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B oannom uccnedosanuu npogeden meopemuuecKuil AHAIU3 Yu3UKO-XUMUUeCKUX XAPaK-
MepUCMUK CMEWAHHBIX 2ZUOPAMOE HA OCHOge 2enusa U KceHona. C ucnonv3osanuem mMemooos pe-
WIEMOYHOU OUHAMUKYU U MOJEKYNIAPHOU OUHAMUKU ObLIU U3YUEHbl MEPMOOUHAMUYECKUE CEOlI-
CM8a U COCMag 2a3oeulx 2UOPAMO8, NOIYYEHHBIX U3 CMeECU 2e/1UA U KCEHOHA NPpU PA3AUYHbIX 0a6-
JIeHUAX U COCMAeax 2a3zoeoii hazvl. OnpeoeseHvl yciosus hazosvlx pasHoGecull u ycioeus oopa-
306aHUA cMadUIBLHBIX a3 cuopama. Pacuemut npoeoounuce 0sa Habopa KOHWeHMPAYUIl 2enus 6
2azo060it paze ne npesvimarowux 20 mon.%. Taxk coznacno pacuemam 610 NOKA3AHO, YMO HPU
memnepamype 272 K u konyenmpauyuu zenus ¢ 2azoeoi gasze 10%, oopazoeanue cudpama zenuii
+ kcenon cmpyxkmypuot KC-1 npoucxooum npu oasnenuu npumepno 0,394 Mlla, 00 smozo daene-
HUA 6071ee mepMoOUHaAMUYeCKU CAOUILHoU (a3oit asnsemcea gaza avoa |, Ilpu smom cmpyx-
mypa KC-11 zudpama zenuii + kcenon mak u ocmaemcsa mepmoouHamMuiecku HecmaoduabHou ga-
3011, m.e. He peanu3yemca HU npu Kakux oaenenusx npu memnepamype 272 K. Taxoce ovL10 3a-
MeueHo, umo ¢ yeenudeHuem 007U 2eausn 6 2az060il paze eo3pacmaem oaeieHue, HeodxXooumoe
01 cmadunuzayuu 2UOPAMHOI azvl, YUMo NO360J1:A€m 2060PUMb 0 3HAUUMETbHOM 6/IUAHUU CO-
cmaea 2a30801 cmecu Ha (hazoseoe nosedenue cmemannvix zuopamos. Pezynomamol, npeocmas-
JleHHble 6 OAHHOU padome, CHOCOOHBL ROMOUb DoJ1ee 2TIYOOKOMY ROHUMAHUIO NPOUECCO8 (opmu-
POBAHUA CMEULAHHBIX 2A308bIX 2UOPAMOE U NOHUMAHUIO MEXAHU3MO8, OMEEMCIEEHHbIX 34 UX
CMaduabHOCHb, YMO AGIACHCA ANHCHBIM 01 NJIAHUPOBAHUS RPAKMUYECKO20 NPUMEHEHUA CMe-
WIAHHBIX 2UOPAM 06 0J1a20POOHBIX 24308 8 MEOUYUHE U PA30eIeHUU 2a308.
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In this study, a theoretical analysis of the physicochemical characteristics of mixed hy-
drates based on helium and xenon was carried out. Using lattice dynamics and molecular dynamics
methods, the thermodynamic properties and composition of gas hydrates obtained from a gas mix-
ture of helium and xenon at various pressures and gas phase compositions were studied. Phase
equilibria and conditions for the formation of stable hydrate phases were determined. Calculations
were carried out for a set of helium concentrations in the gas phase not exceeding 20 mol.%. Thus,
according to calculations, it was shown that at a temperature of 272 K and a helium concentration
in the gas phase of 10%, the formation of helium + xenon hydrate of the sl structure occurs at a
pressure of about 0.394 MPa, below this pressure, the more thermodynamically stable phase is the
ice Ih phase. At the same time, the sl structure of helium + methane hydrate remains a metastable
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phase, i.e. is not realized at any pressure at a given temperature of 272 K. It was also noted that
with an increase in the proportion of helium in the gas phase, the pressure required to stabilize the
hydrate phase increases, which allows us to talk about a significant influence of the composition
on the phase behavior of mixed hydrates. The results presented in this paper can help to better
understand the processes of formation of mixed gas hydrates and understand the mechanisms re-
sponsible for their stability, which is important for planning the practical application of mixed hy-
drates of noble gases in the fields of medicine and gas separation.

Keywords: gas hydrates, xenon, helium, phase equilibria, molecular dynamics
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BBEJEHHUE

I'uapaTel Takux ra3oB Kak TelHid, BOJIOPOI,
HEOH SBIISIIOTCS KJIATPATHBIMUA COCAMHEHHSMH, (Qop-
MUPYIOIIAMHCS TPU BBICOKUX JaBICHUX, YTO JAETACT
UX CIOKHBIMU JJIS1 M3YYCHHUS B JIAOOPaTOPHBIX WIN
NPOMBIIIICHHBIX YCJIOBUSX, OIHAKO, SIBIISFOIIUMHUCS
MIEPCIIEKTUBHBIME TIPU KCIIOJIb30BAaHUU B TIpoOIleccax
oborarenns cMeceil, copepkammx 3T rasel [1]. B
9TOM KOHTEKCTE MPEJICTABISIET MHTEPEC UCCIICAOBAHHE
KCEHOHA, (DOPMHUPYIOIIETO THAPATHI IIPU O0JIee MITKAX
TEPMOIMHAMUYECKUX YCIIOBHSX, YTO MOXKHO HCIIOJNb-
30BaTh AJISl YIPABJICHUS B KOHTPOJIHPYEMBIX J1a0opa-
TOPHBIX YCJIOBHUSX MPOIECCOB (POPMHUPOBAHUS U JIUC-
conuanuu ruapaToB. Takas BO3MOXXHOCTh ObLjIa ITOKa-
3aHa B pabore dy ¢ kouteramu [2].

UccnenoBanus B 001acTi GU3NIECKON XUMHUH
ra30BBIX THAPATOB 00OTATIIIN TOHUMaHUE TIPOIIECCOB
oOpa3oBanus 1 cTabmimm3anuu ruaparos [3-15]. B 06-
3ope [11] ObT mpoaHanM3UpPOBaH HIMPOKUH CHEKTP
BBITIOJTHEHHBIX 32 MOCTIEIHEeE JECATHIIETHE UCCIIeI0Ba-
HU, TTOCBSIIEHHBIX (PU3UKO-XMMUYECKUM CBOHCTBAM
ra3oBbIx TuaparoB. Ocoboe BHUMaHUE YAEICHO BIUSI-
HUIO PaCTBOPEHHBIX BEUIECTB HA KHHETUKY 0Opa3oBa-
HUS TUAPATOB, & TAKXKe TEXHOJOTHAM WX XpaHEHUS U
TparcnoptupoBku [11]. B pabore [12] Opio moka-
3aHO, YTO MPUCYTCTBUE T'eIIHsI MPAKTUIECKU HE OKa3bI-
BaeT CTa0MIIM3UPYIOIIETO BIUSHUS HAa CTPYKTYPY TH-
pata, 4To MO3BOJISIET OTACIATH T'eJIUN OT IPYTHUX Ta30B,
00pa3yromux ra3pl NpU HU3KUX JABICHHAX, T.K. OH
NPaKTUYECKH He OYyJeT CBS3BIBATHCS B TUAPATHYIO
¢azy [12, 13].

B uccnenoanum Pacymsane u ap. [3] mpume-
HSUTUCh Pa3NIMYHBIE METOJIBI TS ONPE/ICIICHUS] PaBHO-
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BECHBIX YCJIOBUM KCEHOHOBBIX TuaparoB. [Ipumene-
HUEe MOIU(HUIMPOBAHHON Mojenu BaH aep Baanbca -
[Inarrey [14] mO3BOIMIO JOCTHYH BRICOKOW TOUHOCTH
B MPEACKa3aHUsIX CTAOUIBHOCTU THAPATOB KCEHOHA B
LIMPOKOM JHara3oHe JaBJICHUH U TeMIieparyp.
CepreeBa u ap. [4, 6] pa3pabortanmu rudpua-
HBIA METOJ] M3BJICUCHHS KCEHOHA U3 IPUPOAHOTO Iasa,
coueTasi KpUCTAIIIU3AIMI0 Ta30BbIX THIPATOB C MEM-
OpaHHBIM pa3leieHHeM. ODKCIEePUMEHTHI IOKa3aly,
YTO HEMPEPHIBHBIN MeMOpPaHHO-TUAPATHBIA TMPOIIECC
o0ecrieynBaeT MakcUMalbHYIO 3(QeKTuBHOCTB, 10-
cturas 93,05% usBneuenus kcenona npu 272,15 K.
Martuzakypyma u 1p. [5] IpeioKuiTu 3KOHO-
MUYHBIA THAPATHBIA METOA JUIA BBIJIEJIEHUsSI KCEHOHA
13 Ta30BOM CMeCH C APYTUMH OJaropoIHbIMH ra3aMu.
Mertopa nokasain yay4meHHYo 3Hepro3eKTHBHOCT
10 CPAaBHEHUIO C KpUOTeHHOU qucTtmuisiuuei. [Ipu BbI-
JIeJICHHH KCEHOHA M3 JI0OBIBAEMOr0 MPUPOJIHOTO rasa
[9], KOTOpHBIH B CBOIO OYEpE/b B IIPHPOJIE TOMHUMO Ta-
30BBIX MECTOPOKACHUI MOXeT ObITh HalJeH B T'WI-
patHoM BHzie [ 16] u pacTBopEHHOM B HedTH [17], KpH-
TUYECKH BaYKHBIM ABJISETCS KOHIICHTPAIHS B ra3e mpo-
maHa [7], KOTOpBIIl TakXke CIOocOOeH 00pa3oBHIBATH
ruapar npu Msarkux ycnosusix [1]. bonee toro, uc-
10JIb30BaHUE THUAPATHBIX METOJOB OMPECHEHHS BObI
MPECTAaBISIIOTCA Tak ke Oojiee SKOHOMHYHBIMH B
CPaBHEHUU C KJIacCCHYeCKUMHU KproreHHbIMH [ 10] 11 60-
nee coBpemeHHbIMH [ 18] meTogamu ounctiku. CoBpe-
MEHHBIE€ WCCIIEZIOBAHUS TUIPATOB ra30B 3HAYUTEIHHO
pacIIMpHIIM TOHUMAHUE 3THX CIOXKHBIX COCTUHEHHH
[19-29]. B nanHoO# paboTe npecTaBiIeHbl pe3yIbTaThl
M3YYeHHUS TEPMOAMHAMUYECKUX XapaKTePUCTUK U XU-
MHYECKOTO COCTaBa CMEIIAHHbBIX THAPATOB KCEHOHA U
TeNNs C UCTIOJIb30BAHUEM MOJIEKYIISIPHBIX MOJEIEH.
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10.10. Bosicko u op.

METO/IMKA

PazpaboranHasi cTaTHCTUKO-TEPMOAMHAMHYE-
ckas Mogenb [30] mo3BoIsSeT paccuynuTaTh XapaKTepH-
CTHKH TMIPATOB C PAa3INYHON CTETIECHBIO 3aIIOJHEHUS
MOJIOCTEH MOJIeKyIaMu TocTsl. ONTHMHU3AIHS TOJI0XKe-
HUI MOJIEKYJI TeNHsl U KCeHOHA B MOJIOCTSX TUApaTa u
MOJIEKYJI BOJIbI II0 SHEPIMU OCYIIECTBIISIACH C HC-
MOJb30BAaHUEM METOJa CONPSHKCHHBIX T'PaJUCHTOB.
Pacuets! ¢$a30BbIX paBHOBECHI BKJIIOYANN OMpeese-
HHE XMMUYECKHX IOTEHLUAJIOB BOABI M MOJIEKYJI-TOC-
Tel. PaBHOBECHBIE COCTAaBBI THAPATHBIX (ha3 OBLIH TO-
Jy4eHbl Ha OCHOBE YCJIOBHUSI PaBEHCTBA XUMHUYECKUX
MOTEHIMAOB TS ¥ KCEHOHA BHYTPHU THAPATHBIX I10-
JIOCTEH M Ta30BOM dase.

Mosekynbl BOABI OMUCHIBAINCH MTPH TOMOLIH
KECTKOTO TPEXTOYEYHOTO MOIU(PHUIMPOBAHHOTO II0-
tenrmana SPC/E [31]. g onucanus MoJIeKya-rocTel
ucnoJibzoBaincs 6-12 norenuunan Jlennapa-ZxoHca:
6 =2,556 A, £ = 0,085 xJIxx/Monp mns renus [32], u
0 =4,047 A, £ = 1,92 xJI/Monb s KceHoHa [33].

CTpyKTypHas opraHu3aunus ruapata KCEHOHA
cootBercTByeT Ty KC-I, ¢ anemenTapHoit sueiikoit
BKJIIOUaroleil ase monoctd 52 (Manas moJocTh) M
mwecTh nosoctel 5'26% (Gonmpimas monocts). Beero B
siuelike Haxoautcst 46 monekyn HoO. Monekynsl kee-
HOHA MOTYT 3aHUMATh KaK OO0JbIINE, TaK U MaJbIe MO-
noctu. ['mnpar remus popmupyer ctpykrypy KC-II ¢
AIEMEHTAPHOU sTUeHKOM, cocTodlel n3 16 MalbIX Mmo-
nocteit 5% 1 BocbMu GonbIMX HonocTeil 51264, B ane-
MEeHTapHoM stueiike Haxoautcs 136 monexyn H>O. Mo-
JIEKYJIbI T€JIHS CIOCOOHBI 3aMI0JHATH Kak OOJIbILINE, TaK
Y MaJble MOJIOCTH.

g mogenupoBanus nbaa Iy ncrnonas3oBanack
cynepsueinka, coaepxaias 32 31eMeHTapHbIC SIUEUKH,
YTO COOTBETCTBYET 128 monekynam Boabl. KynoHOB-
CKHE B3aMMOJICHCTBUS OBUIM BBIYMCICHBI METOJOM
OBanpaa. [IpoToHsl pasmemanuck o npasunam bep-
Hanma-®aynepa [34], mpu 3TOM BbIOMpanach KOHPUTY-
paiusi, 00ecreYrBaroIIas MUHUMAIbHBIN JTUTIOIbHBIN
MOMEHT CHCTEMBI, YTO Ba)XHO JJISI pacdera 3JIeKTpPO-
CTaTUYECKUX CHIL.

PE3VIJIbTATBI U X OBCYXJEHUE

Ha rpaduke (puc. 1) uzo0paxeHsl pe3yJibTaThl
pacueToB (a3oBoro paBHoBecHs "razoBas (asza — dasa
nbpna (kuakas ¢aza) — rugpatHas daza” s cMeaH-
HOTO TH/IpaTa reflMi+KCeHOH MpH Temmepatype 272 K
U coJiep KaHuM rens B ra3oBoit daze 10%. ITo ormensb-
HOCTH TeJIMil ¥ KCEHOH 00pa3yloT THIpaTHBIE CTPYK-
Typsl KC-II u KC-I, cootBeTcTBeHHO. Ha rpaduxke mo-
Ka3aHa 3aBUCHMOCTh XIMUYECKOTO IIOTeHIHala MoJie-
KYJ BOJBI B THIpaTe IeIMA+KCEHOH 3TUX CTPYKTYD

(n, kJ/mol) ot naBnenus (P, MIla) B cpaBHeHNH ¢ XH-
MHYECKUM MOTEHIIMAIOM MOJEKYN BOIbI B (haze Jbaa
Th. Hanmenpmmii XuMIYecKuid MOTEHIINAT YKa3bIBaeT
Ha HauOonee cTadmipHyIO (hazy. Kak MoxxHO BHIETH
u3 rpaduka, rugpatHas gaza KC-1I ne sBnsercs tep-
MOJIMHAMUYECKN CTaOWJIBHON HM IIPH KAKHUX AaBJe-
Husax. OmHako, ruapar cTpykTypsl KC-1 cranoButcs
TEPMOJUHAMUYECKN CTaOMJIBHBIM 10 CPaBHEHHUIO CO
mpaoM mpu gasrneHun 6omnee 0,394 Mlla. [pyruvu
coBamu nipu nasiernu 0,394 Mlla u temmepatype
272 K npoucxonut ¢a3oBbli Nepexo Jiea — THpaT.
Takum oOpazom, mpu nasieHun okono 0,394 Mlla
ruapatHas ¢asza KC-I1 sBiusercs nambonee cTabWMiIh-
HOH, Torma Kak ruapaTtHas ¢daza KC-II sBusercs mera-
CTaOMILHOHN MpH JF000M PacCUNTAHHOM JABJICHUU.
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Puc. 1. I3mMeHeHne XuMHUYECKOT0O TOTEHIMAIa MOJIEKYJI BOJIbI
(u, xJIx/mMonb) B 3aBUCHMOCTH OT Aasienus (P, MIla) amst cme-
LIaHHOT'O TUIpaTa rejauii+kceHoH npu Temneparype 272 K ¢ koH-
LeHTpaIkel renus B razoBoi daze 10%

Tabauua

Bausinue KOHLEHTPaLUMU IeJiusl B ra30Boii (paze Ha 1aB-

JeHue GopMHUPOBAHMA CTA0WIBHOM (pa3bl CMEIIAHHbBIX
THAPATOB reJIMii+KCeHOH npu Temneparype 272 K

o =
% He B razoBoii P, MPa (T=272K) CraduniabHas

da3ze daza

20 0,444 KC-I

10 0,394 KC-I

5 0,375 KC-I

2 0,358 KC-I

1 0,264 KC-I

B Tabnurie nmpuBeAeHBI JaHHBIEC IO 3aBUCUMO-
CTH JaBlieHHs 00Opa3oBaHMsl CTaOWIBLHOU (a3bl cMe-
[IaHHBIX THAPATOB OT COJIEPIKAaHHS T'elis B Ta30BOM
¢aze mpu Temneparype 272 K. Habmonaercs cienyro-
mas 3aBUCUMOCTD: C YMEHBIICHUEM KOHICHTPAIUU I'C-
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JMS B Ta30BOH (ha3e MOHIDKAaeTCs M HE0OX0IMMOe 1aB-
JieHue 11 00pa30BaHusl CTAOMIBLHON THAPATHOM (a3bl
cmemannoro rugpata KC-I.

Ha rpaduke (puc. 2) npencraBieHbl pe3yib-
TaThl PACUETOB CTEIICHHU 3aIOTHEHUS OoNbIuX (Y's) U
manbix (Y1) momocTedl KCEHOHOM MJisi CMEMIAHHOTO
ruapara renuiitkcenon KC-1I mpu temneparype 272 K
W cofepKaHuu renus B ra3oBoit ¢aze 10%. Pacuers
MOKAa3bIBAIOT, YTO CTEINECHDb 3aI0JHEHHS OOJIBIINX TO-
JocTeii 6oplie yeM Majbix nojoctel. [logobnoe mo-
BEZICHUE, KOI'[1a 3aII0JJHEHUE MaJIbIX [10JIOCTEH MEHbILE
yeM y OOJIBIINX HOJOCTEH, SBJSIETCS] XapaKTepHbIM U
UL JPYTUX BUAOB THAPATOB, T.€. 3allOJHEHUE 0OJIb-
IIMX II0JIOCTEH B TUApAaTax IMPOUCXOOUT OoJiee ak-
TUBHO. AHQJIOTUYHO Ha puc. 3 IMOKa3aHa 3aBUCUMOCTh
CTETEHHN 3allOoJHEeHUS OOJBIIMX M MaJbIX MOJOCTeH
(Ys, Y1) xceHOHOM ansi CMEIIAHHOIO THjApaTa re-
nmuii+kceHon KC-I npu temneparype 272 K u conep-
JKaHUW Tenusl B ra3oBoil ¢aze 20% ot nasnenus (P,
MIla). IloBeneHuE CTETIEHU 3aIlOJIHEHUS OOJBIINUX U
MaJIBIX IIOJIOCTEH MOBTOPSET MONOOHOE ITOBEACHHE
st ctpykTypsl KC-II, onHako, Bce-Taku MO>KHO OTMe-
TUTh, YTO CTENEHb 3allOJHEHUS MAallbIX MOJOCTen
ctpykTypsl KC-I npeBOCXOIUT CTENEeHb 3alloIHEHUs
Manbix monocreid crpykrypbl KC-II. Takoe cmaboe
BJIMSIHUE KOHICHTPALUK Telisl HA COCTaB T'HIPTAHON
(a3pl CBS3aHO CO JOCTATOYHO CJIA0BIM B3aWMOJICH-
CTBHEM aTOMOB T'eJIUs C BOIXHBIM KapKacoM, YTO OTMe-
yaeTcs MHOTUMHM UccienoBaTensmu [12, 13].
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Puc. 2. CreneHs 3amoaHeHHs] KCEHOHOM OOJBIINX (YepHAs JIU-
HUs) U ManbIx (cepast muHus) nojoctex rugpata KC-1I mpu 10%
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Puc. 3. Crenens 3anoHeHUs] KCEHOHOM OOJBIINX (YepHast JIU-
HUS) M MatbIX (cepast muHus) nonoctsx ruapara KC-1 mpu 20%
renus B razoBoii paze mpu T =272 K

REFERENCES

1. SloanJrE. D., Koh C. A. Clathrate hydrates of natural gases.

Boca Raton: CRC press. 2007. 752 p. DOI: 10.1201/978142
0008494.

2. FuX., Waite W.F., Cueto- Felgueroso L., Juanes R. Xenon hy-

drate as an analog of methane hydrate in geologic systems out of
thermodynamic equilibrium. Geochem. Geophys. Geosyst.
2019. V. 20. N 5. P. 2462-2472. DOI: 10.1029/2019GC008250.

3. Rasoolzadeh A., Aaldijk L, Raeissi S., Shariati A., Peters C.J.

Experimental investigation and thermodynamic modeling of

77


https://doi.org/10.1029/2019GC008250
https://doi.org/10.1029/2019GC008250

10.10. Bosicko u op.

10.

11.

12.

13.

14.

15.

16.

78

xenon clathrate hydrate stability conditions. Fluid Phase Equilib-
ria. 2020. V. 512. P. 112528. DOI: 10.1016/j.fluid.2020.112528.
Sergeeva M. S., Mokhnachev N.A., Shablykin D.N., Voro-
tyntsev A.V., Zarubin D.M., Atlaskin A.A., Trubyanov M.M.,
Vorotyntsev 1.V., Vorotyntsev V.M., Petukhov A.N. Xenon re-
covery from natural gas by hybrid method based on gas hy-
drate crystallisation and membrane gas separation. J. Nat.
Gas Sci. Eng. 2021. V. 86. P. 103740. DOI: 10.1016/
j.jngse.2020.103740.

Matizakurima F., Babaee S., Hashemi H., Naidoo P. Separa-
tion of xenon from noble gas mixtures of argon, krypton, and
xenon using gas hydrate technology. Ind. Eng. Chem. Res.
2023. V. 62. N 36. P. 14484-14496. DOI: 10.1021/acs.iecr.
3c01174.

Sergeeva M. S., Petukhov A., Shablykin D., Trubyanov M.,
Atlaskin A., Malyshev V., Vorotyntsev V. Xenon recovery
from natural gas by multiple gas hydrate crystallization: a
theory and simulation. Sep. Sci. Technol. 2020. V. 55. N 1.
P. 144-154. DOI: 10.1080/01496395.2019.1577454.
Kudryavtseva M. S., Petukhov A.N., Shablykin D.N., At-
laskin A.A., Stepanova E.A., Vorotyntsev |.V., Vorotyntsev
V.M. Modeling of xenon gas hydrate distribution coeffi-
cient at methane-containing mixtures separation. Petrol.
Sci. Technol. 2024. V. 42. N 3. P. 321-338. DOI: 10.1080/
10916466.2022.2120005.

Babaee S., Hashemi H., Naidoo P., Ramjugernath D. Appli-
cation of Gas Hydrates in the Separation and Purification of
Xenon from a Mixture of Xenon and Argon. J. Chem. Eng.
Data. 2021. T. 66. N 10. P. 3815-3825. DOI: 10.1021/
acs.jced.1c00435.

Kynenyan A.JL, Mapuyk H.A., lupses M.IO., Ilyzanos A.M.
AHanmu3 100BIMH MPUPOIHOTO I'a3a U YKCIIA TA30BBIX CKBAXKHH B
Poccuiickoit ®eneparmm. Poc. xum. x. (K. Poc. xum. 006-Ba).
2023. T. LXVII. Ne 1. C. 70-74. DOI: 10.6060/rcj.2022671.10.
bopucos U. M. TepmoauHaMuuecKre OCHOBBI ITpoLiecca Moiy-
YeHUsI IPECHOM BOJIbI METOJIOM KpUCTaJuIM3auuu. Pocc. Xxum. x.
2022.T. 66.N 1. P. 66-70. DOI: 10.6060/rcj.2022661.9.
Manakov A. Y., Stoporev A. S. Physical chemistry and
technological applications of gas hydrates: topical as-
pects. Russ. Chem. Rev. 2021. V. 90. N 5. P. 566. DOI:
10.1070/RCR4986.

lldyakov A. V., Manakov, A. Y., Zavjalov, A. P., & Bardakhanov,
S. P. Gas Hydrate Formation by Methane- Helium Mixtures.
Chem. Eng. Technol. 2011. V. 34. N 10. P. 1733-1738. DOI:
10.1002/ceat.201000513.

Kuhs W. F., Hansen T. C., Falenty A. Filling ices with helium
and the formation of helium clathrate hydrate. J. Phys. Chem.
Lett. 2018. V. 9. N 12. P. 3194-3198. DOI: 10.1021/acs.
jpclett.8b01423.

van der Waals J.H., Platteeuw J.C. Clathrate Solutions Adv.
Chem. Phys. 1959. V. 2. P. 1-57. DOI: 10.1002/9780470143
483.chl.

Kihara T. The second virial coefficient of non-spherical mol-
ecules Journal of the Physical Society of Japan. 1951. T. 6.
Ne. 5. C. 289-296. DOI: 10.1143/JPSJ.6.289.

Tenmepesa I A., I[laxomoe C.1., Yemeepmuesa U.A., Kapumos
DX, Eeopos M.IIL, Moscymszade I.M., Escmuenees O.H.,
Bacunwes A.B., Cesacmwvsnosa M.B., Boaowun A,
Huganmves H.O., Hocoe B.B., [loxuuee B.A., babaes O.P.,
Poco-éuna C.3., beprun A.A., @axpeesa A.B., bayiun O.A.,
Konuuna I FO., Boponos M.C., Cmapoeepog /[.B., Koznosckuii
UA., Kosnoscxuii P.A., Tapacosa HIIL, 3anun A.A.,
Kpueobopooos E.I'., Kapumos O.X., @muo B.P., Jloeunosa M.E.
Bo306HOBIsIEMBIE TIPUPO/HBIC CHIPBEBBIC PECYPCHI, CTPOCHHE,
CBOMCTBA, NEPCIEKTHBBI NpUMeHeHus. M3B. By30B. Xumusa u

10.

11.

12.

13.

14.

15.

16.

xenon clathrate hydrate stability conditions. Fluid Phase Equilib-
ria. 2020. V. 512. P. 112528. DOI: 10.1016/j.fluid.2020.112528.
Sergeeva M. S., Mokhnachev N.A., Shablykin D.N., Voro-
tyntsev A.V., Zarubin D.M., Atlaskin A.A., Trubyanov
M.M., Vorotyntsev 1.V., Vorotyntsev V.M., Petukhov A.N.
Xenon recovery from natural gas by hybrid method based
on gas hydrate crystallisation and membrane gas separa-
tion. J. Nat. Gas Sci. Eng. 2021. V. 86. P. 103740. DOI:
10.1016/j.jngse.2020.103740.

Matizakurima F., Babaee S., Hashemi H., Naidoo P. Sep-
aration of xenon from noble gas mixtures of argon, kryp-
ton, and xenon using gas hydrate technology. Ind. Eng.
Chem. Res. 2023. V. 62. N 36. P. 14484-14496. DOI:
10.1021/acs.iecr.3c01174.

Sergeeva M. S., Petukhov A., Shablykin D., Trubyanov M.,
Atlaskin A., Malyshev V., Vorotyntsev V. Xenon recovery
from natural gas by multiple gas hydrate crystallization: a
theory and simulation. Sep. Sci. Technol. 2020. V. 55. N 1.
P. 144-154. DOI: 10.1080/01496395.2019.1577454.
Kudryavtseva M. S., Petukhov A.N., Shablykin D.N., At-
laskin A.A., Stepanova E.A., Vorotyntsev I.V., Vorotyntsev
V.M. Modeling of xenon gas hydrate distribution coeffi-
cient at methane-containing mixtures separation. Petrol.
Sci. Technol. 2024. V. 42. N 3. P. 321-338. DOI:
10.1080/10916466.2022.2120005.

Babaee S., Hashemi H., Naidoo P., Ramjugernath D. Appli-
cation of Gas Hydrates in the Separation and Purification of
Xenon from a Mixture of Xenon and Argon. J. Chem. Eng.
Data. 2021. T. 66. N 10. C. 3815-3825. DOI: 10.1021/acs.
jced.1c00435.

Kuletsan A.L., Marchuk N.A., Shiryaev M.Y., Puzanov A.M.
Analysis of natural gas production and the number of gas
wells in the Russian Federation. Ros. Khim. Zh. 2023. V. 67.
N 1. P. 70-74. DOI: 10.6060/rcj.2022671.10. (in Russian).
Borisov I. M. Thermodynamic foundations of the process of
obtaining fresh water by crystallization. Ross. khim. zh.
2022. Vol. 66. N 1. P. 66-70. DOI: 10.6060/rcj.2022661.9.
(in Russian).

Manakov A. Y., Stoporev A. S. Physical chemistry and tech-
nological applications of gas hydrates: topical aspects. Russ.
Chem. Rev. 2021. V. 90. N 5. P. 566. DOI: 10.1070/
RCR4986.

lldyakov A. V., Manakov, A. Y., Zavjalov, A. P., & Bardakhanov,
S. P. Gas Hydrate Formation by Methane- Helium Mixtures.
Chem. Eng. Technol. 2011. V. 34. N 10. P. 1733-1738. DOI:
10.1002/ceat.201000513.

Kuhs W. F., Hansen T. C., Falenty A. Filling ices with helium
and the formation of helium clathrate hydrate. J. Phys. Chem.
Lett. 2018. V. 9. N 12. P. 3194-3198. DOI: 10.1021/acs.
jpclett.8b01423.

van der Waals J.H., Platteeuw J.C. Clathrate Solutions. Adv.
Chem. Phys. 1959. V. 2. P. 1-57. DOI: 10.1002/9780470
143483.chl.

Kihara T. The second virial coefficient of non-spherical mol-
ecules. J. Phys. Soc. Japan. 1951. V. 6. N 5. P. 289-296. DOI:
10.1143/JPSJ.6.289.

Teptereva G.A., Pakhomov S.I., Chetvertneva |.A., Karimov
E.Kh., Egorov M.P., Movsumzade E.M., Evstigneev E.I., Vasi-
lyev A.V., Sevastyanova M.V., Voloshin A.1., Nifantiev N.E., No-
sov V.V., Dokichev V.A., Babaev E.R., Rogovina S.Z., Berlin
AA., Fakhreeva A.V., Baulin O.A., Kolchina G.Yu., Voronov
M.S., Staroverov D.V., Kozlovsky I.A., Kozlovsky R.A., Tarasova
N.P., Zanin A. AA., Krivoborodov E.G., Karimov O.Kh., Flid
V.R., Loginova M.E. Renewable natural raw materials, structure,
properties, application prospects. ChemChemTech [lzv. Vyssh.

Poc. xum. sic. OK. Poc. xum. 06-6a um. J[.U. Menoeneesa). 2024. T. LXVIIIL. Ne. 4


https://doi.org/10.1002/9780470143483.ch1
https://doi.org/10.1002/9780470143483.ch1
https://doi.org/10.1002/9780470143483.ch1
https://doi.org/10.1002/9780470143483.ch1

| Poccuiickan 2azozudpamnan kougpepenyusn (PIK-2024)

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Ros

xuM. Texuojorus. 2021. T. 64. Bem. 9. C. 4-121. DOI:
10.6060/ivkkt.20216409.6465.

Konuuna I'1O., Ilonemaesa O.10., Jleonmwes A.1O., Moecym-
3a0e O.M., Jlocunosa M.E., Konuun A.B. AHa3 coctaBa u
CTPYKTYpBI TSDKeNbIX HedTel mo manHbM SIMP-cnekrpocko-
mvu. W3B. By30B. Xumus 1 xuM. Texsosuorus. 2023. T. 66. Beim.
6. C. 94-101. DOI: 10.6060/ivkkt.20236606.6783.

Meogedesa U.B., Medseoesa O.M., Cmyoenox A.I'., Cmyoe-
nox I A., Leiumaun E.M. HoBble KOMIIO3UTHBIE MaTepHaIbl
U NPOLECCHI IJI1 XUMHYECKUX, (bI/ISI/IKO-XI/IMI/I‘-IeCKI/IX u 6mo-
XUMHUYECKUX TEXHOJIOTUH BOJOOYUCTKH. M3B. By30B. XuMus
u xuM. texHojorus. 2023. T. 66. Bem. 1. C. 6-27. DOI:
10.6060/ivkkt.20236601.6538.

Bozhko Y. Y., Zhdanov R. K., Gets K. V., Subbotin O. S., Belos-
ludov V. R. Role of SiOz in the Formation of Hydrate Phases in
the Presence of CH4/COz. Russ. J. Inorg. Chem. 2023. V. 68.
N 2. P. 233-237. DOI: 10.1134/S0036023622602392.

Sloan E.D. Fundamental principles and applications of natu-
ral gas hydrates Nature. 2003. V. 426. P. 353363. DOI:
https://www.nature.com/articles/nature02135

Misyura S., Strizhak P., Meleshkin A., Morozov V., Gaidu-
kova O., Shlegel N., Shkola M. A Review of Gas Capture and
Liquid Separation Technologies by CO2 Gas Hydrate. Ener-
gies. 2023. V. 16. N 8. P. 3318. DOI: 10.3390/en16083318.
Meleshkin A.V., Marasanov N.V. Effect of Mixing in Test
Section on Hydrate Synthesis via Explosive Boiling of Lig-
uefied Hydrate-Forming Gas in Water with Addition of SDS
during Decompression. J. Eng. Thermophys. 2022. V. 31. N 4.
P. 696-703. DOI: 10.1134/S1810232822040142.
Gaidukova O. S., Dorokhov V. V., Misyura S. Y., Morozov V.
S., Shlegel N. E., Strizhak P. A. Dissociation of methane and
carbon dioxide hydrates: Synergistic effects. Fuel. 2024. V. 359.
P. 130399. DOI: 10.1016/j.fuel.2023.130399.

Meleshkin A. V., Bartashevich M. V., Glezer V. V. Investiga-
tion of the effect of operating parameters on the synthesis of
gas hydrate by the method based on self-organizing process
of boiling-condensation of a hydrate-forming gas in the vol-
ume of water. Appl. Surf. Sci. 2019. V. 493. P. 847-851.
DOI: 10.1016/j.apsusc.2019.06.276.

Antonov D. V., Donskoy I. G., Gaidukova O. S., Misyura S.
Y., Morozov V. S., Nyashina G. S., Strizhak P. A. Dissociation
characteristics and anthropogenic emissions from the com-
bustion of double gas hydrates. Environ. Res. 2022. V. 214.
P. 113990. DOI: 10.1016/j.envres.2022.113990.

Antonov D. V., Donskoy I. G., Gaidukova O. S., Misyura S.
Y., Morozov V. S., Nyashina G. S., Strizhak P. A. Dissociation
and combustion of mixed methane-ethane hydrate. Fuel.
2022. V. 325. P. 124771. DOI: 10.1016/j.fuel.2022.124771.
Gaidukova O., Misyura S., Razumov D., Strizhak P. Model-
ing of a Double Gas Hydrate Particle Ignition. Appl. Sci.
2022.V.12. N 12. P. 5953. DOI: 10.3390/app12125953.
Misyura S. Y., Donskoy I. G., Manakov A. Y., Morozov V. S.,
Strizhak P. A., Skiba S. S., Sagidullin A. K. Combustion of a
Powder Layer of Methane Hydrate: The Influence of Layer
Height and Air Velocity Above the Layer. Flow Turbul.
Combust. 2022. V. 109. N 1. P. 175-191. DOI: 10.1007/
s10494-022-00325-x.

Semenov A. P., Mendgaziev R. I., Stoporev A. S., Istomin V.
A., Sergeeva D. V., Tulegenov T. B., Vinokurov V. A. Dime-
thyl sulfoxide as a novel thermodynamic inhibitor of carbon
dioxide hydrate formation. Chem. Eng. Sci. 2022. V. 255.
P. 117670. DOI: 10.1016/j.ces.2022.117670.

. Khim. Zh. 2023. V. 67.N 4

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Uchebn. Zaved. Khim. Khim. Tekhnol.]. 2021. V. 64. N 9.
P. 4-121. DOI: 10.6060/ivkkt.20216409.6465. (In Russian).
Kolchina G.Yu., Poletaeva O.Yu., Leontyev A.Yu., Movsumzade
E.M., Loginova M.E., Kolchin A.V. Analysis of the composition
and structure of heavy oils using NMR spectroscopy data.
ChemChemTech [lzv. Vyssh. Uchebn. Zaved. Khim. Khim.
Tekhnol.]. 2023. V. 66. N 6. P. 94-101. DOI: 10.6060/ivkkt.
20236606.6783.

Medvedeva 1.V., Medvedeva O.M., Studenok A.G., Studenok
G.A., Zeitlin E.M. New composite materials and processes
for chemical, physicochemical and biochemical water purifi-
cation technologies ChemChemTech [lzv. Vyssh. Uchebn.
Zaved. Khim. Khim. Tekhnol.]. 2023. V. 66. N 1. P. 6-27.
DOI: 10.6060/ivkkt.20236601.6538. (In Russian)

Bozhko Y. Y., Zhdanov R. K., Gets K. V., Subbotin O. S., Belos-
ludov V. R. Role of SiOz in the Formation of Hydrate Phases in
the Presence of CH4/COz. Russ. J. Inorg. Chem. 2023. V. 68.
N 2. P. 233-237. DOI: 10.1134/S0036023622602392.

Sloan E.D. Fundamental principles and applications of natu-
ral gas hydrates Nature. 2003. V. 426. P. 353363. DOI:
https://www.nature.com/articles/nature02135

Misyura S., Strizhak P., Meleshkin A., Morozov V., Gaidu-
kova O., Shlegel N., Shkola M. A Review of Gas Capture and
Liquid Separation Technologies by CO. Gas Hydrate. Ener-
gies. 2023. V. 16. N 8. P. 3318. DOI: 10.3390/en16083318.
Meleshkin A.V., Marasanov N.V. Effect of Mixing in Test
Section on Hydrate Synthesis via Explosive Boiling of Lig-
uefied Hydrate-Forming Gas in Water with Addition of SDS
during Decompression. J. Eng. Thermophys. 2022. V. 31. N 4.
P. 696-703. DOI: 10.1134/S1810232822040142.
Gaidukova O. S., Dorokhov V. V., Misyura S. Y., Morozov V.
S., Shlegel N. E., Strizhak P. A. Dissociation of methane and
carbon dioxide hydrates: Synergistic effects. Fuel. 2024. V. 359.
P. 130399. DOI: 10.1016/j.fuel.2023.130399.

Meleshkin A. V., Bartashevich M. V., Glezer V. V. Investiga-
tion of the effect of operating parameters on the synthesis of
gas hydrate by the method based on self-organizing process
of boiling-condensation of a hydrate-forming gas in the vol-
ume of water. Appl. Surf. Sci. 2019. V. 493. P. 847-851.
DOI: 10.1016/j.apsusc.2019.06.276.

Antonov D. V., Donskoy I. G., Gaidukova O. S., Misyura S.
Y., Morozov V. S., Nyashina G. S., Strizhak P. A. Dissociation
characteristics and anthropogenic emissions from the com-
bustion of double gas hydrates. Environ. Res. 2022. V. 214.
P. 113990. DOI: 10.1016/j.envres.2022.113990.

Antonov D. V., Donskoy I. G., Gaidukova O. S., Misyura S.
Y., Morozov V. S., Nyashina G. S., Strizhak P. A. Dissociation
and combustion of mixed methane-ethane hydrate. Fuel.
2022.V. 325. P. 124771. DOI: 10.1016/j.fuel.2022.124771.
Gaidukova O., Misyura S., Razumov D., Strizhak P. Model-
ing of a Double Gas Hydrate Particle Ignition. Appl. Sci.
2022.V.12. N 12. P. 5953. DOI: 10.3390/app12125953.
Misyura S. Y., Donskoy I. G., Manakov A. Y., Morozov V. S.,
Strizhak P. A., Skiba S. S., Sagidullin A. K. Combustion of a
Powder Layer of Methane Hydrate: The Influence of Layer
Height and Air Velocity Above the Layer. Flow Turbul.
Combust. 2022. V. 109. N 1. P. 175-191. DOI: 10.1007/
$10494-022-00325-x.

Semenov A. P., Mendgaziev R. I., Stoporev A. S., Istomin V.
A., Sergeeva D. V., Tulegenov T. B., Vinokurov V. A. Dime-
thyl sulfoxide as a novel thermodynamic inhibitor of carbon
dioxide hydrate formation. Chem. Eng. Sci. 2022. V. 255.
P. 117670. DOI: 10.1016/j.ces.2022.117670.

79


https://www.nature.com/articles/nature02135
https://www.nature.com/articles/nature02135
https://www.nature.com/articles/nature02135
https://www.nature.com/articles/nature02135

10.10. Bosicko u op.

30.

31.

32.

33.

34.

80

Belosludov V. R., Lavrentiev M. Y., & Dyadin Y. A. Theory
of Clathrates. Journal of inclusion phenomena and molecular
recognition in chemistry. 1991. V. 10. N 4. P. 399-422. DOI:
https://link.springer.com/article/10.1007/BF01061072.
Belosludov V.R., Subbotin O.S., Krupskii D.S., Belosludov
R.V., Kawazoe Y., Kudoh J.I. Physical and Chemical Proper-
ties of Gas Hydrates: Theoretical Aspects of Energy Storage
Application. Mater. Transactions. 2007. V. 48. P. 704-710.
DOI: https://doi.org/10.2320/matertrans.48.704.

de Boer J. Molecular Distribution and Equation of State of
Gases. Rep. Prog. Phys. 1949. V. 12. N 1. P. 305-374. DOI:
10.1088/0034-4885/12/1/314.

Tanaka H. The stability of Xe and CF4 clathrate hydrates.
Vibrational frequency modulation and cage distortion.
Chem. Phys. Lett. 1993. V. 202. N 5. P. 345-349. DOI:
10.1016/0009-2614(93)90051-2.

Bernal J. D., Fowler R. H. A Theory of Water and lonic So-
lution, with Particular Reference to Hydrogen and Hydroxyl
lons. J. Chem. Phys. 1933. V. 1. P. 515. DOI: https://doi.org/
10.1063/1.1749327.

30.

31.

32.

33.

34.

Belosludov V. R., Lavrentiev M. Y., & Dyadin Y. A. Theory
of Clathrates. Journal of inclusion phenomena and molecular
recognition in chemistry. 1991. V. 10. N 4. P. 399-422. DOI:
https://link.springer.com/article/10.1007/BF01061072.
Belosludov V.R., Subbotin O.S., Krupskii D.S., Belosludov
R.V., Kawazoe Y., Kudoh J.I. Physical and Chemical Proper-
ties of Gas Hydrates: Theoretical Aspects of Energy Storage
Application. Mater. Transactions. 2007. V. 48. P. 704-710.
DOI: https://doi.org/10.2320/matertrans.48.704.

de Boer J. Molecular Distribution and Equation of State of
Gases. Rep. Prog. Phys. 1949. V. 12. N 1. P. 305-374. DOI:
10.1088/0034-4885/12/1/314.

Tanaka H. The stability of Xe and CF4 clathrate hydrates.
Vibrational frequency modulation and cage distortion.
Chem. Phys. Lett. 1993. V. 202. N 5. P. 345-349. DOI:
10.1016/0009-2614(93)90051-2.

Bernal J. D., Fowler R. H. A Theory of Water and lonic So-
lution, with Particular Reference to Hydrogen and Hydroxyl
lons. J. Chem. Phys. 1933. V. 1. P. 515. DOI: https://doi.org/
10.1063/1.1749327.

THocmynuna 6 peoaxyuio (Received) 16.09.2024
Ipunsma x onyonurxosanuio (Accepted) 28.10.2024

Poc. xum. sic. OK. Poc. xum. 06-6a um. J[.U. Menoeneesa). 2024. T. LXVIIIL. Ne. 4


https://link.springer.com/article/10.1007/BF01061072
https://link.springer.com/article/10.1007/BF01061072
https://doi.org/10.2320/matertrans.48.704
doi:%20https://doi.org/%2010.1063/1.1749327
doi:%20https://doi.org/%2010.1063/1.1749327
https://link.springer.com/article/10.1007/BF01061072
https://link.springer.com/article/10.1007/BF01061072
https://doi.org/10.2320/matertrans.48.704
doi:%20https://doi.org/%2010.1063/1.1749327
doi:%20https://doi.org/%2010.1063/1.1749327

