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BBEJAEHUE

AKTVAJBLHOCTH PA0OTHI:

B ycrnoBusix MupoBoi 60psOBI 32 YHEPTETUIECKUE PECYPCHI, TOTPEOHOCTH B
IPUPOIHOM rasze B ONmxalime aecaTuyietus Oyner Toibko pactu. CeroaHsi 3ToT
pecypc HaxoAMUTCs B OCHOBE 3HeprodajaHca OOJBIIMHCTBA €BPONEHCKUX CTpaH,
A3un U AMEpHUKH, UYTO HE BBI3BIBAET COMHEHMN B POCTE CIpOCa Ha HOBBIC
TEXHOJIOTUH, CBSI3aHHBIE C €r0 MPUMEHEHHEM.

Pa3BuTre anbTEpPHATHBHBIX DHEPTETUYCCKUX  TEXHOJOTHUW  SBISICTCS
MIPUOPUTETHBIM HAIIPaBJICHUEM COBPEMEHHOW HAYKH MPAKTHYECKH BO BCEX €€
orpacisx. OIHUMH U3 HauOoJiee MEPCHNEKTUBHBIX W ONM3KUMHU K peaju3allid B
0003puMOM OyIyIIeM SIBIISFOTCSI HOBBIE SHEPTOHACHIIICHHBIC aJICOPOIMOHHBIC
CUCTEMBl Ha OCHOBE HAHOMOPUCTHIX MAaTEPHAIIOB HOBOTO  IOKOJCHUS,
MpeHa3HAYCHHBIC JJI1 aKKYMYJIMPOBAHUS T'a30BBIX YHEPrOHOCUTENEH, TaKUX Kak
MPUPOIHBINA Ta3 METaH U BOAOPO/I, @ TAK)KE APYTHX YHEPTETUICCKUX Ta30B.

dyHaMeHTallbHAsg Hay4yHas MpoOsieMa B 00JacTH CO3JaHUSl TAKUX CHUCTEM
3aKovaeTcss B cinaboil  pa3paOOTaHHOCTH  (PU3MKO-XUMUUYECKUX IOJXOJI0B
dbopmupoBaHUs aJACOPOITMOHHBIX CUCTEM HOBOTO TOKOJCHHUS U CHHTE3a HOBOTO
KJlacca ajcopOIMOHHO aKTHUBHBIX MAaTE€pUajoB, OOJANAIONIMX CHEeNU(PUISCKUMU
CBOMCTBaMHU, TO3BOJISIIOITUMH aKKyYMYJIHPOBAaTh DYHEPTETUYSCKA BaXKHBIC Tasbl C
BBICOKOW 00BEMHO#M IUIOTHOCThIO [1]. DHeproHachleHHbIC aaCOPOIMOHHBIC
CUCTEMBI SIBIIIOTCS HETHITMYHBIMHU IS KIIACCHYECKOW afCOPOITMOHHON TEXHUKH,
UCITOJIB3yeMOM I N30UPaTEIHbHOTO W3BJICUCHUS W Pa3/ICNICHUs BEIIECTB, OCYIIKH
U OYHCTKM CYOCTaHIMHA B OOJACTH MaJbIX KOHIIEHTPAIMM W CTaHJAPTHBIX
TEPMOIMHAMHYCCKHUX YCIOBHUSAX, YTO M CTABUT 3a]]a9y pa3pabOTKH HOBBIX ITOIX0J/I0B
JUTSL KX CO3JIaHUs M OIUCAHMS CBOKCTB [2-5].

Bce ykazaHHoe BbIlIe TNPEaBSABISET OCOObIE TpeOOBaHWS K HOBBIM
aJICOPOIIMOHHBIM MaTepHallaM U UX CBOMCTBAM, a TAKXKE K HAyYHBIM TIOJIX01aM JIJIs

OIIMCaHus IMPOLCCCOB, BOSBHUKAKOIINUX B TAKUX CUCTCMaAX.



CeronHsi LIMPOKOE NPUMEHEHUE MMPUPOJHOTO ra3a B aBTOHOMHBIX CHCTEMAX
OTrpaHUYEHO €ro HU3KOM 3HEPreTUUECKON INIOTHOCTBIO, BCIEICTBUE YETO MOTYYUITH
pacnpocTpaHEHHUE CIeMAIbHBIE TEXHOJIIOTUH €r0 XPaHEHUS! U TPAHCIIOPTUPOBKH B
COKIDKEHHOM TPU KPUOTEHHBIX TEMIIEpaTypax BUIE — CHKIKEHHBIN MPUPOIHBIN ra3
(CIID).

[Ipu xpanennn CIII' B H30TEpPMUYECKUX pe3epByapax-xpaHUIUIIAX
oOpa3yeTcsi M30BITOK Ta30BOW a3kl 3a CUET BHEUIHUX TEIJIOMPUTOKOB, YTO
IPUBOJUT K HEOOXOJUMOCTH cOpoca U30BITOYHOTO JABJICHUS U, KaK CIIEICTBUE,
oTepH 3Hepropecypcea [6-8].

JU1st coxpaHeHus U MOCIEAYIOIIET0 MOJIE3HOI0 UCI0JIb30BaHUS H30BITOYHOTO
o0bema mapoB, oOpasyromuxcs B mpouecce xpaHeHus CIIIT, mpencraBisercs
3 ()EKTUBHBIM pElIeHUE MO0 €ro aKKyMYJIMPOBAHHUIO B aJCOPOMPOBAHHOM BHUIE —
ACIIT" [9-11]. Jlns maHHbIX 1eneil Hanbosiee 3PPEKTUBHBIMHM MPEACTABISFOTCS
ancopOeHThl C Pa3BUTOM MHUKPOME3OMOPUCTON CTPYKTYypOH, Tak Kak HOJ0OHBIE
a7COpOEHTBl  CIOCOOHBI ~ OOECHEYHMTh  3HAYMTENbHBIA  MPUPOCT  E€MKOCTH
aKKyMyJIsiTopa 3a c4eT 3¢ (eKTa KanuuIsIpHON KOHJCHCALIUH.

B cBs3u ¢ yeM BaXHOM M aKkTyaJbHOU 3a/ayuel siBisieTcsl pa3padoTKa HOBBIX
NEPCIEKTUBHBIX MHUKPOME30MOPUCTBIX MATEPHAJIOB JJIi HU3KOTEMIEPATYPHOTO
akkymynupoBanus metaHa (HAM), pa3paboTka MoaxomoB K OMUCAHUIO MOJEH
a7ICOPOLIMOHHBIX PABHOBECUN U TEPMOJUHAMUYECKUX (QYHKIUN acOpOIIMU MeTaHa
B JOKPUTHUYECKOW TEMIIEpaTypHOH 00JacTH, a TaKKe HCCIIEeI0BAaHUE €MKOCTHBIX
xapaktepuctuk cucteM ACIII Ha OCHOBE MUKPOME3OMOPUCTHIX aJICOPOCHTOB C

paznuuHor (POpMOM METIU KanWJUIIPHO-KOHICHCAIIMOHHOTO TUCTEpEe3nca.

Heanb padoThI:

[lens paboThl 3akitouaeTcs B pa3paboTke HU3NKO-XUMHUYECKUX MOAXOA0B K
CO3JaHUIO0 DHEPrOHACHIIIEHHBIX aJCOPOIMOHHBIX CHUCTEM aKKyMYJIHPOBAHHUS
JIETKUX YTJIeBOAOpoJoB B nokputuueckux ycioBusx (DHAC-IIK), B dactHocTH

MeTaHa, OOECIEeYMBAIOIINX  BBICOKYIO  YACIBbHYI0O  OOBEMHYID  €MKOCTh



AKKYMYJIMPOBAHHA 3a CUCT HCIIOJb30BaHUA KAIWJUIAPHO-KOHACHCAIMOHHBIX

3¢ (HEeKTOB, BOHUKAIOIINX B ME30TIOPax.

OcCHOBHBIE 321a4YM UCCJIEIOBAHUS:

1. TeopeTnueckoe HCCIEAOBAHUE 3aKOHOMEPHOCTEM aacopOLuM B
JOKPUTUYECKOW 001acTh U pa3pabOTKa TEOPETUUECKOTO MOAX0a JUIsl ONUCAHUS U
pacdera ajacopOUMU YTIAEBOAOPOJAOB B JIOKPUTUYECKHX W CBEPXKPUTHYECKUX
YCIOBUSIX B IIMPOKOM HHTEpBAJIE JABICHUW C ydeToM 3(QeKTa KanuuisspHOU
KOHJICHCALUU.

2. Pa3paboTka  (QyHKIMOHANBHBIX  aJCOpPOEHTOB €  Pa3BUTOM
MUKpPOME30IOPUCTON  CTPYKTYpOH, Uil  3aJadyd  HHU3KOTEMIIEpaTypHOIO
aKKyMYJIMPOBAHMS METaHa U MUCCIIEOBAHUE UX CTPYKTYPhI U CBOMCTB.

3. [IpoBeneHNE KOMIUIEKCHBIX 3KCIEPUMEHTAIBHBIX HCCIECIOBAaHUMI
azcopOLMU METaHa Ha MOJYUYEHHBIX 00pa3liax MUKPOME30MOPUCTHIX aICOPOCHTOB.

4, [IpoBeneHre  SKCHEPUMEHTANBHBIX  HCCIAEAOBAHUM  YAEIbHBIX
€MKOCTHBIX  Xapakrepuctuk cucreM HAM Ha  OCHOBE  IOJIy4EHHBIX
MHUKPOME3O0IOPUCTBIX aJCOPOCHTOB B COCTABE OIBITHOIO aJCOPOLMOHHOTO
aKKyMYJISITOpa B JIOKPUTUYECKUX TEPMOJMHAMHUYECKHX YCIOBHsX. OmpenenceHue

ONTUMAJIbHBIX MMapaMeTpoB ajcopoeHToB st HAM.

HavyuHast HOBU3HA:

1. Pa3paboTansl TEOPETHUECKUE MOJIXO/1bI bl OMMCAHUS
aJICOPOLIMOHHBIX ~ PaBHOBECHIl  YIJI€BOJOPOJIOB Ha TIpUMEpe MeTaHa B
MHUKPOME30IOPUCTHIX aJCOPOCHTAX B JOKPUTHUYECKOW O0OJIaCTH TemImepaTyp ¢
y4eToM aJcopOlMU B MHKpPOIOpax, Ha MOBEPXHOCTH ME30MOp U KaMWUISPHO-
KOHJICHCAITMOHHBIX d(DPEKTOB.

2. [Tosryuensl (QyHKIMOHANIbHBIE aACOPOEHTHI BBICOKOW IIOTHOCTH C
pPa3BUTOM MHUKPOME3OMOPUCTON CTPYKTYpOl M pa3nuuHod (opmoil mnetiu
rUCTepe3nca, KOTOpbie o0ecnednBaroT BICOKYI0 eMKOcTh DHAC-JIK B pa3nuyHbix

TEPMOANHAMHUYCCKUX YCIOBUSAX.



3. [Tomy4ensl 3KCIIepUMEHTAIbHBIE JaHHBIC MO aACOpPOIMU METaHa Ha
pa3pabOTaHHBIX ~ MHUKPOME3OIMOPUCTHIX  COpOEHTaX B  JOKPUTHYECKHX H
CBEPXKPUTHUYECKHUX YCIOBHUSIX.

4, [lomydyeHsl  pe3ynbTaThl  SKCHEPUMEHTAIBHBIX  HCCIEAOBaHUMN
E€MKOCTHBIX XapaKTEPUCTHUK KPUOTCHHOW CHUCTEMbl aKKyMYJHUPOBaHUS MapoB
METaHa Ha OCHOBE KOMIIAKTHPOBAHHBIX MHUKPOME3OIMOPUCTHIX aJCOPOCHTOB B
COCTaBe MacIITabMpOBaHHOTO oOpa3na aacopOIMOHHOTO aKKyMYJsSITopa MpH
temneparypax oT 143 no 243K u naBnenuu 1o 3,5 MlIa.

S. [Tomy4yeHbl 3aKOHOMEPHOCTH aCOPOIMOHHBIX XapakTepucTuk DHAC-
JIK Ha OCHOBE KOMITAaKTUPOBAHHBIX MUKPOME3ZOMOPUCTHIX aJICOPOECHTOB, IPOBEICH
KOMIUIEKCHBI ~aHalIM3 €€ TEPMOAMHAMUYECKUX M  YICJIbHBIX €MKOCTHBIX

XapakTEepUCTHK ITpu Temrieparypax ot 143 no 243K u naBnenun no 3,5 Mlla.

IIpakTHYecKasi 3HAUUMOCTb:

1. [lomyyenHsle B paMmkax paOOThl pe3ynbTaThl HCCIEHOBAHUIN
aJcopOuy, TEPMOAMHAMUKHA W €MKOCTHBIX XapaKTEPUCTHK MHUKPOME30IIOPHUCTHIX
aJICOPOCHTOB TIO METaHy MOTYT OBbITh MCIIOJIB30BAaHBI ISl Pa3pabOTKH HOBOTO
HEPreTHUECKOTO o0opyI0BaHUA, 00€eCIIeYnBAOIIETO MOBBIIIICHNE
sHeprodhHEeKTUBHOCTH KpruoreHHbIX Bu10B Torumsa (CIID).

2. Pa3zpabGoTtannbie B paMkax pabOThI OAXO/bI JIJIsi ONMCAHUS U pacyeTa
aJICOPOIIMOHHBIX PAaBHOBECHH B JOKPUTHYCCKHX YCIOBHUSX, a TaKKe OICHKH
addexrrnBHOCTH ancopoberToB mis IHAC-JIK moryt ObITh HCIIONIB30BaHBI IS
pa3paboTKH (HYHKIIMOHAIBHBIX aJCOPOSHTOB C ONTHMAIBHBIMU MapaMeTpaMu s

cucrem HAM.

JLOCTOBEPHOCTH MOJYYEHHBIX PE3YJbTATOB

JIOCTOBEpHOCTh ~ TOJIYYEHHBIX B paMKax  pabOTBl  Pe3yJbTaTOB
AKCIIEPUMEHTAIIBHBIX HCCJIEAOBAHUI MOATBEPKIACTCS TEM, UYTO SKCIEPUMEHTHI
MPOBOAWINCH B COOTBETCTBUM C W3BECTHBIMU aAlPOOMPOBAHHBIMU METOAUKAMU;

pe3yNbTaThl HCCIEOBAaHUN  00JIaal0T BBICOKOM  BOCIPOM3BOAUMOCTBIO U
8



CXOANMOCTBIO; B SKCIICPUMCHTAX NCIIOJIb30BAJIMCh ATTCCTOBAHHBIC U3MCPHUTCIILHBIC

CpeACTBa.

OcCHOBHBbIE 110J103K€HHS], BLIHOCHMMbIE HA 3aILUTY:

— Meroguka cuHTE3a  YrAEpOAHBIX  aJCOPOEHTOB C  pa3BUTOU
MHUKPOME3OMOPUCTON CTPYKTYpOM C TIOMOIIBIO JIBYXATallHOW XHMHUYECKOU
aKTUBALIUH.

— Meroauka noxydeHus: (PyHKIIMOHAIBHBIX aJICOPOCHTOB C MPUMEHEHHEM
pPa3sTUYHBIX  METOJIOB  KOMITAKTHPOBAHUS  MOPOIIKOOOPA3HBIX  YIJIEPOIHBIX
a7ICOPOCHTOB C UCITOJIb30BAHUEM TMOJIMMEPHBIX CBSI3YIOIIUX BEIIECTB MPUBOISIIASL
K MUHUMAQJIBHOW JIeTpafaliuy MOPUCTOM CTPYKTYPHI.

— Pe3ynbTaThl 3KCIEpUMEHTATBHBIX HCCIEIOBAHUM ajcopOlMU METaHa Ha
YTIAEPOHBIX ajicopOeHTax B uHTepBaie temneparyp 143-293 K u gasnenwuii go 0,1
MIla.

— Pe3ynbTarhl 3KCIEPUMEHTAIBHOTO MCCIIEIOBAHUSL YACIbHBIX OO0BEMHBIX
XapaKTEPUCTUK MACIITAOMPOBAHHOTO aJICOPOIIMOHHOTO aKKyMyJIsiTOpa METaHa Ha
OCHOBE TMOJYYEHHBIX KOMITAKTUPOBAHHBIX MUKPOME30MOPUCTHIX aJCOPOCHTOB MPHU

temneparypax 143-243 K u nasnenuu no 3,5 Mlla.

JINYHBLIA BKJIAJ ABTOPA BKJIIOYAET:

1. Pa3paboTKy TeopeTHuecKuX MOAXO0A0B VISl OMMCAHUS aJICOPOITMOHHBIX
paBHOBECHUU YIJICBOJIOPOJIOB HA TMpHUMEpPEe METaHa B MHKPOME30MOPHUCTHIX
aJcopOeHTaX B JOKPUTHYECKUX M CBEPXKPUTUYECKOW O0OJIACTH TeMIepaTyp C
Y4e€TOM BO3HHUKHOBCHHUS KaIMJUIIPHO-KOHACHCAITMOHHBIX 3P (EKTOB M THCTEpE3nca
COpOLIMH-TIECOPOITUH.

2. Yyactne B pa3paboTKe TOAXOJOB MW METOJOB CHHTE3a U
KOMITAKTUPOBAHMS BBICOKOI(D(PEKTUBHBIX MHUKPOME3OIIOPHUCTHIX COPOCHTOB IS
OHAC-JIK.

3. DKCHepUMEHTAIbHBIE UCCIEAOBAHNUS U UHTEPIPETAINIO CTPYKTYPHO-

9HCPIreTHIYCCKUX U (1)I/ISI/IKO-XI/IMI/I‘ICCKI/IX XapaKTCPUCTUK CYHICCTBYIOINX, a TAKIKC

9



BHOBb pa3pab0TaHHBIX MUKPOME3ZOMOPUCTHIX COPOEHTOB MpuMeHuTENbHO K DHAC-
JK.

4. [IpoBeneHne  SKCIEPUMEHTOB MO  aJcopOIMM  MeTaHa  Ha
CYILLECTBYIOILMX, & TAK)KE BHOBb pa3pabOTAHHBIX MUKPOME30MOPUCTBIX COPOEHTaX
B JOKPUTHUYECKUX U CBEPXKPUTUUYECKUX YCIOBUSX.

S. [IpoBeneHrEe 3KCIEPUMEHTAIBHBIX HMCCIIEIOBAHUN IO OIPEICICHUIO
YAEIbHBIX E€MKOCTHBIX XapaKTEPUCTHUK MAacCIITa0OMPOBAHHOTO aKKyMYJSTOpa
OHAC-/IK Ha 0OCHOBE KOMIAKTUPOBAHHBIX MUKPOME30IIOPUCTHIX aICOPOEHTOB.

6.  Pa3paboTKy 3aKOHOMEPHOCTEH aJCOPOIMOHHBIX XapaKTEePUCTHUK
OHAC-JIK Ha ocHOBE KOMIAKTHPOBAHHBIX MUKPOME3OMOPHUCTHIX aICOPOCHTOB U
KOMIUIEKCHBI ~ aHAJIN3  TEPMOJMHAMMYECKMX W YIECNbHBIX  EMKOCTHBIX

XapaKTEPUCTHK.

Anpooanus pe3yJabTATOB HCCJICTOBAHUA

OcHOBHBIEC pe3yJIbTaThl AUCCEPTAIMOHHON PabOTHl ObUIM MPEACTABICHBI Ha
clenyroumx KOHGEpeHIMsIX W cuMmo3uymax: Bcepoccuiickuii CUMIO3UyM C
MEXIYHAPOJHBIM Y4acTHUEM «AKTyajbHble (PUHMKOXUMUYECKHE MPOOJIEeMbl
ajcopOIMM M CHHTE3a HAHOMOPHUCTHIX MarepuanoBy», MockBa, 2022 r1: 15-as
MexnyHnaponnas koHbepenus "Yriaepoa: GyHaamMeHTanbHbIe MPoOIeMbl HAYKH,
MatepuanoBenenue, Texnonorus" CFPMST 2023, Mockga, 2023 r; The 8th Asian
Symposium on Advanced Material (ASAM-8), Hosocubupck, 2023 r;
Bceepoccniicknil CMMIIO3UyM € MEXAYHAPOIHBIM ydacTHeM «DU3UKO-XUMHUYECKHE
npoOJsieMbl  afCcOpOLMK, CTPYKTYpPhl U XUMHUHM TOBEPXHOCTH HAHOMOPHUCTHIX
MatepuanoBy, Mocksa, 2023 r; MexayHnaponnas kondepennus «Hanoyrnepon u
anmasy, Cankrt-IletepOypr, 2024 r; XVIII, XIX u XX KoHdepeHius MOJ0ABIX
y4eHbIX, acnupaHToB U cTyaeHTOB «DU3UKOXUMUMMUSA», Mocksa, 2023, 2025,
2026 1; XIII International Conference on Chemistry for Young Scientists
“Mendeleev  2024”, Cankrt-IlerepOypr, 2024 r1; 16-1 MexayHapoaHas
KOH(pEepeHITHS «YTiepon: dbyHIaMEHTAIbHBIC poOJIeMBI HayKH,

MaTepuagoBeICHUE, TEXHOJIOTusD», MockBa, 2024 T.
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Iyoaukanuu:

[To pesynpTaTaMm auccepTalviv OMyOJIMKOBaHO: 4 HAay4yHBIX CTaThbu B
KypHanax, pexomeHayembix BAK, 9 Te3ucoB m0KiIagoB MEXIYHApPOJIHBIX U

Bcepoccuiickux KoHpepeHIuit.

CTpyKTYpa 1 00L€M PA0OTHI:

Hucceprauust CcOCTOMT W3 BBeleHHUsA, o030pa jurepaTypbl (. 1),
AKCIEPUMEHTAIbHOW YacTH (Ta. 2), omucaHus M OOCYKICHHUS IOJIyYE€HHBIX
pe3ynbratoB (1. 3-5), BBIBOJAOB M CIHCKAa LUTUPYEMBIX HCTOYHUKOB,
BKuTOHaroniero 135 wamMmenoBanuii. PaGota wm3nmokena Ha 121 crpanuie u
BKIIIO4aeT 33 pucyHKa u 8 Talmuil.

OcHOBHbIE NYOJMKAILIMU 10 TEMeE JTUCCEPTAIINM:

1. AKKyMyJIHpOBaHHUE MapOB CKUKEHHOTO MPUPOIHOTO ra3a B MOPUCTHIX
yraepoHbIX cTpykrypax / A. B. ®omuues, U. E. Menbmukos, E. M. CtpuxeHoOB,
A.A. ®omkuH, A.E. I'punuenko, A.B. llkxonun // @Qusukoxumus nosepxnocmu u
sawuma mamepuanog. 2022. T. 58, Ne 6. C. 563-573.

2. Mesoporous carbon xerogel as a promising adsorbent for capture and
storage of liquified natural gas vapors/ I. E. Men’shchikov, A. V. Shkolin,
E. V. Khozina, A.E. Grinchenko, A.A. Fomkin // Adsorption. 2023. Vol. 29.
P. 255-273.

3. AncopOums mapoB MeTaHa HAa MHKPOME3OTOPUCTOM YIJIEPOIHOM
ajicopOeHTe B Mpolieccax JIUTSIBHOTO XpaHEHUs CKMYKCHHOTO ITPUPOIHOTO Ta3a /
A. E. I'punuenko, N. E. MeHbIIIUKOB, A. B. llIkomnuH,
A. A. ®omkun /[ ®u3nKoXUMES TIOBEPXHOCTH U 3amuTa Matepuanon. 2023. T. 59,
Ne 5. C. 463-471.

4.  Micro-mesoporous monolithic carbons with ultra-high methane
adsorption capacity for cyclic capture and delivery of liquefied natural gas vapors at
cryogenic conditions // 1. E. Men’shchikov, A. E. Grinchenko, O. V. Solovtsova
A.A. Fomkin, et al. // Journal of Chemical and Engineering Data. 2025. Vol. 70,

no. 1. P. 659-677.
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I'JIABA 1. JUTEPATYPHBI OB30P

1.1. ApcopOumsi Jerkux yrjeBoJOpPOAOB MNpPH JOKPUTHYECKHX
TeMIepaTypax B 00J1aCTH NpeaejibHbIX HACHIIEHUii

Kax u3BecTHO, afcOpOITMOHHBIC TEXHOJIOTUN HAXOJAT CBOE MPUMEHEHHE BO
MHOTHX O00JacTsIX MPOMBIIUIEHHOCTH — OYMCTKA ra30BbIX CMeced, CTOYHBIX BO/I,
yJIaBJIMBaHUE ITAPOB YTIIEBOIOPOIOB U T.1I. Kimaccuieckoe mpumMeHeHne acopOmnun,
3a4acTyl0 OCHOBBIBA€TCS Ha padoTe B 00JACTH HMU3KUX MapIMAIIbHBIX JIaBIICHUN
MPUMECHBIX KOMIIOHEHTOB 1 00JIaCTH TeMIlepaTyp OJIM3KuX K KOMHATHBIM (293-313
K).

3a mocieaHUE TOAbl  IIMPOKOE  Pa3BUTHE  MOJYYWJIM  CUCTEMBI
a7ICOPOIIMOHHOTO aKKyMYJIMPOBaHUsI Tra30B (BOJAOPOJ, METaH, ATaH U Ap.).
OCHOBHOUM 0COOEHHOCTBIO MOJOOHBIX CHUCTEM SIBIIAECTCS MPEACIIbHOE 3alOTHEHHUE
MOPOBOTO TPOCTPAHCTBA aJCOPOCHTA IEJEBHIM KOMIIOHEHTOM, YTO BBIJIBUTAET
cnenuduyeckre TpeOOBaHUS K HCIOJIb3YeMbIM aJCOpOEHTaM, OTJIMYHBIE OT
KJIACCUYECKUX MOJX0/10B. HanbombImii uHTepec MaHHbIE CUCTEMbI IPUBJICKAIOT C
TOYKU 3PECHUSI aKKYMYJHUPOBAHUS MPUPOJHOTO ra3a U €r0 OCHOBHOTO KOMITOHEHTA
MeTaHa — TaK Ha3bIBaeMasl TEXHOJIOTHS aJCOPOIMOHHOIO aKKyMYJIHPOBaHUS
npupozanoro rasa (AIIl) [12].

CraHaapTU30BaHHBIN MOAXO0J K PEUICHUIO TaHHOMW 3a/1a4d B YaCTU CO3JAHUS
HOBBIX aJICOPOCHTOB COCTOUT B TOM, YTO OOJIBITMHCTBO UCCIIEA0BATENCH MBITAIOTCS
aJanTUPOBATh CYIIECTBYIOIINE METOJAUKUA U TEXHOJIOTUU CHHTE3a HAHO-TIOPUCTHIX
MaTepUalioB JIJis pelIeHUs 3TOH rmpobsiemMbl. OTHAKO, KaK ObLIIO TOKa3aHO BO MHOTHUX
paboTax, Takoil TOAXOA K TOJYyYEHUIO aJCOpOEHTOB HE TMPUBOJUT K
MOJIOKUTEIIBHBIM pe3yJibTaram BBUJY crenu@UIHOCTH paboThI
9HEPIrOHACHIIEHHBIX aacopOIMOHHbIX cucteM [3,13,14]. TIpu 3TOM OTCYTCTBYET
KOMITJIEKCHBIN TOAXOJ K PEIICHHIO MPOOJIeMbl CUHTE3a W WCCIIEIOBAHUSI HOBBIX
MaTepUaoB, PE3yJbTaThl MCCIECIOBAHUN MOSBISAIOTCS CTUXWWHO, MPU OTOM B
3aBUCUMOCTH OT MPOGUIIS UCCIENOBATEILCKON TPYIIBI YIOp JeaeTcst Ha 00JacTh

€€ Hay4YHBIX NHTEPECOB.
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BaxxHO OTMETHUTB, UTO KJIACCHUECKUM KITFOUEBBIM (DakTOpoM 3(hpekTuBHOCTH
CHCTEM aJICOPOIIMOHHOTO aKKYMYJIUPOBAHMUS, SIBIsIETCS 00BEeMHasl TUIOTHOCTH Tasa,
BbIpOKEHHAsT B 00bEMHBIX enuHMIaX kKojmdecTBa raza (HTJl) nmpu HOpmanbHOM
temmneparype (293 K) u nasnennn (0,1 MIla) B reomeTpuueckoit enuHuie oobeMa
cuctembl — M3(HT)/M3. Takum 06pa3oM, MOMHMMO ONTHMM3ALUM IapaMeTPOB
MOPUCTOM CTPYKTYPBI, TpeOyeTcst GyHKIIMOHATU3AIMS HAHOTIOPUCTOTO a/IcOpOeHTa
JUIs oOecreueHus] MaKCUMaJdbHOW TJIOTHOCTH €0 YMaKOBKH B €AMHHIIE 00beMa
[13,15,16]. KpomMe mosaydeHus ClCIUaNbHBIX aIcOpOCHTOB I aKKyMYJIHPOBAHHUS
razoB, HE MEHEE BAXHBIM  SIBJSICTCS  ONpPEICIICHHE  ONTUMAaJbHBIX
TEPMOJMHAMHUYCCKHX YCIOBHI (DYHKIIMOHUPOBAHUS MOA00HBIX cuctem [15,17,18].

OaHOBpPEMEHHOE BHITIOJIHEHHUE BBIIIICYKA3aHHBIX YCIOBHH SIBISIETCS CIIOAKHOM
byHIaMEHTAIBHOW HayqHOU MpoOIeMOii, a U3BECTHHIE KIIACCUUECKUE TEXHOJIOTHHI
CUHTE3a HAHOMOPHUCTBIX MATEpUaJOB, a TaKXE TEOPETUYECKUE MOAXOMbI IS
ONMMCAaHMS aJCOPOIIMOHHBIX PAaBHOBECH, KaK MPABUIJIO, HE CITOCOOHBI 00ECIIEYUTh
Takoil HaOOp MOAXOSAIIMUX CBOMCTB, UTO SIBJIICTCSI BAXKHOW HAYYHOU MTPOOJIEMOH.

Ha ceroansiimnuii neHb TpeOOBaHUA K TaKUM CHUCTEMaM CGHOPMUPOBAHBI
Munsuepro CIIA (US DOE): nis merana — mo 270 M3(HT T)/m® npu naBnenusx g0
10 MIla u 298 K. CTOUT OTMETUTHh YTO pe4b HAET O, TaK Ha3bIBAEMOM, MOJHOMN
yAEIbHON 00bEMHON €MKOCTH CUCTEMBI XpaHeHus — Vg, KOTopasi BKITIOYaeT B ce0s

KaK aJIcOpOMpPOBaHHYIO, TaK U CBOOOHYIO ra30oByio da3y (1).

Ve =a(P,T) M-% 4 ¢ Ps®D (1.1)
Pg Pg
rne, a(P,T) — BenuuuHa ancopOlMU TPHU 3aJaHHBIX JaBicHUH P u

Temriepatype T, MMoIb/T; M — MosipHast Macca aficopOTHBA, T/MOJIb; d — HACHITTHAS
3. .
IJIOTHOCTB a1COPOEHTa, I/CM®; € — MOPO3HOCTH C1I0s ancopOenTa; pgu pgy(P,T) —

MJIOTHOCTh TazoBoi (a3er ancopotuBa mpu HTJ[ m mpu 3amanueix T u P

COOTBETCTBEHHO, T/CM°.
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Pucynok 1.1. CxemaTuuHoe M300pakeHUE MUKIMYECKON pabOThl cHUCTEM
a7ICOPOIIMOHHOTO aKKyMYJMPOBAaHUS METaHa.

AKTUBHas yenbHasi 00beMHasi EMKOCTb V, TaK e SIBJIsIeTCs KpallHe BaXKHOU
XapaKTePUCTHKOW aJCOPOIMOHHBIX CHCTEM aKKyMylupoBaHus ra3oB. OHa
OTpakaeT KOJMYECTBO Tra3a, KOTOPOE MOXHO H3BJIeUb M3 cUCTeMBbL. OIEHKY
aKTUBHOM €MKOCTH MOXHO NMPOBOJUTH NPU PA3IUYHBIX CLIEHAPHUIX LHUKINYECKOU
paboThl cucTembl akkymysmpoBanus (Pucynok 1.1):

e Cuenapuii 1. M3orepmuueckas akTupHas eMkocTh VI. B sToM ciyuae

BbIJlaya ra3a MPOBOJUTCS MpPU TOW K€ TeMIlepaType 4TO U 3alpaBKa, MpU

ATOM  JIaBJICHHIO  OTOOpa  ra3a  COOTBETCTBYEeT  aTrMoc(epHoe

nasnenue (0,1 MITa).

Vi =Vp(P,T) - Vi (Po,1,T) (1.2)
e CueHapuii 2. AKTHBHas €MKOCTb CHCTEMbl aKKyMYJHpPOBaHHS B

Hen3oTepMudeckoM pexume (T # const, P # const), mpu 3ToM yCIOBUSMU

orOopa rasza, Kak NpaBWJIO0, NPUHUMAETCS aTMoc(epHOe [aBiIeHHE WU

temmneparypa 293 K.
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VA = Ve (P, T) — Ve(Py4,293K) (1.3)

Ha cerogusiiHuii  J1eHb MOXHO  BBIJCJIUTH HECKOJBKO OCHOBHBIX
HanpaBlIiCHUN B HayKe, 3aHUMAIOIIUXCS pa3pabOTKON (yHIaMEHTAIBHBIX U
NPUKIAJAHBIX OCHOB  aJCOPOIMOHHBIX CHUCTEM Ui AaKKyMYJIHpPOBaHUS U
CEJIEKTUBHOTO Pa3/iefIeHUs Ta30B, B YACTHOCTH METaHa!

1. DxcnepuMeHTaIbHOE UCCIIeI0BaHKE OOLIUX 3aKOHOMEPHOCTEN a1copOLru
ra30B B MHKPOIIOPUCTHIX ajgcopOeHTax [4,19].

2. Pa3paboTka TEOPETHUYECKUX IMOJXOJ0B K ONMUCAHUIO aJCOPOIIMOHHBIX
PaBHOBECHI ra30B B MHKPOIIOPHUCTHIX ajgcopoentax [3,20,21].

3. YucneHHOe MOJEIMPOBAHUE A[COPOLMU ra30B B MOPHUCTBIX CTPYKTYpaX
Metogamu Mownte-Kapno, Teopuu ¢yHKIIMOHANA IJIOTHOCTH, MOJIEKYJISIPHON
IUHAMUKH [22—-26].

4. HampaBieHue pa3pabOTKH HOBBIX BUAOB MOPUCTBIX MaTepuasioB. Cpenu
HUX MOXKHO BBIICIIUTh KJIACCHUECKHE aJCOPOCHTHI: YIIIEPOJHbIE aJCOPOCHTHI,
[EOJIUTHI, CUJIMKATelu U MEPCIEKTUBHBIE MOPUCThIE CTPYKTYphI, Takue kak MOF,
COF, PPN, MOP u ap. [27-30].

5. H3ydyeHume ra30[MHAMHUYECKHMX U  TEIUIOBBIX  XapaKTEPHUCTHK
MacCIITA0UPOBAHHBIX aJCOPOIMOHHBIX CHCTEM, a TaKXXe HEeMOCPEICTBCHHON
pa3pabOTKU CaMHUX CUCTEM aKKyMYJUPOBaHMS U UX KOMIIOHEHTOB [17,31-34].

6. UccnenoBanue p, T-1oJiei COCTOSIHUN CHCTEM aKTHBHOM eMkocTH [35,36].

K nacrosemy BpeMeHu omy0IMKOBaHO 3HAYUTEIHLHOE KOJIMYECTBO padoT 1Mo
TeMe aKKyMYJIHMPOBAHUIO METaHA C MPUMEHEHUEM aJCOPOIIMOHHBIX TEXHOJOTHUMN
[1,15,17,18,20,29,30,32,34-56]. HauGojplmee KoOJU4YeCTBO padOT KacaroTcs
uccieoBanusl  yriepoaubix ajacopoentoB ' MOKC, BBUIly UX CpaBHUTEIBHO
BBICOKMX 3HAUCHUU O0BEMa MOp M yAETbHOH IJIOmaau MoBepXHOCTH. OCHOBHBIE

pe3yJIbTaThl HEKOTOPBIX pabOT MpeACTaBICHBI B Ta0uIe 1.
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Tadamma 1.1.  Pesynprarel  WcCCl€AOBaHUN  aJACOPOLMOHHBIX  CUCTEM

AKKYMYJIMPOBAHHA MCTaHa, IPCACTABIICHHLBIC B JIMTCPATYPC.

Knacc HaumenoBanune | Temmneparypa, Ve pi 3,
azcopOeHTa afcopOeHTa K Mila, Ceptnka
M (HT D)/ m3
AY MAXSORB-I1I 300 60 [35]
AY Norit R1 298 57 [14]
AY CNS196 298 124 [57]
AY SMS-22 298 150 [58]
AY HSAC-23 300 146 [56]
AY C1050P 298 127 [40]
AY SMS-15 298 128 [58]
AY HSAC-19 299 145 [56]
MOKC NU-111 298 138 [30]
MOKC PCN-14 298 220 [47]
MOKC HKUST-1 298 160 [52]
MOKC UTSA-20 298 178 [53]
MOKC Zn-MOF-74 298 171 [54]
MOKC PCN-61 298 145 [47]

BonbiinHCTBO paboT MO JaHHOM TeMaTHUKE KacaroTcs aJCcOpOIMOHHOTO
XpaHEHUs TPUPOJHOIO raza (MeTaHa) B CBEPXKPUTHYECKON TeMIepaTypHOU
obnactu (>190,56 K). Bo MHOrOUHCIICHHBIX pab0Tax OBLIO MOKA3aHO YTO HanOoJIee
MEPCIICKTUBHBIMM JIJII OTHUX 3aJ1ad  SBIIIIOTCS MHKPOIIOPHCTBIC aJICOPOCHTHI.
[IpuMeHeHne TaHHOM TEXHOJIOTHH IMO3BOJISIET KPATHO MOBBICUTH INIOTHOCTH Ta30BOM
da3pl 3a cyeT aacopOoIMu B MHUKPOMOpax, U JOOUTHCS IMOKaszaTesnel o0heMHOU
E€MKOCTHU COINOCTAaBHMMBIX C TEXHOJIOTHEH KOMIIPHMMHPOBAHHOTO MPUPOJHOTO Ta3a,

HO IIPU KPATHO MCHBIIICM OaBJICHHUU.
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[Tpu 3TOM, HCClIeJOBaHMIA TOCBSIIIEHHBIX aJICOPOLIUH JIETKUX YTIEBOIOPOIOB
B JIOKPUTHUYECKON TEMIEPATypHOU OOJACTH CPABHUTEIBHO MAJO, a UMEIOLIUECs
paboThl HaNpaBJIEHbl HA U3YYEHHUE YK€ M3BECTHBIX MaTEpHUaioB (AKTUBHBIX yTJEH
wm MOF-ctpykTyp) nans aacopOumu MeTaHa B JOKPUTUYECKUX YCIOBHSIX.
OTCyTCTBYE€T KOMIUIEKCHBIM TIOAXOX K IIOJYYEHUIO CHEUAIU3UPOBAHHBIX
a71copOEHTOB € MOAXOALIEH ISl JaHHBIX 3a7a4 HOPUCTON CTPYKTYpOl.

CBOMCTBO Tra3a KOHJEHCHUPOBAThCS B JOKPUTHYECKOW TEMIEPATYPHOU
o0jacTv MPUBOAUT K TOMY, YTO HanOoJiee MEPCIEKTUBHBIMU MaTepuaigamMu is
3aj1a4 HU3KOTEMIIEPATYPHOTO AKKyMYJIUPOBAHMS IPENCTABIISIIOTCS
MUKpPOME30IMOPHUCTBIE  aICOPOEHTBI. OD(PQPEKT KanwUIIpHOM KOHIEHCAlMu B
Me301opax MOJOOHBIX aJCOpOEHTOB, Kak IIOKa3aHO Ha pucyHke 1.2, Moxer
IPUBECTH K KpPAaTHOMY YBEJIMYEHHIO EMKOCTHBIX XapaKTEpUCTUK CHUCTEM
aKkymynupoBaHusa. OJHAKO, 3TO POXKAAET 3a OO0 AOMOJHUTENIbHbBIE TPEOOBAHMS
KaK K aJIcCOpOEHTaM U UX OPUCTON CTPYKTYpE, TaK U K CUCTEMAM aJICOPOLIMOHHOTO

AKKyMYJINPOBAHUS B LIEJIOM.
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Pucynok 1.2. Pacuernble 3HaueHus aacopOLUU METaHa IpU TeMIlepaType
111,7 K Ha MEKpOME30IIOPHCTOM YTIIEpOTHOM Keeporeie [59] u MukpomopucTom
aktuBHOM yriie ACWW [60].

B HaydyHOM 1utaHe Juisi pemieHusl 3aJad XpaHEHUS W aKKyMYJIHpPOBAaHHUS
OPUPOAHOTO Tra3a MeTaHa HEOOXOJUMO MPOBECTH TOUCK BBICOKOAKTHBHBIX
ancopOEHTOB [UIsl CHUCTEM XpaHEHHMs] MpU KPHUOTEHHBIX TeMIeparypax B
nzorepmuueckom pexume 111-191 K unum durepmuueckom pexxume 1o 273-333 K.
Takue pexumbl TpPeOYIOT HACTPOMKH TIMApaMETPOB TMOPHUCTOM  CTPYKTYPbI
ajicopbeHTa Bo BceM TepMoauHaMuyeckoM uatepsaie ot 111 go 293 K. Hayunsrii
3a/lel MO CO3JaHUI0 (DYHKIIMOHAIBHBIX aJCOPOEHTOB BBICOKOW IIJIOTHOCTH C
IPEUMYIIECTBEHHBIM  Pa3BUTHEM ME30MOPUCTOM  CTPYKTYpbl, 00JIaJaroniux
YCTOMYMBON pabOTOCTIOCOOHOCTHIO B IIMPOKOM HMHTEpPBAjE TeMIeparyp (CBBIIIE
200K) oTcyTcTBYET.

B cBs13u ¢ 9THM Ba)KHOU 1 aKTyaJIbHOU 3a7a4eil paboThI SBISIETCS, pa3paboTka
HOBBIX MEPCHEKTUBHBIX MHUKPOME3OMOPUCTHIX COPOUPYIOMIMX MaTepUaioB s
HU3KOTEMIIEPATYPHOrO0  akkyMyiupoBaHus MeraHa (HAM), mno3Bosnstomein
yBEIMYUBATh SHEProdP(HEeKTUBHOCTH aJCOPOLIMOHHBIX CUCTEM U CPOKH XpaHEHUS

MeTaHa MpU KPUOTEHHBIX Temmeparypax. Heobxoaumo pa3paboTarth MOIXOIbI K
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OTKCAHUIO TOJIeH aJCOPOLMOHHBIX PABHOBECHM U TEPMOAMHAMHUYECKUX (PYHKITHI
ancopOIMu MeTaHa B JOKPUTHYECKHX U CBEPXKPUTHUECKOW OO0NacTax mams
MHUKPOME30IIOPUCTBIX ancopOEHTOB, pa3IM4aroIuXcs CTPYKTYpPHO-
DHEPreTUYECKUMH XapaKTEPUCTUKAMU C IIPEUMYILECTBEHHBIM Pa3BUTHEM ME30IOP
U OCOOEHHOCTEW NPOLECCOB aJaCcopOLMU-IecopOLMM B 00JacTH KalWJUISIPHO-

KOHACHCAIIMOHHOI'O TUCTCPC3HCA.

1.2. Teoperuyeckne 0CHOBBI aJICOPOIIMH JE€TKUX YIJI€BOI0POI0B B
MHUKPOME30MOPUCTBIX aICOPOEHTAX MPH JOKPUTHYECKHUX YCJIOBUIX

Cpenun Haubosiee pPaCHpPOCTPAHCHHBIX TEOPETHUECKUX MOJENEeH IS
OMUCAHUS aJICOPOIUHU BEIIECTB CETOIHS PUMEHSIOTCS CIETYIOIINE:

— Teopust MmoHomounekymsipHoit ancop6iuu (TMA), koTopasi onupaercs Ha
u3BeCTHOE ypaBHeHue JIaurmiopa [61-64].

— Teopuss nonumosiekyisipHoin ancopouuu  (TIIA), onucbiBaemas
ypaBHeHHeM bpyHayspa-Ommerta-Temnepa (BOT) [64-67].

— Teopus o0bemHoro 3amnonHenuss wmukpornop (TO3M) - ypaBHeHus
Jlyoununa-Acrtaxoa u Jlyoununa-Panymkesuda [21,68—70].

— Yucnennsle noaxoasl DFT, NLDFT, moaxoasl MOJIEKYJISIPHOM TMHAMUKH U
T. JI. JIUIs1 OTIMCAHUs COPOIIMOHHBIX cucTeM [24,71-74].

B OonbmuHcTBE pabOT MO HCCIENOBAHUIO aacopOIMKM MeTaHa B
MUKPOTIOPUCTHIX aJCOPOCHTAX, TOJIKOBAHHUE SIBJICHUS aIcopOiuu Oazupyercs Ha
0O0I111eU3BECTHBIX TEOPUSX afcopOuuu Ha moBepxHocTH — JIaurmiopa (TMA) u BOT
(TTIA). [Tpu 5TOM TPUHSTO MOJNAraTh, YTO C YBEIMYCHUEM YIETbHON MOBEPXHOCTH
aacopOenTa no bOT HeMUHYEMO yBEITUYUBACTCS €r0 aJICOPOIIMOHHAs AKTUBHOCTb.
[Togxonet TMA u TIIA 4acTo HCHONB3YIOTCS IS ANNPOKCUMAIIMM H30TPEM
aJIcopOIIY, OTHAKO OHU HE OMPEAEIISIOT B3aUMOCBS3U COPOIIMOHHON aKTUBHOCTH C
pealbHbIMU (PU3UKO-XUMHUUYECKUMHU U CTPYKTYPHBIMU CBOMCTBaMH aJICOPOCHTOB.
DFT (Density Functional Theory) u npousBoausie ot Teopuu Metoas! (NLDFT, 2D-

NLDFT wu j1p.) yIoBIETBOPUTEIBbHO pPabOTAarOT Il MOJACIBHBIX TMOPUCTHIX
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CTPYKTYp, HampuMmep, MIEJIeBUAHBIX WM UIMHApUYeckux mop. OnHako
UCIIOJIb30BAaHUE TAHHBIX METOJIOB JIJISl IIOCTPOEHUS HOBBIX aJICOPOLIMOHHBIX CHCTEM
C peabHbIMU a/IcCOPOEHTaMU BCE €LIE JaJIEKO OT PEalbHOCTH.

Cornacao UIOITAK [75] mopucThle MaTepualibl NENSITCS Ha Pa3InIHbBIC
TUIBI, B 3aBUCHMOCTH OT pa3Mepa mop D M COOTBETCTBYIOLIErO MM XapakTepa
u3oTepM azacopOuuu (Bcero 6 moatuno). OAHAKO € TOYKU 3pEHUS] MOCTPOEHUS
a7ICOPOIMOHHBIX TPOILIECCOB PA3NUYHOTO MPUMEHEHHs], KaK MPaBUIIO, BBIICISIOT
TPU OCHOBHBIX TpYIIBI MaTepuajioB - Mukpomnopucteie (D<2 HM),
MUKpoMe3onopucTele copOeHThl (D<50 HM), a Takke MaKpOIOpHUCThIE U
Henopucteie (D>50 um).

B o6meMm ciygae, npu aacopOLuu ra3oB B JOKPUTHUECKON 00JaCTH UMEET
MECTO HECKOJIbKO MEXaHU3MOB a/ICOPOLIMH — a/IcOpOLIMs B MUKPOIIOpax, acopOuus

Ha ITIOBCPXHOCTHU MC3OIIOP U KAIIWJIJIAPHAA KOHACHCAIIUA B MC30II0pax.

1.2.1. AncopOrust B MEKPOITOpax

B cuny manoro pasmepa mukpormnop (D<2 HM) agcopOIMOHHBIE MOJIsE CTEHOK
ATHX TOpP CIOCOOHBI MEPEKPHIBATHCS, YTO MPUBOANUT K 3HAYUTEIHHO MOBBIIICHUIO
sHepruu ajacopOuuu. Kpome TOoro, manblii pasmMep NPUBOJUT K CPABHUTEIHHO
MajoMy 00bEMY OTAENbHBIX MOP, T.€. OTAEIBHO B35Tas I0PA MOXKET BMECTUTh BCETO
HECKOJIbKO MOJIEKYJN ajacopOara. Takum oOpa3om ancopOUpOBaHHBIE MOJIEKYJIbI
3aHUMAIOT BECh 00bEM MOP, a IJIOTHOCTh UX YIAKOBKH MOYKET JOCTUTATh IMJIOTHOCTH
xuako (aszel. M.M. [lyoununbiM Obuia chopmynupoBaHa Teopus 0OBEMHOTO
sarosiHeHuss mukporop (TO3M) [76], mo3Bojstomas ¢ yIOBJICTBOPHTEIBLHOM
CXOJUMOCTBIO C IKCTIEPUMEHTAILHBIMU JaHHBIMH TIPOBOJUTH OMHCAHUE M pacyeT
a7IcOpOIIUU B MUKPOIIOPUCTHIX aICOPOCHTAX.

OcHoBHbIM  ypaBHeHueM TO3M sBusiercs ypaBHeHue JyOwHMHa-

PanymikeBunya:

o = agexp (ﬂ) (1.4)
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rne, a, — NpeaebHas BEIUYHHA aICOPOIIMH B MUKPOIIOpaxX MpHu AaHHBIX P u
T, Mmone/T; A — nuddepenimanpHas MojibHast padoTa aacopOuuu, x/Monb; E —

XapaKTepUCTHUeCKast SHEprus aacopOiuu, Jx/mMoms;

JuddepennmanbHyt0 MOJBHYIO pabOTy afcOpOLMM MOXKHO PacCUUTATh IO

YPaBHEHUIO:

A =RTIn (?) (1.5)

rie, R — yHuBepcanbHas razoBas mnocrosHHas, [x/(Mons*K); f; u f
JIETYYECTH COOTBETCTBEHHO HACBHIIICHHOrO0 IMapa ajcopOTHBa M pPaBHOBECHOU
ra3oBoii ¢assl, [1a.

VYpaBuenue 1.4, TO3BOJISIET TMPOBOAUTH OIMUCAHUE AJICOPOIIMOHHBIX
pPaBHOBECHI B MUKPOIIOpax B JIFOOOM MHTEpBaJIe TEMIIEpaTyp U JaBICHUM.

Crout OTMETUTh, 4TO KO3(hPuiIMeHT 2 B ypaBHeHUH 1.4 He sBIAeTCA
MOCTOSIHHBIM, a 3aBUCHUT OT THUIA aJCcOpOeHTa, YTO OTPAXKEHO B YpPaBHEHUU

JlyOuHuHa-AcTtaxoBa:

a = ayexp (g)n (1.6)

B MHorouucneHHblx paboTax, B TOM YHCJIE KacalolUXCsS HCCIEAOBaHUMN
aJICOPOITMOHHBIX CUCTEM aKKyMYJIMPOBaHHS MeETaHa, COOOIIaeTcs 9TO
WCITOJIb30BaHUE YpaBHECHUS 1.4 1T anmpOKCUMAITUN KCIIEPUMEHTATBHBIX H30TEPM
aJcopOIMu  ra3oB Ha  aJCOpOSHTaX Ppa3IMYHOW TIPHUPOJBI  ITOKa3bIBAET
yJIOBJICTBOPUTEIbHYIO cxoauMocTh [39,41,68]. Tem He MeHee CyIIECTBYIOT
CHUCTEMBI aJIcOpOCHT-afcopOaT Il KOTOPhIX ypaBHeHHE J[A MOKa3bIBaeT OMIMOKY
BIUIOTh 10 20% [21,44]. OcoOGeHHO 3aMeTHBI PACXOXICHUS CTAHOBATCS IPH
OIMMCaHUU aJICOPOIMHU B 00JIaCTH HU3KKX 3amoyiHeHui (a/ap<0,3).

C 1enpi0 TOBBIIMICHHUS] CXOAMMOCTH MOXKET OBITh HCIIOJIB30BaH ITOAXO,
OCHOBaHHBIN Ha moao0pe kKoddduruenTos N u E ypasaenuss TO3M Ha ocHOBaHUU
JAHHBIX 00 aJCOpOIMM MPU HU3KOM JaBICHUH WM TOCICIYIONTUN pacyeT IMOTHOU
U30TepMbI. JIaHHBIN TOX0J] MPUMEHUTEILHO K aJICOPOIMU MeTaHa M 3TaHa ObLI
usydeH B [21,44,77]. Tlonoop ko3d¢uimentoB ypasuerus TO3M mo3Bosser B
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3HAYUTEJILHOM CTEICHU ITOBBICUTH CXOOAUMOCTDB IKCIICPUMCHTAJIbHBIX U PACHCTHBIX

JaHHBIX.

1.2.2. AncopOrust Ha TOBEPXHOCTH ME30I0P

[lepen HavamoM KanmWUISPHOW KOHJACHCALMM MPOUCXOIUT ajcopOIusi Ha
MOBEPXHOCTH ME30I0P MO MEXaHW3My O0Opa3oBaHHsS aACOPOIIMOHHOW IIJICHKH.
3anojHeHrne TOBEPXHOCTH ME30MOp MPOUCXOJUT aacopOaTOM Ha BCEM HHTEpBaJe
JABJICHWI BIUIOTh [0 HaYaJla KaNWUIPHOW KoHAeHcaunu. OJOHAaKo BBUAY
3HAYUTEIHLHO OOJIBIIEH HHEPTrUu aACOPOIMH B MHKPOIOpaxX IO CPaBHEHHUIO C
Me30I0paMH, BKJIAJ ajacopOIMd Ha MOBEPXHOCTH ME30MOp B 00JIACTH HHU3KHX
otHocuTenbHBIX naBieHmid (P/Ps<0,2-0,3) cpaBHuTenbHO Man. B cBsizu ¢ dem
ajcopOIusl MO0 MeXaHu3My OOpa30BaHUA aJCOPOIMOHHOM IIJIEHKH OKa3bIBacT
3HAUYUTEIBHOE BIMSIHUE HA TEPMOAMHAMUYECKHUE M E€MKOCTHBIE XapaKTEPUCTHKU
CHUCTEMBI MTOCJIE 3aMOJTHEHUS] MUKPOIIOP aIcOpOEHTA.

OCHOBHOI XapaKTEpUCTUKON MpPU JAaHHOM MEXaHU3ME aJICOPOLIUU SBIISETCS
TOJNIINHA aacopOIMOoHHON TieHKH t. YdeT gaHHOro mnapameTpa HEOOXOIUMO
MPOBOAUTHL MPHU OILICHKE paclpeesieHUs] ME30IOop MO pa3MepaM ¢ MPUMEHEHUEM
ypaBHeHus KenbBrHa.

O6pazoBanue aacopOLMOHHON TUICHKH (haKTUYECKH MPEACTaBIseT co00i
MOJIUMOJIEKYJISIpHYIO  afcopOumio. OpHako NpUMEHHMOCTh ypaBHeHus bIT
OrpaHUYMBACTCSI OTHOCHUTENBHBIMU JaBicHusMU okosio 0,3 P/Ps, a 3adactyio u
MEHBIIIMMH, B CBSI3U C YEM OHO HE MOXKET OBITh HUCMOJb30BAHO MJII KOPPEKTHOM
OIICHKH t B HEOOXOAMMOI 00J1acTH JaBICHUH.

Hanbonee npsMbIM METOZI0OM OLICHKHU t SIBISIETCS MOTy4YeHUE U30TEPMBI IS
HEIOPUCTOTO MaTepUaia TOM XK€ NPUPOABI YTO M PACCMATPUBAEMBIN IMOPUCTHIN
Marepuai. B TakoMm citydae mpeamnosaraeTcs 4ro npu OJHOM M TOW K€ BEJIUYUHE
OTHOCHUTEJILHOTO JIaBJICHUS TOJIIMHA MOJUMOJIEKYISIPHOTO CJIOS Ha MOBEPXHOCTU
HEMOPUCTOTO MaTepuaja paBHA TOJIIWHE aJCOPOIMOHHOW TIeHKH 1 Ha
MOBEPXHOCTH ME30MOp MOPUCTOro aJcopOeHTa TOW ke Impupojbl. B aTom ciyuae

TOJIIIIMHA aJICOPOIIMOHHOMN TICHKH BBIPA)KAETCs CIICAYIOIIUM COOTHOIeHUeM [78]:
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aVy,
t=— 1.7
S (1.7)

r7ie, a4 — BEJIMYMHA aIcOPOIUU, MMOJL/T; V,,, — MOJSIPHBIA 00BEM JKHIIKOTO
ancopbara, cm’/Monb; S — yAelbHas IUIOMAAb IOBEPXHOCTH HEHOPHCTOTO
MaTepuana, M2/T.

OKCIIEpUMEHTAIBHBIC ~ WCCJICNOBAHUS 110  OMPEICIICHUIO  TOJIIIHHBI
aJICOPOLIMOHHOM TUIEHKM t Ha ajcopOeHTax pa3IMYHOM MPUPOABI MPOBOIWIHCH
pa3HbIMH KOJUIEKTHBaMH HccieaoBareiei [79-81].

B [80] Ywuiep mpeminoxkun HCmoib30BaTh ypaBHeHHEe DpeHKens-Xencu-

XWJuia JUIA OLCHKH t:

=

~1
t = 6,053 ——— (1.8)
In E
Py

B pa6ote [79] Napxuncom u J[ypoi Ha OCHOBaHMH SKCIIEPHUMEHTAIBHBIX
JIAHHBIX aJCOpOLMM a30Ta Ha PA3IUYHBIX HEMOPUCTBIX TBEPABIX Teaax ObLIOo

MOJIYYEHO CIEAYIOIIEE YPABHEHUE:!

N[ =

1
. 3,99 ; (1.9)
0,034 — log (&
g (PS)
HaI/mquy}o CXOIUMOCTb C BKCHepI/IMeHTaJIBHI)IMI/I JAHHBIMH I103BOJISICT

NOJYYUTh JMIMPHUYECKas 3aBHUCUMOCTb, mosyueHHast [le-Bypom [81], xoTopas

YUUTBIBAET BIUSHUE aICOPOLMOHHOIO IOTEHIMAIA CTEHOK 10P:
16,11

5 (1.10)

P
log (—) = 0,1682701137t _
Ps

[IpuBeneHHBIC BBINIE SMIUPUUYECKUE 3aBUCUMOCTH IO3BOJISIIOT PacCYUTaTh
TOJIIUHY aJcopOLMonHOI mienky t B A, npu agcop6uun asora npu 77K. CTouT Tak
K€ OTMETHUTh, YTO YHCIICHHbIE KO3 uimenTsl ypaBHeHuit 1.8-1.10 u3BecTHbI TUIIIH
JUTISE HEKOTOPBIX CTaHJAPTHBIX aJcopOaToB (a30T, OCH30JI, JUOKCH] yrieposa) [79-

81].

23



1.2.3. KanmnsipHast KOHIAEHCAIUS

[Ipouecc KamuUIApHOW KOHICHCAIIMM TMpPEACTaBIsieT coOoil  (a3oBbIit
1epexol, MPOUCXOASAIINM B ITOPUCTOM NPOCTPAHCTBE ME3O0MOpP, NPU JIABICHUSIX
MEHBIIMX YEM JIaBJIEHWE HACBIIEHHOro Mapa ajacopbara. M3orepmsbl aacopOumm-
JecopOLMy TMpU NPOTEKAHUU KalWUIAPHOW KOHJEHCAlMM XapaKTepU3YIOTCS
HaJIM4HUEM IIETIN THCTEPE3HCa.

Onucanve mapaMeTpoB ME30MOpP M NPOUCXOJAIIEH B HUX KaNWLISIPHOU
KOHJICHCAIIMH CETOHS 3a4acTyI0 cTpouTcs Ha nmonxonae KensBuna [82]. YpaBueHue
KenbBrHA MO3BOJIAET OLIEHUTh BEIMUYMHY OTHOCUTEIBHOTO JABJIEHUS, IPU KOTOPOM

HAYHCTCS KallMJIIIpHAas KOHACHCAMA B IIOpax paauyca I

l (P)_Zan ) 111
nPS—rRTcosq) (1.11)

r7ie, 0 — IOBEPXHOCTHOE HaTshKeHue, JI/M?; V,, — MOISPHBIH 00bEM KHIKOTO
ancopbara, cM3/MOIB;, () — KpaeBOl yrol MEHHCKa HAKOCTH CO CTEHKAMH

KalTuJrIpa.

OrnpeneneHue BENIMYMHBI KPA€BOTO yIJIa ¢ SIBISETCS TOBOJBHO TPYIHOU
3a/laueil B Ciy4yae MOPHUCTHIX TBEPABIX TEJ, B CBS3M C YEM IIPU HCIOJIb30BAaHUU
ypaBHeHus 1.11 nenaroT npeAnosoKeHne 0 TOM, YTO KUAKUN a1copOaT MOJIHOCTHIO
CMayuBaeT CTEHKH mop, T.€. ¢ = 0.

Crout otMeTuTh, yTO KeIbBUHOBCKHUI painyc I paBEH CyMME paJInyCOB KOPbI
(pamuyc TO¥ YacTH MOPHI, KOTOPasi HE 3aI0JIHEHA aJCOPOIMOHHON TICHKON Tepe]]
HayajoM KanwUIIPHON KOHJICHCAIIMH) U TOJIIMHBI aCOPOIIMOHHOMN TIJIEHKH {.

HauOonpmmii uHTEpEC MpeACTaBIsSeT pacdeT pacMpeesieHUs] ME30IMop o
pasmepam. C ero moMmoIpi0 MOXKHO HanOoJiee KaYeCTBEHHO OLEHUTH CTPYKTYpPY
agcopoenTa. TpaauiMoOHHBIE METO/IBI pacdeTa XapaKTEPUCTHK ME30TOP OCHOBAHBI
Ha MPEIOJI0KEHUN O MOJICJIbHONU (Gopme mop (LUJIMHIPUYECKUE, IICICBUIHBIE U
np.). Haubonee pacrpocTpaHeHHBIMU METOJaMU pacdeTa pacripeiesieHusl Me30Iop
no pasMepam siBisiercs Metoasl Kucenesa [83] u bappera-/IxoiiHepa-XaneHaa
(BJH) [84]. B ocHOBe moclieHEro JSKHUT CTyleHYaras Ipoleaypa pa3OruCHHs

JeCOPOLIMOHHONW BETBM HM30TEPMbl HAa YYAaCTKH U MOCIEAYIOIIUN CTyNeHYaThIld
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pacyeT OImopoKHIEMOT0 00BEMA MOP OT TOYKH, COOTBETCTBYIOIIEH MAKCUMATTLHOMY
OTHOCHTEIbHOMY naBiieHuio B uHTepBaie P/Ps or 1 go 0,3. Pacuer o6nmema mop
MPOBOJISAT Ha OCHOBAaHUHU IMOJYYEHHBIX 3HAUCHUM IUIONMIAIA MOBEPXHOCTU IMOP U

BBIOpaHHON MOIeNH (hOPMBI TTOp (MIUIUHAPUYECKHE, IIETCBUAHBIC U T.I.).

1.3. TepMoauHaMuka agcopoIUH YIJIeBOJAOPOIOB MPH JOKPUTHIECKUX
TeMIepaTrypax

dusnueckas aAcopOIuMs Ta30B W IMAPOB B TMOPUCTHIX TBEPIBIX TeJax
COIMPOBOXK/IAETCS BbIIETICHUEM TETUIOTHL. B ¢Bsi3u ¢ uem, Haubosee nHPOpMaTUBHOMN
TEPMOIUHAMHYCCKOW XapaKTEPUCTUKOMW, KOTOPAst MO3BOJISET OLICHUTHh dHEPTETUKY
mpoiiecca aacopoiuu, sapiusercs nuddepenimranbaas Teriora aacopomuu d. Pacuer
g, KaKk MpaBWJIO, MPOBOAAT JJI ONpPEACIICHHbIX UHTEPBAIOB ajcopOuuu. B Takom
cllydae TMPOBOJAT ompeaeneHue audQepeHnanbHOl U30CTePUISCKON TETIOTHI
aacopoumu (s. Bua mony4eHHOM 3aBUCUMOCTH (st — &, TTO3BOJISIET TPOBECTH OIIEHKY
OJTHOPOTHOCTH/HEOJHOPOTHOCTH TTOBEPXHOCTH ajcopOeHTa, HAJTMYUN
crienuPpuyecKux aacopOIMOHHBIX IIEHTPOB Ha MOBEPXHOCTH aJCOPOCHTA, a TaKkKe
XapakTepe B3auMOCHCTBUHN «anicopOeHTa-aacopoaT» u «aacopoaT-amacopoary.

DaKTUYECKH TEIIOTa Mpoliecca aacopOIy MpeCcTaBisieT co0oil pa3HOCTh
SHTAIBIUK Ta30BOW (a3el Ng u nuddepeHnnanbHON SHTATBIHNA aICOPOIMOHHOM

cuctemsl (0ha/0a)r:

oh
st = hg — ( aaa)T (1.12)

Haubonee monHOe BwIpaxkeHue s pacuera auddepeHImarbHOMl
M30CTEPUUECKON TEIUIOTHI ajcopOiuu 010 mosiydeHo B.A. bakaeBbiM Ha OCHOBE

MOJIOXKCHHUH CTAaTUCTHYECKON TepMoauHaMuKH [85]:

e (L] o () ) () [er()]

rae, Z — xKodpdUIMEHT CKUMAeMOCTH PAaBHOBECHOW ra3oBo (a3el mpwu

nasienuu P, I1a u temneparype T, K; Vg — yaenbHbIil 00beM razoBoii (asbl, MY/KT;
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R — yHuBepcanbHas raszoBas nocrosiHHas, Jlx/(Monb-K); Va=Vo/my — yaenbHbIi
IPHBEICHHEIA 00bEM aICOPOLMOHHON CUCTEMBI «ancopOeHT-aacopoar», em/r; Vo
¥ My — COOTBETCTBEHHO 00BEM U Macca pereHepUpOBaHHOTO aICOPOCHTA.

[TpuBeneHHOE YpaBHEHHE HaNOO0JIee IMOTHO YIUTHIBAET (DaKTOPHI, BIMSIOIINC
Ha BeIMUMHY AU(QPEpeHITHATBHON U30CTEPUICCKON TEIIOTHl aJcopOIliu, TaKue
KaK: aJICOPOIIMOHHO CTUMYIUpoBaHHas nedopmanus — (0Va/0a)r (n3oTepmMudeckas
nedopMmarus) W TemneparypHas — gedopmanus — agcopOoeHta  (0Va/0T)a
(m3ocTepudeckas aedopmarys), KpyTH3HA HaKJIOHA W30TepM ajacopoiuu (OP/oa)r,
u m3octep [0ln P/O(1/T)]a, a Takke HEUACATBLHOCTH Ta30BoM (a3el — Z.

I[To pasmuunbM oneHkam [17,32,43], BKIaa COCTABIISIONINX, OTBSYAIOIIHX 32
aJICOPOITMOHHO CTUMYJIMPOBAHHYIO U TEPMHUECKYIO JeopMaIiio aacopoeHTa npu
TEMIIEpaTypax BBINIE KpUTHUECKON orpanmuuBaercs 5-10%. B cBssu ¢ yew,
OOBIYHO, 3TUMH (HaKTOpaMU MNPEHEOPEraroT W BEAYT pPACUET MO CIEIYIOUEMY

YpaBHEHUIO:

d(InP) _(E)P) v (1.14)

qst = —RZ - /) ) 7a
Temnora ancopOuuu yrieBoopoJloB (MeTaHa, 3TaHa) Ha YIIEPOIHBIX
azcopOeHTax B CBEPXKPUTUYECKON TemIepaTypHOW 00JacTH, 3a4acTylo, IJIaBHO
CHIDKAeTCsl 10 Mepe 3aloJIHeHUs TMOPUCTOTrO MpocTpaHcTBa W jgocturaer 0
k/[X/MOJb TpH MOJIHOM 3alOJHEHHs] MUKPOIIOp ajicopoaTtoM. CTOUT OTMETUTD YTO
TEIUIOTa aAcopOLKK B MUKPOIIOpax (B 00JAaCTH MaNbIX 3alIOJHEHUI), KaK MPaBUIIO
MPEBBINIACT TEIJIOTY KOHACHCAIK ajicopbara B 1,5-3 pasza.
[Tpu nepexoze B JOKPUTUYECKYIO 001aCTh XapaKTep TEIUIOTHI TPH a1cOpOLUU
B MHUKpomopax He u3MeHsercs. OpHako, BKJIaa aacopOIMM HAa TMOBEPXHOCTU
Me30mnop OyIeT crocoOCTBOBATh BO3PACTAHUIO TEIUIOTHI MPU 3HAUEHUSX aJcopOLun
ONMU3KUX K MPEeAeTbHOMY HACBHIIIEHUI0O MHUKPOIIOp, MPU TOM COXpPaHss OOIIyIO
TEHJEHIWIO K TUIABHOMY CHWXXEHHUIO TEIUIOTHI aJcopOIuu MO Mepe OTpadOTKU
a7ICOpPOITMOHHBIX IICHTPOB.
Temmora amcopOIuu MO MeXaHM3MY KaNWIIIPHON KOHACHCAIlMK paBHA

TEIUIOTE KOHAeHcanuu agcopoara. Ciie0BaTeNIbHO, 3aBUCUMOCTh (st = f(a) mosmkHa
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JIOCTUTATh 3HAYCHHUM OJM3KUX K TEIJIOTE KOHJICHCAIUH TPY 3HAYCHUSIX aJICOPOITUN
COOTBETCTBYIOIIMX HAayaly Mpolecca KamUISIPHON KOHICHCAITHH.

WuTerpupoBanue 3aBUCUMOCTH (st = f(@) MO3BOJIAET BBIYUCIUTDH BEIUYHHY
WHTETPATLHON TETUIOTHI amcopOumu Qst, CBHAETEIHCTBYIONMEH 00 MHTETPAIIbHOM
TEIUIOBOM 3 eKTe paBHOBECHOTO MpoIiecca aacopOomuu 10 KOHKPETHOTO YPOBHS
3aroyiHeHUH. MHTerpambHas TeIuioTa aacopOIMu TPUMEHSETCS TpHU pacuere
TEIIOMACCOIEePEHOCca, TEMIIEPATyphl pa3orpeBa cios aacopOeHTa, a TaKXkKe APYTux
apaMeTpPOB CUCTEM aKKyMYJIHUPOBAHUS.

TeopuTnyecku, HWCMOIBL30BAHKUE aAIACOPOCHTOB C OONBIIUM KOJIMYECTBOM
ME30II0p ITO3BOJIUT B 3HAYUTEILHON CTENIEHN CHU3UTH 00IIee KOJUISCTBO TEILIOTHI
BBIJICIISIEMOE B TIpoliecce aAcopOIMu B CPaBHEHUM C  MHUKPONPHUCTHIMHU
afcopOeHTaMHU.

Eme opHOl  BaXXHO  XapaKTEPUCTUKOW  aJCOPOIMOHHBIX  CHUCTEM
aKKyMYJIUPOBAHMSI  SIBJISIETCS ~ W3MEHEHHE  H30CTEPUYECKON  DHTPONUU
aJCOPOIIMOHHON  CHCTEMBI, TIO3BOJISIONIAS  KOHKPETU3UPOBATH  IPOIIECCHI,

IMPOUCXOIAIINNC B CUCTCMC IIPU aIICOp6HI/II/I:

Sa=S, - % (1.15)

rne Sq — SHTpOIUs ra3oBoi gas3el acopOTHBA B TEPMOAMHAMUYECKOM PAaBHOBECUHU
¢ aacop6arom, JIx/(moib-K).

C mnomompl  JAaHHOTO  TapamMeTpa MOXKHO  OIGHHTh  XapaKTep
MEXMOJICKYJIIPHOTO  B3auMOJACHCTBUSL  ancopOara. OnHako, B JHTEpaType,

pacuétoM nuddepeHnnanbHON SHTPOMUN CUCTEMBI 0OBIYHO MTPEHEOPETaLoT.

1.4. AnacopOeHTHI 1Sl aKKyYMYJMPOBaHMS JIETKHX YIJEeBOJAOPOAOB B

JOKPUTHYECCKHUX YCJIOBUAX

1.4.1. Xapakrepuctuku, Biustomue Ha 3()PeKTUBHOCTH aacopOeHTa MpHu
aKKyMYJIUPOBAHHH JIETKUX YTJICBOIOPOIOB MPH JOKPUTHIECKUX TEMIIEpaTypax

Brusinue pacnpedenenuss me30nop no pazmepam Ha 3¢phekmusHocms cucmem
AKKYMYIUPOBAHUSA
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[Ipu BBIOOpE aacopOEHTa C MENbI0 HCIOIB30BAHUS B aJCOPOITMOHHBIX
CHUCTeMax aKKyMYyJUpOBaHUS II€JIEBOM  3ajayeil  sABIsAETCS  JTOCTHXKEHUE
MaKCUMaJbHO BO3MOKHBIX 3HAYEHUU IMOJHOW W aKTUBHON OOBEMHON €MKOCTHU
cuctembl. Kak VE, Tak 1 V4 3aBUCST HE TOJIBKO OT HapaMeTPOB MOPUCTOM CTPYKTYPhI
ajicopbeHTa, Hampumep, oObeMa TMop, HO U OT (POpPMBI H30TEPMBbI ACOPOIUH,
HACBIMTHOW TUJIOTHOCTH aJcOpOeHTa, a TakXkKe YCIOBUM UX ONpeaeiIeHUs
(TemmepaTypsl W JaBJCHHs 3allpaBKW/BblAauu). B cieactBue uero BBIOOD
ajicopOeHTa C HauOOJIBIIUM YIEIbHBIM OOBEMOM IOp HE BCErJa SBISETCS
I1E7IECO00Pa3HBIM.

Hanuuune sddexra kanuisspHOM KOHJEHCAIMK, a TaKXe recTepe3rca Mpu
ancopOLUu-1ecOpOMN Ta30B B JIOKPUTHUECKHX YCIOBHUSX OyleT OKa3bIBaTh
HEMOCPEAICTBEHHOE  BIMSHHE HAa  OOBEMHBIE  XapPaKTEPUCTUKH  CHUCTEMBI
akkyMynupoBaHus. [loBeiieHue o0bemMa ME30Mop MOBJICYET 3a COOON yBEIMUEHUE
KOJIMYecTBa 3amacaeMoro rasa 3a cuet a¢¢ekra KK. Torna kak, pacnpenenenue
ME30M0p 0 pa3Mepam, OyeT OKa3bIBaTh BIMSHIE HA BHU]I MIETIU FeCTepe3nca u, Kak
CIIEJICTBUE, Ha XapakKTep Ipolecca 3anpaBku/Belaaud. Huke Oyner paccMoTpeHo
BIIMSTHUE paclpeiesieHus Me30mop aacopOeHTa Mo pa3MepaMm, M Kak CIEIACTBHE
pa3zHoit (GopMbl M30TEPMBI, Ha A(H(PEKTUBHOCTH CHUCTEMBI AKKYMYJIHPOBAaHUS Ha
IpUMepe HECKOJBKUX CITy4aes.

Ha pucynke 1.3 mpuBeneHbl MpUMEpbl MOAETBHBIX H30TEPM aICOPOIIHH-

JecopOIuu 11t aIcCOPOSHTOB C PA3IMYHBIM PACTIPEICTICHUEM TIOP TI0 pa3MepaM.
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Pucynok 1.3. MogenpHble HW30TEPMBI  afcopOIuu-aecoponmu (a) Ha

aicopOCHTaX ¢ pa3IMYHBIM pachpeielieHHeM Me30Top Mo pazmepam (0).

29



[TomoOHBIN BUA M30TEPMBI XapaKTEPEH JJII HEKOTOPBIX IMHPOKOIIOPHUCTHIX
YIJIEPOIHBIX acOPOCHTOB, Keeporenei u HekoTopbix MOF (Pucynok 1.4) [86].

1500 -

1250

0 T T T T T T T T T 1
0,0 0,2 0.4 0,6 0,8 1,0

P/Pq

Pucynok 1.4. M3otepma aicopOIMu a30Ta Ha YIJIEPOIHOM KCeporeie
HOJIYYCHHOM U3 IIEJUTFOJIO3HBIX HAHOBOJIOKOH [86].

KpuBass 2 (pucyHok 1.3) coOTBETCTBYET aJCOpPOEHTY C ME30MO0paMHU
nuametrpoMm oT ~5 o ~20 vm. KanusispHas KoOHJEHcalys, B 3TOM cllydae,
HaunHaeTcs npu 3HadeHusix P/Ps=0,5-0,6. ITomoOHas dopma M30TEPMBI MOXKET
00eCIeYnTh CPAaBHHUTEIHLHO BBICOKHE 3HAUCHUS AaKTUBHOW EMKOCTH CHCTEMBI Ha
BCEM HHTEpBAJIC JABJICHUN, OJHAKO 3HAYCHHS IIOJHOM OOBEMHON EMKOCTH Ha
yuactke ~0,1-0,6 P/Ps OynyT ycTynaTh aicopOeHTY ¢ Y3KUMHU Me30mopamMu (KpuBast
3 na pucynke 1.3). Hamuume yuyacTka Ha KpUBOHM [eCOPOIMU C TOCTOSHHBIM
3HAYCHUEM aJICOPOIIMOHHON €MKOCTH, TaK )K€ SBIIICTCS HE JKeIaTeIbHBIM, TaK KaK
Ha HayaJbHOM JTale MpoIlecca BBIJAYM ra3a aKTHBHAs EMKOCTh CHCTEMBI C
MOTI00HBIM aJICOPOSHTOM MOXKET OBITh KpaifHE HU3KOH.

[TonoOHBIM BHUI HW30TEPMBI QJCOPOIMU XapakTepeH Jig OOJIBIIUHCTBA
CUJIMKAresen, MOPUCTBIX CTEKOJI, a Takxke 11 Mukpomezonopucteix MOKC, kak

nokazaHo Ha pucyske 1.5 [87,88].
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Pucynok 1.5. Mzotepmer aacopommu N2 ipu 77 K sa MOKC Al-BDC (a) [88]
U CWJIMKarejie, MOJYYCHHOM IIpU IMOMOIIM pa3juyHbIX Mpekypcopos (0) [87].
[TycTble cHMBOJIBI — aACOPOIMS; 3aKpallleHHbIE CUMBOJIBI — 1€COPOLIHSL.

Teopetnueckn, Hambonee NPEANOUTUTENBHBIM SBISETCS  aJCOPOEHT,
oOnamaronuii TuaMeTpoM Me3omop npumepHo ot 3 10 10 um. MogenbHas nzorepma
afgcopOuuu-necopoImm moJao0HOro aacopOeHTa COOTBETCTBYET KPHUBOM 3 Ha
pucynke 1.3. Touka Hayana KanuUIIPHOH KOHACHcanuu cooTBeTcTByeT P/Ps ~ 0,3-
0,4. B Takom ciydyae obOecrieuyMBaeTCsl IUIABHOE 3allOJIHEHUE BCEro IMOPUCTOTO
pPOCTpaHCTBa ajcopOeHTa 0e3 SBHBIX MNEeperndoB Ha H30TEPME aJaCcopOLUU.
OTCyTCTBHE CpPAaBHUTEIBHO KPYMHBIX ME30MOp MNPUBOJUT K IOYTH IOJTHOMY
CXOJICTBY BETBU aJCOpPOIMM W ECOpPOIMH TETIN TUCTEPE3Uca, YTO HUBEIUPYET
HEraTUBHOE BIMSHUE (DOPMBI NIETIIM HA aKTUBHYIO EMKOCTh CUCTEMBbI. AJICOPOEHTHI
C MOJOOHON CTPYKTYPOH MOTYT 00€CIIEYUTh CPABHUTEIBHO BHICOKHE 3HAUEHUS KaK
MOJIHOM, TaK U aKTUBHOM 00BEMHOM €MKOCTH, Ha TIPOTSKEHUHU BCErO IIUKJIIA paOOThI
CUCTEMBI aKKyMYJIMPOBAHUS.

CToUT OTMETUTH, YTO BHIIIE OMUCAHBl OOIIHME TOAXOABI K OIICHKE

3G ()EKTUBHOCTH TOTO WM HWHOTO aJcOopOeHTa HCXOAS M3 BHUJA HU30TEPMbI
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ancopOuu-necopouu. ANCOpOIMOHHBIE CHUCTEMbl AKKyMYJIUPOBAHHUS MOTYT
IKCILTYaTUPOBATHCS B NIMPOKKUX HHTEPBAJIaX TEMIIEPATYP U JABJICHUH, a TAKKE MPH
Pa3IMYHBIX TEPMOAMHAMHYCCKHX YCIOBUSIX IUKIMYECKON paboThl. B cBsi3u ¢ yem
IpU pa3HbIX YCIOBUSX PabOTHI MOTYT OBITh 3(PPEKTHBHBI aJICOPOCHTHI C Pa3HBIM

pacrpeiesieHueM Mop 1o pazMepam U GopMoit U30TEPMbI aACOPOITIH.

Cooepoicanue Mmukponop 6 cmpykmype aocopbenma

[TonHoe 3amonHeHWe 00bEMa MHUKPOIOpP aAcopOaTOM JTOCTHraeTcs IpH
P/Ps<0,2-0,3, 4T0 SABISETCS MOJOKUTEITHHBIM (PAKTOPOM TPH aJCOPOIUH B 00IACTH
CBEPXKPUTHUECKUX TEMIEPATYP, TAK KaK MTO3BOJISET JOCTUYb IUIOTHOCTH ajicopOaTa
OJIM3KOM K IJIOTHOCTH >KUJKOW (hasbl MPHU JIaBJICHUSX CHJIBHO MEHbIIIE JaBICHUS
HACBIILIEHHOT'O Tapa.

[Ipu mepexone B 001acTb JOKPUTUYECKUX TEMIIEpaTyp HOJOOHBIM X0n
U30TEPMBI (C PE3KUM MOABEMOM B Ha4aJIbHOM 00s1acTi) 0€3yCI0BHO CIIOCOOCTBYET
MOBBIIICHUIO MOJTHOW OOBEMHOM €MKOCTH CHUCTEMBI VE, OJHAKO B 3TO K€ BpeMs
BEJIET K CHIDKCHHIO AaKTUBHOM €MKOCTH V,, 3a CueT TNOBBIIICHUS 3HAUYCHUN
aacopOuuu B 00JIACTM HU3BKUX OTHOCUTEIBHBIX JAaBiieHui. JlaHHBIN ¢dakTop
O0COOEHHO 3aMEeTEH IPH SKCILTyaTallud CUCTEMbI B U30TEPMHUUECKUX YCIOBUSIX MPU
TeMIiepaTypax OJIM3KUX K TeMIiepaType kurenus ajcopotua. [Ipunaroe 3HaueHue
nasnenus: Bbigaud rasa (0,1 Mlla) He Bcerma Oyner momanath Ha HayalbHBIN
ydacTok uzorepMbl. Hanpumep, npu temmnepatype 120 K, naBieHrne HachIIIEHHBIX
napoB MmeraHa coctasisier 0,191 MIla, t.e. 0,1 MIla = 0,52 P/Ps. Ilpu Takom
3HAYEHUU OTHOCUTEIBHOTO JaBJICHUS O0BEM MHMKPOIOpP MOJTHOCTHIO 3aIMOJIHEH
agcopbaToM. B mogo0HbIX yCTOBUSX aICOPOSHT CO 3HAUUTEIBLHOM JJ0JIeH MUKPOTIOP
MO>KET MPOSBIATH KpallHE HU3KUE 3HAYEHUSI aKTUBHOW €MKOCTH.

HuBennpoBaTh HEZOCTaTOK MHUKpPONOp, B JAHHOM CIy4ae, MOKHO IyTEM
YBEIIMYEHUSI UX Pa3MEpPOB, U KaK CIIEICTBUE YMEHBIIECHUS XapaKTEPUCTUUECKON
sHepruu ajacopOuuu B HUX. bonpmmii pazmep mop npuBeAeT K Oosee Moyiorou
dbopMe n30TepMBI a1COPOLIMU B MUKPOTIOpax, IPHU 3TOM MPAKTUYECKU HE MOBJIUSET

Ha MaKCUMajbHOE 3HaueHue ajcopOumu (ecaum o0beM MHUKPOIOp OCTajcs
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HEM3MEHHBIM). TakuM 00pa3oM NPEANOYTHTEIBHBIMU SIBIISIOTCS aJCOPOCHTHI C
IITUPOKAUMH MUKPOIIOpaMH, AUAMETpoM ~1,2-2 HM, TIPU 3TOM J0JISI MUKPOIIOpP OT
CyMMapHoro oObeMa Iop He Jo/bkHa mnpeBblmath 50%, Bo wu30exkaHue

3HAYHUTEIBHOTO BIUSHIS Ha aKTUBHYIO 00BEMHYIO eMKOCTh cucTembl [89,90].

Hacwvinnas niomnocms adcopbenmos

[TpombINIIICHHBIC AKTUBHBIE YTIIH, KaK MPABHIIO, BEITTYCKAIOTCS B BUE TPAHYI
1160 mopomkoB. UTo o0ycloBieHO cnienmuPUKoil WX MPUMEHEHHS B Pa3IMYHBIX
mporeccax OYUCTKA — HEOOXOJUMOCTBIO O00€CIeYUTh MPOHUIIAEMOCTh CJOs
copOeHTa I KUAKOCTH Uiy Traza. OmHaKo, A 3a/1a4 aKKyMyJIMPOBAaHUS Ta30B,
MopomIKooOpa3Hass WM TpaHylIupoBaHHas (opma copOeHTa He SIBISETCS
MIPEAMOYTUTEIBHON, TaK KaK HEOOXOJAMMO 3aIlOJIHATh MAaKCHMAJIbHOE BO3MOKHOE
KOJIMYECTBO 00beMa akKyMmyJsitopa ajgcopoenTom. C 3Toi TOUkH 3peHusl HauboJee
s dexTuBHOM sBIsIETCS (POPMA MOHOJIUTHBIX OJIOKOB UITH TabJIETOK.

Kak yxe oTMeuanoch paHee MpU pacyeTe MOJHOW OOBEMHOW €MKOCTH
CUCTEMBI YUYUTHIBAETCS KaK aIcOpOMpOBaHHas, TaK U CBOOO HAs Tra3oBas (aza. Yuer
CBOOOJTHOM Ta30BOM (pa3bl MPOBOJUTCS C MOMOIIBIO MOPO3HOCTU acOpOeHTa &.
PacueT nmopo3HocTH AJi1 MOHOJIUTHOM (HOPMBI aJICOPOEHTA BEIYT MO CIACAYIOMIEMY
YpaBHEHUIO:

e=1-Wsd (1.16)
rae, W — cymmapHslii 06beM 1op, cM°/r; d — IJIOTHOCTh MOHOJIMTHOTO
ancopbenTa, r/cM®,

[InoTHOCTH Taza B ajcOpOMPOBAHHOM BHUE OJIM3Ka K TUIOTHOCTH YKHJIKOU
dazpl. B cBi3m ¢ ueM Mg JOCTIKEHUS MaKCHUMAaIbHOU 3(P(HEKTUBHOCTH
aJICOPOIIMOHHON  CHUCTEMBl ~aKKyYMYJIMPOBAaHHUS HEOOXOIUMO CTPEMHUTCS K

IMMOJIYYCHHUTIO ancop6eHTa C MUHUMAJIBHO BO3MOKHBIM 3HAYCHHUECM IIOPO3HOCTH.
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1.4.2. PaznuuHble TUITBI MUKPOME3OTIOPUCTHIX aJCOPOSHTOB

[TopucTeie TBepbie TeNa MPEICTaBICHBI OOIIMPHBIM PSAOM MaTEpPHAIIOB —
LEOJUThl, CUJIMKAreiad, AakTUBHbIE YIVIM, METAUVIOPraHUYeCKUe KapKacHbIe
CTPYKTYPBI, TOPUCTHIC cTekia u Ap. [49,91-93].

B Tabmune 1.2 u 1.3 npencraBiieH aHATUTUYCCKUN CKPUHHUHT aJICOPOEHTOB
Pa3IMYHOIN MPUPOJBI C LIENBIO OLIEHKH UX 3(PPEKTUBHOCTH Il aKKyMYJIHUPOBAHUSA
JIETKUX YTIEBOAOPOIOB B IOKPUTUYECKUX YCIOBHSIX. OCHOBHBIM MMapaMeTpOM IS
OLIEHKH 3(Q(PEKTUBHOCTH NPUHUMAIM PACYETHOE 3HAUEHUE YAEIBbHOM O0BEMHOMN
eMKOCTH CUCTEMBI aKKyMYJIMPOBaHUS MeTaHa pu Temrieparype kunenus (111,7 K)
Y JIaBJICHUH HACBIIIEHHOIO Napa MeTaHa. Tak Kak MCCleI0BaHus, TPUBEACHHbIEC B
JUTepaType, MPOBOAWINCH Ha afcopOeHTax pa3Hoi (Gopmbl (ITOPOIIOK, TpaHysIa U
JIp.) B Ka4eCTBE HACHIMHOW MJIOTHOCTU AJiA pacyeTa Vi OblIa IpHUHITA KaXyIIascs

IINIOTHOCTG.

1

Aapp = deryst + Ws (1.17)

1€, dcryst — KPUCTAIIIMYECKAS IIOTHOCTH aJICOPOEHTA, r/cm®,;

Benuunna kaxymiencs TUIOTHOCTH TPEACTaBISET CO00M TeOpeTHYeCKH
MaKCUMaJIbHO BO3MOXHYIO IJIOTHOCTh MOHOJIMTHOTO aJICOPOEHTA TOCTHXKUMYIO 0€3

yiiep06a A MOPUCTON CTPYKTYPHI.
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Ta6anua 1.2. CTpyKTypHO-3HEPTETUYECKHE XapaKTEPUCTHKH, & TAKKE PACUETHOE
3HAYCHUE TOJTHOW OOBEMHOW €MKOCTH CHCTEMBbl aKKyMYJIMPOBAHHS METaHa IMPHU
111,7 K paznuunbix aicopOEHTOB, IIpeAcTaBlIeHHbIX B uTeparype. [1C — nopuctoe
ctekiio; AY — aktuBHbIN yrodib; CI' — cunukarens; MOKC — metaninopranuueckas

KapKacHasi CTpyKTypa.

V£, M3
HT/M3
Wo, E[O’ y Xo, Ws, | Wme, \\//VV(;/ [Tpu
Ancopbent | Tun em3/r | AV HM | cM3/r | cM3/r o | 111,7K | Ccpuixa
MOJb ) 1 0.1
MlIla
Vycor
porous nc | 008 | 52 | 23| 035 | 027 | 23 | 260 [93]
glass
Ma>|<|s|orb- AV | 18 | 119 | 101 | 201 | 021 | 90 | 506 [94]
Sorbi’l”o”t' AV | 041 | 228 | 053 | 047 | 006 | 87,2 | 306 [43]
AU-1 AV | 027 | 203 | 059 | 04 | 013 | 675 | 281 [39]
FAS-300 | AV | 094 | 165 | 072 | 2,02 | 1,11 | 465 | 507 [95]
S"'gg % | cr | 004 | 169 |071| 082 | 078 | 48 | 393 [96]
MCM-41 | CI' | 036 | 13,6 | 088 | 0,74 | 038 | 486 | 377 [97]
SBA-15 | Cr | 02 | 171 | 07 | 1,05 | 085 | 594 | 428 [49]
DUT-49 | MOKC | 1,26 | 141 | 0,85 | 291 | 1,65 | 433 | 420 [55]
HKUST-1 | MOKC | 0,78 | 182 | 066 | 08 | 002 | 97,5 | 247 [52]
NU-111 | MOKC | 2,09 | 132 | 09 | 21 | 001 | 98 | 39 [30]
PCN-14 | MOKC | 0,87 | 22,6 | 053 | 0,9 | 003 | 966 | 265 [51]
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Taoauua 1.3. PacuerHpie 3HAYeHUS [OOJHOW OOBEMHOW EMKOCTU CHUCTEMBI
akkymyiupoBanus JIY mpum TemmepaTypax KWIICHHsT Ha OCHOBE Pa3IMUHBIX
a7copOeHTOB, MpejcTaBiIeHHbIX B JuTeparype. [IC — mopucroe crekio; AY —

akTuBHbIN yronb; CI' — cunukarens; MOKC — Metaimiopranuyeckas KapkacHas

CTPYKTYypa.
VT, M3 HTI/m3
Meran OtaH [Ipomnan byran
TKI/IH, K
AncopOeHTt Tun 111,7 184.,6 231,0 272,6
VyCOI’ porous
I1C 260 205 157 137
glass
Maxsorb-111 AY 506 398 305 267
Sorbonorit-4 AY 306 241 185 162
AU-1 AY 281 221 169 148
FAS-300 AY 507 398 306 267
Silica gel 60 cr 393 309 237 207
MCM-41 cr 377 297 227 199
SBA-15 cr 428 337 258 226
DUT-49 MOKC 421 331 254 222
HKUST-1 MOKC 247 194 149 130
NU-111 MOKC 396 311 239 209
PCN-14 MOKC 265 208 160 140
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Kax mokazano B Tabmuiie 1.3, ¢ pocToM yTiieBOJOPOAHON IETH CHIKACTCS
nojHasi 00beMHasi €MKOCTh CHUCTEMbl aKKyMyJIupoBaHus. JlaHHas 3aBUCUMOCTH
COXpaHsIeTCs JJI BCEX MPEJICTABICHHBIX afcopOeHTOB. Takum 00pa3om, aicopOeHT
MPOSIBIISIIONINN CPABHUTEIBHO BHICOKHE 3HAUCHUS MOJTHONW OOBEMHONM €MKOCTH J1JIS
MeTaHa OyJeT Tak ke YQPEeKTUBEH U ISl PYTUX YIIIEBOJIOPOIOB, UTO MO3BOJISAET
MPOBOJUTH MEPBUUHYIO OLEHKY 3(P(HEKTUBHOCTH aJICOPOCHTOB UCXO/s U3 JaHHBIX

JUISL OTHOTO BBIOPAHHOTO YIJI€BOA0POIA.

Venepoouwvie nopucmoie mamepuavl

AncopOuuio MeTaHa MCCIEA0BaIN Ha Pa3lIMYHBIX MaTepuanax yriepoaHON
npupozabl (MYII): aktuBHbIX yrisax [17,37,45,98] 1 HaHOIUCTIEPCHBIX YIIIEPOTHBIX
MaTepuajgax, a HMMEHHO yIiIepoaHbix HaHoTpyOkax (YHT) [20,23,99,100],
yIJIEPOHBIX HAHOBOJIOKHAX M TpadeHOBhIX cTpykTypax [28,101,102]. HauGonee
NEPCIEKTUBHBIMUA CPENId YIJIEPOAHBIX IMOPHUCTBHIX MATEPUAJIOB MPEACTABISIOTCS
aKTUBHBIC YTJIM BBUAY MPOCTOTHI W JCIICBU3HBI WX TMPOW3BOJCTBA, W TPU STOM
CPaBHUTEJIHHO BHICOKUX 3HAYEHUHN 00BeMa Top.

DKcnepuMeHTaIbHbIE PA00Thl B 00JaCTH HU3KOTEMIEPATypHOU aacOpOLU
MeTaHa (JIOKpUTHUYECKass 00JIacTh) B YTIJIEPOIHBIX COpOEHTaX MPOBOJUIUCH, K
npumepy, B [9,35,39,48,94,103]. Tak, B [94,103] mpeacraBicHbl pPe3yIbTaThI
UCCIENOBAHUM  ajcopOIuu  MeTaHa Tnpu  Temmeparypax 120-220K  Ha
MEPCHEKTUBHOM  YIJIEPOIHOM azcopOeHTe Maxsorb-111, 00J1a1ar0IIUM
3HAYNTEIBHBIM MTOTCHITUATIOM JIJI aKKYMYJIHPOBAaHUS METaHa MPU JTOKPUTHICCKUX
temneparypax. [Ipu sTom OblI1a TOCTUTHYTA EMKOCTh 77% Macc. pu Temneparype
120K (Pucynok 1.6). Kpome Toro, B [104] wmccienoBaHbl TepMOIUHAMUYCCKHE

XapaKTepUCTHKHU cucTeMbl MeTan/Maxsorb-111 B JokpuTHYECKUX yCIOBHSX.
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Pucynok 1.6. M3otepmsl agcopbumm Metana nmpu Temneparypax 120-220 K

Ha ancopoente MAXSORB-III [94]. CumBosBI — 3KCIIEPUMEHTANIbHBIC JTaHHBIC;
JIvHUM — CruTaliH anmpoKCUManus.

B pabotax [39,41,95] ObLI10 MMOKA3aHO YTO MPOMBINIICHHBIC aKTHBHBIC VTN
MOTYT OBITh A((EKTUBHBI ISl aJCOPOIIMOHHOTO AaKKyMYJIHpPOBAaHUS METaHa,
MPOSIBIISAS 3HAUCHUS aJcOpOLUU BIUIOTH A0 13 Mmoib/r npu temneparype 178 K.
Tak >ke HEeKOTOpbIe MPOMBINIICHHBIE a7copOeHThl (FAS) 001amatoT CpaBHUTEIHHO
OombIoi goneit mesonop ~47%. [loreHnnanbHO MOAOOHBIE a7ICOPOSHTHI CIOCOOHBI
TIPOSIBIISITH JJOBOJIGHO BBICOKWE 3HAYCHUS MOJTHOW OOBEMHON €MKOCTH BILIOTH JI0
500 M3(HT/)/m®. Ogpmako, OojblIas dYacTh IPOMBIIUIEHHBIX —YIIIEPOIHBIX
aJICOPOCHTOB  BBIITYCKACTCSI B TPaHYJUPOBAHHOM BHAC UYTO HE SBISICTCS
MPEAMOYTUTEIBHBIM TSI CHCTEM aKKYMYJIHPOBaHUS.

OO6mupHOE  KOJMYECTBO  paboT B 00jacTd  aacopOIMOHHOTO
aKKyMYJIMPOBAaHHMsS METaHAa HaINpaBJICHHO Ha HCCICOBAaHUE IPUMCHCHHUS
MHUKPOMOPUCTBIX aKTUBHBIX yried [4,33,39,44], BcienactBue crerupUUecKux
tpeboBanuii k cucremam AIIl. B paborte [4] oTrmedaercst 4To 3 ¢HEKTUBHOCTS
MOJOOHBIX MaTEPUAJIOB HAMPSMYIO 3aBHCHUT OT 0O0beMa W pa3Mepa MHUKPOTIOP

ajcopbeHTa, HanboJiee ONTUMATBHBIMH ITApAMETPAMU TIPHU 3TOM SIBIISICTCS TUAMETP
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mukporop 1,1-1,2 HM U MakCUMalabHO BO3MOXHBIM 00BeM Mukporop. Kak yxe
OTMEYAJIOCh paHee TaKOW MOAXOJA He sIBIseTCS Hauboyiee MPeNrOYTUTENBHBIM C
TOYKA 3pEHUA aKKyMyJHpPOBAHHUS METaHa B JOKPUTHYECKOW TeMIepaTypHOU
o0nacTu.

OOmwmii BEIBOA JIsl UCTIOIB30BAHUS TAKUX MATEPUATIOB 3aKIIIOUAETCA B TOM,
4YTO Haubojee TMEepPCINEeKTUBHBI IS PEAJIbHOrO0 MPUMEHEHUs YIJIepOIHbIC
a7ICOPOEHTBI C MPEUU3UOHHOW MOPUCTON CTPYKTYpOH (11 ME€TaHa — MIUPUHA TIOP
or 1,1 mo 1,2 HM), HacTpoiika KOTOPOM SBJISIETCS BakKHOW (PyHJIamMeHTaIbLHON

po06IeMOii.

Memannopeanuueckue kapkacuwie cmpykmypuol (MOKC, MOF)

Teme ancopOuMOHHOrO akkyMynupoBaHus MeraHa B MOF mnocBsimieHo
OOJBIIOE  KOJMYECTBO paboOT, 0030p KOTOPBIX IIMPOKO TMPEACTaBICH B
[47,51,53,54,91,105-107]. BosapmmHCTBO padOT paccMaTpuBalOT aacopOIUIO
MeTaHa TMpPU CBEPXKPUTUUYECKUX Temrieparypax (kak mpaBuio cBeime 273 K) u
yMepeHHbIX naBieHusx (mo 3.5 MIla), a moctaHoBKa 3ajaud HE HampaBlieHAa Ha
MPUMEHEHHUE B HU3KOTEMIIEPaTyPHBIX CUCTEMAX.

HccnenoBanue mnepcnekTUB MPUMEHEHUS METAUIOPTaHUYECKUX KapKaCHBIX
CTPYKTYp B CHCTEMaxX HHU3KOTEMIEPATYpPHOTO aKKyMYJUPOBAHUS MPOBOAMINA B
[50,91], rae uccnenoranu agcop6iuio Merana Ha MIL-101(Cr) u MIL-53(Al) ipu
temriepatypax ot 125 mo 298 K. ABTopamu maHHBIX pabOT OBUT Mpe/CTaBIICH
BApUAHT LUKIWYECKON pabOThl CHCTEMbl — 3alpaBka NpH JOKpuTHdyeckux (125-
160 K), a Bpimava raza mpu CBEpXKPUTHUECKHX TemIiieparypax (Ha ypoBHe 298 K).
BbuT0 mOKa3aHo, YTO MaKCHMajbHas 00beMHass eMKocTh cuctembl ¢ MIL-101(Cr)
nocturaer 360 M3(HTJ])/mM3. AKkTuBHas eMKOCTb CHUCTEMBI JOCTUTAeT 3HAYEHHI
240 M3(HT/I)/m® ipu 5TOM OrpaHruuBaroiuM (HakTopoM IS €€ pOcTa SBJISAETCS
00BEM MUKPOTIOP, a TAaK)KE€ BBICOKAS SHEPTUS aJCOPOIMU TPU HU3KUX JIABJICHUSX,

KOTOpasi OTpe/ieNseT Hen3BIeKaeMblii 00bEeM rasa.
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Pucynok 1.7. I'paBumerpuyeckas U OO0bEMHAs EMKOCTb CHCTEMBI
aKkkymynupoBaHuss Metana Ha ocHoBe MOKC MIL-101(Cr) [91]. CumBonbl —
IKCIIEPUMEHTaIbHBIC JaHHbIE, [[yHKTHUpHBIC THHUM — CIUIAHH ammpOKCUMAITHSL.

Meszonopucteie MOF umeroT nepcnekTuBbl Uii HU3KOTEMIEPATypHOTO
aKKyMYJIMPOBAaHUS METaHa B CBSI3U C BO3MOXHOCTBIO 110J100pa mapaMeTpoB MHOp B
IMIMPOKUX WHTEPBaJiaX, YTO BAXKHO ISl KOHTPOJSI CBOMCTB METIM THUCTEpe3uca u
KOHTPOJIS KanmuutspHoO# koHaeHcaruu [108,109].

OtrnuuurensHo oco0eHHOCThI0 MOF 1 aHaJIOrMYHBIX MaTepUalioB SIBJISETCA
WX HU3Kas CTaOMIIBHOCTH, YTO OCOOCHHO MPOSIBISIETCS TPH UX (PyHKIIMOHAIN3AIINY,
HaTpumep, Ipu SKCTpy3uu uin popmoBanuu. Kpome toro, MOF Bce erme octatorcs
JIOBOJIBHO JTOPOTOCTOSIINM MaTEpUajOM, CUHTE3 KOTOPBIX CPAaBHUTEIHHO TPYIHO

MacIITabupoBaTh.

Cunuxaezenu, nopucmole cmexia

N3BecTHBI pabOTHI MO HCCISAOBAHUIO AJCOPOIMM METaHA B CHJIMKATCIIsX
[49,92,97]. Cunukareu mokasbpIBaIOT, B IICJIOM BBICOKYIO eMKOCTh — 00pa3ibl SBA-
15 u MCM-41 cnoco6nb1 akkymymupoBats okosto 370-430 M3 (HT/T)/m3. Oxnako

HNX HCOOCTATKOM ABJIACTCA CPABHUTCIIBHO HHU3KHH 00BEM IIop, KaK IIPaBHUJIIO
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orpannuuBatommiicsa ~1,1 cMm®/r. PaBoThl 0 BO3MOYKHOCTH HX NPUMEHEHUS IS
XpaHEHHUS MeTaHa WM3BECTHBI, HO MPUMEHUTEITHLHO K (OPMHUPOBAHHUIO Ta30BBIX
THJIPATOB B IPUCYTCTBUHU MOJICKYJ BOJIbI ¥ TIPH CBEPXKPUTHUCCKHUX TEMIIEPATypax
[49,92]. C TOYKM 3peHHs] EMKOCTHBIX CBOMCTB 10 aKKyMYJIMPOBaHUIO MeTaHa (0e3
runpatoB) CI 3adacTyro yCTymarT yriepoaHbIM acopOeHTaM.

CTouT yIoMsHYTh MIOPHUCTHIC CTEKJIA, CHHTE3 KOTOPHIX, KaK MPaBUIIO, COCTOUT
B «BBIMBIBAaHUM» OJHOTO M3 KOMIIOHEHTOB CTEKJIa ITyTeM XUMHUYECKOU 00pabOTKH
KUCIIOTaMH, 4YTO TIPUBOAWT K OOPa30BaHHIO IOPUCTOTO MPOCTPAHCTBA B
kpeMHezeMHOM ckeriete [93]. OqHako oHM 3adacTyro cuiibHO ycrymaroT CI' u AY
0 00BEMY ME30TIOP i EMKOCTHBIM XapaKTEPUCTHKAM.

CornacHo  nuTeparype, HaumOOJBIIME TEPCHEKTUBBI  JUISI  CHUCTEM
aKKyMYJIUPOBAaHHS METaHa CETOMHS CBS3BIBAIOT YIVIEPOAHBIMH MaTepuajiaMi, B

OCHOBHOM C aKTUBHBIMHU YTJIAAMH.

1.4.3. AKTUBHBIE YIJIM C Pa3BUTON MHUKPOME3OMOPUCTON CTPYKTYpPOH H

CITOCOOBI MX IMOJTYy4YCHUA

VYrinepoanele  anacopOEHTbl C  pPa3BUTOM  ME3OMOPUCTOM  CTPYKTYpOM
IPUBJIEKAIOT OOJIBIIOE BHUMAHUE BO MHOTUX OOJIACTSX HAYUYHBIX UCCIIEIOBAaHUMN —
ancopOLMOHHOE Pa3AelIEHUE U aKKyMYJIMpPOBAaHHUE, ONPECHEHUE M OYMCTKA BOJBI,
KaTaju3, IpPUMEHEHUE B KaueCTBE MaTEpPHAIIOB AJIs AJIEKTPOAOB, baTapeit. OqHako,
JU1s OOJIBLIMHCTBA OMUCAHHBIX MPUMEHEHHH, HanOOJBIINA HHTEPEC MPEICTABISIOT
ME30IOPUCThIE aKTUBHBIE YIIIH, KaK MPABUIIO, C HEOOIBIIMM 00bEMOM MUKPOIIOP.
[Ipu 5TOM pabOT HaAmpaBlIEHHBIX Ha IMOJIyYEHHUE YIJIEPOJHBIX MAaTEPUAJIOB C

pPa3BUTOMN KaK MUKPO, TaK U ME3OIIOPUCTON CTPYKTYPOH CPaBHUTEIILHO MAJIO.

Temnnamuulii cunmes
TeMryaTHbId CHHTE3 TO3BOJIAET TMOJYUYUTh YIJIEPOJHBIE aJICOPOCHTHI C

HEOOXOMMOM JIJIsl TeX WJIM UHBIX 3a7a4 CTPYKTYPOH, T.€. pachpeieICHUEM op 1o
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pa3mepam. [Ipu 3T0M BO3MOKHO HCITOJIb30BaHKE Kak skecTkux (hard) tak m Msarkux
(soft) remrmnaTos [110,111].
CHUHTE3 ¢ UCIOJIb30BAHUEM JKECTKMX TEMIUIATOB, KaK MPaBHIIO, BKIIOYACT B

ceOs caenyromiue craguu [111]:

e [lomyuenue ME30IIOPUCTON KPEMHE3EMHOU MaTpHULIbI c
KOHTPOJIUPYEMOU apXUTEKTYpOU

e Baenenue noaxoasauiero yriiepoaHoro NpeKypcopa B ME30IOPHI IyTEM
BJIQKHOM MPONMUTKU UM XUMUYECKOTO OCAKJIEHUS U3 NapoBOi (pa3bl

e [lomumepusanus IMOJY4EHHOIO  KOMIIO3UTAa C  IOCIEAYIOIIEH
KapOOHU3aLuel Ipy BBICOKON TeMIepaType

e VYianeHue KpeMHE3eMHOU (DOPMBI ITyTEM TPaBJICHUS

IlonydyeHnass  yriepoaHass CTPyKTypa SBIETCS KONMEH  HCXOJHOU
KPEMHE3EMHON MaTPULIBI.
CuHTE3 C UCI0JIb30BAHUEM MSTKUX TEMIUIATOB BKJIIOYAET B CE€051 CIEAYIOLINE

craguu [110]:

o dopMupoBaHue CyNpaMoJICKyJIIPHOr0 HAOOpa MOJIEKYJI
e Tlomumepu3ariysi KOMIIO3UTa C BEICOKOM CTEMEHbIO CIITUBKHU
e VianeHue TeMIuiaTa

o KapOonuzamms

B mnocnennue rojibl TEMIUIATHBIA METOJI CUHTE3a HaOWpaeT Bce OOBIIYIO
HOIYJISIPHOCTb BBUY TOT'O, YTO TIO3BOJISIET CTPOr0 KOHTPOJIUPOBATH ME3OIIOPUCTYIO
CTPYKTYPY Y TIOJy4aTh aKTUBHBIC YTIIHU [Tl KOHKPETHBIX 3a1a4. Tak B padore [112]
ONHKCaH METOJ| TMOJYYeHHUs] HaHOPa3MEPHBIX CPEPUUYECKUX YaCTUIl YTIEPOJHOTO
ME30MOPUCTOr0 MaTepuaja ¢ MOMOUIbI0 TMPUMEHEHHs] >KECTKOro TeMIUIaTa.
CyMMapHEIii 00bEM TI0p TOTy4EHHOTO MaTepraa cocTaBul 2,63 ¢cM>/T, a yeabHas
nosepxHocTh o BT Gonee 2400 M?/r. U30TepMa ancopOLUMU-1eCOPOLMH, a TAKKE

pacrpejienieHre mop mo pasMepam IMpecTaBiieHbl Ha pucyHke 1.8.

43



1800 -
| 7

1600- o e

1400- L

é 12001 ff', ",...'
— 1000_ /’.‘.’.,.' 0.54 r
L ‘ ..l’d'. 5 041 ﬂ [
« 8004 e = | \'}
o. 600-. S 0.2 1’ \
= 400- Sot] | \\\
200 H9S 3‘ 4 6 810 1"2"41'4 16 18 20
0 : : . : D,
0.0 0.2 04 0.6 0.8 1.0

P/Pg

Pucynok 1.8. Mzorepma amcopbumm-mecopOuuu azota npu 77 K m
pacmpeneneHre mHop 1O pa3MepaM CPEpUUYECKUX YacTHIl ME30MOPUCTOrO
yriaepoaHoro Matepuana [112].

B  menmoM  TeMIuiaTHBIE  METOJ ~ CHHTE3a  MO3BOJSET  MOJIy4aTh
MHUKPOME30IIOPUCThIE YIJIEPOJHbIE MaTepHalibl CO CPABHUTEIBHO BBICOKUMU
3HaYEHUSIMU o0beMa Top U Joiu Me3omnop. OgHako cCyMMapHbBId 00beM Mop st
M3BECTHBIX B JIMTEPAType MaTEPUAIOB 3a4acTyio orpanmumpaerca 1,0-1,2 cm¥r.
Kpome Toro, temmiaTHBIA METOJ CHHTE3a, XOTh M TO3BOJSIOT CHHTE3WPOBATH
YTJIEPOAHBIE MAaTEPHUANbI ¢ KOHTPOJIMPYEMOW MOPUCTON CTPYKTYpPOHM, a TAKKE CO
CPaBHUTEJIBHO BBICOKMMHU 3HAUYEHUAMU OO0BEMa TOp, TKEIO MOAAETCA
MacCIITaOUPOBAHUIO, SIBIISTFOTCSI TPYAO3aTpaTHBIMU u CPaBHUTEIHHO

JOPOTOCTOSIIIAMH.

Axmueayus omxo008 buomaccol

AKTHBHBIC YTJIA C PAa3BUTONH MUKPOME3OMOPUCTON CTPYKTYPO MOTYT OBITH
MOJIYYEeHbI TyTEM XUMUYECKON/(PU3NUeCcCKO aKTUBALIMK KapOOHU3aTa MOJyYeHHOTO
MAPOJIH30M OTXOJ0B OoromMacchbl (cxopiyma OpEXOB, OTXO/IbI

nepeBooOpadaTeiBaroieii mpoMblnuieHHocTH u ap.) [113,114]. Kak mnpasuiio
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aKTUBUPYIOIIUE areHThI MPEICTABISIOT CO00H 00€3BOKHBAIOIINE areHThI, KOTOPbIE
YAATAIOT KUCIOPOJI M BOJOPO U3 JIMTHOLIEIUTIOIO3HOTO MaTepHUala U YBEIUUHBAIOT
nopuctocth. Haubonee pacrnpocTpaHEHHBIMU aKTUBATOPAMU SIBISIOTCS XJIOPHUT
muaka (ZnCly), oprodochopnas xuciora (HsPO4) u ruapokena kamus (KOH). B
ciydyae (QU3MUECKOW aKTHBAIlMU, Hanbojee 4acTo MPUMEHSIOT BOASHOW map, a
Takke AHoKcun yriepoaa [115-119].

B nmanHOM cimyyae KOHTPOJIb MOPUCTOM CTPYKTYPHI MOKHO OCYIIECTBIISTH
paznmuuHbIMH  criocoOamu. [lomydaemblil yriaepoaHbIi MaTepuan Jaaxke IMocie
HECKOJIbKMX CTaJUi aKTUBAllMU BCE C€IIE MOXET COXPaHATh MHUKPOCTPYKTYPY
BbIOpaHHOTO Tmpekypcopa. [logbop ycioBuil kKapOOHM3aUUHU, AKTUBUPYIOLIETO
areHTa a TakXKe COOTHOILIEHUS aKTUBATOp : KapOOHU3aT MO3BOJSET B HEKOTOPOMH
CTETICHU PETYJIMPOBATh MUKPOME3OMOPHUCTYIO CTPYKTYpPY, KaKk OBLIO MOKa3aHO B
[118,120,121].

OOmwmii TPUHIUI aKTUBALMA COCTOUT B Pa3pylICeHUH CTPYKTYpPhI JIMTHUHA
UCXOJIHOM OMOMAaccChl M MOJYy4YEHUE YriaepoJHoro kapkaca. O0pa3zoBaHue mop mnpu
TOM MPOUCXOAUT IMyTEM YAAJNEHUS YacTH yriepoda C IMOBEPXHOCTH KapKaca
MOCPEACTBOM  PA3NMYHBIX XWMHUYECKHUX pEaKIHid MEKIy aKTUBATOpPOM U
kapOonusarom [116,117].

CToUT OTMETHTb, YTO NPUMEHEHHE XHMUYECKOU/(PU3NYECKOW aKTHBAIUU
KapOOHM3aTOB MPUBOIUT K PA3BUTHIO OOIIEH MOPUCTOCTH YIIIEPOJAHOIO MaTEpHaIa.
Hanpumep, B padote [118] Obl10 MoKa3aHO YTO ISl MOJTYYEHUS MAKCHMAJIbHOTO
o0beMa MHUKPOIOP C MPUMEHEHHWEM THAPOKCHAA Kajus B KayecTBE aKTHUBATOpa
ontuManbHOM TeMneparypoit seisercs 800°C. OgHako, MOBBIIEHUE TEMIIEPATYPHI
aktuBaruu 10 900°C npuBeNo K MOBBIIEHUIO CYMMapHOTO 00beMa Top, HO B TO e
BpeMsi, K CHIDKEHUIO 00beMa MUKpoTrop. T.e. MOBHIIIeHne TeMIepaTyphl MPUBEIO K
YBEJIIMYEHUIO pa3Mepa yacTu Mukpornop. [lomoOHoe moBeneHue XapakTepHO AJis
OOJBIIMHCTBA AKTUBUPYIOIIUX areHTOB M BHOCHUT HEKOTOphIE OTpaHMYEHHUs Ha
MUKPOTIOPHUCTYIO CTPYKTYpPY TOJTydaeMoro MaTepuaia. TeopeTudeckn BEIOpaHHBIN
IPEKYPCOpP MOXKET ObITh aAKTUBUPOBAH B OOJbILIEH CTENEHH, YTO MPUBEIET K POCTY

oOlIel MOPUCTOCTH, HO K CHIKEHHIO oObema MHKpornop. B cBsizu ¢ yem mnpu
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XUMHYECKON aKTUBALMU UACHTUYHOTO MPEKypcopa CyMMAapHBIA 00beM MOpP MOKET
OBITH Pa3BHUT B ropas3ao OOJbLIEH CTENEHN YeM 00bEM MHUKPOIIOP.

Tak sxe B padote [122] ObUTO MOKa3aHO YTO MPHUMEHEHHE KaK (PHU3UUECKOH,
TaK U XMMHUYECKOW aKTUBAIIMU TO3BOJIAET MOJMy4yaTh YIJIEPOJIHBbIE aJACOPOEHTHI C
JIOBOJILHO BBICOKHM COJIEp>KaHUEM ME3010p B CTpYKType — 6osee 80%.

JlaHHbIf METOJ CHHTE3a YIJIEPOAHBIX MaTEpHUANIOB SIBISETCA  JIETKO
MacCIITA0UPYEMBbIM M HUCHOJB3YyeTCSI TPHU TMPOU3BOACTBE MPOMBIIUICHHBIX
YIAEPOJHBIX aacopOeHTOB. XuMHUYecKas/(pu3nueckass akKTUBALMS TMO3BOJISET
KOHTPOJIMPOBATH MOPUCTYIO CTPYKTYPY MOTy4aeMOro MaTepuaia, XOTh U HEe B TOU
K€ CTETMEeHW YTO M TEMIUIATHBIA METOJ] CHHTE3a, W SBISETCS CPABHHUTEIHHO

JICIIIEBBIM METOZIOM cuHTe3a [123].

1.4.4. KoMmakTUpOBaHWE aKTUBHBIX yTiieh

[Tocne craguu cuHTe3a (AKTUBALIUU) YTJIEPOAHBIC aJCOPOCHTHI, KaK MPaBUIIO,
MOJIy4YaloT B MOPOIMIKOOOpa3sHOM Buje. s mosydeHus: MOHOJIUTHBIX OJIOKOB
MPOBOJIAT KOMITaKTUpoBaHue ((popmMoBaHHE) copOEHTa MO JIaBIIEHUEM B TMpecc-
dbopmax, 3a4acTyro, C UCMOJIH30BAHNEM CBS3YIOIIMX BEIIECTB, TAKUX KaK JIATEKC,
MTOJIMBUHWJIOBBIN CIUPT, HATPUEBas COJIb KapOOKCHUMETHIIIICIUTIONIO3BI U JAPYTHE
[15,16,45,124].

[Tporecc KOMIMaKTHPOBAHUS MTOPOLITKOOOPA3HOTO aAcopOeHTa, 3aKOHOMEPHO,
COMPOBOXK/IACTCS TOBBIIICHUEM €ro HaCBhIMMHOW IUIOTHOCTH. B TOXe Bpems,
MEXaHUYECKOE BO3JCHCTBUE O/ JABJICHUEM, a TaKKe 3aKyIOPUBAHUE MTOPUCTOTO
MPOCTPAHCTBA MOJIEKYJaMHU CBSI3yIOIIETO BEIIeCTBA HEM30EKHO MPHUBEACT K
pa3pyIICHUIO MOPUCTONU CTPYKTYPbl M CHUKEHHUIO CTPYKTYPHBIX XapaKTEPUCTHK
copOeHTa (yIenbpHOTO OObeMa MOp M IUIOIAIAM IMOBEpXHOCTH). B pabore [15]
UCCIICIOBAIM BIIMSHUE JaBJICHUS W MAacCOBOTO COJEP)KaHUS CBSZYIOIIETO Ha
CTPYKTYPHBIC XapaKTEPUCTHUKA U OOBEMHYIO €MKOCTh MO METaHy TMOJydaeMbIX
MOHOJIUTHBIX aJCOPOCHTOB. bBBUIO MOKa3aHO 4YTO TIOBBIMICHHUE COJICPIKAHUS
CBSI3YIOIIIETO BEIIECTBA (HATPUEBOU COJIM KapOOKCUMETUIIELTI0NI0361) ¢ 3 710 10 %
BJICYET 3a COOOM IOBBIIICHNE INIOTHOCTH MOHOJIMTHOTO O10Ka Ha ~12%, Torma kak
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CyMMapHbIH 00BbeM mop cHu3miIcs Oosiee ueM Ha 30%. B cBoro odepeb moBBIIIIEHUE
nasnenus ¢ 10 MIla no 65 Mlla npuBeno Kk CHI>KEHHIO 00beMa Op MPUMEPHO Ha
8%.

CToUT OTMETHUTh, UYTO MEXAHUYECKOE BO3JCHCTBUE MOXKET OKa3bIBaTh
BIIUSIHUE HE TOJILKO Ha OOBEM IMOp B IIEJIOM, HO U Ha pacupelesieHue IMop Io
pasmepam. Hampumep, B [40] ObU1O mOKa3aHO YTO MPOIECC KOMITAKTHPOBAHUS
YIJIEPOAHOTO alCOpPOEHTa MOXKET MPUBOJUTH K CHIMXKEHHUIO JOJIM CPAaBHUTEIIHHO
HIMPOKKUX MUKponop (auameTtpoM 1,2-1,4 HM) TIpu 3TOM, MPAKTUYECKU HE BIUSS HA
JOJII0 Y3KUX MHUKponop (auamerpom <1,2 HM). J{ig mpoliecca akKyMyJIupOBaHUS
MeTaHa B JOKPUTUUYECKUX YCJIOBUSAX pACHpENICNICHUE MOpP MO pa3MepaM SIBIISIETCS
OJIHUM U3 KpuTepueB 3P heKTuBHOCTH aacopOeHTa (cMm. m. 1.4.1), 4yTo BHOCHUT
JIOTIOJIHUTENIbHBIE TPeOOBaHUS K MapaMeTpaM KOMIAKTUPOBAHUS aJCOPOCHTOB C
Pa3BUTON MUKPOME3OIIOPUCTON CTPYKTYPOH.

Takum 00pazom, Mmporecc KOMIAKTUPOBAHUS TMPEACTaBIsET cO00M 3amady
HAaXOXJCHUS ~ ONTUMyMa  MEXJy  IapaMeTpaMud  KOMIIAKTUPOBAaHUS U
XapaKTEePUCTUKAMU TOJIYy4aeMOTO MOHOJIUTHOTO ajicopOeHTa. OOl mpUHITUI
JICKUT B TMOJA0OpE MapamMeTpoB, KOTOPHIC IMO3BOJISIIOT TMOJYYUTH aACOPOCHT C
MAaKCHUMaJIbHOM IIOTHOCTBIO ITPY 3TOM C MUHUMAJIBbHOU Jerpagallie CTpPYKTYPHBIX

XapaKTePUCTHK OTHOCUTEIHLHO MCXOIHOTO MOPOIITKO0Opa3HOTO aacopOeHTa.

1.4.5. [IpumeHeHue aacopOIu B JOKPUTUYECKHUX YCIOBUIX

B Hacrosimee Bpemsi HauOomee 3HEprodPGEeKTUBHBIM CIIOCOOOM XpaHEHUS
I1I" s;ByIsIeTCs TEXHOJIOTUS CHIKEeHHOTO TpupoaHoro ra3a (CII) [7,9]. a3 xpanutes
B JKMJIKOM COCTOSIHMM IpU TeMmreparype OiM3koi K temneparype kuneHus (~111-
120 K) u naBnenuu 6;m3koM K 1 atm. B 3Tux ycinoBusix mioTHoCTh xuakoro [T
(metana) gocruraet 600 MPHT /M.

I[Ipu xpanenun CIII' B H30TEPMUYECKUX pPE3EepBYyapax-xpaHUIUIIAX
oOpasyeTrcst 30bITOK ra30BOM (pasbl 32 CYET BHEUTHUX TEIUIONPUTOKOB. CyTOUYHBIE

MOTEpH raza, B 3aBUCUMOCTH OT THUIIA KPHUOTCHHOI'O XpaHUJIKWIIA MOTYT JOCTUTATDh
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4% u Gonee (B 3aBUCUMOCTH OT 00bE€Ma CUCTEMBI), YTO BBI3BIBAECT TPYAHOCTH MPH
JUTMTENILHOM XpaHeHuu u Tpancnoptuposke CIIT [6,9].

Hpyras npobnema, csizanHa ¢ notepsimu CIII, koTopsie oOpasyrorcs mpu
MOTPY30YHBIX ONEpaIMsIX, KOT/1a UHTEHCUBHOCTD T'€HEPALIMU OTIIAPHOTO Ta3a MOXKET
KpaTKOBPEMEHHO Bo3pacTtaTh B 1.5-2 pasa (a morepu — cBbimie 10-15 %) [9].

B ciyyae HEBO3MOXXHOCTM HEMENJIEHHOTO TMOJE3HOTO HCIOIb30BAHUS
u30piTkOB mapoB CIII' B sHeproycraHoBKax WM BO3BpaTa B CHCTEMY IIyTeM
MOBTOPHOTO CXKMKEHUS, JIJIs 3aluThl pe3epByapoB CIII' OoT moBbIIeHHS JaBICHUS
IPeyCMOTPEHBI JIB€ HE3aBHCUMBIC aBTOMATUIECCKHE pa3rpy304Hble cUcTeMbI [125]:

— cOpoc u30bITKa ra3za B aTMocdepy uepe3 CBeUy pacCEeUBaHMUS;

— C)KMTaHUE OTHAapHBIX Ta30B Ha (pakere;

VYkazanHble MeTOIbl obecnedeHus Oe3omacHoctH pesepByapoB  CIIT
IPUBOJAT K BO3HMKHOBEHHIO HEBO3BPATHBIX NOTEPh LIEHHOTO 3HEpropecypca u
cHmkeHuto sHeprodddexrtuBHoctu cucrem xpanenus CIII. Kpome Toro, copoc
MapoB METaHa B OKPY>KAIOIIYIO CPEAY MPUBOAUT K PE3KOMY MOBBIIICHUIO MOKapHOU
U B3pbIBHOUM omacHocTu o0wekToB CIII. Ilpu 3TOM, HEOOXOAMMO MOMHHUTH, UTO
MeTaH oOjamaer 0oJjiee CHUIBHBIM MAapHUKOBBIM 3(PPEKTOM, UeM YTICKUCIBINA Tas3.
Ero norenmman riao6ansHOro noterieHus paBeH 25 misa 100-neTHel mepcrneKTUBbI
(IPCC, 2014, OOH, 2014).

ANBTEpHATUBHBIM TOJXOJIOM, KOTOPBIM TMO3BOJUT PEHINTH MPOOIEMBI C
Hed((PEKTUBHBIM UCIOJIb30BAHUEM OTIAPHBIX TA30B MOXKET CTATh YJIABIMBAaHUE U
XpaHeHHue ra3oBoi ¢as3el B agcopoupoBaHHOM coctosiHuu [9—-11]. B wactHOCTH, B
pabote [11] aHaMTUTHYECKHU MMOKA3aHO, YTO COYETAHHUE MPOIECCOB pera3uuKaIum
CHI' 1 ancopOUMOHHOTO aKKyMYyJUPOBAaHUS MapoOB HPUPOIHOTO rasza SBISETCS
3¢ (EeKTUBHBIM U MEPCTICKTUBHBIM METOIOM yTuim3aruu sxceprun CIIT.

JloTIOTHUTETBHBIM IPEUMYILIECTBOM a71cOpOLIMOHHBIX CUCTEM
aKKyMYJIUPOBAHHS SIBISICTCS WX BBICOKAas E€MKOCTh B YCJOBHUSIX HH3KHX,
JOKPUTUYIECKUX TEMIIEPATyp, KOTOpasi B HECKOJIBKO Pa3 MOXKET MPEBOCXOAUTH ATOT
napameTp i1 OOIIENPOMBIIIEHHBIX TepMOAUHAMUYecKux ycioBuit (273333 K).

B »stom cwmbIce MNEPCICKTUBHBIM IPCACTABIACTCA CHC}Iy}OH_[I/Iﬁ OHKIJII pa6OTBI
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CUCTEMBI: PEXHM aKKyMyJupoBaHHUs npu HuU3kod temmeparype (111-191 K), a
BbIJa4a IPU HOPMAJIbHBIX yclioBUAX (273 K u Bblle), JIsi MAKCUMHU3ALUHA OT/Ia4u
(aKTUBHOTO Ta3a).

Yro kacaeTcsi TCOPETUICCKHUX MCCIICIOBAHNM, K IpuMepy, B padorax [19,59]
UCCJIEIOBAHA BO3MOXHOCTh MPUMEHEHUSI TEOPUU OOBEMHOrO 3aroTHEHUS
mukponop (TO3M) st pacyera aacopOLMM MAPOB METaHA B JIOKPUTHUECKHUX
ycnoBusix. B [9-11] mpencraBieHBl TEXHOJOTHYECKHUE CXEMbI M OCBEIICHBI
TEPMOJIMHAMHYECKUE AacCHeKThl MpuUMEHEeHHs akkymyssitopoB AIIlT B kadectse
omokoB mmsa perasudukanuu CIII, B3ameH artMmochepHbIX uHcnapurtenei, 0e3
MPUBS3KU K KOHKPETHBIM IpoLieccaM COPOLIMK/AeCOPOLIMK U CBOMCTBAM MOPHUCTBIX
MaTepUasoB.

B pabore [9] mnpoBemeno wccienoBanue 3(PPEKTUBHOCTH CUCTEMBI
akkymynupoBanus napoB CIII' Ha ocHOBE MHMKPONOPUCTOrO AKTUBHOIO YIJIA,
MOJyYEHHOT0 IyTEM XHMHUYECKOM aKTHBAIlMM CKOPJIYIbl KOKOCOBOTO OpeXxa.
ABTOpaMH yTBEpXKAAeTCd 4YTO ONTHMajbHAas TeMIepaTypa OSKCIUTyaTaluu
MOMOOHBIX cUCTeM JieKUT B uHTepBajie 140-160 K, mpu sToM onTumanbHOU
TEMIEPATYPOil N3BICUCHHS Ta3a U3 aICOPOIIMOHHOTO aKKyMyIaTopa siBisiercs 293
K. Ilpu TakoM pexume KOJIMYECTBO H3BJIEKaemMoro rasza nocturaer ~90%, a
notpebieHne sHepruu i HarpeBa coctaBuiio 0,56 kBT u/kr, 4To comoctaBuMoO C
HAaUMEHBIIUM TOTPEOJICHUEM TpU TOBTOPHOM OXWKEHUHM Tas3a. ABTOpaMu
OTMEYaeTcsl 4TO JaJbHEUIINe MEePCHEKTUBBI JUIsl Pa3BUTHS JaHHOW TEXHOJOTHH
Jexar B pa3pabOTKe HOBBIX MaTEpHaOB, KOTOPBIE IMO3BOJSAT MOBBICUTH OJIO

HU3BJICKACMOI'O I'a3a.
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1.5. BriBoasl k I'1aBe 1

AHanu3 COBPEMEHHOM HAYyYHO-TEXHUYECKOW JUTEpPATypbl MOKA3al, YTO,
HECMOTpPsI Ha MHOTOYMCIEHHbIE pabOThl B  00JACTH  aJCOPOLIMOHHOTO
akkymynaupoBanuss MeraHa (AIIl)) B 0OLIENPOMBINUIEHHBIX  HMHTEpBaJax
temnepatyp (223-323K), KOMIUIEKCHBIE HCCIEIOBAaHUS 3aKOHOMEpPHOCTEH
aJcopOLIMM METaHa B MOPUCTBIX CTPYKTYpax B JOKPUTHYECKUX YCIOBUSIX (HIKE
190,6 K), B Tom uncne npumenutensHo k cuctemam ACIIL, B moctatouHoM 00beme
HE MPOBOAWINCH. OTYACTH 3TO CBSI3aHO C BBICOKOM TPYAOEMKOCTBhIO OpraHH3allun
HKCIIEPUMEHTAIBHBIX MCCIIEIOBAaHMM, a Takke ¢ (PyHIAaMEHTaIbHON CIIOKHOCTHIO
OMMCAHMs CBOWMCTB ajcopbaTa B KaNMWUIIPHO-KOHJIEHCHUPOBAaHHOM BHJIE B
Me30omopax M rucrtepesuca copOuuu-aecopOuuu. Kpome Toro, orcyrcrByroT
XapaKTEPUCTUKU TMEPCHEKTUBHBIX aJCOPOEHTOB IJIsl pelIeHUs AaHHOW 3a7aud, a
TaK)ke He pa3pabOoTaHbl METOJIbI X MOJIYYCHHUS.

BaxxHo OTMeTUTh, UYTO MPEAMETOM YIHOMSHYTHIX pabOT, SBISUIUCH
aJICOPOEHTBI C Pa3BUTON MUKPOIIOPUCTOM CTPYKTYPOM, MPaKTUUYECKU O€3 Me301op,
rae  ajacopOmus MOpOTEKaeT IO MEXaHM3My OOBEMHOIO 3alojHEHHS U
xapaktepusyetcst uzotepmoit agcopouuu | tuna no IUPAC. B cBoro ouepenb, npu
WCIIOJIb30BAaHUU AJICOPOIIMOHHON TEXHOJIOTHMH akkymyiaupoBanus mapoB CIIT
HE00XO0MMO 00ECIIEUNUTh HE TOJIBKO BHICOKYIO yI€IbHYI0 00BEMHYIO EMKOCTh, HO U
BBICOKHME 3HAUEHUS BbIJA4H IPUPOJIHOTO raza npu paspsiake cucreMsl. C 3TOl TOUKU
3peHusi, Ooyiee MPEANOYTUTEIbHBIMU SIBISIOTCA aJCOPOEHTBI C  Ppa3BUTOM
ME30IMOPUCTON CTPYKTYPOM, aACOPOLMS B KOTOPBIX MPOTEKAET MPEUMYILIECTBEHHO
M0 MEXaHU3MY KallWUISIPHOM KOHJAECHCALMK U Xapaktepusyercs uzorepmamu |1-111
(m IV-V ¢ nerneir ructepesuca) mo IUPAC. [logoOHBII X0 KPUBBIX H30TEPM
a7IcOpOLIMM MO3BOJIUT 00ECHEUYUTh MOBbIIEHHYI0 eMKocTh ACIIL npu naBineHusx,
ceoitie 0,3 P/PS, HO ipy 3TOM MUHHUMAaJIbHBIMU ITOTEPSIMH B aKTUBHON €MKOCTH ITPH
BbIJIaY€E T'a3a, B OTJIMYHE OT MUKPOIIOPUCTBIX CTPYKTYP.

W3 mpoBeAeHHOT0 aHaIu3a, CIEeIYeT, YTO MPEICTaBIECHHbIE B IUIaHE PaOOTHI
3alayu  00Jaal0T BBICOKOW HOBHW3HOHM, (PYHIaMEHTaIbHOM U TPAKTUYECKON

3HAYMMOCTBIO B JaHHOU 00JIACTU WCCIIEJOBAHUNA.
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I'/TABA 2. OKCIIEPUMEHTAJIBHAS YACTb.

2.1. OObBLeKTHI HCcCIe0BAHNSA

2.1.1. Metoauka NOIy4YeHUs] MUKPOME30IOPUCTHIX aKTUBHBIX YTIICH

O0pasipl MUKPOME3OMIOPUCTHIX YTIIEPOIHBIX aCOPOECHTOB ObLIN MOJYyUEHbI
C NOMOIIPK0 METOJWMKM JBYXATAallHOM XUMHYECKOW akTuBauuu. B kadecTse
MIPEKYPCOPOB UCIIOJIb30BAJINCH OTXO/IbI nepeBooOpadaThIBaroIIeh
IMPOMBIIIUICHHOCTH (OMWJIKM, Ierna). B KadecTBe XMMHUYECKHX aKTHBAaTOPOB
UCIIOJIB30BaIMCh opTodocdopHas kucinota (HzPO4) u runpokcun kamus (KOH).

Oo6pazen ES-1M. TlepBpiM »Tanmom siBIsieTCs KapOOHU3AIUS JIPEBECHBIX
ONUJIOK B MpucyTcTBUH opTodocdopHoit kucnotsl (HzPO4) mpu Harpese ot 375 no
500°C, ckopocth HarpeBa coctaBisuia 15°C/muH, Bpemsi BoiaepKku mpu 500°C
cocTaBisuIo 1 yac. BTOpbIM 3TaroM siBJISIETCSl HOBTOPHAS AKTUBAIUS B IPUCYTCTBUU
ruapokcuna kamus (KOH), mpm Ttemmepatype 900°C. CkopocTh Harpea
cocraBisuia 15°C/muH, a Bpems Boiiepkku npu 900°C — 1 gac. CooTHoleHue
aKTHBATOp : yroyib coctaBisuio 6:1. Kak mepBblii, Tak U BTOPOU 3Tall aKTUBALUU
IIPOBOJMIIM B BO3AYIIHOU cpene. Ilocie uero nmomyyeHHbI 00pasel] Obl1 HOMEIEeH
B 1% pactBop consroi kuciotel (HCI) Ha 24 yaca. 3atem oOpasel] IpOMbIBAIH
JUCTUIIIMPOBAHHOM BOJI0M 110 HeWTpaiasHoro PH u cymmnu npu 120°C B Teuenue 4
4acoB.

Oobpasen S-1M. [IpeBecHyro meny kapOOHH30BaIK B OE3BO3IYIITHON cpejie
npu temrepatype 600°C B Teuenue 1 yaca. [locie yero nomayyeHHbIN KapOOHU3AT
MEXaHUYEeCKH M3MeNbuain 10 ¢pakuuu 1-2 Mm. 3aTeM MPOBOIUIU JABYXITAITHYIO
XUMHUYECKYI0 aKTHBAlMIO B TpUCyTCTBUU Tuapokcuaa kamus (KOH) mpu
temmnepatype 900°C, ckopocTh HarpeBa coctapisiia 15°C/mMuH, BpeMst BBIICPKKH —
1 wac. Ha mepBoM »Tame COOTHOIIEHUE aKTUBATOP : Yroyib cocTaBisuio 3:1, Ha
BTOpOM 6:1. Kak nepBbIii, Tak 1 BTOPOM ATaIl aKTUBALMU ITPOBOAWIM B BO3AYIIHON
cpene. [locne akTuBanuu MOMy4YEHHBIN oOpaszel BoiaepkuBayics B 1% pacTtBope

COJIIHOM KHCIOTBI B TeueHue 24 yacoB, 3aTeM IMOJBEprajicsi IMPOMBIBKE
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JUCTUWITMPOBAHHOM BoJIOM 10 HelTpanbHoro PH u cymke npu 120°C B Teuenue 4

qacCoOB.

2.1.2. KoMImakTHpoBaHHE MOJYYCHHBIX aJICOPOCHTOB

JIist mosrydeHusi KOMITAaKTHPOBAHHBIX 00pa3IoB YIVIEPOAHBIX alCOPOCHTOR
OblJ1a BbIOpaHa METOJMKA OJHOOCHOTO IPECCOBAHHUSA, IMPH KOTOPOH MCXOIHBIN
MOPOIIKOOOPa3HBIA aACOPOSHT CMEIIUBAJICS CO CBS3YIOIIUM BEIIECTBOM U 3aTeM
MOIBEPTajICs KOMIAKTUPOBAHUIO MPU PA3TUIHBIX YCIOBHSIX.

B kadecTBe CBSA3YIOIMIMX BEIIECTB ObLIA BHIOPAHBI:

1. 50% smynncus narekca (JI)

2. 5% Boaublii pacTBop noiuBuHMIOBOrO crupra (IIBC)

3. 1% BouHBIN pacTBOp KapOokcuMeTue/ 010361 (KMII)

[Ipu 3TOM MCXOAHBIE MOPOIIKOOOPa3HBbIE 00PA3IBEI KOMIAKTUPOBAIN TIPH 3

Pa3IMYHBIX TCMIICPATYPHBIX PCKUMAX:

1. Xomnomnoe kommnaktupoBanue (XK)
2. Topsiuee kommaktupoBanue (I'K)

3. Crynenvaroe ropsiaee komnakrupoBanue (CI'K)

XOJI0JHOE KOMITAKTUPOBAHME MPOBOJAWIM MPU KOMHATHOM TeMIepaType u
napienuu 50 Mlla. J[aBneHue BbIAEpKMBAIUM B T€UCHUE | MUHYTHI, MOCIE YEro
oOpasell U3BJIEKaIu U3 mpecc-(POpPMBI.

l'opsiuee KoOMMakTHUpOBaHUE TMPOBOJIUIM B CHEHHAIBHOU TMpecc-popme,
OCHAIllEHHOW BHemHUM HarpeBareneM (Pucynok 2.1) mpu temmnepatype 120°C u
nasiieanu 50 MITa. Bpems Boiiepaxku coctaBisiio 120 MuHyT.

[Ipouecc cCTynmeHYaToro TOpPSYEr0 KOMIIAKTUPOBAHUS MPOBOAWIN TIPHU

MOCTCIICHHO YBCIIMYMBAIOIUXCA TEMIICPATYPE, N1aBJICHHUHU U BPEMCHHU BBIJACPIKKH:

1. 25 MlIlIa, 80°C, 30 mun
2. 50 MIla, 110°C, 60 mun
3. 70 MIla, 120°C, 120 mun
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[Ipu ropsiueM U CTyNEHYaTOM TOpSYeM KOMIAKTUPOBAHUU OOpasiibl
U3BJIEKATTUCH U3 Mpecc-(pOPMBI IOCIIE OCTHIBAHUS.
[losiyueHHbIE KOMIIAKTUPOBAHHbIE O0pa3lbl HMMEIU IWIMHIPUYECKYIO

dbopmy. Cpegauit qimametp 06pasmnoB coctaBuil 39 MM, BeicoTa 13,5 MMm.

T

Pucynoxk 2.1. Tlpecc-hopma c BHEIITHUM HarpeBaTesieM.

2.1.3. AncopOTuB

B skcriepuMeHTaNbHBIX HCCICIOBAHMAX aJICOPOIIMU HCIIOJIL30BAIM METaH
BBICOKOW 9ncTOTHI TI0 TY 51-841-87 (oO0bemuas mons CHs — He menee 99.9%),
MOJIYYCHHBIA METOJIOM HHU3KOTEMIIEPATypHOH peKTU(HUKAIIIN U3 IPUPOTHOTO Ta3a.
B Ttabnmie 2.2 mpuBemeHbl 3HAYCHUS OCHOBHBIX (PU3UKO-XHMHUYECKHX CBOWCTB
METaHa B COOTBETCTBHH ¢ [126].

Taoauna 2.2. OcHoBHbIC (HU3UKO-XUMHUYECKHE CBOWCTBA MeTaHa [126].

[Tapametp PasmepHOCTD CH4
MounekynsipHasi macca, M r/MOJIb 16,04
HopwmanbHas Temineparypa Kunenus, o K 111,66
Kputnueckas remneparypa, Ter K 190,77
Kputnueckoe nasnenwne, P MIla 4,63
Kputnueckas mimoTHOCTb, pr Kr/M° 163,50
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2.2. Metoapbl HCCJIeIOBAHUS CTPYKTYPbI CHHTEe3MPOBAHHBIX

a/IcOpOEHTOB

2.2.1. VccrnenoBanue MOPUCTON CTPYKTYpPhl METOAOM HU3KOTEMIEPATypHO
azcopOLuu a3oTa

CTpyKTYpHO-?HEPI€TUUECKUE XApAaKTEPUCTUKU IOJYyYEHHBIX aJCOPOEHTOB
pPacCUMTHIBAIMCh HA OCHOBE SKCIEPUMEHTAIBHBIX JaHHBIX IO ajcopouuu
cragpaptHoro mnapa Aszora mpu 77 K Ha aBTOMaTH4eCKOM aacOpOLHMOHHOM
ananmu3atope ASIQ (Quantachrome, CIIIA).

XapakTepuCTUKH MHUKpPOINOpP, TAaKUE KakK yAEIbHbIA OO0BEM MHKPOIIOP,
NOJyIIMpHUHA (PaguyCc) MHUKPOIOP M XapaKTepUCTHUECKas SHEPrus ajacopOuuu
pPAcCCUMTHIBAIMCH HA OCHOBE MOAX0A0B Teoprun 00BEMHOr0 3aMOIHEHUS MUKPOIIOP
M.M. [lyoununa (TO3M).

Ydactok u3oTepMbl afcopbiuu npu P/Ps<0,01 cTtpoutcs B KoOpauHATaX

2
nuHerHOW (opmbl ypaBHeHus TO3M — In(a) — (ln %) , 1 anmpOKCUMHUPYETCS

PSAMOU JIMHUEH.

RT\? /1 Py\*
In(a) =1 —(—) (l —S) (2.1)
n(a) = In(a,) G nP
rne, 4, — NpelenbHas BEJIWYMHA aJacopOIMM B MHUKpOMOpax, MMoIb/T; E —

XapakTepUCTHUECKasi dSHEPTHs ajacopOiuu azora, kx/mMonb; R — yHHBepcaibHas

raszoBas noctossHHast, Jx/(mons*K).

[To HaKIOHY MOTY4YEHHOM PSIMOH K, a Takke 0Tpe3Ky, OTCEKaeMOMY MPSIMOH

110 OCH OpAMHAT D ONpeessoT KOHCTaHThl YpaBHEeHUs E u ag:

a, = exp(b) (2.2)

(2.3)
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XapakTepUCTUYECKYI0 IHEPrui0 afcopOLMK CTaHAApTHOrO mapa OeH3oua

OTIPEEIISIOT TI0 popmyJie:

E
E, = 2.4
0 =033 (2.4)
O6beM mukponop Wy paccuuTsiBaeTCsl IO YPaBHEHUIO:
M
Wo=ag-— (2.5)
P

rae, p; — IUNIOTHOCTh KUAKOro ancopbara (asora) mpu 77K, r/em®; M —

MOJIIpHas Macca az:cop6aTa, I/MOJIb.

[TomymuprHa MHKpPOIIOp Xo CBsS3aHa C XapaKTEPUCTUUECKOW HSHEPrUeH
aJIcOpOLIMK CTAaHIaPTHOTO Mapa CIEAYIOIUM COOTHOUIEHUEM:

_ 12

=5 (2.6)

Xo

PacnpeneneHre MUKpOTIOp 110 pa3Mepam ObLIO MOIYYEHO C TOMOIIBIO TECOPUH
¢dynkuonana mrotaoct (QSDFT) [127,128].
OnpeneneHre yAeTbHOW TUIOIMIAIN TTOBEPXHOCTH TPOBOAMTCS HCXOJIS W3

TEOPUHU TMOJMMOJICKYJIApHOU ajacopOiuu bpynayspa-Ommera-Temrepa [129], no

YpaBHEHUIO:
P/P cC—1/P 1

/B _ (—) — 2.7)
a(l1-P/P) a,C\P/) a,C

rae, d,, — €MKOCTh MOHOCJOS Ha IOBEPXHOCTH aJcopOeHTa, MMOJIb/T; C —

KOHCTAaHTa, OTpaKaromiasd OTHOICHNUEC BPCMCHH JKU3HHW MOJICKYJIBI B IICPBOM CJIOC K
BPCMCHM )KU3HH MOJICKYJIBI B KaXKIOM ITOCJICAYIOIICM CJIOC.

Yuactok nzotepmsl agcopouuu npu 0,01<p/ps<0,2 cTpouTCst B KOOpAUHATAX

_B/ps Lo anIpOKCUMUPYETCS MPAMOU

o BOT
JMHEHHON (OPMBI ypaBHEHHS a(1-p/ps)  Ps

muaued. [To HakIOHY moiydeHHOW mpsmMon K, a Takke OTpe3Ky, OTCEKaeMOMY

IpsSIMO¥A 10 ocH opArHAT b onpenensiroT KoHCTaHThI ypaBHeHHS C U an:

k
C=7+1 (2.8)
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1
bC

Pacuer ynenbHo muioiaay noepxHoct o bOT npoBoasT no ciienyromemMy

(2.9)

am

YPaBHEHHUIO:

Sper = AmSoNg (2.10)
rae, So — dJeMEeHTapHas IUJIOIIaJ KA, 3aHMMaeMasl OJHOM MOJIEKyJoN ajcopbOara
(azora), Mm% N, — uucno Asoraapo, 1/Moib.

VYaenbHy0 TUIOHIAb MOBEPXHOCTH ME30MOP Spe OMPEIEISUIA COTJIACHO
noaxonay bapperra-/Ixoitepa-Xanenas! (BJH) npu koTOpOM HCTHHHBIM PayCcOM
MOphI cUUTaeTCs cymma paauyca KenbBuHa U TONIIMHBI aICOPOIIMOHHON MJICHKH,
o0pa3oBaHHOM Ha MOBEPXHOCTH ME30MOphl. Pacuer TOJMIIMHBI aacOpOIMOHHOMN
ieHku azota npu 77K mposoauiu o ypaBHeHuto bpykroda-/le-bypa [81].

CyMMapHbiii 00beM MOP PACCUUTHIBAIIM UCXOMAS U3 MPEANOJI0XKEHUS O TOM,
YTO MJIOTHOCTH ajicopOaTa B Mopax paBHA IJIOTHOCTH KUAKOU (a3bl:

Ws = amaxpiM (2.11)

T71€, Ay — MAKCUMAIIBHOE 3HaYEHUE afcopOiuu azota npu 77K, MMOJIB/T.

O0beM Me30MOop PacCUMTHIBAIM, KaK PAa3HUIy CYMMapHOTO o0bema Mop |

o0beMa MUKPOIIOP:

Wy = We — W, (2.12)

Pacrnipenesnenne Me3omnop 1o pasMepam onpeersiia o meroay BJH [84].

2.2.2. IlopoikoBasi peHTIeHOBCKas JuGpaKIius

N3mepenus MpoBOIUIN C UCIOJIB30BAHUEM PEHTICHOBCKOTO MOPOIIKOBOTO
nudpakromerpa Empyrean Panalytical B oonactu yrios paccesiaus 26 ot 10 o 60°.
[lepen u3MepeHneM ucciaemyeMbie 00pas3ilbl UICTUPATN B MOPOIIOK U YKIJIaIbIBAITN
Ha Oe3(OoHOBBIM JepkaTeinb, KOTOPHIM 3aTeM yCTaHABJIMBAId Ha CTOJUK
muppakromerpa. CheMKy MPOBOAWIM C MIPUMEHEHHUEM Te€OMETpUU (HOKYCHUPOBKHU

bparr-bpenrano u ucnonb3oBanuem guibtpoBanHoro Ni-Cu-Ka nsznydyenus (Acy =
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0.1542 um). KauecTBeHHBI aHAIM3 TPOU3BOIUIIN IO XapaKTEpHBIM pediekcam

rpadura — (002), (100) u (101).

2.2.3. CxaHupyronias 3JIeKTpOHHAs MUKPOCKOIHUS

C menpio MOMyYeHUs! TaHHBIX O MOP(OJOTUU U DIEMEHTHOM XHMHUYECKOM
cocTaBe O0paslOB MPOBOIMIM HCCIEAOBAHUS TPU TIOMOIIM CKaHUPYIOIIEH
351eKTpoHHOM Mukpockonuu (COM). Ilepen chemkoil uccienyemble acoOpOEHTHI
U3METbYad IYyTeM pa3/JaBlIMBaHUS MCXOJIHBIX TpaHyl U YKJIQAbIBAIH C
YVIUIOTHEHUEM Ha IUIACTUHKU. VccinenoBaHus NPOBOAWINCH HA CKAHUPYIOIIEM
anekTpoHHOM Mukpockone Quanta 650 FEG ¢upmer FEI (CLLA) npu yckopsromem

HaIpsHKeHUH Ha katone 15 kB.

2.3. Metoabl HcceI0BaHUs aACOPOUMM HAa CHHTE3MPOBAHHBIX

aacopoOeHTax

2.3.1. Usmepenus aacopOIuu MeTaHa TPaBUMETPUIECKUM METOIOM

UcnbiTanust  aAcOpOMOHHOM aKTUBHOCTH B PAaBHOBECHBIX  YCIIOBHUSIX
BRIMONHATM Ha crenpammsupoBanHoM cteHae CT-5.001-AT'M  mnst u3mepenus
aicopOLuUM ra30B U MapoB Ha MOPHUCTHIX MaTepualiaX IPpaBUMETPUUYECKUM METOJIOM,
pa3pabotanHoM U u3rotosjieHHOM B UDXD PAH. IlpunuunuansHas cxeMa cTeHaa

MpEe/ICTaBJICHA HA pUCYHKE 1.
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Pucynoxk 2.2. [Ipunnunuanshas cxema ctegaa CT-5.001-AT'M

O06o03HaveHus, MPUBEICHHBIC HA PUCYHKE 2.2:
| — TepmocTaTupyemslil yuactok (mojaepxkuBaemas temneparypa 30 £ 0,1 °C);
Il — BakyyMHBIi1 11OCT;

1 — razonpoHuIaeMbIii KOHTEHHEP C HABECKOW NPOOBI a7ICOPOCHTA;
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2 — yara-1noJBec;

3 — CTabHOM MPOTHUBOBEC-CEPICUHUK;

4 — cuctema 3JIeKTPOMarHuTOB;

5 — 1aT4YMK MHTyKTUBHOTO THIIA;

6 — TSTU KOPOMBICIIA;

7 — DIIEKTPOHHBIE BECHI-KOMITAPATOPHI;

8 — OJIOK KOMIIEHCAIIUH BECA,

9 — mynpTHMeETp IHpoBOI Agilent 34461A,;

10 — mepcoHabHBIN KOMIBIOTED;

11 — manomeTp abcomotHoro nasnenus M1000;

12 — ma"oMeTp abcosroTHOTO AaBieHus M10;

13 — reneparop curHasnos creruanbHoi popmer AKUIT-3407/3A;

14 — penykrop-perynsitop bI'O-50-4;

15 — GajuIoH ¢ HccIeIyeMbIM Ta30M;

16 — ammyna ¢ uccieyeMbIM KUAKAM BEIIECTBOM;

17 — xanmuOpoBaHHasi EMKOCTh U3BECTHOTO 00BEMA,

18 — BBIXO /IS MOAKITIOYEHUS y371a sl KaTHOPOBKHA MaHOMETPOB;

19, 20 — TIMT-namna Jyist U3BMEpEHUs TITyOUHBI BAKyyMa;

21, 22 — a30THas JIOBYIIIKA;

23 — Hacoc BakyyMHbIH nud¢y3nonnsiii C/IH-1;

24 — Hacoc (hopBaKyyMHBIH MIacTuH4YaTo-poTopHbId 2HBP-5/IM;

25 — BakyyMMeTp HOHU3AIMOHHO-TepMonapHbiii BUT19UT2;

26 — »xuakoctHbid kproTepmoctat (LOIP FT-311-80);

21 — mmeputens-perymnsarop TPM212-H2.PP;

28 — TepmonpeoOpazoBareib conpotusieHus JTC 104-50M.B3.200/2;
29 — snexTpoHarpeBatenb (MHTepBal Temmeparyp ot 298 no 308 K) ¢ kamepoi;
30 — TepmomnpeodpazoBareins conpotusienus JJTC 094-Pt100.A3.200/4;
31 — snexkTpoHarpeBaresb (Ie4b pereHepalum), TepMocTaT (MHTepBal TeMIEpaTyp OT
298 no 773 K);

32 — U30TEpPMUYECKUHN COCY/I.
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«B1» - «B10» — BeHTHIIM 3a110pHBIE IPOXOHBIE;

«K1» - «K3» — KpaHbI TPEXXOI0BbIE BAKYYMHOTO I1OCTA.

CyTb MeTO/1a UBMEPEHHSI COCTOUT B CIIEAYIOLIEM:

B ammyny ¢ mnpeaBapuTeNsHO PErCHEPUPOBAHHON TIPU  TIOBBIIICHHBIX
temnepatypax (10 573 K) HaBeckoil mpoObI aJicopOCHTa MOAAOT TIOPITHIO BEIIECTBA
(raza wim mapa). [Ipu 3Tom (ukcupyroTcs napieHHe U TeMIepaTypa B CHCTEME, a
TaKXKEe W3MEPSEeTCS WM3MEHEHHWE MAacChl HaBEeCKH aJCOpOCHTa, YTO TIO3BOJISIET
OIpENIEeIUTh JIOCTIKEHHE TEPMOJAMHAMUYECKOro paBHOBecus B cucreme. [lo
M3MEHEHHIO MacChl HABECKH aJICOPOEHTA OIPEIEIISIIOT KOJIMUECTBO aJICOPOUPOBAHHOTO
BEIIECTBA MPU JAHHBIX (M3MEPEHHBIX) JaBJIeHUHN U Temmeparype. [locnenoBareabHo
HaITyCKasi MOPIIMU Ta3a WK Mapa, ONpeesiioT BEJIMUUHY aJCOpOIH KaK (DYHKITHIO
JTABJICHUSI TIPH 33/IaHHOM TeMIIepaType SKCIEPUMEHTA.

OneHKy TOYHOCTH HM3MEPEHUN aacopOIMU IMPOBOJAUIM B COOTBETCTBHH C
tpeboBanusmMu ['OCT 34100.3-2017. CraHgapTHYIO HEOIPEIEIeHHOCTh U3MEPEHHUS
aacopOuun oueHuBanu 1o Tuny B. IlpenenbHble OlEHKH HEONPEACIECHHOCTH
U3MEPEHUsT IS MCCIEAyeMOro aacopOeHTa OMpenessuid B YCIOBUSAX KpaWHUX
MaKCUMAaJbHBIX 3HAuUeHUW HeonpeaeneHHocT. CTaHIapTHas HEOINpeaeaEHHOCTh
U3MEpEHHS aJICOPOIIUM JJIs1 UCCIICyEMOM CHCTEMBI cocTaBmiia okojio Uc(a)=1.5 %, a
pacimpenHas Heonpeaenéaaocts U(a) npu yposHe nosepust 95 %: U(a) =5 %.

JIiist u3MepeHust 1aBJICHUS UCTIOJIb30BAJIM MAHOMETPHI a0COIFOTHOTO JABJICHUS
11 (M1000) u 12 (M10), oTrpasyupoBaHHbIE 110 MEMOPAHHO-EMKOCTHOMY JTATUYHKY
naByieHus. Paznnune Mexy MaHOMETpaMy 3aKII0UaeTCsl B AMANa3oHax U3MepsieMbIX
naenenuid. [lpu maBnenusax or 0,1 mo 1330 Ila mma u3MepeHW HMCHOIB30BAA
manometp 12 (M10, norpemmocts = 0,066 I1a), a B urTeppane ot 13 go 1,5x10° Ia —
manometrp 11 (M1000, morpemmocts + 4,0 Ila). s MOBBIMIEHUS TOYHOCTH
U3MEPEHUH MaHOMETPhI TIOMEIIEHB B KaMepy — BO3IYIIHBIA TEPMOCTAT TIpU
temneparype 303,0 £ 0,1 K.

Jis co3maHus W TOJJIEpKaHUs TpeOyeMoil TemrepaTypbl HAaBECKU MPOObI

a,ucop6eHTa BO BPEM:A IKCIICPHMMCHTA, YaCTb BCCOB, B KOTOPBIX HAXOAUTCA IIOABEC C
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yariei BECOB ¢ HABECKOH MPOOBI a7cOpOEHTA, TOMEIATN B U30TEPMUIECKHIA cocy 32,
3aJjaHHas TeMIleparypa B KOTOPOM TOIJCPKHMBAIACh TPH  HCIOJIH30BAHUU
x)uakoctHoro tepmocrata LOIP LT-411a. Kontposs Temrieparypbl B TE€pMOCTaTe
OCYIIECTBIISUIM TMPHU TMOMOIIM TepMmorpeoOpazoparenst conpotusienust J[TC 094-
Pt100.A3.200/4 ¢ Tounocteio 0,1 K.

bonee moapobHoe omucanue cTeHza mpuBeaeHO B mareHTe PO Ne2 732 199
«CTteHy Ay U3MEpEeHHsI aicOpOIMU Ta30B U MApOB TPABUMETPUICCKHM METOIOM U

croco0 ero skcrutyarapm» [130] MeToarka mpoBeieH s SKCIIEPUMEHTa aHAJIOTMYHA

MMI-02699292-005-2019.

MeTtoauka npoBeaeHus IKCIIEPUMEHTA:

Ancopbent, maccoii ot 0,1 10 0,2 r, B 3apaHee MOJArOTOBJICHHOM KOHTEHHEpe
1 momenianu Ha Yameyky 2, KOTOPYIO 3aT€M TOJIBEIIUBAIIA K TATE 6 KOpOMBICIA
BECOB-KOMITApaTOPOB 7.

[Ipou3BoamnM BaKyyMHpPOBAaHHWE MAarucTpajied yCTAHOBKM NpPH IOMOIIH
dbopBakyymaoro nacoca 19 (BI, B2, KI — otkpsIThl, Hacoc 18 He 3aaeiicTBOBaH),
3a0JJarOBPEMEHHO TMOMECTUB JIOBYIIKY 17 B BaHHY C >XuakuMm aszorom. llocie
JOCTIDKEHUSI B cucTeMe Bakyyma mopsiaka 13 I[la (konTposs 1o 23), BKIIOYAIN B
paboty Hacoc 18.

[IpousBoamnu pereHepanuio oOpa3na TEPMOBAKYyMHBIM criocoOom. Jlms
ATOTO YacTh BECOB C aJCOPOCHTOM MOMeEManu B djekTpoHarpeBatenb 20, u
MPOU3BOJIMIIM HarpeB oOpasua 10 Temmeparypel 513-523 K, koTopyto
KOHTPOJUPOBAIH 110 22.

IIpu nocTHkeHNH BakyyMma B ycTaHOBKe HHke 1.5 klla, OTKpbhIBaJIM BEHTHIIb
B3 wm orkauMBanu ra3oByl0 Kamepy MaHomerpa 12. Ilpu HeoOGXxomumocTu
MPOU3BOIWIIM BaKyyMHPOBAaHHE Kamep MPOTUBOAABICHHS MaHOMEeTpoB 11 m 12,
OTKpBIB BeHTWJIb B6. [locne noctukeHus B ycTaHOBKE BakyyMa Ha ypoBHe 0.5 Ila
MEepeKphIBAIA BEeHTWIH B1-B3 u B6.

N3mepenue aacopOuuu NpoBOAUIN MyTEM MOIa4H aicOpOTHBA U3 eMKOCTEH

15 otkpeiBas BenTwim B2, B4 wiu BS5. JlaBnenus B untepsaie ot 0.1 Jlo 1.33 kIla
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u3Mepsu o manomeTpy 12. Ilpu nepexozae sxcnepuMeHTa B UHTEPBaJ JaBICHUN
ceie 1.33 klla, manomeTp 12 oTcekanu BeHTHSIEM B3 U AaBlieHHE U3MEPSITU 110
11.

TepmocratupoBanue o0pas3ua npu TeMiepaTypax paBHol u Huwxke 273,15 K
OCYILECTBJISUIM MPU MOMOIIM KUAKOCTEW B COCTOSSHUM TPOMHOM TOYKM: alleTOHA
(178 K) u H-nentana (143 K). TodHOCTH TEpMOCTAaTUPOBAHUSA IPH ITOMOIIU
)uakocren Bappuposanach ot = 0.1 go 0.3 K. B unrepBane remmeparyp ot 293 no
323 K ucnonb3oBany MUpKYISuuoHHbINH TepMoctat LOIP LT-411,

[Ipy JOCTM>KEHMM pPaBHOBECHS B CHUCTEME, OOYCIOBJIEHHBIM BBIXOJOM
KMHETHYECKOW KPUBOM M3MEHEHHsI Macchl 00pa3la Ha FOPU30HTAJIbHBIN YYaCTOK,
PETUCTPUPOBAIIN MTOKAa3aHUsI BECOB B 33J]aHHBIX paBHOBeCHBIX ycioBusix M(P,T), u

MCPEXOJNUIIN K U3BMCPCHUTO CH@I[YIOHICﬁ TOYKH.

2.3.2. U3smepenust ajcopOuuu MeTaHa B MacIITaOUPYyeMOM aKKyMYJISITOpe
IIPY TOKPUTHICCKUX TEMIIEpaTypax

N3mepenus yIEIbHBIX 00BEMHBIX XapaKTEPUCTUK CUCTEMBI
aKKyMYJIMPOBAaHHS CHAPSHKEHHOW KOMITAKTUPOBAHHBIM YTJICPOIHBIM aJCOPOSHTOM
NPOBOJIMIM HAa  CHEIUaIbHO  pa3padOTaHHOM  WCHBITATEILHOM  CTCHJIE,

NPUHIUIIMATBHAS CXeMa KOTOPOTo MpeCTaBIeHa Ha pUCyHKe 2.3.
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Pucynok 2.3. [IpuHnunuanpHas cxema 3KCHEPUMEHTAIbHOIO CTEHJA Jif
U3MEPEHHUS YACIBbHBIX 00BEMHBIX XapaKTEPUCTUK aICOPOLIMOHHOTO aKKYMYJISITOpA.
1 — 6anioH Mojayu MPUPOJHOTO ra3a (MeTaHa); 2 — pecuBep HU3KOTO JaBleHUs; 3
— KOMIIPECCOP MPUPOIHOro raza (MeraHa); 4 — pecUBEp BBICOKOIO JABJIEHUS; 5 —
a7ICOpPOIIMOHHBIN AKKYMYJISITOP; 6 — KpHOCTAT/TEPMOCTAT; 7 — ra30BbIi HArpEeBaTEb;
8 — azoTHas noBymika; 9 — BakyymHbIil Hacoc; 10 —aacop6enTt; PR1-3 — perynsaropsl
nasnenusi; V1-7 — 3anopusle kianasbl; PI1-4 — unnukatopsl nasnenus; PT1 —

natuuk gasieHus; TE1 — natuuk temneparypsol; FQI1 — cyeTuunk rasa.

[lepen skcieprMeHTaMU BCE BHYTPEHHUE Fa30BbIe 00BEMbI UCTBITATEILHOTO
CTEeH 1A, BKJIIOYas aJCOPOLMOHHBIN aKKyMyJIaTop 5 00bemom 100 cm®, 3amonHeHHsIii
MOHOJIMTHBIMU ~ TabJieTKaMu  yriaepoaHoro ajucopoenta 10, moaBepraiuch
TEPMHUYECKOM BAaKyyMHOW JEra3alyy C IIOMOUIBI0 BAKYyMHOTO Hacoca 9 wyepes
3amopHbd kinarnaH V7 1m0 octatouHoro gasinenust ~1 Ila. [lns ydeta cBoOGomHOM
ra3zoBoi (pa3zbl BHYTpEeHHHE OOBEMBI DJIEMEHTOB HMCIBITATEIBHOTO CTEHJa ObLIN
OTIPEJICIICHBI ITyTeM KaTUOPOBKH 0O0BEMHBIM METOIOM.

N3mepenust nmpoBoauIuch B Tpu 3Tana. Ha mepBom 3Tame mMeTaH moaaBajcs
U3 pecuBepa BBICOKOIro JaBiieHus 4 B ajzcopOep 5 A0 JOCTUKEHUS HEOOXOAUMOTO

napienus. Perynmarop nmasienuss PR2 momnep:xkuBan AOCTHUTHYTOE JaBJICHUE B
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agcopoepe. [yt 3Toro ObLT OTKPHIT 3aMOPHBINA KianaH V4, a kimanansl VS u V7 ObutH
3aKkpbITHL. JlaBieHue u Temmneparypa B aacopdepe KOHTPOIHPOBAIUCH C TOMOIIBIO
natuuka nasieHusa PT1 ¢ oTtHocurensHOM morpemHocThio +£0,25 % u gaTyuka
temnepatypsl TEl COOTBETCTBEHHO. AJICOPOIMOHHBIA aKKyMyJsTOp ObLI
MOTPY’KEH B TEXHOJIOTHYECKYIO )KUIKOCTh KprocTaTa/Tepmocrtara 6. HeoOxonumblie
JOKPUTHYECKUE TEMIIEPATYPhl MOAJIECPKUBAINCH C MOMOIIBK) TEXHOJIOTHMYECKHUX
wuakocteil: 143 K (TpoiiHast Touka H-neHTaHa) u 178 K (TpoitHas Touka areroHa),
a TakXKe CBEpXKpUTHUECKHUX Temmeparyp: 243 u 293 K (sraHon u Boja).
CrabunpHOCTh TemmepaTypsl coctaBmsuia +0,1 K. MakcumansHOe naBiieHUE B
pe3epByape g XpaHEHUs CKUKEHHOTO IPUPOJAHOTO rasza cocrasisuio 3,5 Mlla. B
KQKJIOM JKCIIEpUMEHTE 00eCreynBajIoch JOCTHKEHNE PABHOBECHOTO JIABJICHUS U
TeMIepaTyphl.

Ha BTOpoM »sTame meTaH BBITyCKalcsi M3 ajacopOepa C peryiupyemMoit
TeMIiepaTypoil 5 yepe3 peryistop nasieHus PR3 u ra3oBblil HarpeBaTenb 7,
KOTOPBIN MoBbIIAN TeMaepatypy raza 10 293 K (knanansl VS u V6 ObUIH OTKPBITHI,
a xnananbl V4 u V7 — 3akpbIThl). MeTaH BbIyCKaCs 10 TE€X MOp, MOKa JaBJICHHUE
B aJICOPOIIMOHHOM akkyMmyJjsitope He ynano g0 0,1 MIla. KonuyectBo nogaHHoTo
raza M3MEpsUIoCh C TOMOIbI0 Ta3oBoro cuerunka FQI1 ¢ oTHocuTenbHOU
norpemHocTbio +1%. [locne nocTukeHns: paBHOBECHUSI B CUCTEME T10 TEMIIEpaType
Y JaBJICHUIO KJanaH VS ObLT 3aKpBIT.

Ha tpethem stane aacop6ep HarpeBanu 10 293 K, 0JTHOBpEMEHHO BBITTyCKas
U3 Hero ras. [[ns storo oTkpeiBanu kjanaH V5 npu oTKpeiToM kianaHe V6 u
3aKpbIThIX KiaanaHax V4 u V7. JInsg u3MepeHusl KOJIMYecTBa MOJABaEMOro rasa
TaKKe HcIoab3oBayics ra3oBbiii cuetunk FQI1. Harpep amcopOepa mpuBen k
M30bITOYHOMY BBIJICJICHUIO METaHa MO0 CPAaBHEHUIO ¢ 00bEMOM, MOCTYNAIOIIUM U3
pe3epByapa C KOHTPOJUPYEMOH TeMIlepaTypoil. OKCHEPUMEHT CUHUTaJCsA
3aBEpPIICHHBIM, KOTJla B CHCTEME aJCOpOIMH JOCTUTANIOCh PABHOBECHE II0

JABJICHUIO U TEMIIepaType.
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2.3.3. Meronuka pacueta aacopOLMKU MeTaHa B MHUKPOME3OMOPUCTHIX
afgcopOeHTax

B oOmem ciydae aacopOLuio ra3oB B JOKPUTHUECKHX YCIOBHUAX MOXKHO
IPECTaBUTh, KaK CyMMY aJCOpPOLIMM B MHUKPOMOpax MO MEXaHU3My OOBEMHOIO
3aIl0JIHEHUS, aICOPOLUIO HA MOBEPXHOCTH ME30II0p, U aCOPOLMH 110 MEXAHU3MY
KalUIIpHOM KoHzAeHcanuu [76]:

a = Qpyi + gy + Acc (2.13)

Pacuer ancopOuuu B MHKpOINOpax MPOBOAWIM C TMOMOILIBIO OCHOBHOIO
ypaBHeHus Jlyoununa-ActaxoBa ¢ mogoopoM kodpdumuentoB N u  E.
OKCTepUMEHTANBHBIEC JAHHBIE 110 aICOPOIIMN HU3KOTO IaBJICHHS ONMUCHIBAIUCH IPU
IOMOIIX OCHOBHOTO ypaBHEeHHMs JlA, mocie 4yero npoBOJMIM pacyeT aJicopOIuu B
MUKPOIIOpax BO BCEM WHTEPBAJIC JaBJICHUH.

Omnpenenenve JaBi€HMs] HACBIIIEHHOTO Iapa s TEMIEpaTyp BbILIE
KPUTHYECKOW TPOBOIUTCS HMCXOIs W3 JHuHEWHoW 3aBucumoctu INPs — 1/T, mo
clieayromemMy npuHimny [76]:

1. JIns wHTepBana TemmepaTyp OT TEMIEpaTypbl KUIEHUS 0
KPUTHUYECKOW  TEMIIepaTypbl  CTPOUTCS  HECKOJIbKO TOYEK B
koopaunHarax INnPs — 1/T. I'ne, Ps — maBiacHue HACHIILIEHHOIO Iapa Ipu
COOTBETCTBYIOIIIEH TeMrepaTypbl: T — Temreparypa, K.

2. TlomyueHHbIe 3HAUEHHUS AMMPOKCUMUPYIOTCS MPsAMOM InHuEH (Y =
kx+b), mocie yero 3KCTPanoIUPYIOTCS B CBEPXKPUTUICCKYIO 00JIACTh
temmeparyp. [lo momydeHHOMY ypaBHEHHIO ONPEICISIOT aBICHUE
«HACBIIIEHHOT0) TIapa B CBEPXKPUTUIECKON 00JIACTH.

[IpenenbHast BenMYMHA aaCOPOIMHM PACCUUTHIBACTCS M0 CIEIYIOMIEMY
ypaBHeHHIO [76]:

ap = adexp[—a(T —T,)] (2.14)
rie, aj — mpeaenbHas BeIMYMHA aACOPOLUM IPU TeMIeparype KMIEHUs,
MMOJIB/T; @ — TEPMHUECKUU KOADPUIMEHT TpeaesibHOM ancopOuuu, KL T -

temneparypa, K; T, — Temnepatypa kumnenus, K.
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[TpenenpHas BeMYUHA aJICOPOITUU TIPU TEMIIEPATYPE KUIICHUS BBIYMCIISICTCS
o popMmyiie:

W un
al = % (2.15)

rae, Wy — yaensHblli 00beM MHKPOIOP, CMY/T; Pyyy — IIOTHOCTD KHAKOTO

afcopbara IIpu TeMIepaType Kuenus, r/cm®; M — MoJspHas Macca, I/MOJIb.

Tepmudeckuit Ko3pGUIUEHT TpeeNbHON aAcopOLUN PACCUUTHIBACTCS IO
dbopmyite [76]:

__lg(aj/ay)
0,434 (T, — To)

(2.16)

rne, a, - mpejelbHas BeJINYrHa aAcopOLMU IPU KPUTHIECKON TeMIEpaType,

MMOIIB/T; Ty, — KpUTHYECKast Temieparypa, K.

Pacuer a{; BCACTCA HCXOAs M3 HPCAIIOJIOKCHHUA O TOM, YTO INNIOTHOCTDH

ayicopbaTa COOTBETCTBYET INIOTHOCTH KHIKOH (asbl [76]:

a5 = Woply (2.17)
1RT,,
s - 2.18

TZIE, Pyp - TWIOTHOCTB acopbarTa npu KPUTUIECKON TEMIIEPATYPE, r/cm3; B —
KpUTHUYECKOE AaBiieHue, I1a.

Pacuer ancopOumu Ha TOBEPXHOCTH ME30MOpP MPOBOJIUIM HCXOAS U3
NpeanosaoxkeHus o0 o0pa30BaHUM MOHOMOJEKYJISIPHOTO CJIOSl Ha IOBEPXHOCTH
Me3010p. [[IOTHOCTE MOHOMOJIEKYJISIPHOTO CJIOS MPUPABHUBACTCS K ILIOTHOCTH

KUJKOU (pazbl.

s
e, = %Wpl (2.19)

r7ie, W — KpUTUUYECKHM TMaMeTp MOJICKYJIbI acopOara, HM.
[Tpu aTOM mpeanonaraeTcs JIMHEHHAS 3aBUCUMOCTh 3HAYCHHM aJcopOIu Ha
MOBEPXHOCTU ME30MOp OT JaBiieHus P, rae 3HauyeHHe dg,, pPacCUUTAaHHOE IO

ypaBHeHUIO 2.19 COOTBETCTBYET MaKCUMAaJbHOMY 3aIlOJIHEHHIO ITOBEPXHOCTH
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ME30I0p TIpU JIaBJIICHUU COOTBETCTBYIONIEMY JABJICHUIO Havajla KaIWJUIIPHON
KOHJICHCAITNH.

Onwucanue aacopOIMKM 1O MEXaHW3MYy KaNWUILIPHOW  KOHJCHCAIMH
IPOBOAMTCS coriiacHO nmoaxojaM KenseuHa [82]. UMes nHpopManuro o pasmepe u
00bEeMe ME3010p MOJIYUYCHHYIO IO H30TEPME aICOPOLIMU a30Ta MOYKHO PacCUUTaTh
BCIIMYMHY aJICOPOIIMM M COOTBETCTBYIOLICTO OTHOCHTEIBHOTO JIABJICHHS JUIS

mo0oro aacopbara:

P

P—S=exp(

ZUV’") (2.20)

rRT
rle, 0 — TOBEPXHOCTHOE HATSHKEHHE >XKHUIKOoro ancopbara, mlla/c; V,, —

MOJISIPHBII 00BEM KHAKOTO afcop0aTa, CMY/MOJIb; T — paguyc Iop, HM.

Acc = v (2.21)
rae, W,e — 00beM Me3010p, cM/T.

JIJisi TpOBEpPKM ONMHUCAHHOW METOJUKU ObUIM MPOBEACHBI pacueThl Ha
aZicopOeHTax, MPEJICTABIEHHBIX B JIUTEPAType, a TAKKE MPOBEJECHO CPAaBHEHUE C
AKCTIEPUMEHTAIbHBIMU JaHHBIMU 1O aJCOPOIMU MeTaHa mpu Temneparypax 140-
180 K: MAXSORB-III [94], PAU-10 [131], AUK [131], AC-4 [17], AC-6 [17],
MIL-101(Cr) [103]. Pe3ynbrarhl IpuBEACHBI Ha pUCYHKE 2.4.

Kak mokazaHo Ha pucyHke 2.4, JaHHBIM MOJAXOJ IO3BOJISIET PacCUMUTATh
afcopOlMI0 MeTaHa B IIMPOKOM WHTEpBajie TeMmIepaTyp ¢ JaBJICHHM C
YAOBJIETBOPUTEIBHON  TOYHOCTHIO. MakcuMalibHasi  TMOTPEIIHOCTh — MEXIY

pPaCYCTHBIMHA U SKCIICPUMCHTAJIbBHBIMH JAHHBIMHU HC IIPCBBIIIACT 5%.
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Pucynok 2.4. CpaBHEHHE PACUETHBIX M DKCIIEPUMEHTAIBHBIX JIaHHBIX IIO

ajacopOomMu MeTaHa Ha aJcopOeHTax,

MPUBEACHHBIX B JUTEparype IIpu

temrepatypax 140 K (a) u 178-180 K (0). Touku — s3xcriepuMeHTaIbHbIE JaHHbBIE;

JIuHuK — pacy€THbIE JaHHBIE.
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I'NTABA 3. CTPYKTYPHO-DHEPTETHYECKHUE MU ®U3UKO-
XUMHNYECKHUE CBONCTBA MHUKPOME3OINIOPUCTBIX
AJCOPBEHTOB.

3.1. MHMccaenoBanue CTPYKTYpbl M CBOWCTB NOPOIIKOOOPa3HBIX

aacopOeHToB

Tlopowxosas penmeenosckas ouppaxyus

Ha pucynke 3.1 npuBenensl 1u@pakTorpaMmmMbl TOPOITKOOOPA3HBIX 00pa3IioB

ES-1M u S-1M.

MNHTEHCUBHOCTL, OTH. ef

o 20 | 30 40 s 0
20,°
Pucynok 3.1. ludpakrorpammsl o6pasmos ES-1M u S-1M
Kak mnokazano Ha pucynke 3.1, momydeHHble 00paslibl, B OCHOBHOM,
MPEJICTaBISIIOT CO00i aMOp(HBIH YTriIepo/ ¢ HE3HAYUTEIBHBIM COIepKaHreM (pa3bl
rpaduTa, 4TO MOATBEPKIAETCS HAIMYUEM MUKOB MpH peduiekcax rpadura (002),

(100) u (101).

69



CKaHMpleLL{Clﬂ INEKMPOHHAA MUKPOCKONUA

Ha pucynke 3.2 npeacraBieHsl MUKpoGoTOorpaduu mMOpOIIKOOOpa3HbIX

obpasmoB ES-1M u S-1M.

.A‘l"' X . - 6 “
Pucynok 3.2. Mukpodororpaduu obpasnos ES-1M (a) u S-1M (0).

Kaxk nokazano Ha pucyske 3.2 (a), HOBEpXHOCTh ITOPOIIKOOOPA3HOTo 00pasiia
ES-1M cocrout u3 yactuil HenmpaBmwibHOU Ghopmbl pazmepom oT 10 g0 30 mxm. [Tpu
9TOM HET 3aMETHBIX IPU3HAKOB IPEEMCTBEHHOCTH BOJOKHUCTOW CTPYKTYPHI
JPEBECHOTO TIPEKypcopa.

Oo6pazen;r S-1M (pucynok 3.2 (0)) COCTOWT W3 CPaBHUTEIHHO KPYITHBIX
YacTHIl, MPOHHU3AHHBIX OTKPBITHIMH IWIMHAPUYESCKUMH KaHAJIAMH JHAMETPOM
OKOJIO 24 MKM, KOTOPbIE YHACIIEIOBAHBI OT BOJIOKHUCTOW CTPYKTYpPHI JPEBECUHBI U
COXPaHSIOTCS MOCIIE TEPMOXUMHYECKON aKTUBAIIUH.

[To Bceil BUAUMOCTH, MCIOJIH30BAHNE B KaueCTBE aKTUBUPYIOIIETO areHTa
KHUCIIOTBI BMECTO IIEJIOYU TMPUBOIUT K PaA3pPYyIICHUIO HCXOJHOW CTPYKTYPHI
npeKypcopa (JIpeBecrHbl) B O0bILIEH CTENECHH.

B Tabmume 3.1 mpeacraBieHbl pe3ydbTaThl  AJIEMEHTHOTO aHAJIM3a

MOBEPXHOCTHU TOPOIIKOOOPA3HBIX 00Pa3I[0B aKTUBHBIX YTJICH.
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Ta6auna 3.1. DIeMEHTHBIN COCTaB MOBEPXHOCTH MOPOITKOOOPA3HBIX aICOPOSHTOB

Ancop6ent | ConeprkaHnue 3yeMeHTa, Mace. %

C ) K Cr Fe
ES-1M 94,4 5,6 - - 3,8
S-1M 91,5 6,0 0,7 0,9 0,9

OO0pa31bl B OCHOBHOM COJIEpXAT B CBOEM cOCTaBe yriepos, 6oaee 90 macc%.
Hannuue xucnopona B uccieqyeMblx oOpasnax ajacopOeHTOB 0O0YCIIOBIIEHO
IPUCYTCTBUEM LIEJUIFOJIO3bI, TEMULENIOIIIIO3b] U JJUTHUHA B HCXOJHOM IIPEKYPCOPE.
Hcnonp30BaHne B KAauecTBE AaKTUBAaTOpa THAPOKCUAA Kajausl OO0YCIaBIMBACT
Hammuue npumecn K B oOpasme S-1M, a taxke crnocoOCTBYET MOBBIIICHHOMY
COJIEPKaHUIO KHUCJIOpoAa Ha moBepxHOCTH AY. IlonoOHOe BiIMsHUE aKTUBALUU C

npumeHenrneM KOH Ha xumudeckuit coctaB AY otmedanoch B [132,133].

CmpyxkmypHo-3HepeemuyecKue XapaKmepucmuxu
Ha pucyake 3.3 mpeacTaBieHBI HW30TEPMBI  aICcOPOITUHU-IECOPOITUT

cTaHaapTHOTO Tapa a3ora npu 77K ob6pazos ES-1M u S-1M.

100

—+—ES-1M
—o—8-1M

80 -

(o))
o
|

a, MMonb/r

B
o
1

20

P/P

S

Pucynok 3.3. M3oTepmbl ajcopOIuu-aecopOimu CTaHIapTHOTO Tapa a3oTa

npu 77K Ha obpasmax ES-1M u S-1M.
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Cornacno knaccudpukauun HNIOITAK mnomyueHHble HM30TEpMBbI aacopOLuu
cootBercTBytoT THmy |I-6. Ha wm3orepmax nHaOmomaercs pe3koe BO3pacTaHUE
a7IcopOIIMK HA HAYaJIbHOM Y4acTKE, YTO TOBOPUT O HATMYKUK MUKPOTIOP B CTPYKTYpE
ancopOeHTOB. 3aTeM HaOMIoAaeTCs MPAKTUYECKA JIMHEHHBIM XOJ HW30TEPM
ajcopOIMK, BIUIOTh 10 3HA4eHWil oTHocutenbHOoro aamieHus ~0,4-0,6. Takoe
MOBEJCHUE H30TEPM OOYCIIABIMBACTCS HAIMYUEM B CTPYKType aJIcOpOECHTOB
OOJBIIIOT0 KOJMYECTBA Y3KUX Me3omnop (muamerpom 3-5 HM). Ha wmHTepBame
OTHOCHUTENBbHBIX  JaBieHuit  0,4-1,0 HaOmromaeTcs TeTIs  KamWJUISPHO-
KOHJICHCAI[MOHHOTO TUCTEPE3NCA, UTO TaK K€ TOBOPUT O HAIMYUU ME30TIOP.

B tabnume 3.2 mpencTaBiieHbl CTPYKTYPHBIE XapaKTEPUCTUKH aJICOPOSHTOB,
paccyuTaHHbIE HA OCHOBE TOJIYYCHHBIX U30TEPM aJICOPOLIUU-IECOPOIIMU a30Ta IPH
T7K.

Tab6anua 3.2. CtpykTypHBIE XapakTepucTuku agcopoerTtoB ES-1M u S-1M.

Oo01mas Hacreimmaas
Muxkponopsl Mesonopsl
MTOPUCTOCTh IUIOTHOCTD
AncopOeHT .
WO, DO’ D:rrll(llx’ SBETI WS; Wme, Sme, Dr"zllgxi
d, xr/m®
eMr| am | mum | M¥r |eMir | emir | M¥r | EM
ES-1M 1,01 |1,46| 0,96 | 2860 | 3,02 | 2,01 | 1550 | 3,56 90
S-1M 0,82 (1,36 0,93 |2380| 1,74 | 0,92 | 800 | 3,42 50

Ancop6ent ES-1M obnanaer 60mee pa3BUTOM Kak MUKPO TaK ME30TIOPUCTOM
CTPYKTYpOi B CpaBHEHUH ¢ 00pa3ioB S-1M — cymmapusrit o0bem nop Ws obpaszia
ES-1M npeBocxoaut S-1M moutu B 2 pasza, a 00beM MuKporiop npumepHo Ha 20%.

Ha pucynke 3.4 mpencraBieHO pacHpeleleHHe MHKPO U ME30mop IO
pazmepam aiis 06pasioB ES-1M u S-1M nonyduennoe ¢ nomoribio merogoB QSDFT
u BJH.
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Pucynok 3.4. Pacnipenenenue mop no pazmepam obpasioB ES-1M (a) u S-
1M (0).

Kak nmokazano Ha pucynke 3.4 o6pasupsl ES-1M u S-1M o6nanaroT cxoxum
pacnpeneneHueM Kak MHUKpPO, TaKk M Me30mop 1o pasmepaMm. OCHOBHas JOJIS

MHUKPOIIOp B MOJTY4YeHHBIX AY npencrasieHa nopamu nuametpom ot 0,4 1o 1,2 Hm.
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Mesonopsl B 00pa3iiax npeCcTaBlIeHbl B OCHOBHOM Y3KMMH ITOPAMU JUAMETPOM OT
3 1o 4 uM. OCHOBHBIE OTIAWYMA MEXIY OOpasllaMu MpeACTaBICHBl HaTUYUEM

MUKporop nuameTpoM ot 1,2 1o 1,7 uM y obpasna S-1M u ux orcyrctBuem y ES-

1M.

3.2. MHccaenoBanue CTPYKTYpbl M CBOWCTB KOMIAKTHPOBAHHBIX

aacopOeHToB

CmpyKkmypHo-3HepeemuyecKue XapaKmepucmuku

Ha pucynke 3.5 mnpencraBieHbl H30TEpMbI aJcopOLUu  aAcopOIuu-
necopOiuu azota ripu 77 K Ha psjie koMmakTupoBaHHbIX 00pa3ioB. J1Jis cpaBHEHUS
TaK K€ MPUBEICHBI N30TEPMBI aJICOPOITUH-AECOPOITMN UCXOTHBIX 00pasos ES-1M
u S-1M. B tabmune 3.3 mpuBeIeHbl CTPYKTYpPHBIE XapaKTEPUCTHUKU CEpUU

IMMOJYYCHHBIX KOMIIAKTHPOBAHHBIX 06pa3u0B.
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Pucynok 3.5. M30TepMbl afcopOIuu-1ecopOy CTaHIapTHOTO Tapa a30Ta
npu 77 K Ha oOpasmax koMmakTupoBaHHbIX AY. a — cepust obpasnoB S-1M; 6 —

cepus oopasnos ES-1M.
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Kak mokaszano Ha pucynke 3.5 aacopOentsl cepun ES-1M o6magator 6onee
BBICOKOM aJICOPOIIMOHHOM CITOCOOHOCTHIO MO OTHOIIEHHUIO0 K a30Ty (oT 50 mo 90
MMOJIB/T Tipu Ps) mo cpaBHenuu ¢ odpasuamu cepun S-1M (ot 27 mo 50 Mmonbs/r
npu Ps). D10 00BsACHSICTCS OoJiee Pa3BHTON IMOPHCTON CTPYKTYPOH HCXOJHOTO
nopoIikooopaszHoro ajcopoenta ES-1M.

KoMmaktupoBaHHHE HCXOAHBIX TOPOIIKOOOPA3HBIX 00pa3I0B B TAOJIETKH HE
0Ka3ajo CyIECTBEHHOTO BIUAHUSA HAa (POPMY U30TEpM aacopOIHH, a HAYaI0 NETIN
rucTepesnca HaOmogaeTcs MpU TeX K€ 3HAUCHUSX OTHOCUTEIBHOTO JABJICHUS UTO
U JIJIS1 UICXOJIHBIX TOPOLIKOOOPA3HBIX 00paslioB. ITO CBUIETEIBCTBYET O TOM, UTO
KOMIIAKTHPOBAHHKE aJCOPOCHTOB, B OCHOBHOM, MTPUBOJIUT K YMEHBIIICHUIO 00beMa
MOp ¥ HE OKA3BIBACT CYIIECTBEHHOTO BIMSHUS HA pacIpe/iesIieHre IMop M0 pa3Mepam.

OO6miee cHUXEHUE aJCOPOIMOHHONM CHOCOOHOCTH KOMITAKTUPOBAHHBIX
o0pa3loB MO OTHOIICHUIO K MapaM a30Ta B CIIEJCTBUE CHUKEHHUS MOPUCTOCTH
coctaBmiio ~35% u ~45% mst cepun 06pasios ES-1M u S-1M cooTBeTcTBEHHO.

Tab6anua 3.3. CTpyKTypHBIE XapaKTePUCTUKH KOMITAKTHPOBAHHBIX 00pa3oB AY.

O6mas Haceimaas
Muxkponopsl Me3somnopsl
IIOPUCTOCTh IUIOTHOCTH
AncopOeHt ,
Wo, Do, Dity, | Seem, Ws, Wie, | Sme, | Dmax:
d, xr/m®
cM/T HM HM M2t | em®r | eMir | MT HM
ES-1M 1,01 1,46 0,96 2860 3,02 2,01 1550 3,56 90
ES-1M-JI- XK | 0,76 1,40 0,92 2200 2,12 1,36 1020 3,52 Pazpymen
ES-1M-IIBC-
XK 0,69 1,40 0,95 1990 2,03 1,34 1130 3,47 Paspymien
ES-1M-
0,71 1,36 0,94 2100 2,12 1,41 1150 3,50 210
KMII-XK
ES-1M-JI-
0,69 1,40 0,93 2090 2,05 1,36 1200 3,48 Paspymien
CIrK
ES-1M-IIBC-
0,68 1,38 0,94 1990 1,89 1,21 1070 3,48 Pazpymen
CIrK
ES-1M-
0,72 1,36 0,95 2110 2,05 1,33 1150 3,51 370
KMII-CI'K
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[Tponomxkenue Tadauib 3.3.

S-1M 082 | 1,36 | 093 | 2380 | 1,74 | 092 | 800 | 3,42 50
S-IM-JI-XK | 0,39 | 1,28 | 095 | 1160 | 0,85 | 063 | 460 | 3,46 330
S-1M-TIBC-

048 | 1,32 | 092 | 1420 | 097 | 049 | 360 | 3,56 300
XK
S-1IM-KMII-
050 | 1,32 | 093 | 1470 | 1,01 | 051 | 380 | 3,55 370
XK
S-IM-JITK | 048 | 1,30 | 095 | 1410 | 095 | 047 | 330 | 348 450
S-1M-TIBC-
. 048 | 1,32 | 081 | 1410 | 095 | 0,47 | 340 | 3,53 460
S-1IM-KCII-
. 051 | 1,30 | 097 | 1490 | 1,01 | 050 | 380 | 3,40 510

Kak noka3zano B tabnuie 3.3 Ha MOPUCTYIO CTPYKTYPY, a TAKKE INIOTHOCTh
MOJIy4aeMbIX TaOJETOK OKa3bIBAET BIMSIHUS KaK MUCIOJIb3YEMOE CBS3YIOUIEE, TaK U
METO]T KOMIIaKTUPOBAHUSI.

[Ipu Mcnoab30BaHMHM B KAa4€CTBE CBS3YIOIIETO JIATEKCA M MOJMBUHUIOBOTO
COHMpTa HE YyIajloCh MOJYYUTh KOMIIAaKTHpoBaHHBIE oOpasiel ES-1M. O6pazen
paspyliajics Tocje HU3BJICYeHHs] U3 mpecc-(OpMbl HE 3aBUCUMO OT METOJIUKHU
KomnaktupoBanus. [Ipu atom obpasusl cepun S-1M coxpanstor popMy TabIeTKH
HE 3aBUCUMO OT HCIOJIb3yEMOT'O CBS3YIOIIEr0 M METOJIMKM KOMIAKTHPOBAHU.
Tonpko MCHONB30BaHME HATPUEBOW CONMM KapOOKCHMETHIILIEIUITIONO3bl B KaueCTBE
CBSA3YIOILIETO MO3BOJMIIO O0ECIEUUTh JOCTATOYHYIO aATre3UI0 MEXKIY 4YaCTULIAMH
nopotika ES-1M u nonyuuts TabieTupoBaHHBIE 0OPA3IIHI.

B pesynbrare xom0aHOTO KOMIAKTUpOBaHus cepuu S-1M ucnonb3oBaHue B
kauectBe cBsyomero KMI[ u ITIBC no3Bonuiao moiayduTh TabJeTHpPOBaHHBIC
o0pasiibl ¢ HAWIYYIIMMHU MOKA3aTeISIMU MIOPUCTOCTH, HO CPABHUTEIBHO HUZKHUMHU
3HAYEHUAMHM TIOTHOCTH TabneTok. [IpumMeHnenne MeToauKu ropsuero GopMoBaHus
MO3BOJIWJIO TIOBBICUTH IJIOTHOCTh Ta0JETOK M TMPU ITOM COXPAHUTHh BBICOKHE

SHAYCHUA YACIBHOT'O o0BbeMa Kak MHUKPO, TaK U MC30I10p.
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Cpenn  MONMyYEHHBIX  KOMITAKTUPOBAaHHAX  00OpasioB  HaWOONBIIEH
IIOTHOCTRIO 00sanarT oopasisl S-1M-KMII-XK u ES-1M-KMII-CT'K. Crenenb
JeTpaialiiy TIOPUCTON CTPYKTYPBI TSl TAHHBIX 00pasIloB JIGKUT B uHTepBaie 30-
40% (mo o0bemMy MUKpPO U Me301op). [Ipu 3TOM MIOTHOCTh KOMIAKTUPOBAHHBIX
aacopoentoB ES-1M-KMII-CTK u S-1M-KMII-XK B 4 u 10 pa3 cOOTBETCTBEHHO
MIPEBBIIIACT HACBITHYIO TUIOTHOCTh MOPOIIKOOOpa3HBIX 00Pa3IlOB.

Ha pucynke 3.6 mpeacTtaBieHO pacmpeneiieHHe IMop IO pas3MepaMm s
HUCX0aHBIX 00pa3ioB ES-1M u S-1M, a Takke KOMIakTUPOBAaHHBIX 00pa3ioB ES-
1M-KMII-CTK, ES-1M-KMII-XK u S-1M-KMII-TK, S-1M-JI-T'K.

[Ipu paccMOTpeHUH pacIipeaesieHuss MUKPOITOp 0 pa3MepaM it 00pasIiioB
o0oMX cepuil MOXHO 3aMETUTh HE3HAUYUTEIIbHOE CHIDKCHHE MaKCuMyMma
pacmpenesieHus 3a CUeT HE3HAYNUTEIHHOTO MMOBBITIICHUS JOTU Y3KUX MUKPOTIOP.

KadecTBeHHBIN XapakTep pachpeleieHUus Me30Iop MO0 pa3MepaM Ipu
KoMITakTupoBanuu ob6pasnoB ES-IM u S-1M He wusMeHsiercs, MaKCUMyMbI

pacnpeneneHus, Kak U B CIIy4ae ¢ UCXOJHBIMU 00pa3liaMu, HAXOASITCS B MHTEpBAJIe

3,0-4,0 uMm.
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Pucynok 3.6. Pacnpenenenue mop 1o pasMepaM KOMITAKTHPOBAHHBIX

obpasnoB AY. Cepust ES-1M — a; Cepust S-1M — 0.
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Ilopowikosas penmeenogckas ouppaxyus
Ha pucynke 3.7 npeacTaBieHbl pe3yabTaThl TOPOIIKOBON PEHTI€HOBCKOM

nudpaxiuu o6paszios S-1M, S-1M-KMII-T'K, ES-1M u ES-1M-KMII-CI'K.
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Pucynok 3.7. ludpakrorpaMmsl 00pa3iioB KOMIakTUpoBaHHbIX AY. Cepus
o6pasnoB S-1M — a; Cepust o6pasioB ES-1M — 6.
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OO0pasipbl Kak 70, TaK U TOCTIe KOMIAKTUPOBAHUS XapaKTEPU3YIOTCS HU3KOM
KpUCTAIUTMYHOCTBIO. [locine KOMmakTUpoBaHWsA HAOMIOMAETCsl 3HAYUTEIHHOE
ycuiieHre MHTeHCUBHOCTH peduiekca (002) u He3HauuTeIbHOE yculieHue pedrekca
(101) mmst obpasma S-1M. O0a w3MEHEHHS CBHJETEIBCTBYIOT O 3HAYUTEIHLHOM
TEKCTYPUPOBAHMM U  TOBBIIMICHUH KPUCTAIUIOrPAPUUYECKOTO  COBEPIIEHCTBA
HaHOKpHUCTAIITUTOB rpaduta B 0opasie S-1M-KMII-I'K. ®opmoBanue obpasna ES-
1M npuBeNo K yIaIeHUIO KPUCTAUTMYECKUX MPUMECEH, TPEICTABICHHBIX Y3KUMH
oTpakeHusMH Tipu yriax 26 = 18° u 36°. [Ipu sToM nuku cBsi3aHHbIE C pedrekcamu

rpa(I)HTa HN3MCHHIINCHh HEC3HAYUTCIBHO.

CkraHnupytowas 31eKmpOoHHAsE MUKPOCKONUSL
Ha pucynkax 3.8 wu 39 npencraBinensl  Mukpodortorpaduu

noponikooOpa3Heix obpasnoB ES-IM u S-1M, a Takke KOMIAKTHUPOBAHHBIX

obpazoB ES-1M-KMII-I'K u S-1M-KMII-T'K.

y

7

Pucynok 3.8. Mukpodrorpadun o6pasior S-1M (a) u S-1M-KMII-T'K (6).

KommaktupoBanne obpasna S-1M mpuBeno K 4YaCTUYHOMY pPa3pyIICHUIO

HCXOJHOU CTPYKTYPBL.
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Pucynok 3.9. Mukpodororpaduu obpasnos ES-1M (a) u ES-1IM-KMII-CTK (B).

Kak mokazano Ha pucynke 3.9 kxommakTupoBaHue obOpasma ES-1M ¢
NPYMEHEHHEM B KaueCTBE CBS3YIOMIETO KapOOKCHMETWIILIEIUTION03bI U METOAUKH
CTYIICHYATOTO TOPSYEro KOMITAKTUPOBAHUS HE MPHUBEIIO K 3aMETHBIM U3MEHEHHSIM

MOp(l)OJ'IOl“I/IH IIOBCPXHOCTH.

Tab6auma 3.4. DieMEHTHBIH COCTAaB TOBEPXHOCTH MOPOIIKOOOPA3HBIX

a7IcCOpOCHTOB
AncopOeHT Copnepkanue d35eMeHTa, Macc. %
C @) K Cr Fe
ES-1M 94,4 5,6 - - 3,8
ES-IM-KMII-CTK | 84,1 9,9 1,0 1,2 -
S-1M 91,5 6,0 0,7 0,9 0,9
S-1M-KMII-TK 90,9 6,6 1,2 1,0 2,5

[Ipouecc KOMIAKTHPOBAHUS C HMCIOJIB30BAHUEM B KAauyeCTBE CBS3YIOILLErO
KapOOKCHUMETHIILIEIUIIOJIO3U 3aKOHOMEPHO MPHUBOJIUT K IMOBBIILIEHUIO COJEPKAaHUS
KHCI0poJia, a Takxke npuMecHsIx ameMeHToB (K, Cr u Fe) B oOpasuax. B ciyuae
obpasna S-1M-KMII-T'K nossliienne conep:kanus BbIILIEYTIOMSHYTBIX 3JI€MEHTOB

MPOSIBIISIETCS] B MEHBITIEH CTENIEHU YeM MPU KOMITAaKTUpOBaHUK 00pasia ES-1M.
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3.3. Bbi00op Hanbo/Iee NepCHeKTUBHBIX aCOPOEHTOB 1JIs1 JaIbHeHIITUX

HCCJIeN0BaAHUM

Brusnue napamempoe komnaxmuposanus Ha XapaKmepucmuku noay4eHHbIx
aocopbenmoas

Kak yxe oTmedanocs panee Jis 3a/1ad aKKyMyJIMPOBaHUs YIJIE€BOJAOPOJIOB B
JOKPUTUYECKUX YCIOBUSAX HauOOJblIee BIMSHHE HA €MKOCTHBIE XapaKTEePUCTUKU
CHCTEMBbI OKa3bIBAIOT MapaMeTpPhl INIOTHOCTH ajicopOeHTa (d), a Takke CyMMapHBIA
oorem mmop (Ws). Ha pucynke 3.10 mpencraBieHbl 3aBUCHMOCTH JIAHHBIX
apaMeTPOB OT UCIOIB3YEMOTO CBSI3YIOIIETO, a TAK)KE OT UCTIOIB3YEeMOU METOTUKU
KOMIIAKTUPOBAHUS.

Kak moka3zano Ha pucyHke 3.10 npu HMCIOIB30BaHUN METOJIHUKHU XOJIOAHOTO
KOMIIAKTUPOBAHUS TPUMEHEHHE B KAye€CTBE CBS3YIOIIET0 BOJHOTO pacTBOpa
JaTeKca Mo3BOJIAET MOIYYHUTh aICOPOEHT ¢ HaOOJBIINM 3HAYEHUEM TUIOTHOCTH, HO
C HaMMEHBIINM 3HaueHneM oowrema mop (cepust S-1M). Mconp3oBanme B kauecTBe
csazyrouiero KMII, npu 3Tom, mO3BOJISET MOJYYUTh aJICOPOCHT C MUHHUMAJIbHOU
IJIOTHOCTBIO U B TO K€ BPEMSI C MUHUMAJIbHOM JAETpaJallieil MOPUCTOM CTPYKTYPBI.

[Tpu MCOIB30BAHUN METOAUKH TOPSIUEro KOMITAaKTHpoBaHus (cepus S-1M)
aJICOPOCHT ¢ HAWIYYIIMMH XapakTePUCTHUKaMU (TUIOTHOCTh U 00BbeM Top) ObuI
MOJlydeH C TPUMEHEHHEM B KauecTBE CBS3YIONIETO HATPUEBOM  CONHU
KapOOKCUMETHIILIEIUII0NIO3b]. B To BpeMst Kak aIcopOeHT ¢ UCTIOIb30BaHUEM JIaTEKCa
noKa3aj Xy/IIIne XapaKTePUCTHKH.

AncopOeHThI, TOMy4YeHHBIE C NPUMEHEHHWEM TOJIMBHHWIOBOTO CIHPTA,
MOKa3ajl CPEeIHUE XApAaKTEPUCTHKH KaK MpPHU XOJOAHOM, TaK M IPU TOpAYEM
KOMIIaKTUPOBAHUH.

B kauecTBe mokazaTelbHOTO MapaMeTpa, KOTOPBIA MO3BOJIIET ONPEACIUTh
b (HEKTUBHOCTh aACOPOCHTa C yYE€TOM OCHOBHBIX (DAaKTOPOB, BIHMSIONIMX Ha
CMKOCTHBIC XapaKTEPUCTHKH, HCIoNb30Ban mnapamerp Wp=Ws*d (rme d —
HACBINHAs IUIOTHOCTh aJCOPOEHTa, I/CM3), KOTOPBIM XapaKTEPU3yeT MOPHCTOCTH

azicopOeHTa 110 OTHOILIEHUIO K 3aHUMAEMOMY 00BEMY.
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600 - Mcxoawble YA | XonogHoe chopmosanme | | OPAuee/CTyneHqatoe ropadee
: copmoBaHue
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3,5 1 UcxoaHble YA | XoroaHoe dhopmoBaH1e i lopayee/cTyneHyartoe ropsyee
: : hopmoBaHne

Pucynoxk 3.10. 3aBUCHMOCTb TUIOTHOCTH (2) U CyMMapHOTO o0bema mop (0)
MOJTyYEHHBIX aJCOPOCHTOB OT TapaMEeTPOB KOMITAKTHPOBAHHS. 3€JICHBIA IBET —

cepus oopasnoB ES-1M; OpankeBblii 11BeT — cepust 00pasion S-1M.
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Ha pucynke 3.11 npuBenensl 3HaueHusi napamerpa Wy nans cepuu

KOMIaKTUPOBaHHBIX 00pa3ioB S-1M u ES-1M.

0,9
0,81 K
0,71
¢ 0,6
3 K
2 0,44 K
S 03] K K n
0,2-
0,140
0,0

Pucynok 3.11. 3nauenue mapametrpa Wy, s cepun obpasios ES-1M u S-

1M. I1 — mopoikoo6pa3Hbiii aacopOeHT; K — KOMIakTHpOBaHHBIN aJICOPOCHT;

Kak mokazano na pucynke 3.10 mammyummmu mokazatensmu W, cpenu
MOJIYYCHHBIX B paMKax paboThl agcopOeHToB 00manarT 0opasisl S-1M-KMII-T'K
u ES-1M-KMII-CT'K.

B wrore s panpHEHIIMX SKCIEPUMEHTAJIBHBIX MCCIEAOBAaHUN ObLIN

BbIOpanbl oOpasibl ES-1M-KMII-CI'K u S-1M-KMII-T'K.
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I'NTABA 4. AACOPBHMOHHBIE U TEPMOJIMHAMMNYECKHUE
XAPAKTEPUCTHUKHA DHAC-AK.

4.1. HccaenoBanus aicopOuMu MeTaHA B UHTepBaJie Temneparyp 143-

293 K u naBaenun 10 120 xlla

Ha pucynke 4.1 u 4.2 npeacraBieHbl W30TEPMbI aJCOPOLIMM METaHa Ha
MOpoIKooOpa3HbIX agcopoeHTax ES-1M u S-1M u ux KoMImakTHPOBaHHBIX (PopMax
ES-IM-KMII-CT'K u S-1M-KMII-I'K, moctpoeHHble B MOMYJIOTapu(PMUUECKUX
koopauHarax. Kak mnokazaHo Ha pucyHke 4.1 u 4.2 pacueTHble H30TEPMBbI
ascopOLMHU XOPOIIO COIIACYIOTCS C KCIIEPUMEHTAIbHBIMU JAHHBIMHU.

Kak crnemyer u3 pHCyHKOB, BO BCEM Juana3oHe TeMIepaTyp W JaBICHHUN
nopomkooOpasueiii ES-1M  gemonctpupyer mpeBocxoactBo Han S-1M. Ilocne
yruioTHeHus conepxkanue Mmerana B ES-1M-KMII-CI'K causunock 10 ~45 MMOJIB/T.
[Tpu temmepatype 143 K emkocTts mopomrkooOpa3zHoro S-1M u ero MOHOTUTHOM
dopmbl S-1IM-KMII-T'K nocturator makcumanbHbIX 3HadeHuM 37 U 19 mmoib/r
COOTBETCTBEHHO. OJIHAKO 3TH 3HAYEHMsI IPUMEPHO B JIBA pa3a HUXKE 10 CPAaBHEHUIO

C TaKOBBIMU 117151 yruien cepun ES-1M.
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Pucynok 4.1. N3otepmel aicopOunu Metana Ha oopasuax S-1M (6) u S-1M-

KMII-TK (6) mpu Temmeparypax 143-293 K. Touku — 3KCIepHUMEHTAIbHbIC

JAHHBIE; TYHKTUP — PacyeT COTJIACHO METOJMKE, ONMMCAaHHOM B II. 2.3.1.
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Pucynok 4.2. Mzotepmbl ancopOuuu metaHa Ha oopasuax ES-1M (a) u ES-
1IM-KMII-CI'K (0) mpu Temmneparypax 143-293 K. Touku — sKcriepuMeHTaIbHbIC

JaHHBIC; ITYHKTUP — pacyeT COTJIacCHO METOAUKE, OMMMCaHHOM B 1. 2.3.1.
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Ha pucynke 4.3 mpenctaBieHO CpaBHEHHE T'PAaBUMETPHUECKOH EMKOCTU
ancopoentoB S-1M u ES-1M, a Ttaxke UX KOMIIAaKTUPOBAHHBIX (POPM C JaHHBIMU
JUTSL pa3UYHbIX aJICOPOEHTOB, MPEJCTABICHHBIX B JUTEpATYype MPHU TeMIlepaType
178 K 1 ngaBieHUM HACBIIIEHHOIO Mapa MeTaHa. Tak K€ Ha pUCYHKE MPUBEICHbI
BKJIAZbl aacopOId B MHKpomopax (@m) M Me3omopax (@me) B HTOTOBYIO
IPaBUMETPUUYECKYIO €MKOCTh. Tak e ObUIM pacCUMTaHbl 3HAYEHUS aKTUBHOMU
rpaBUMETPUYUCCKOM eMKOCTH (Aa). B kauecTBe cpaBHEHUS TaHHBIC TIOKA3aTeIH TaK
ke mpuBeneHsl 1 agcopoentoB AYK [131], AC-4 [17], AC-6 [17], AU-5 [41],
Maxsorb-111 [94], Carbon Xerogel [59] u MIL-101(Cr) [103]. Pucynox 4.3
MO3BOJIAET OIICHUTH KOPPEIALUN MEXIAY MOPUCTOM CTPYKTYpOH ([0JIei Me301op U

CyMMapHbIM 00BEMOM TI0P) U aKTUBHOI/TIOJIHON IPAaBUMETPUUECKON €MKOCTBIO 110

METaHy.
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Pucynok 4.3. CpaBHeHHE TpaBUMETPUUYECKMX EMKOCTEH MeTaHa Ha
pa3IMYHBIX YTIAEPOAHBIX ajcopOeHTax npu Ttemmneparype 178 K u paBnenun

HaACBIIMCHHOI'O ITapa MCTaHa.
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Kak cnenyer u3 pucyHka, cymMMapHbIi 00beM MOp aicopOeHTa SIBISETCA
KIIOUEBBIM ~ TMapaMETPOM,  ONPEHCISIONMUM  TPAaBUMETPHUYECKYI0  €MKOCTH
aacopOeHTa 10 MeTaHy. Tak mopomkoobpasueii ES-1M  oGmamaromuii
HanbompmmuM 06beMoM 1op (Ws = 3,02 ¢M3/r) u 3HAYNTENBHON JOJIEH ME30IO0p
(Whe = 2,01 cM®/r) npossisercs HauGOMBIIYIO aJCOPOIMOHHYIO0 aKTUBHOCTH I10
MeTaHy — 55 wMMoIb/T, a Takke MaKCUMajlbHOE€ 3HAYCHUE AaKTUBHOMU
IpaBUMETPUUYECKON eMKocTH Aa.

Takum 00pa3oM BBICOKME 3HAUYEHHUS] CYMMapHOro oObema TOop U J0JIU
Me301op B KommaktupoBaHHOM oOpasie ES-1M-KMII-CI'K  obGecneunBator
BBICOKHE 3HAUCHMS KaK MOJHOM, TAK U aKTUBHOW TPaBUMETPUYECKON €EMKOCTH.

CTOUT OTMETUTD, YTO BHICOKOE 3HAYEHHE YACIBHOI0 00beMa MUKPOTIOp (MU
HU3KOE 3HAUEHUE JOJIH ME30TOP) OKAa3bIBAET CYIIECTBEHHOE BIMSHUE HAa 3HAUCHUE
AKTUBHOM TPaBUMETPUYECKOW €MKOCTHM Aa B CHIIy TOTO, 4TO MHKPONIOPBI MOTYT
aKKyMyJIHPOBAaTh CPABHUTEIHHO OOJBIIOE KOJTUIECTBO METaHA JaXKe TP IaBIICHUU
0,1 MITIa. Tak ynenpHBIH 00BeM MHEKpOIIOp oOpa3iia Carbon Xerogel moutu B 7 pa3
Huxe, yeM y oopazia MAXSORB-III, oqnako oHM MPOSIBISIOT CXOXKUE 3HAYCHUS
AKTUBHOM I'PAaBUMETPUYECKON EMKOCTH.

KomnaktupoBanue agcopoenta S-1M npuBeso kK 3HAaUUTENBHOM JIeTrpagaliiu
MOPUCTOMN CTPYKTYPHI aICOPOEHTA, U KaK CIEJACTBUE K 3HAUUTEIHLHOMY (TIOUTH B 2

pa3a) CHUKEHUIO MOJIHOM U aKTUBHOW FPABUMETPUUECKON EMKOCTH.

4.2. TepmoauHamMMKa  aJCOpPOIMH  JIETKMX  YIJIEBOJOPOJOB  Ha

MOJIyYeHHBbIX aJcOpOeHTaX
Ha pucynxke 44 wu 4.5 npenacraBlieHbl pe3ysibTaTbl  pacuera

mudepeHnnanbHOi  MOJIBHOW — M30CTEPUYECKOM  TEIUIOTHI  aacopOIMyd  Ha

KOMITakTUpoBaHHbIX ajicopOenTax ES-1IM-KMII-CI'K u S-1IM-KMII-T'K.
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Pucynok 4.4. JlubdepeHuuanbHas MOJIbHAs HM30CTEpUYECKasl TEIIOTa
afcopOumum Metana Ha ancopoentax ES-1M-KMII-CI'K (a) u S-1M-KMII-T'K (6)
npu temneparypax: 1 — 143 K,2 - 178 K, 3 -213K,4-243 K, 5-273 K, 6 — 293
K.
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Kak mnoxazano Ha pucynke 4.4, wu3zocTepuyeckas TeIIoTa ajcopouuu
MIOCTETIEHHO CHIKAETCS HAa HAa4aJIbHOM 3Tarle 3aroJIHeHUsS IOPUCTOTO MPOCTPAaHCTBA
(0-10 mmoaes/r um 0-8 wmmoaw/r mis ES-IM-KMII-CTK u  S-1M-KMII-T'K
COOTBETCTBEHHO). 3aTeM HalOmomaeTcss Oojee pe3Koe CHIKEHHE TeIIOThI
aJicopOITMu, 4YTO MOXKET OBITh CBSI3aHO C OOpa3OBaHHWEM acCOIMATOB MOJIEKYII
MeTaHa B Mukpomopax [32,34]. Ilpu HDOKpHTHYECKHX TemIlepaTypax, Korjia
JIOCTUTAETCS MaKCUMAaJIbHOE 3al0JIHEHHE MUKPOTIOPUCTOTO IPOCTPAHCTBA, a TAKXKe
nosiHoe (OPMHUPOBAHUE AICOPOITMOHHON TUICHKH, 3HAYCHHs TEIUIOTHI aJICOPOITUH
paBHBI TEIJIOTE KOHJEHCAlMM MeTaHa. UTO TOBOPUT O Hauaje Impolecca
KalUIAPHON KOHACHCAIUY METaHa B 00beMe Me30Top.

Ha navanenom stamne (0-2 MMOJIB/T) SHTpONUS aaCOPOIMOHHOM CUCTEMBI
OKUJAEMO PE3KO CHIDKAeTCS 3a CYeT CBS3bIBAaHUS MOJIEKYJl MeTaHa C
BBICOKO?HEPTeTUYECKUMU aJIcCOpOIIMOHHBIMU 1IeHTpaMu. Korga Haubosnee cuibHbIe
aJICOPOIIMIOHHBIE IIEHTPHI 3aHSATHl CHUIKEHUE DHTPONHUHU 3aMEUIIeTCS] U Jaxe
SBIIIETCS TOCTOSIHHBIM Ha HEKOTOPOM Y4YacTKe 3aloJHEHHWH, YTO OTpakaeT
YBEIMYCHHE JIATEPAIbHBIX B3aUMOJICUCTBHIM MEXIy MOJIEKyJaMu ajicopbara
PUBOJAIIEE K UX TieperpynnupoBke. [locne yero sHTponust MeaJIeHHO BO3pacTaerT.
Takoe moBeneHHWE CBUICTEIBCTBYET O 3aBEPIICHUU TMPOIECca arperupoBaHUs

MOJICKYJ ¥ BO3pAaCTaHUIO CHUJI OTTAJIKMBAHUA MCXKIAY HUMMU.
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Pucynok 4.5. JlubdepenuuanbHas MOJbHAs SHTPONHS aJCOPOIMOHHOU
cucteMbl MeTaHa Ha afgcopoenTax ES-1M-KMII-CT'K (a) u S-1M-KMII-T'K (0) mpu
temnepatypax: 1 — 143 K,2-178 K,3 -213 K,4-243K,5-273 K, 6 —293 K.
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JIJIsi OLIEHKW BJIMSHUS TEIUIOTHI BBIAEISIEMON B MpoIlecce aacopOmmm Ha
paboTy CHUCTEMBbl aKKyMYJIUPOBaHUsI ObUIM pacCUUTaHbl 3HAYEHUS MHTETPabHON

TeIUIOTHI aicopOIuu i cuctembl MeTad — ES-1M-KMII-CI'K:

a

Q(T) = f dst (@) T=constda + Q. (3.1)

0

20e, Q. — KOJIMYECTBO TEIUIOTHI, BBIAEIAEMOE B PE3yJIbTAaTe KaWUIIPHOU

KOHJIEHCAIIMU MeTaHa B Me3onopax, MJx/m3,

Tabnmuma 4.1. 3HaueHUs MHTETPAIbHOM TEIUIOTHI NPH  PA3THYHBIX

MeXaHU3Max aJIcopOIMH SISl CUCTEMBI aKKyMyJinpoBaHus Ha ocHoBe ES-1M-KMII-

CI'K.

Q npu Temnepatype, MJx/M°
143 K 178 K
AncopO1us B MUKPOIIOpax U Ha
P poTop 136 126
MOBEPXHOCTH ME30IOP
KanwmnnspHas koHACHCAIUS B
44 32
o0beMe Me301I0p

Kak moxazano B Tabmuie 4.1, B mpoliecce KanmuUISPHON KOHIACHCAIMH
BbIAesieTcs: mpuMepHo 25-30% ot oOwero konuuecTsa TemioTel. Takum oOpazom
IKCIUTyaTamusl MOJOOHBIX CHUCTEM B M30TEPMHUYECKUX YCIOBHSX (JOKpPUTHUECKAs
3ampaBKa — JOKPUTHYECKAas BbIJada) NPHUBEACT K 3HAYUTEIHLHO MEHBIIEMY
BBIICJICHUIO TETUIOTHI BBUAY OTCYTCTBHS OTIOPOKHEHHS TIOPUCTOTO MPOCTPAHCTBA
MUKPOIIOP, YTO MPUBEJET K MEHbBIIIEMY Pa30rPEBY aJCOPOITMOHHOTO aKKyMYJISITOPA.
[Tpu aTom cucrema Ha ocHOBe ES-1M-KMII-CI'K, B naHHBIX yCIOBHSIX, BCE €IIIE
MOKa3bIBACT CPABHUTEIHLHO BBICOKME 3HAYCHHS KaK IIOJTHOW, TaK W aKTUBHOU

C€MKOCTH.
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I''TABA 5. EMKOCTHBIE XAPAKTEPUCTHUKH JHAC-/IK.

5.1. MHMccaenoBanme yAeJbHbIX 00beMHBIX XapaKTePUCTUK
MAaCIITAOMPOBAHHOI0 AKKYMYJISITOpa MeTaHA B HHTepBaJe Temmnepatyp 143-

243 K u naBjenmnii 10 3,5 Mlla

Ha pucynke 5.1 npuBeaeHbI pe3yabTaThl SKCIIEPUMEHTATBHBIX UCCIICT0OBAHINA
MOJIHOM OOBEMHON €MKOCTH CHCTEMbl aKKyMYJIHUPOBaHUS HAa OCHOBE aJ[COPOEHTOB
ES-1IM-KMII-CTK u S-1M-KMII-I'K npu temnepatypax 143 K, 178 K u 243 K.
N3mepenust MpoBOJMINCH COTJIACHO METOAMKE, onrMcaHHou B 1. 2.3.3. B ancopbep
sarpyxamn ~100 cm® ajgcopbeHTa, 4TO COOTBETCTBYeT 4 TablIETUPOBAHHBIM
oOpasiam.

Kak mnokazano Ha pucynke 5.1 monHas oOBE€MHas €MKOCTh CHCTEMBI
aKKyMYJIMpPOBaHMsSI Ha OCHOBE MHUKpomesomnopucroro ajacopbenra ES-1M-KMII-
CI'K mocturaer 3nauenuii 440 u 360 m*(HT/I)/m® mpu temmeparypax 143 u 178 K
cootBeTcTBeHHO. AjncopOeHT S-1M-KMII-T'K mnposiBaser MeHblne 3HaUYCHUS
noJHOW 00BbeMHON emMKkocTH B cpaBHeHHH ¢ ES-1IM-KMI[-CT'K — 360 u 340
M3(HTI)/m® ipu Temneparypax 143 u 178 K cOOTBETCTBEHHO.

Ha pucynke Tak ke moka3aHo 4TO pacyeTHbIC JAHHBIE XOPOIIO COTIACYIOTCS

C OKCIICPUMCHTAJIbHBIMH BO BCCM JHUAIlIa30HC TCMIICPpATyp U I[aBJ'IeHl/If/'I.
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Pucynok 5.1. Ilonnas oObeMHass €MKOCTb CHCTEMbl AKKyMYJIHPOBAHUS
MeTaHa Ha ocHoBe azcopoeHToB ES-1M-KMII-CTK (a) u S-1M-KMII-T'K (6) npu
temneparypax 143-243 K. Touku — 3KClEpUMEHTAJIbHBIE JIaHHbBIC; CIUJIOIIHbIC
JIMHUU — PacyeT COrJIacHO METOAMKE, OMMCaHHOM B 1. 2.3.1. [lmanku norpemHocTu

COOTBETCTBYIOT OTHOCUTENIbHOU nTorpentHocty 10%.
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Ha pucyake 5.2 mpencraBieHbl pe3yibTaThl  AKCHEPUMEHTAIBHBIX
UCCJIEIOBAHUM  AKTHBHOM OOBEMHOM €MKOCTH, B  HW30TEPMHUYECKOM U
HEU30TEPMUYECKOM PEXUME, CHCTEeMbl aKKyMYJIMPOBAHHS METaHa Ha OCHOBE
aacopoenta ES-1M-KMII-I'K u S-1M-KMII-T'K.

Kak mnokazaHo Ha pHCYHKEe 5.2, aKTUBHas €MKOCTh B H30TEPMHUYECKOM
pexumMe gocTuraer 3HadeHuit 260 u 195 M3(HTJ)/m® nna agcop6enros ES-1M-
KMII-CT'K u S-1M-KMII-T'K cootBeTcTBeHHO. 711 HEM30TEPMHUIECKOTO PEKUMA
(Bermava npu 293K u 0,1 MIla) 3HaueHust akTuBHOM emkocTu gocturarot 380 u 340
MX(HT)/m® s apcopbentoB  ES-1IM-KMII-CTK  wu  S-1M-KMII-TK
COOTBETCTBEHHO. CTOUT OTMETUTh, YTO 3HAYCHHUS AKTUBHONM EMKOCTH B
M30TEPMHUYECKOM pexume npu Ttemmeparypax 143 u 178 K 10BoabHO Onu3KH 1S
ancopbenra ES-IM-KMII-CTK (260 u 255 M3HTO)/M®), a B ciydae
S-1M-KMII-T'K axtuBHas emkocts mipu 178 K npeBocxoaut emkocts npu 143 K.
D10 CcBA3aHO ¢ TeM, uTo Tpu Temmepatype 143 K u naBnennu 0,1 Mlla (~0,12 P/Ps)
B MHUKpOIIOpax ajcopOeHTa BCE €Il 3alaceHO 3HAYUTEIbHOE KOJHWYECTBO Tasa.
[ToBbieHue Temmepatrypsl 10 178 K NpUBOIUT K CHUKEHUIO OTHOCUTEIBHOTO
nasienns Bbytaun (0,1 MIla—~0,03 P/Ps) m, kak ciencTBue, IOBBIIICHUIO
aKTUBHOW €MKOCTH. B ciyyae HEHM30TEpPMHUYECKOTO peXHMa, MOJ00HOr0 He
HaOJIIOaeTCsl, TaK KaK BbIJadya ra3a MPOMCXOAUT MPU OJUHAKOBBIX YCIOBHUAX, HE
3aBHUCHMO OT yCJIOBUH 3aIPABKH.

Ancopoent ES-1IM-KMI[-CTK  mpeBocxogutr  S-1M-KMII-I'K  mo
MOKa3aTeisiM TOJIHOW M aKTUBHOM OOBEMHOW €MKOCTH BO BCEM HCCIIEIyEMOM

WHTEpBAJIE TEMIIEPATYP U JABICHH.
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PucyHok 5.2. AxTuBHas 0O0bEeMHas €MKOCTb CHUCTEMBI aKKyMYJIHPOBaHUS
MeTaHa B U30TepMHuueckoM pexxume (1, 2, 3) u HemzoTepmuueckoM pexxume (1%, 2%,
3*) ma ocHoBe amcopoeHToB ES-1IM-KMII-CI'K (a) u S-1IM-KMII-T'K (6) npu
temneparype 1 — 143 K, 2 — 178 K, 3 — 243 K. Touku — 3KCIEpUMEHTAIbHBIC

JaHHble; JIMHUM — CcIuTalH-anmpOKCUMALTUS.
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5.2. Ouenka 3()¢eKTHBHOCTH MOJYYEHHBIX a/ICOPOEHTOB B CHCTEMax
acopOLMOHHOIr0 aKkKkymyJmpoBanus napos CIIT

Ha pucynke 5.3 mpenacraBieHO cpaBHEHHE MOJHOM (a) M akTUBHOU (0)
00BEMHON €MKOCTH CHUCTEMbI aKKyMYJIHPOBAaHUS Ha OCHOBE asnicopoeHToB ES-1M-
KMII-CT'K, S-1IM-KMII-T'K, MIL-101(Cr) [103] u ACWW [60] ipu TemmepaTypax
140-143 K.

Kak nmoka3zaHo Ha pucyHke 5.3 MOJy4eHHbIE B paMKax pabOThl aICOPOCHTHI
ES-IM-KMII-CTK u S-1M-KMII[-CTK mnpeBocxomar mpeiCTaBICHHBIC B
autepatype  Mukporopuctbie  aacopoentsr  MIL-101(Cr) u  ACWW 1o
MaKCHUMAaJIbHOM ITOJIHOM 00BeMHOM e€MKOCTH CHCTeMBI Vi, CTOMT OTMETHTH, UTO
CUCTEMA, 3arpy>KeHHasi MUKPOIIOPUCTBIM METaJUIOpraHruuecKuM kapkacom MIL-
101(Cr) a taxxke MukporopucThiM akTHBHBIM yriem ACWW, mposBiser Oosee
BBICOKME 3HAYEHUS €MKOCTH TPH TOHMKEHHBIX IaBJICHUSAX, YTO OOBSICHICTCS
BBICOKOM »HEpruer ancopOuud B MUKPOIIOpAX M, CIETOBATEIBHO, UX OBICTPHIM

3aII0JIHCHHMECM M BBIXOJO0M Ha HACBIIIICHHC.
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Pucynok 5.3. [lonnas (a) u aktuBHas (0) (B M30TEPMHUYECKUX YCIOBHSX)
00bEMHAsi eMKOCTh CUCTEMbI akKymyhupoBaHusi metana Ha ES-1M-KMII-CI'K,
S-1M-KMII-TK, MIL-101(Cr) [91] u ACWW [60] npu Temmneparypax 140-143 K.
Toukn — SKCHEpUMEHTAJbHBIE JaHHbBIC, CIUIOIIHbIE JUHUM — CIUIaiH-
aNMpPOKCUMAITHS; MyHKTUPHBIE TUHUHM — PAcYeT COTIIACHO METOJUKE, ONMMCAHHON B
m. 2.3.1.
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AKTHBHas €MKOCTb CHCTEMBI aKKyMYJHPOBAHUS HAa OCHOBE IOJy4YEHHBIX
MUKPOME3O0MOPUCTHIX  aJCOPOEHTOB B 3HAYUTENBHOM Mepe MPEBOCXOAUT
MUKponopucTele ajacopOeHTsl. Kak oTMeuanoce paHee, 3TO CBSI3aHO CO
CPABHUTEJIBHO BBICOKMMH 3HAUYECHHSIMHU aJCOPOLIMM B MHUKPONOpax IMPU HUBKUX
JaBJICHUSX, YTO NMPUBOJUT K HEBO3MOXXHOCTH W3BJICUEHMS 3allaCEHHOTO rasza 0e3

AOIOJHUTCIIBHOI'O HAIrp€Ba MW BaKYYMHUPOBAHNA.

450 - ES-1M-KMU-CIK
400 -
S-1M-KML-TK
o 350 1
2 ACWW
E 300
<.
“s 250+ 3anpaska npu:
T« T=143K
= 200+ P = P (0,75 Mra)
Bbigava npu:
150 T T = Td
. P=0,1MMNa
100 & I = 1 i I " I * I * I ' 1 N
160 180 200 220 240 260 280 300

Ta K

Pucynok 5.4. 3aBUCHMOCTH yJIETbHON AKTUBHOW €MKOCTH CHUCTEMBI TPH
IUKJIMYecKor paboTe B HemszoTepmuyeckoMm pexume (T # const, P # const) Ha
OCHOBE MHKpoMe3onmopucThiX aacopoentop ES-1M-KMII-CI'K, S-1M-KMII-T'K u
MUKpONopucToro yriepoanoro aacopoeara ACWW ot remneparypbl Bbl1auu rasa.

Kaxk noka3aHno Ha pucyHke 5.4 MUKPOME30OPUCThIE aICOPOEHTHI MPOSBIISIOT
KpaTHO OOJIbINIME 3HAYCHHUS] aKTUBHOW E€MKOCTH CHCTEMBbI B HEU30TEPMUUYECKUX
YCIOBUSIX B  CPaBHEHMM C  MHUKpOHopucThiM  ancopoentom  ACWW.
Muxkpomnopucteiii aacopoenr ACWW mnposBisieT cXo)khe 3Ha4YCHUS aKTUBHOMU
emkoctd ¢ ooOpaziom S-1M-KMII-CT'K numis mpu JOCTHXKEHUH TEMITEpaTyphl

BbIauu raza >270 K.
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B tabnuue 5.1 npeacraBieHo KOJIUYECTBO M3BJIEKAEMOTO ra3a M3 CUCTEMbI
aKKyMYyJMPOBAaHHUSA MIPHU paboOTEe B U30TEPMUUECKOM U HEM30TEPMHUUECKOM PEKUME.

Taﬁ.lmua 5.1. KomnuectBo HN3BJICKACMOI'O rasa H3 CHCTCMBI

aKKyMyJMPOBAaHUSA HAa OCHOBE MHKPOME3OMOPHUCTHIX ancopbentoB ES-1M-KMII-
CI'K u S-1M-KMII-CI'K u mukponopuctsix ancopoentop MIL-101(Cr) [91] u
ACWW [60].

Va/VF, %
N30TepMudeckuid pexxum Hewusorepmuueckuit pexxum
AncopbeHT (Bergaua raza mpu T = 143K, (Bermaua raza mpu T = 293K,
P=0,1 MIla) P=0,1 MIla)
ES-1M-KMII-
59 98
CTK
S-1M-KMII-
H S7 97
CTK
MIL-101(Cr) 30 -
ACWW 11 86

Kak mokazano B Tabmuune 5.1 mnpuMeHeHHME MUKPOME3OMOPUCTHIX
a7ICOPOCHTOB TMO3BOJIUTh MOBBICUTH KOJUYECTBO H3BJIEKAEMOTO Ta3a W3 CUCTEMBI
aKKyMYJIUpPOBaHHS B 2-6 pa3 B U30TEPMHUYECKOM pexkume pabotel. [Ipu 3TOM B
HEU30TEPMUYECKOM pPEXKUME MPUMEHEHHUE MHUKPOME3OTOPUCTHIX aJCOPOEHTOB
MI03BOJIICT JOOUTHCS IMOYTH MOJIHOTO M3BJIcueHus ra3a (>97%).

Kak yxe oTmedanoce paHee CKOpOCTh 00pa3oBaHMs OTIAPHBIX Ta30B MPH
xpanenuu CIII" Bo3pactaeT nmpu ymeHbllleHUH oObeMa xpaHuiuiia. [1o pazHbIM

3

ouenkam [6,9,134,135], mns xpammmuimma CIII'T oobemom 0,5-2 M° cKOpoOCTb

o0pa3oBaHUs OTIAPHBIX Ta30B MOXKET IOCTUTATh 3-4 Macc. %/CyTKH, TOrAa KakK JJis

XpaHunuin oobeMoM Gomee 1000 w3

3TO 3Ha4YeHue Jiexkut B uHTepBaie 0,2-0,5
Mmacc. Y%/cytku. C 3TOM TOYKH 3pEHUS TPENICTABIACTCS MHTEPECHBIM MPOBEICHUE
olieHKH npoayieHus cpoka xpanenus CIII npu ucnonszoBanuu texHonoruu ACIIIL,

B OCOOEGHHOCTH IS MaJIOTa0apUTHBIX XPAHUJIHIIL
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Pacuer npoBoauiics s temneparypsl kunenus metasa (111,7 K), npu atom

CKOpPOCTh 00pa30BaHus OTIIAPHBIX Ta30B ObLIa MPUHSATA paBHOH 3 Macc. %/CyTKu:

H.y.
_ VFpCH4 (5 1)
tacir = Ve R :
crrPcHaNor
rae, Vp — mnomHas oObEeMHAass €MKOCTb CHCTEMBI aJCOPOIMOHHOIO

3 3. HY.
akkyMmynuposanus Metana, Mm"HTJI/M®; p ., — TWIOTHOCTH METaHa NPU HOPMAJbHBIX
YCIOBHSAX, KI/M®; Pcpa — INIOTHOCTH METAHA IIPH TEMIIEPATypE KUMEHUs, KT/M>; Vepr

— 06beM xpanumuima CIIT, m3; R, — CKOpocTh 06pa30BaHuUs OTIAPHBIX [A30B, MACC.

%/CyTKU.

Pe3ynbpTaTel pacuera s CUCTEMbI aJICOPOLMOHHOTO aKKyMYJHWPOBaHUS Ha

ocHoge ancopoenta ES-1M-KMII-CI'K npuBenens! Ha pucynke 3.21.
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Pucynok 5.5. Ilpomnenne cpoka xpanenus CIII' mpu wucnonas3oBaHuU

aJcOpOIMOHHON  cucTeMbl  akkymynupoBanus mapoB CIIIT wa  ocHOBe

MUKpomesomopuctoro aacopoenta ES-1M-KMII-CI'K.

Kak mokazano Ha puCyHKEe 5.5 TIpUMEHEHHE  aJCOPOIMOHHOIO
akkymynnpoBanus napoB CIII" moTeHunanbHo MoxeT npeaoTBpatuth notepu CIIT

Ha rporskenuu 1-20 gueit/m® nig manorabapuraeix xparuman CIIT.
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Takum o00pa3oM, MHUKPOME3OMOPUCTBIE aAJCOPOCHTHI SIBISIOTCS Ooiiee
NPEINOYTUTENbHBIMI MaTepuajgaMu s 3aJad aKKyMyJIHpOBaHHs MeTaHa B
JTOKpUTHUECKUX ycioBusax. [lomydeHHbsle B paMkax paboTsl ajcopOeHThl ES-1M-
KMI-CTK u S-1M-KMII-T'K He ycTynmaioT MHKpOMOPUCTBIM aAcopOeHTaM I0
MOKa3aTeNll0 MOoJHONM 00beMHOM eMKkocTH. A 3a cyeT 3ddexkTa KanmuuIspHOU
KOHJICHCAIlMM 3HAYMTENIbHO TMPEBOCXOSAT MHKPOIOPUCTBIE aJCOPOEHTHI 10
MoKa3aTelsiM aKTUBHOW €MKOCTH Kak B HM30TEPMHYECKHX, TaKk U B

HCU30TCPMHUUCCKUX YCIIOBUSAX.
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BbIBO/JbI

1. PazpabGoran moaxox mis pacuera amcopOnud B JOKPUTHUYECKUX U
CBEPXKPUTHUECKUX YCJIOBHUSX Ha MHUKPOME3OIMOPHUCTHIX aJCOPOEHTaX C Y4YETOM
aacopOUMM B MHKPOMNOpAaxX, Ha TMOBEPXHOCTA ME30MOp U KaNWUISSPHON
KOH/JICHCAIUH.

2. IlonmyuyeHbl &1Be cepuu KOMIAKTUPOBAHHBIX OOpa3lOB YTIEPOIHBIX
aJICOPOEHTOB C Pa3BUTOM MHUKPOME3OIMOPHUCTOM CTPYKTypoil. Hawmmydmmmu
XapaKTepUCTUKAMU JJI1 aKKyMYJIUPOBAaHUS METaHa MPHU JTOKPUTUUYECKUX YCIOBUSAX,
cpemu TOJYYeHHBIX o00pas3noB, obOnagaroT oOpasubl ES-1M-KMI[-CT'K wu
S-1M-KMII-TK. Cymmapunsiit 06bem mop Ws manHbIx 00pas3ioB coctaBuset 2,05 u
1,01 cM¥r, mpu »>ToM 101 Me30IOp anacopOeHTOB cocTaBisgeT 64% u 50%
COOTBETCTBEHHO.  METOAUKM  TOpsiMer0 M CTYNEHYATOro  ropsiuero
KOMITAaKTUPOBAaHUSI C NMPUMEHEHHEM B KadecTBe cBs3yromiero KMII mo3Bosmnu
MOBBICUTH TNIOTHOCTH MOPOIIKOOOpa3HbIX aicopOeHToB B 4 u 10 pa3 ayis o6pas3ion
ES-1IM-KMII-CTK (370 xr/m®) m S-1M-KMLI-TK (510 kr/m®), nmerpamanus
MOPUCTON CTPYKTYphl IOCJI€ KOoMMakTupoBaHusi He mnpesbimaer 40% (1o
CyMMapHOMY 00BbEMY TOD).

3. PazpaboranHbli MOAX0a I OMHMCAHWUS WU pacyeTa aAcopOIUU MPH
JOKPUTHUYECKUX YCIOBUSAX C yU4ETOM aJCOPOIMU B MHUKPOIIOpaX, Ha MOBEPXHOCTU
ME30M0p Y KamWUISIPHOW  KOHAEHCAIlMM  [OKa3ajdl  YAOBJIETBOPUTEIbHYIO
CXOIUMOCTh C OKCIEpPUMEHTAIbHBIMU  JaHHbIMH. [IpoBereHa Bamumanus
pa3pabOTaHHOIO MOAXOAAa Ha OCHOBE JIMTEPATYPHBIX M TOJIYYEHHBIX B paMKax
paboOThI AKCIIEPUMEHTAIBHBIX JaHHBIX 10 aJCOPOIMH METaHa B JOKPHUTHYCCKHX
YCIIOBHUSIX.

4. TlpoBemeHbl KOMIUIGKCHBIC OKCIICPUMCHTAJIbHBIC  HCCJICIOBAHMS
aJIcopOIMK MeTaHa Ha MOJYyYEHHBIX 00pasiiax MUKPOME3OMOPUCTHIX aJCcOPOCHTOB
B uHTepBaie Ttemneparyp ot 143-293 K wu paBnenun g0 0,1 Milla.
KomnaktupoBanusiii oopazer; ES-1M-KMII-CI'K npoaeMoHCTpUpOBall BBICOKHE

3HAYEHUS TPAaBUMETPUIECKON €MKOCTH 0 METaHy — 45 MMOJIB/T TIPU TEMITepaType
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143 K, uto Gonee yem B JiBa pa3a MpEeBBIIIACT 3HAUCHUS aICOPOIUH JIJ1s1 0Opasua S-
1M-KMII-T'K — 19 mmouns/T ipu Temneparype 143 K.

5. IlpoBenmeHbl  AKCIEpUMEHTANbHBIE  HUCCIENOBAHUS  E€MKOCTHBIX
XapaKTEPUCTUK CHUCTEM HHU3KOTEMIIEPAaTypHOTO aKKyMYJUPOBaHUS MeETaHa Ha
OCHOBE KOMIMAaKTUPOBAHHBIX MHUKPOME3OIMOPUCTHIX ancopOeHToB. [lomydyeHHbie B
pamkax pabotel agcopoeHtsl ES-1IM-KMI[-CTK u S-1M-KMI-I'K nposiBisitoT
3HAYCHUS MTOJTHOW 00bEMHON €MKOCTH TPEBBIMIAIONINE 3HAUCHHUS, TTPEICTABICHHBIC
B autepatype — 440 u 360 M>(HT)/m® npu Temneparype 143 K. AncopOeHTsI ¢
pPa3BUTOM MHMKPOME3OMOPUCTOM CTPYKTYpOH MpPOSIBISIOT KpaTHO OoJIbIIneE
3HAUYCHUS AaKTUBHOW OOBEMHOM EMKOCTH KaK B HM30TEPMHYCCKHUX, TaK U B
HEU30TEPMHUYECKUX YCIOBUSX B CPABHEHUH C MUKPOIIOPUCTHIMH aJICOPOCHTAMHU.

6. Paszpaborans (UBUKO-XUMUYECKHUE OCHOBEI [IAKJIOB
aKKyMYJIUPOBAHMS MPUPOJIHOTO Ta3za mMeTaHa Ha MMA B HIMPOKOM HHTEpBalie

TEMIEPATyp.
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