIOBYLLKe, TepMOrasoxmmnyecKoe BO3AenCTBU

KOTOpas oxnawaanach XUAKMM a30ToM ¢ Temnepartypoi —197 °C.

Pa6oTa BbINO/MHEHa 3a cyYeT cpeacTs [porpammbl CTPATErMYeCcKOro aKagemmnyeckoro nuaepcrea Kasanckoro (MpUBOMKCKOro) eaepanbHOro yHu-
Bepcuteta (MPUOPUTET-2030).
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Abstract

The paper considers the possibility of implementing thermogas-chemical effects on a carbonate reservoir with oxidation products of light
hydrocarbons in a downhole reactor. Using the example of n-hexane oxidation in the presence of oil-soluble catalysts based on transition metals,
the formation of organic carboxylic acids (acetic up to 50 %, propionic, valerianic), alcohols and esters is shown, which is confirmed by the spectra
of IR and GCMS analysis. Carboxylic acids will provide prolonged thermal acid treatment of the carbonate reservoir, and hydrocarbon solvents will
extract oil from hard-to-reach places of the developed formation.

Materials and methods Using IR spectroscopy and GCMS analysis, the oxidation products
N-hexane was used as a model compound of NGL. Oxidation was carried obtained after the experiments were studied — the condensed aqueous
outin a reactor at 180 °C and 50 bar with continuous air flow in the phase from the nitrogen trap, as well as the extract after extracting silica
presence of silica gel and oil-soluble catalysts in an amount of 0,5 % gelin a hot solvent.

by weight of metal (Fe, Cr and Ni), as well as in their absence (control

experiment). The ratio of n-hexane and silica gel was 1:2 by volume. Keywords

Gaseous products were cooled in a refrigerator — a coil and a nitrogen unconventional oil, carbonate reservoir, natural gas liquids (NGL),

trap, which was cooled with liquid nitrogen at a temperature of -197 °C.  oxidation products, EOR, thermo-gas-chemical treatment
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13 60nee 200 MIPA TOHH MUPOBbIX 3aNacoB
yrnesonopoaos 6onee 60 % HedTU HAXOANTCA
B Kap6OHaTHbIX KONIEKTOpaXx, U 6onblias YyacTb
13 HUX [LONONHUTENbHO OCNOXHEHA Hanuynem
BbICOKOBA3KUX HedTel [1]. B cBA3M € 3TMM 0CO-
6bll MHTEpeC NpuobpeTaloT Hay4Hble uccne-
AOBaHMA, Hanpas/ieHHble Ha CO3AaHNe HOBbIX
BbICOKOI(h(PEKTUBHBIX U aAanTaunio CyLecTBy-
IOLLUX TEXHONOTUI MOBbILIEHNA HedTenspneye-
HUA Ha TaKUX MECTOPOXAEHNAX [2—4]. Jo6blua
OC/IOXHAETCA HaNMYMEM HU3KOW NPOHMLAeMO-
CTU M NOPUCTOCTU, HEOAHOPOAHOCTLIO CUCTEMbI
TPewWwnH U KaHanoB, BbICOKUM COAepKaHMeMm
OT/IOXEHUI cMonncTo-achanbTeHOBBIX M Napa-
(hMHOBbLIX YrNeBofOpPoA0B, 06yCNaBNNBAIOLLUX
BbICOKYI BA3KOCTb Ao6bIBaemont HehTn. Punb-
TPaLMOHHO-eMKOCTHbIe cBoiicTBa (PEC) MOXHO
YNYYLWNTL NPUMEHEHMEM KUCIOTHBIX 06pabo-
TOK [3, 4], a pewutb npobnemy acdanstocmo-
nonapaduHoBbix otTnoxeHunin (ACNO) u HU3KOI
MOABVXHOCTA HE(TWN MOXHO 3aKayKow B nnact
pasNnyYHbIX pacTBoOpuTeneir M neperpeToro
napa [2].

OKucnenve WWPOKOW (GpaKuMnM Nerkunx
yrnesogopogos (W®NY) B Tepmobapuyeckux
YyCNOBUAX HeNoCpeACTBEHHO B naacrte € UC-
noNb30BaHMEM BHYTPUCKBaXXMHHOrO peakTopa
MoXeT obecneyntb NpoTeKaHWe KOMOUHUPO-
BaHHOW TepMOra3oXvMWUYeCKON TeXHONoruu
B06bIYM — NPOAYKTbI OKUCNEHUSA NPEACTABASAIOT
co60i cMecb OpraHNyYeckux KUCaoT, yrnesoso-
POAHbIX pacTBOPUTENEl BbICOKOV TemnepaTypbl,
4TO COBMeLaeT B cebe KUCNOTHYI0 06paboTKy
1 3aKayKy OpraHu4ecKunx pacTBoputene, a TaK-
e TepMmuyecKoe BO3AeicTBME Ha nnact. [na
YCKOPEHUA npoLlecca OKUCNEHUA Nerkux yrne-
BOJJOPO/IOB KaTanusaTopamu MOTyT BbICTynaTb
pasnnyHoOro poja CoeAMHeHUA MeTannoB nepe-
MeHHOVI BaNeHTHOCTU, Hanpumep okcuabl [5, 6]
1 conn mapraHua, kobanbta, HUKens xenesa,
mean u gp. Conu meTannoB moryT 6biTb Kak
BOJOPaCTBOPVMbBI, TAK U OpraHuyecKkne C aHu-
OHOM, NMpeAcTaBastLMe COBON OCTAaTOK opra-
HWNYECKOW KMCNOTbI C IMHHBIM anudaTnyecKnm
«XBOCTOM» [7-10].

B paHHOM paboTe nposoaunu anpobauyuto
npouecca XuAKO(HA3HOro OKUCNEHUA H-TeK-
caHa Kak mojaenbHon cuctembl LWPJY, B TOM
yucne B NPUCYTCTBUM KaTanusaTopoB B Buae
OopraHW4yecKux Conen MeTannoB MepemeHHOW
BaNeHTHOCTW, B pPeaKTOpe-aBTOKNaBe C LeNblo
noayyYeHUA nNpoayKToB (OpraHMyeckne Kuc-
NOTbl, CNWUPTbI, 3UPb) ANA OCYLWECTBNEHUS

Bsoa rasa [Jlatunk pasnenus

TEPMOXMMUYECKOr0 BO3AeNCTBMA Ha kKapbo-
HaTHble MNacTbl, COAepaLLMe BbICOKOBA3KYIO
HedTs (puc. 1).

Ha pucyHke 2 npepctaBneHbl pesynbratbl
cbema napameTpoB TeMMEpaTypbl U AaBNEHUA
BO BPEMSA 3KCMEPUMEHTOB.

KaKk BMAHO, NpoLecc HeKaTanuTUyecKoro
OKWCNEHUs H-reKcaHa npoTeKaeT MeHee aKTUB-
HO MO CPaBHEHUIO C KATaNUTUYECKUMM OMblTa-
Mu. PocT Temnepatypbl U JaBNEHNS B Ciyyae He-
KaTanuTM4YeCcKoro onbita MMeeT 6osiee nonoruii
xapaktep KpuBoi. OKMcneHne yrneBoAoposoB
B 3TOM C/yyae XapaKTepu3yeTcAa NpOAOIKU-
Te/NbHbIM VHAYKLMOHHbIM NEPUOAOM 13-3a HU3-
KO CENeKTMBHOCTW N0 OTHOLEHUIO K LieNeBbIM
npoaykram [11].

BmecTe ¢ Tem BCe 3KCMEpPUMEHTbI Xapak-
TepU3yloTCA NpeBbllleHMemM 3aAaHHON Temne-
patypbl 180 °C, npuyem pe3Koe NoBbILEHNE
[AaBNEHNA 1 TemnepaTypbl Ha HayaabHOM 3Ta-
ne cBA3aHo C 0Opa3oBaHMEM TMAPONEPOKCH-
[0B NpW B3aUMOAENCTBAM KUCNOPOAA BO3AyxXa
¢ H-rekcaHom ¢ paspbisom C—C cBaseii B mo-
NleKyne nocnefHero, NpenMyLLecTBEHHO MeXay
BTOPUYHLIMW YrNepoAHbIMK atomamu, ¢ obpa-
30BaHMEM OpraHWyYecKnx KUCNoT, CNUpToB, Ke-
TOHOB M anbaernaos [7, 12, 13]:

3CH,, + 9,50, — C;H7COOH
+2C,H,COOH+3CH,COOH+
+3HCOOH+ 3H,0

@

Mpw 3TOM BBeAeHWe Katann3aTtopos Ha ocC-
HOBE MepexofHblX MEeTanoB WHTEHCMbULUPY-
10T AaHHbIN npouecc, obecneynBaer CHUKeHne
MHAYKLMOHHOrO Nepuoaa, 4to no3BoanT Hanpa-
BUTb peaKumio B CTOPOHy obpasoBaHus Lene-
BbIX MPOAYKTOB OKMCNeHUA [14].

LlenHoe oKucneHne B AaHHOM Ciiy4ae npo-
TeKaeT No pagnKanbHOMy MexaHW3my W npomc-
XOAWT NPU HANMYUK B PEAKLMOHHOR CMECH Kuc-
nopoja u Katanusaropa:

ROOH + Me™ — ROOs + Me®-D+ H*
RH + Me™ — Re + Me®™D* + H*  (2)

YBenuyeHue akTMBHOCTM Habnwopaercs
B pagy Fe > Cr>Ni, npuyem katanusatop Ha oc-
HOBe enesa oGecneynBaer noajepxuBaHne
HU3KOTEMMNEPATYPHOro OKWUCIEHWUs H-TeKCaHa
B peXMMe aBTOKaTaNUTUYeCKOro npotecca, Ko-
TOpbI 06YCNOBNEH YCKOPEHWEM peaKLumn mone-
KyNbl yrNeBoopoaa ¢ NepeKkncHbIM paguKkanom

w
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IS)

ROOQe, obpa3ywouwmmcs npu B3aMMOAENRCTBUM
yrneBofOPOAHOro pajukana Re c kucnopo-
AOM; MpU 3TOM pasfioXeHue rujponepekncu
NPUBOAWT K pa3BeTBneHuio Lenu [15]. Ikcnepu-
MEHT B NPUCYTCTBMM HUKENEBOTro KaTanusatopa
NPaKTUYECKN CPABHMUM C KOHTPO/bHbIM OMbITOM,
33 WCKNIOYEHWEeM MeHbLIero MHAYKLUOHHOIO
nepuogaa.

Hanuune faHHbIX COEAMHEHUIA MOXKET ObiTb
noATBEPXAEHO € npumeHeHnem WK-cnekTtpo-
CKOMUW 1 ra3oBOW xpomaTtorpapun-macc-cnex-
Tpometpun (MX-MC).

Ha pucyHke 3 npejctaBneHbl pe3ynbraThl
VIK-cnekTpockonun NpofyKTOB KaTanuTU4ecKo-
rO U HeKaTaMTUYeCKOro OKUCIEeHUA H-TeKcaHa,
0TOBpPaHHbIX C a30THOW NIOBYLLKMW.

Mpwu aHanuse BOZLHOM [WEET]
MOXHO Habnopatb Hanuune nono-
cbl B uHTepBane 3 000-2 750 cm?

ANSA OMbITOB B NPUCYTCTBMM KaTann3aTopos. 311
MUKU MOXKHO OTHECTU K BaNleHTHbIM KoneGaHnam
CH csa3u 8 rpynnax CH, n CH,. Kpome Toro,
B 370/ 061aCT MOXHO HabM0AaTh YIIMPEHHDII
nuK 2 500-3 500 cm? ¢ makcumymom B o6nactu
oKkono 3 300 cm’, KOTOpBI ABNSETCA XapaKTep-
HbiM ans vO—H konebaHuit B Kap6oKCHAbHOI
rpynne KUCNOT: 0COBEHHO AaHHbIN MUK 3amMeTeH
ans onbitoB B npucyrcteun Fe un Cr. [insa atnx
e MmeTannoB B BoaHOW ¢ase Habnopaercs
CUABbHbIA MUK B obnactn 1 705-1675 cm?, oby-
C/IOB/IEHHbIN BaneHTHbIMU KonebaHuamu kapbo-
HunbHoi rpynnsl (C = O). Takke B NK-cnektpe
BoaHoM tasbl (ans onvita ¢ Fe n Ni) B gnana-
30He 1 460-1 400 cm™ ecTb HebonbluMe MUK,
xapaKkTepHble ans fethopmaLnoHHbIX Koneba-
Huit CH,-rpynn. OaHaKo gaHHas nonoca moxer
TaKKe NepeKkpbiBaTh MONOCY MOFNOLLEHUs ne-
PEMEHHOIN MHTEHCMBHOCTU, OTHOCALLYIOCH K KO-
nebaHNAM apomaTUyecKnx Konel, B TOM Yucne
KOHZLEHCUPOBaHHBIX (2 1 6onee CMEXHbIX aTo-
ma). Takke Ans Bcex mMeTannos HabnwopawTcs
xapakTtepHbie nuku B o6nactn 1 100-950 cm?,
4To, NO-BMAMMOMY, CBf3aHO C o6pa3oBaHU-
em npoctbix 3upHbix rpynn C—O-C, npuyem
3¢upsbl 06pasyioTca B 6ObLIOM KOAWYECTBE
npyv NPOBEAEHWU 3KCMEPUMEHTA MO OKUCNE-
HUO ¢ npumeHeHnem Ni. Kpome Toro, HUKenb
obecneynBaet, Hapady C OCTafbHbIMW MeTan-
Namu, reHepauuio CNMpToB, O HaaU4YUKU KOTO-
pbIX MOTEHLMANBHO MOXHO CYAWUTb MO HaNMYUI0
nnasHoro rop6a B obnactn 3 600-3 000 cm?,
COOTBETCTBYIOLLEA BaNeHTHbIM KonebGaHuaM
rugpokcunbHoit rpynnsl (VO—H) B monekynax

CnupanbHblil XONOANNbHUK

H-TekcaH
cunuKarens,
KaTanuzarop

AaBneHus

Harpesarens

JkctpakTop Cokcneta

Puc. 1. Cxema 3kchepumeHma
Fig. 1. Experimental design
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Puc. 2. V3meHneHue memnepamypel (cniowHasa AUHUA) u 0asneHus
(nyHKmMUp) 8 Npoyecce HeKAMANUMUYECKO20 OKUCTEHUS H-2eKCaHa
u 8 npucymcmauu kamanu3amopos Ha ocHose Fe, Cr, Ni

Fig. 2. Change in temperature (solid line) and pressure (dashed
line) during non-catalytic oxidation of n-hexane and in the presence
of catalysts based on Fe, Cr, Ni
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cnupToB. Takke CTOWUT OTMETUTb, YTO B MPUCYT-
CTBMW KaTanusatopa Ha 0CHOBe Xxpoma obpasy-
l0TCA NpenmylecTBEHHO Gonee KopoTKoLeno-
YeyHble KUCIOTbl, KOTOPble ObICTPO McnapsAtoTCA
C BOAOW 1 No3ToMy nnoxo pukcupytotes [16-18].

CTOWUT OTMETUTb, YTO NPU KOHTPObHOM OMbl-
Te BogHasA dasa He Obina nonyyeHa BBUAY €€ OT-
CYTCTBUA KaK TaKOBOW.

B WK-cnektpax 3kcTpaktoB (puc. 4), co-
AepXalux yrneBoAoposHylo Lenb, Habnoaa-
I0TCA TaKXKe UHTEHCMBHbIE NONOCHI B MHTEpBane
3 000-2 750 cm, cooTBeTcTByiOU{ME BANEHT-
Hoim konebanuam C-H ceasu B rpynnax CH,
n CH,.
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-0,2-

Mpu ncnonb3oBaHUW KaTanusatopa Ha oc-
HoBe Cr yBennuynBaeTca KONNYECTBO KOHLEBbIX
CH,-rpynn, 370 cBa3aHo nn6o c o6pasosatnem
KOPOTKOLLENOYEYHbIX KWUCIOT, TMBO € nossne-
HWEeM B MOJIEKy/Ne U30MEepUN Npu COOTBETCTBY-
foLLLeM YMEeHbLUIEHNW HOpManbHOW (hOpMbl Mone-
Kynbl. Takke Habnopatotcs vVO—H konebaHuii
KUCNOT, XapaKTepusylolmeca YyWUPEHHbIM
nukom 2 500-3 500 cm? ¢ Makcumymom B 06-
nact okono 3 300 cml. Takwe B MIK-cnextpax
Bcex 06pasLos HabnogaeTcs NUK B AnanasoHe
1 460-1 440 cm?, TPaAULMOHHO AAHHYIO no-
nocy norioueHna OTHOCAT K AedopmaluoH-
HbiM Konebanam CH,-rpynn. Orako paHHas

MponyckaHue

nosoca MOXET TaKKe MepeKpbiBaTb Moiocy
NoOrNolWeHNs NepeMeHHON NHTEHCUBHOCTH, OT-
HOCALLYIOCA K KONebGaHWAM KOHLEHCUPOBAHHbIX
apomaTnyecKux Konew, Car—C (2 cmexHbIx aTo-
ma). [laHHoe NpeAnooXeHue NoATBEPKAAETCA
pesynbtatamu MX-MC aHanusa, ceugerenscray-
fOLlero 0 HanuyuMKM B 3KCTpaKTax HabTanuHa.
Kpome Toro, ans Bcex o6pasyos Habnonaercs
CUNbHbIA NUK B 06nactn 1 750-1 705 cm?, yto
CBWAETENbCTBYET O BbICOKOM COAEPKAHUM Kap-
GoHunbHbIx rpynn (C = O), 4To KOCBEHHO MOXET
CBUAETENbCTBOBATb O BbICOKOM COAEPMKAHWU
KMCNOT B 3KCTpakTax. Kpome Toro, B 3KCTpak-
Tax, NONYYEHHbIX MOCNE OKUCNEHUS H-TeKcaHa

-0,4

T T T T T T T T T T T T T T T d
500 1000 1500 2000 2500 3000 3500 4000

BonHoBsoe yncno, cm™

+Fe (BogHas dasza) +Cr (BoaHas dasza)

Puc. 3. IK-cnekmpbl npodykmos kamanaumu4ecko20 OKUCAeHUsA
H-2ekcaHa (Bo0HaA ¢aza), omobpaHHbIX U3 A30MHOL N0BYWKU
Fig. 3. IR spectra of the products of catalytic oxidation of n-hexane

(aqueous phase), collected from a nitrogen trap

+Ni (BoaHas dasa)

KOHTPOsbHbIV OMbIT (3KCTPAKT)
+Cr (akcTpakT) — Ni (3kCTpaKT)

500 1000 1500 2000 2500 3000 3500 4000

BonHoBoe uncno, cm™'

+Fe(akcTpakT)

Puc. 4. UK-cnekmpbl #UGKUX 3IKCMPA2upoBaHHbIX NPOAYKMos
U3 cunukazens nocie nposedeHus HudkogpazHo20 OKUCTEHUS H-2eKCaHa
8 peakmope 8 NpuUCymcmauu Kamaaulamopos u 6e3 Hux

Fig. 4. IR spectra of liquid extracted products from silica gel after liquid-
phase oxidation of n-hexane in a reactor in the presence of catalysts and

without them

Tab6a. 1. KomnoHeHmbl NpOOyKMOoB KAMAnUMuU4ecko20 OKUCIeHUS H-eekcaHa (800Has ¢aza), omobpaHHbiX u3 a30mHol 108ywKU
Tab. 1. Components of the products of catalytic oxidation of n-hexane (aqueous phase), collected from the nitrogen trap

N2 KomnoHeHT Bpemsa Bbixofa, MuH  Fe

1 MypaBbuHas Kucnota 4,44

2 AueTtanbaerng 5,14 1,9

3 MeTtundopmuart 53

4 MponaHanb 6,08

5 MeTnnoBbIN 3P YKCYCHOM KUCNOTbI 6,11 1,8

6 MeTunoBbIi cnupT 6,40 26,7

7 AueToH 6,86 2,3

8 3TUNOBbLIN CNMPT 7,19 10,0

9 2-6yTaHoH 9,00

10 1-nponaxon 10,58 4,4

11 1-6yTaHon 14,73 3,2

12 YKcycHasa Kucnota 24,73 37,7

13 beHsanbaerug 29,21 0,9

14 2,5-rekcagnoH 30,98 2,9

15 ®eHon 33,83 3,9

16 1,1 - 3taHanon gnauertar 35,09

17 [n6yTnnosbiii 3dnp cebayMHOBO KNCNOTbI 37,55 3,0

18 MupeH 39,18 1,3
Vitoro 100

Cr Ni
CoaepxaHue KoMnoHeHToB, oTH % (MX-MC)

2,8

26,7 17,9

3,3

8,0 3,5

14,1 42,0

20,0 8,2

51 18,6

2,9

- 3,7

1,8

8,1 4,9

- 1,2

100 100

83



84

/ H,C—OH
AueToH

6 |7 H.C-C~CH,

o

1k

¥

NHTeHcmnBHOCTD =

6
Auetanbaerng

,0
//Hjcfc\H
2 Metaton
H,C—OH

8
taHon
" H,C—CH,—OH
7|
4 \ 10
b

Fe
" (BogHas
Hecrj’gﬁ] [AnbyTnossin asa)
. B aup
denon \
JtaHon 17
H,C—CH,—OH ~OH
VkcycHas 2,5-reKcaHanoH
Kucnora o |
8 1—MponaHon He—c” 14 e
/ 1-ByraHon 7 " OH
2 / 12
l 5 f e 11 Ml,'w
_f.‘\}. (NN A
MupeH
Cr
AueTanbaerns (BopHas
7
HjcfciH ¢hasa)
LAnbyTnnoselit 17
/ abup \
MeTtaHon

ULLL, i

M

Ni
(ogHas

asa)

Mupex

[An6yTnosbin C8j>

=

5 10 20

Bpems Bbixoaa, MUH

30

40
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Fig. 5. Chromatograms of the products of catalytic oxidation of n-hexane

(aqueous phase), collected from the nitrogen trap
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Fig. 6. GC-MS of liquid products of n-hexane oxidation extracted from
silica gel in a reactor in the presence of catalysts and without them

Tabs. 2. KomnoHeHmHsIli cocmas 06pa3uos )f(uaKUX.?KCmpaZUpOBGHHbIX us cunukaeend npOdmeOB OKUC/IeHUA H-2eKkcaHa 8 peakmope

B npucymcmsuu kamanausamopos

Tab. 2. Component composition of samples of liquid products of n-hexane oxidation extracted from silica gel in a reactor in the presence of catalysts

N¢  KomnoHeHT

1 MypaBbuHas Kucnota 3,02
2 1-FekcaHpeKaHon 3,08
3 YKCcycHas kucnota 3,13
4 1-TekcaHon 3,20
5 lponnoHoBas Kucnota 3,30
6 BanepuaHoBas kucnota 3,58
7 [ekcaHoBas Kucnota 3,71
8 lenTaHoBas Kucnota 3,78
9 HoHaHoBas Kucnota a 3,95
10 [lekaHoBas Kucnota 4,00
11  TeKcunoBbIn 3(UP NPONUOHOBOM K-Thl 4,06
12  YHpeKaHoBasA K-Ta 4,19
13 TeKcunoBbil 3P HOHAHOBOM K-Tbl 4,23
14  [opekaHoBasa Kucnota 4,32
15 TpwupekaHoBas Kucnota 4,51
16  2-TekcaHaeKaHon 4,58
17  TeTpapekaHoBasa Kucnota 4,70
18 Hadranuu 5,15

Vitoro

Bpems BbIxoaa, MUH

KoHTponb Fe Cr Ni
CoaepxaHune KOMNOHeHTOB, OTH % (ITX-MC)

1,0 - 1,3 -
1,6 - 2,8 53
7,7 14,4 3,0 4,0
53 - 1,6 2,8
7,3 - 1,8 4,0
14,7 11,4 10,8 18,9
2,3 10,5 - 7.3
2,3 - 1,6 3,3
2,9 - 4,5 7,0
1,1 - - -
6,5 . 7.7 10,6
4,2 - - ;

1,7 - - -
0,9 - - -

1,9 - - -

2,1 2,5 - -
4,9 4,4 2,6 8,4
31,7 56,8 62,3 28,4
100 100 100 100
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B MPUCYTCTBMM KaTanM3aTopoB Ha OCHOBe
Fe v Cr, Habniogaiotcs ABa xapaKTepHbix nuka
B obnactu nonoc nornoujeHns 890-830 cm.
[laHHble NUKK, BO3MOXKHO, OTHOCATCA K BaNEHT-
HbIM KonebaHuam nepokcugHon rpynnsi O-0,
YTO, COOTBETCTBEHHO, MOXET CBUAETENb-
CTBOBATb O HaAM4YUMU HenpopearvpoBaBLIMX
OCTaTKOB TMAPOMEPOKCUAOB. JKCTPAKT nocne
KOHTPO/IbHOTO OMbITa, @ TaKke B MPUCYTCTBUM
Cr 1 Ni xapaKkrepusyercs Hanu4mnem rpynnbl nu-
KoB B 06nactn 1 200-900 cm?, yto MoxeT 6bITb
cBA3aHo ¢ popmuposaHmem 3thnpos KapboHoO-
BbIX KUcNoT. Kpome Toro, JaHHas nonoca moxer
CBUAETENLCTBOBATL 06 06pa30BaHNM aHrMApPU-
[10B, OAHAKO B MPUCYTCTBMU CNUPTOB aHTUAPY-
Abl HEYCTOMYMBbI 1 06PA3YIOT COOTBETCTBYIOLLME
opraHuyeckune KUCNOThI.

[na onpesfeneHnsa KayeCTBEHHOro U Konu-
4YeCTBEHHOTO COCTaBa MONYYEHHbIX 3IKCTPaK-
TOB, @ TaKXe 1A NOATBEPKAEHUS pe3ynbTaToB
WNK-cnekTpockonun ans AaHHbIX 06bEKTOB 6bin
nposegeH MX-MC aHanus. PesynbTathl npeacTas-
NeHbl Ha PUCYHKax 51 6; B Tabnuuax 1 u 2.

Mo pesynbratam MX-MC BogHoM a3bl ycTa-
HOBNEHO, YTO KaTanu3aTop Ha OCHOBE Xene3a
NPOABUA BbICOKYI aKTUBHOCTb B Npoueccax
OKWUCNEeHNA NO CPABHEHWIO C APYrMMU mMeTanna-
mu (puc. 51 Tabn. 1, Homepa NUKOB Ha PUCYHKe
COOTBETCTBYIOT NOPALKOBOMY HOMeEPY BelLecTBa
B Tabnuue). B pesynbtate npuMeHeHns AaHHOrO
KaTanusatopa BbIXOA MO LeNeBOMYy NPOAYKTY —
YKCYCHOW KMCNOTe — OKa3ancs no CpaBHeHWIO
C KaTtanusatopamu Ha ocHose Cr u Ni HauBbIC-
Wnm B BogHON ase — 37,7 % npu oTcyTCTBUM
[AHHOW KWUCNOTbl B MPOAYKTaX APYrux Katanu-
TMYeckux onbiTos (puc. 5, Tabn. 1). Kpome Toro,
[NA ONbITa C Xene3HbIM KaTann3aTopoM TaKKe
XapaKTepHo Hanuyue B HEGONbWMWX KOAWYe-
CTBAxX TaKMX CMNUPTOB, KaK nponaHos, bytaHon.
B npucytcTBrUM Xpoma 06pasyioTcs B OCHOBHOM
KETOHHble BelecTBa — aLetoH (20,0 %) u 2-6y-
TaHoH (2,9 %), a TaKKe anbAeruabl HU3LWKUX
KUCNOT, Ans HUKens — o6pasosaHue 60/bLIOro
KonnyecTBa MeTMNOBOro cnupta — o 42,0 %.

BbifiBNeHO BbICOKOE COofiepxkaHue aleranb-
fnernaa B BOAHbIX dhasax nocne 3KcneprmeHTa
B NPUCYTCTBUM Xpoma v Hukens (26,7 % 1 17,9 %
COOTBETCTBEHHO) MO CPABHEHUIO C YKeNesHbiM
KaTanusatopom (2,9 %). ITO MOXET roBOpUTb
0 TOM, Y4TO B MPUCYTCTBUM KaTann3aTopoB Ha OC-
Hose Cr v Ni KoHBepcuA H-TeKcaHa B Lenesble
MPOAYKTbI — KAPBOHOBbIE KUCAOTbI, B YaCTHOCTM
YKCYCHYI0 KWUCNOTY, — NPOTEKaeT B MeHbluein

Y3en 3aKayku
LW®DNY n Bo3ayxa

Tenno

| ™A ANNAS

CTeneHun no CPpaBHEHUIO C KenesHblM KaTtanusa-
TOPOM, CYMMapHbI BbIXOA (IKCTPAKT + BOAgHAs
(haza) KOTOpPOi B MPUCYTCTBUM NOCNEAHErO CO-
ctaBnset 52,1 %.

Mo pesynbratam MX-MC B 3KCTpaKTax Bbl-
ABNeHo 60abWoOe KONMYeCTBO HadTanuHa
(o7 30 Ao 60 oTH. %) (puc. 6; Tabn. 2) ans Bcex
NPOAYKTOB OMbITOB, 06pa3oBaHNe KOTOPOro Mo-
ET NPOUCXOAUTL B pe3ynbTate KOHAeHcauuu
6eH30/bHbIX Kofel. BepoaTHOCTb 06pa3oBaHums
6en3zona (peakuus (3)) aernapoumknusauuei
3 H-reKcaHa npu ero TepPMUYECKOM OKMUCIEHUM
Ha 4YacTMuax aKTUBHOW (opMmbl Katanusartopa
BMNoJMIHE BbiCOKas [18]:

C,H,, =" C H, +4H, )

YCTaHOBMAEHO, 4YTO B pe3yabTate OKUC-
neHuns 6e3  KatanusatopoB reHepupyer-
cA  no Konu4yectsy 6onblle NPOAYKTOB
C pasnnMyHbiM HAaBGOpPOM COEAMHEHUN, BKNIO-
yaa cnuptel (9,0 %), 3dupbl (8,2 %)
1 opraHunyeckue kucnotbl (51,0 %).

B npucytctBum Katanusatopos hopmupy-
l0TC B OCHOBHOM HWU3KOMOJNEKYAAPHble Npo-
AyKTbl. OCO6EHHO MOXHO OTMETUTb OMbIT B NpHU-
CYTCTBMW KaTanm3aTtopa Ha OCHOBE Xenesa, npu
KOTOpOM hopMUpytOTCS Kpome HadTanmHa B oc-
HOBHOM OpraHudyeckue KapbOHOBbIE KUCNOTbI
C pasHbIM YMCIOM N YrNEBOAOPOAHOrO CKefeTa
(ykcycHas (14,0 %), Banepuarosas (11,4 %),
rekcaHosas (10,5 %), TeTpagekaHosas (4,4 %));
OTCYTCTBYIOT CMEKTPbI CMMPTOB U 3(DMPOB, YTO
TaKKe noaTBepwaaercs pesynbratamu UK.
OKucNeHne B NPUCYTCTBUM HUKENA AOCTAaTOYHO
CXOXe M0 KONNYECTBEHHOMY U KayecTBeHHOMY
COCTaBy MPOAYKTOB C KOHTPOJbHLIM OMbITOM,
3a UCKIOYEHNEM HANUYUA B COCTaBe NpoayKTa
KaTaNUTUYECKOrO OMNbITA BbICOKOMONEKYNAPHbIX
KUCNOT 1 3(DUPOB, YTO KOPPENUPYET C AAHHBIMM
no AMHAMUKE U3MEHEHWUs TemnepaTtypbl U Aas-
NeHus B npoliecce okucienus (puc. 4).

Takum o6pasom, MOMXHO caenatb BblBOA,
yto Haubonee 3PGHEKTUBHBIM B peaxymax
OKWCNEeHUA Nerknx yrnesoaopojioB Ha npume-
pe reKkcaHa sABNSeTCA Katanus3atop Ha OCHOBe
wenesa, obecneynBalolMii BbIXOA LENEBOro
NPOAYKTA — YKCYCHOW KUCIOTbI OKONO 52 %,
M0 CPaBHEHUIO C APYrUMU METANNAMM 1 OMNbITOM
6e3 katanusatopa. B gaHHom cnyyae Temnepa-
Typy 180 °C v aaBneHne 50 6ap MOXKHO cYnTaTb
ONTUManbHbLIMK, HO 3TV NapameTpbl MOTYT BbiTb

Kap6oHatHblit
KOJUTEKTOp

BHyTpU- : Kap6oHoBble KUC/IOThI
CKBAXWHHbIN i
peakTop : AKTUBHbIE pacTBOpUTENN
o |
i

Puc. 7. TexHonoaus mepmoxumuyecko2o 8o3delicmausa Ha n1acm npodykmamu
Kamanumuyecko2o OKUCeHUsA fle2kux y21e8000p0008
Fig. 7. Technology of thermochemical treatment of catalytic oxidation products

of light hydrocarbons

CHVXEHbI ANA NoNyYeHus Gonee onTMManbHOro
COCTaBa NPOAYKTOB OKUCNEHNA.

Kpome TOro, B NpucyTCTBUM Katanusatopa
NpoLecc OKUCNEeHUA MpoTeKaeT B aBTOKATa-
NUTUYECKOM peXUMe C NOAAEPHKAHNEM BbICO-
KWUX Temneparyp, 4To SIBNSETCA IKOHOMUYECKU
npuBneKatenbHblM ANA  MacwrabuposaHus
40 TEXHONOTWU MPUMEHEHWUS HA MPOMbICIE,
CXemMa KOTOpOW MpejcTaBfeHa Ha puUcyHke 7.
Hannune kapboHOBbIX KUCIOT MOXeT obecne-
4MBaTb MPONOHTMPOBAHHYIO TEPMOKMUCIOTHYIO
06paboTKy KapbOHATHOTO KoNNeKTopa, CNocob-
CTBYIOLLYIO YNYYLWEHUIO TUAPOANHAMUYECKUX
XapaKTepUCTMK Niacta — yBeNUYeHMio ero npo-
HULAEMOCTU U MOPUCTOCTH, C BbIAENEHUEM Yrie-
KMCNOTo rasa, KOTOpblii GYAeT AONONHUTENLHO
yBeNMYMBaTh NOABWIKHOCTL A06bIBAEMOro (-
naa. CnnpTbl, 3UPbI, KETOHBI MOTYT BbICTYNATh
B KauyecTBe pactBoputeneit, obecneynsaiowynx
pacTBopeHue 1 pasbaBneHne NonspHbIX U He-
NONSAPHBIX KOMMNOHEHTOB HedTU, YTO MO3BOANT
U3BNeYb ee U3 TPYAHOAOCTYNHbIX MecT pa3paba-
TbIBAEMOTO nnacra.

Utormn

YcTaHOBNEHa BO3MOXHOCTb — OCYLLeCTBNEHUA
npotecca BHYTPUNIACTOBOro KaTalUTU4yecKoro
(katanusatopbl Ha ocHose Fe, Cr, Ni) okuc-
NeHVs Nerkux YrneBoAOPOLOB Ha mnpumepe
H-reKcaHa BO BHYTPUCKBAXWHHOM peaKTope
AN KOMOGMHMPOBAHHOTO TEPMOXMMUYECKOTO
BO3JENCTBUA NMPOAYKTAMU OKUCNEHUA Ha Kap-
6OHaTHbI NNacT, COAePIKALLNA B TOM YUCNE Bbl-
COKOBA3KYI0 HedTb.

B npouecce 3KCnepMMeHTa MO OKUCNEHUIO
BbISIBIEHO pe3Koe MOoBbllEeHWe TemnepaTypbl
M AaBNEHUs, YTO MOXET ObiTb CBA3aHO C 006-
pa3oBaHMeM TMAPONEPOKCUAOB B pe3ysbTare
npoTeKkalwllero npouecca B3aMMOAENCTBUA
Kucnopofa BO3JyXxa C HaCblWEHHbIMU Lensmu
H-reKcaHa, 4To NPMBOAUT K YBENMYEHUIO CKOPO-
CTV peakymu.

Ha ocHoBe paaHHbIx [X-MC aHanu3a B noATBEPHK-
neHue pesynetatoB no VK ycrtaHoBneHo, uto
NPOAYKTb OKUCNEHUA NpeacTaBnsaoT coboin
CMECb PasfIMYHbIX XUMUYECKUX COEAUHEHUH,
B TOM YMC/ie opraHuyeckux kucnot (yKcycHas,
nponuoHoBas, BanepuaHoBas, AOAeKaHoBas),
cnupToB (MeTaHon, 3TaHOJ, FreKcaHon), KETOHOB
(auetoH), a TaKke pasnuyHblie 3UpPbI HEKOTO-
pbIX MPeACTaBNEHHbIX KUCNOT.

B Lenom yctaHoBNeHO, YTO KaTanusatop Ha oc-
HOBe enesa sBnsercs Haubonee 3ddexTus-
HbIM, TaK KaK obecrneyvBaeT NoAAepXuBaHue
npouecca HMU3KOTeMNepaTypHOro OKUCNeHus
H-reKcaHa B pexume aBTOKaTanu3a, a BbIXOA
no LeneBoMy NPOAYKTY — YKCYCHOW Kucnote —
cocrasnser B 06uem 52,1 %.

BbiBOADbI

MpuMeHeHUe faHHOW TEXHONOTUM KOMOUHUPO-
BAHHOrO TEPMOra3oXMMM4YeCcKoro BO3AeNCTBUA
Ha nnact, B TOM Yucne cojepxalliero BblCOKO-
BA3KYI0 HedTb, 3a CYeT BBEAEHWUA MPOAYKTOB
okucnerve WOJY moxer 06ecneyntb BbICOKYIO
3 heKTNBHOCTL A0OLIYN HETPAAWLMOHHBIX 3a-
nacos, a TaKe NoJAepaHune TpeHaa no AeKap-
GOHM3aLMM NOCPEACTBOM YTUAU3ALMUU NPOAYK-
TOB nepepaboTkn nonyTHoro HedTAHOro rasa,
OKasblBalollero CyllecTBeHHOe BAWUAHWE Ha
3KOJI0rMYecKylo cocTaBnsiowyo HedTefobbiBa-
lol e oTpacnu.
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KNCNOT U CNNPTOB OKNCNIEHUEM MUAKUX

Results

The possibility of implementing the process of in-situ catalytic
(catalysts based on Fe, Cr, Ni) oxidation of light hydrocarbons was
established using n-hexane as an example in a downhole reactor
for combined thermochemical impact of oxidation products on
a carbonate formation containing, among other things, high-
viscosity oil.

Asharpincreaseintemperature and pressure was revealed during the
oxidation experiment, which may be associated with the formation
of hydroperoxides as a result of the ongoing process of interaction of
atmospheric oxygen with saturated chains of n-hexane, which leads
to an increase in the reaction rate.

Based on the GCMS analysis data in support of the IR results, it was
established that the oxidation products are a mixture of various
chemical compounds, including organic acids (acetic, propionic,
valerianic, dodecanoic), alcohols (methanol, ethanol, hexanol),

ketones (acetone), as well as various esters of some of the acids
presented.

In general, it was found that the iron-based catalyst is the most
effective, since it ensures the maintenance of the process of low-
temperature oxidation of n-hexane in the autocatalytic mode, and
the yield of the target product — acetic acid - is 52,1 % in total.

Conclusions

The use of this technology of combined thermogas-chemical
impact on the formation, including that containing high-viscosity
oil, due to the introduction of NGL oxidation products can ensure
high efficiency of unconventional reserves production, as well as
maintaining the trend of decarbonization through the utilization
of associated petroleum gas processing products, which has a
significant impact on the environmental component of the oil
producing industry.

References 6. Mota S., Volta ).C., Vorbeck G., Dalmon J.A. Science; I0P Publishing, 2020, Vol. 516,

1. Hendry ., Burgess P., Hunt D., Janson X., Selective Oxidation of n-Butane P.12028. (In Eng).
Zampetti V. Seismic characterization on a V-P-0 Catalyst: Improvement of the 10. Kayukova G.P., Mikhailova A.N.,
of carbonate platforms and reservoirs: Catalytic Performance under Fuel-Rich Kosachev I.P., Feoktistov D.A., Vakhin A.V.
An introduction and review. Geological Conditions by Doping. Journal of Catalysis, Conversion of heavy oil with different
Society, London, Special Publications, 2000, Vol. 193, issue 2, P. 319-329. chemical compositions under catalytic
2021, Vol. 509, issue 1, 28 p. (In Eng). (In Eng). aquathermolysis with an amphiphilic

2. Naqvi S. Enhanced oil recovery of heavy oil 7. Emanuel N.M., Denisov E.T., Maizus Z.K. Fe-Co-Cu catalyst and kaolin. Energy &
by using thermal and non-thermal methods. Chain reactions of hydrocarbon oxidation fuels, 2018, Vol. 32, issue 6, P. 6488-6497.
Dalhousie University, 2012. (In Eng). in the liquid phase. Moscow: Nauka, 1965, (In Eng).

3. FarleyJ.T., Miller B.M., Schoettle V. 375 p. (In Russ). 11. Usachev N.Ya., Kharlamov V.V.,
Design criteria for matrix stimulation with 8. Sitnov S.A., Mukhamatdinov I.1., Vakhin A.V., Belanova E.P., Starostina T.S.,
hydrochloric-hydrofluoric acid. Journal Ivanova A.G., Voronina E. V. Composition Krukovsky I.M. Oxidative processing of lower
of Petroleum Technology, 1970, Vol. 22, of aquathermolysis catalysts forming alkanes: state and prospects. Russian
issue 4, P. 433-440. (In Eng). in situ from oil-soluble catalyst precursor Chemical Journal, 2008, issue 4, P. 22-31.

4. Kalfayan L. Production enhancement with mixtures. Journal of Petroleum Science (In Russ).
acid stimulation. Tulsa: Pennwell Books, and Engineering, 2018, Vol. 169, P. 44-50. 12. Tsyskovsky V.K. Synthesis of fatty acids and
2008, 252 p. (In Eng). (In Eng). alcohols by oxidation of liquid paraffins.

5. Kim D.C., hm S.K. Application of spinel- 9. Khashan G., Sitnov S., Ziganshina M., Leningrad: Goskhimizdat, 1960, 144 p.
type cobalt chromite as a novel catalyst Dolgikh S., Slavkina 0., Shchekoldin K. (In Russ).
for combustion of chlorinated organic Aquathermolysis of heavy oil 13. Dyachkova T.P. Chemical technology
pollutants. Environmental science & in the presence of iron tallate and mineral of organic substances. Tambov: Tambov
technology, 2001, Vol. 35, issue 1, components of reservoir rock. IOP state tech. univ, 2007, 172 p. (In Russ).
P. 222-226. (In Eng). Conference Series: Earth and Environmental 14. Krylov O.V. Heterogeneous catalysis.

IKCNO3NUNA HEDTb A3 MAPT 2 (112) 2025



Moscow: Akademkniga, 2004, 679 p.
(In Russ).

. Gureev A.A. Application of automobile
gasolines. Leningrad: Chemistry, 1972,
368 p. (In Russ).

16.Tarasevich B.N. IR spectra of the main

classes of organic compounds. Reference
materials. Moscow: Moscow State

1

v

University, 2012, 54 p. (In Russ).

17. Bellamy L. Infrared spectra of complex
molecules. Moscow: Kniga po Trebovaniyu,
2012, 295 p. (In Russ).

18.Kazitsyna L.A., Kupletskaya N.B. Application
of UV, IR, NMR and mass spectroscopy
in organic chemistry. Moscow: Moscow
University Press, 1979, 240 p. (In Russ).

19.Thivasasith A., Maihom T.,

Pengpanich S., Limtrakuld J., Wattanakit

C. Insights into the reaction mechanism

of n-hexane dehydroaromatization

to benzene over gallium embedded HZSM-5:
effect of H, incorporated on active sites.
Physical Chemistry Chemical Physics, 2019,
Vol. 21, issue 10, P. 5359-5367. (In Eng).

WH®OPMALUA Ob ABTOPAX | INFORMATION ABOUT THE AUTHORS

Tempas benan, acnupaHt, IHCTUTYT reonornn u Hedrerasosbix
TexHonorun, ®rAQY BO KazaHckuii dhefepanbHblii YHUBEPCUTET,
KasaHb, Poccus

CutHoB Cepreit AHApeeBuY, K.X.H, CTapLInii Hay4HbI COTPYAHUK
HWJ1 meTonoB yBenunyeHus Hedbteotaaun, IHCTUTYT reosorum n
HedTeraszosbix TexHonornin, ®rAOY BO KasaHckuii dhepepanbHblii
yHuBepcutet, KasaHb, Poccua

[insa KoHTaKTOB: sersli@mail.ru

MyxamatauHos Upek U3aunoBuy, K.1.H, CTapLinMin Hay4YHbIV
coTpyaHuK HUJ1 meTopoB yBennyeHus Hedreotgaum, MHcTUTyT
reosiornv 1 HedTeraszosbix TexHonoruin, ®rAQY BO KasaHckui
denepanbHbiil yHuBepcutet, KasaHb, Poccus

LareeB Anb6ept ®apuaoBuy, CTapLimnii Hay4Hbli COTPYAHUK
HWJ1 meTonoB yBenunyeHus Hedbteotaaun, IHCTUTYT reosorum n
HedTeraszosbix TexHonorni, ®rAOY BO KasaHckuii depepanbHbiii
yHuBepcutet, KasaHb, Poccua

BaxuH Anekceit BnagumupoBuy, K.T.H, BEAYLUMIA HAYYHbI
coTpyaHuK HUJ1 meTofoB yBennyeHus HedTeoTaaum,
WHCTUTYT reoniorum n Hetteraszosbix TexHonoruin, ®rA0Y BO
KasaHckuit pepnepanbHbiii yHuBepcuTeT, KasaHb, Poccus

Temraz Belal, ph.d student, Institute of Geology and Oil and Gas
Technologies, Kazan Federal University, Kazan, Russia

Sitnov Sergey Andreevich, ph.d. of chemical sciences,

senior researcher, research laboratory of enhanced oil recovery
methods, Institute of Geology and Oil and Gas Technologies,
Kazan Federal University, Kazan, Russia

Corresponding author: sersli@mail.ru

Mukhamatdinov Irek Izailovich, ph.d. of engineering sciences,
senior researcher, research laboratory of enhanced oil recovery
methods, Institute of Geology and Oil and Gas Technologies,
Kazan Federal University,

Kazan, Russia

Shageev Albert Faridovich, senior researcher, research laboratory
of enhanced oil recovery methods, Institute of Geology and Oil and
Gas Technologies, Kazan Federal University,

Kazan, Russia

Vakhin Alexey Vladimirovich, ph.d. of engineering sciences, leading
researcher, research laboratory of enhanced oil recovery methods,
Institute of Geology and Oil and Gas Technologies,

Kazan Federal University, Kazan, Russia

BbICTABKA «"A3. HE®Tb.
HOBbIE TEXHONOI'NA -
KPAUHEMY CEBEPY»

B paMKaX

)iBCO’k)Q’QBERVICE

000 «BbicTaBo4Has komnaHUA CUOIKCNOCEPBUCY, r. Hosocubmpek
Ten.: +7 (383) 335-63-50, e-mail: vkses@yandex.ru, www.ses.net.ru

AMAJIBCKOTIO
HEDPTETrA30BOI'o
OOPYMA

MAPT

r.Hosbin YpeHroun

2026

SKCNno3aviuvia
HEMD®Tb rA3

[eHepanbHblil UHOPMALIMOHHBI NapTHEP




