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B paGoTe npoBeneHa OMHOCTOPOHHSISI MOAM(UKALIMSI TOMOTEHHBIX TTOJTMMEPHBIX TJIEHOK U3 TTOJIMBUHUJIT-
puMetuiacwiada (ITBTMC), nmonu(2,6-mumerundenumnenokcuna-1,4) (ITOGO) u nonmbeH3oanMOKCcaHA
(PIM-1) metonoM xuakodazHoro (propupoBaHusi GTOp-a30THOI cMechlo B TepdTopaekaninHe. Bpemst
¢ropupoBanus coctapisiio oT 10 go 60 muH. s o6pasuos [IMO meTogom peHTreHO(a30BOroO aHAIM3a
MOKA3aHO, YTO MCXOIHBbIE OOpasibl BKIIOYAIOT, MOMUMO amMophHOi, P-HaHOKpUCTAUIMYECKYIO (a3y
(48%) v ycTaHOBJIEHO, YTO (DTOPMPOBAHME HE OKA3bIBAET CYIIIECTBEHHOTO BIMSHUS Ha CTeTIeHb KPUCTAI-
JIMYHOCTU UCCJIeAyeMbIX TJIeHOK. M3yueHo BiiMsiHUe BpeMeHU (TopupoBaHUs Ha 3(PDeKTUBHBIE KO3 DU~
LIMEHTHI TIPOHULIaeMOCTH, AU dY3UM U pAaCTBOPUMOCTH KUCIOPOAa U a30Ta. YCTAaHOBJIEHO, YTO MoauGU-
Kalus IPUBOIUT K CHIKEHUIO KaK 3 (hEeKTUBHBIX KO3(dduineHToB nuddy3un, Tak u 3HEKTUBHBIX KO-
3¢ UIIMEeHTOB paCTBOPUMOCTH T'a30B, TIPU 3TOM PE3YIHTHUPYIOLINI POCT CEIEKTUBHOCTU MPOHULIAEMOCTH
coctaBwi oT 30% st [IBTMC no yBenuuenust B 2 pa3za B ciiydae [1PO u PIM-1. YcTaHOBIEHO, YTO TaKOE
yiIydllleHue ToKa3aTesieil 1o CeJIEKTUBHOCTU MPOHUIIAEMOCTU AOCTUTAETCS TIPEUMYIIECTBEHHO 3a CYET
YBEJIMYEHUSI CEJIEKTUBHOCTH pacTBOpUMOCTHU. [ToaydeHbl 3HaUueHUST 3(hHeKTUBHBIX KOI(DHUILIMEHTOB MPO-
HULIAEMOCTH ra3oB wis cmecu O,/N,. HaitneHo, yTo 1OCTUTHYThIE 3HaueHUs1 (DaKTOPOB pa3aeaeHUs 1JIs1
MOIM(PUIIMPOBAHHBIX 00pa310B OJIU3KU K UIeabHOM CEJIEKTUBHOCTH IUICHOK. TToJlydueHHBIe pe3yIbTaThl
JIEMOHCTPHUPYIOT BO3MOXHOCTU 3(P(heKTUBHOTO MPUMEHEHMSI JaHHOTO METO/Ia HEe TOJIbKO IIJIst MoAnGUKa-
LIMY TOMOTEHHBIX TTOJIMMEPHBIX IUIEHOK MCCIIEAYEeMbIX IMTOJIMMEPOB, HO U MEMOpaH C CeJIEKTUBHBIM HEITO-
PUCTBIM CJTIOEM Ha UX OCHOBE.

KiroueBble ciioBa: MeMOpaHHOE ra3opasaeieHue, IoJMMEpHbIe MeMOpaHbl, XKuakoda3zHoe (propupoBaHue,

MoaupuKaLs MeMOpaH
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BBEAJEHUWE

3amaya paszneneHusi KOMIIOHEHTOB BO3[yxa, U B
MEePBYIO OYepeb, pa3lesieHUe CMECU KUCIOPO,/a30T,
ObL1a OMHO U3 TIEPBbIX 33[1a4, IPU PELLIEHUU KOTOPbIX
MeMOpaHHbIe TIPOLIECChl YCIEIIHO 3apeKOMEHI0BAIN
ce0d eme B 80-x 1T. 20 B. KAK KOHKYPEHTHBIEC TPATULI-
OHHBIM pa3IeJUTEeIbHBIM MeTodaM, HaIpumep, ai-
COpOLIMOHHOMY, aOCOPOLIMOHHOMY M KPHOI€HHOMY
[1]. beun pa3paboTaHBl TPOMBIIIUIEHHBIC TTOJIUMEpP-
Hble MEMOpaHbI ¢ HEMOPUCTBIM CEJICKTUBHBIM CJIO-
€M, HallpuMep, aCUMMETPUYHAs MI0CcKasi MeMOpaHa
n3 noauBuHUITpUMeTWwIcHaana (ITBTMC) (MHXC
PAH, HITO “KyckoBo”, CCCP), 1mosoBoJ1OKOHHAasI
MeMOpaHa Ha ocHoBe ntoyimnMuaa Upilex-R (Ube In-
dustries frmoHus), IMOJOBOJIOKOHHAasE MeMOpaHa U3
nonuMetuinenteHa (ITMIT) (Dow Chemicals, Ano-
HUsI), KOMIIO3ULIMOHHAsI TI0JI0OBOJIOKOHHAs MeMOpaHa
Ha ocHOBe TroymcyiabdoHa Monsanto (CIIA) n ap.,
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o0ecrieyrBaroIye TpedyeMbIe B TO BpeMsI ITOKAa3aTe!.
Ha cerogHsiiHuii neHb MeMOpaHHasi TEXHOJIOTHS B
cJiyda€ MHOTOTOHHAXXHOTO IIPOU3BOACTBA MO-IIPEXK-
HEMY BO MHOIOM YCTyMaeT KpUOT€HHOMY METOAY U
KopoTKoLUKI0Bo# agcopouuu (KIIA), omHako npo-
BeICHHBIE TEXHUKO-IKOHOMWYECKNE pacyeTol |[2]
IMOKAa3bIBAIOT, YTO IS MaJOTOHHAXKHBIX ITPOLIECCOB,
HaIlpuMep, MEOUIMHBI, CaMOJETOCTPOCHUS U Ap.
MMEHHO IIpUMEHEeHNe MeMOpaH OKa3bIBaeTCs HamOo-
snee 3¢pPeKTUBHBIM. OTMETUM, IIPU pa3aeICHUN KOM-
IIOHEHTOB BO3AyXa KOMMEPYECKII1 MHTEPEeC MPEICTaB-
JISIeT KaK MOJIy9eHHe CMeCcei, 000TaleHHBIX KHUCIOPO-
JIOM, TaK M CMecCeii, coaepxKalllux MpeuMyIlecTBEHHO
a3or [1-3]. Coucok coOBpeMEHHBIX KOMMEPYECKMX
MeMOpaH IS pellIeHNsT TaK1X 3agad JOCTAaTOYHO IIH-
pok (TabdJ. 1), Ho mpu 3TOM HEOOXOAUMOCTh JaJIbHET -
IIETO POCTa SKOHOMMYECKOM 3(PpPEKTUBHOCTH CTU-
MYJHMpPYeT KaK MOMCK HOBBIX MEMOpPaHHBIX MaTepura-
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Tabomuna 1. CoBpeMeHHbIe MEMOpaHBI IJIS pa3nesieHUsi KOMITOHEHTOB BO3/IyXa

MembOpana IMomumep IIpousBoouTtenb Tun memMOpaHbI CcpLuiku
SEPAREL IMonumeTnireHTeH DIC Corp IIB, AC [4]
Generon Terpabpomnonukapoonar | Generon I1B, AC [5]
Parker [MonudpeHuneHoKCu I Parker-Hannifin I1B [6]
Sepuran Iomuumun P84 Evonik I1B [7]
Upilex-R Iomunmun BPDA-pp'ODA | Ube I1B [8]
AF2400 Teflon AF2400 Biogeneral I1B, AC [9]
PRIZM TMonucynshon Air products 1B [10]

I1B — mosnoe BoiokHo, AC — acMMMeTprUYHas TJTIOCKast MeMOpaHa.

Ta6mmna 2. [a3oTpaHCHOPTHBIC U pa3AeIuTeIbHbIE CBOMCTBA MEMOpaH 1 MEMOpPaHHBIX MaTepUAIOB HA OCHOBE pa3iny-
HBIX ITOJIUMEPOB IIJIST pa3nesieHust KOMITOHEHTOB BO3IyXa

Momamep Koadduiment CeleKTUBHOCTb CebUiKi
npoHuliaeMocTu, bappep* 0,/N,
[TCOD 1.1 6.2 [11]
MM (Matrimid) 1.95 6.5 [12]
MM (Matrimid 5218) 1.5 6.6 [13]
PIM-1 580 3.2 [14]
PIM-1 1300 2.7 [3]
TMII 32.3 3.8 [15]
IMBTMC 30 4.0 [16]
Moo 15.1 4.5 [17]
Moo 17 3.8 [18]
PO ¢ 20% SBS 18.5 3.80 [19]
TN 6FDA/BATFM 27.1 3.80 [20]
M1 6FDA/PPDA/CF3 30 4.30 [21]
I®O ¢ 1.0% H40 32.2 14.60 [22]
YraeponHast Mem6paHa Ha ocHoBe 11 812.0 7.50 [23]
[MTonumep [Mponunaemocts, GPU** | CenextuBHoCTb O,/N, CchUIKM
K 36.0 53— [24]
TN (6FDA-IPDA) 65.0 6.3 [24]
MU (6FDA-6FAP) 794 5.3 [25]
necC 9.3 5.8 [26]
MCco 7.8—-21.6 5.4-6.7 [27]
[MCo 6.9 7.3 [28]

TIC® — nonucynsdon, [N — nomuumun, [IMIT — nonumeruiaiente, [IBTMC — nonusununrpumerwicuiad, [IOO — nonudenn-
sneHokeun, [1K — nonukapoonar, [19C — nonuadupcynbhoH.

*1 bappep =1 X 10790 em (H.y.) cM/CM2 C CM PT. CT.
# 1 GPU =1 x 1070 cm? (H.y.)/CM2 C CM PT. CT.

JIOB (IOJIMMEPHBIX, HEOPTaHMYECKMX, MaTepuaaoB OnHuM M3 HanboJiee NepCIIEKTUBHBIX HaIIpaBJie-
CO CMElIaHHbIMU MaTpuliaMu [2]), TaK 1 UCIOJb30-  HUU MonubuUKallMu MOJIUMEPOB SIBJISIETCSI 00paboTKa
BaHUE PAa3IWYHBIX METOAOB MOAU(MUKALMU Cylle- ITOBEPXHOCTH, MO3BOJISIONIAS U3MEHSITh TAKUE CBOII-
CTBYIOIIUX IIOJIMMEPOB M TNOJMMEPHBIX MeMOpaH, CTBa IOBEPXHOCTHOIO W MPUIOBEPXHOCTHBIX CJIOEB,
MO3BOJISTIOIINX YIYYIIMTh UX MOKAa3aTeJI I ra3o-  Kak, Harpumep, THAPOPUILHOCT ITOBEPXHOCTH, TIJIOT-
pa3aeINTeTbHBIX TTPOLIECCOB. HOCTb IMOJIUMEPHOM MaTPULIbI, Ta30IIPOHUIIAEMOCTD,
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Puc. 1. CrpykrypHble (hOpMyJIbl UCCIIEYEMbIX TOJIMMEPOB.

pU 3TOM COXPaHsIs UCXONHbIE OOBEMHbBIE CBOICTBA
nonuMmepHoi TieHKU. K 3¢ heKTUBHBIM COBpEMEH-
HBIM METOJAM ITOBEPXHOCTHOI MOIU(PUKALIUU II0-
JIMMEPHBIX MJICHOK U MeMOpPaH MOXHO OTHECTU 00-
paboTKy MTOBEPXHOCTH B IIa3M€, B TOM YUCIIE, HU3-
KOTeMITepaTypHOM, B pasiUYHBIX cpepax [29-—31],
METOH paguallMOHHOI MpUBUBKM [32], raoreHupo-
BaHUe, B TOM 4ucie, (ToprpoBaHue, KaK ra3odasHoe,
KOTOpOE MOXET BKJIIOYATh: MpsiMoe (hTOPUPOBAHUE,
KOTOpoe MpoBoauTcs ra3oBoil cmecbio F,/N, wnnu
F,/He [33—44]; dTopupoBaHue B ruiazme [32, 45] 1 06-
paboTKa TuxJIopaudTOPMETaHOM IO, BO3IeiicTBrEM
Y-U3Ty4eHUs] U UCKPOBOTO paspsina [46], Tak u xum-
kodasHoe [47]. HecMoTpst Ha TO, YTO K HACTOSIIIIEMY
MOMEHTY OCHOBHO€ BHUMAHUWE YICISETCS MPUMEHE-
HUIO TTIOBEPXHOCTHOTO (PTOPUPOBAHMS KaK 3(PHEKTUB-
HOMY CHOCOOY TOBBIIIEHUSI CEJIEKTUBHOCTU paseie-
HuUs MeTaH-coaepxaiux cmeceit (He/CH,, H,/CH,,
CO,/CH,) [37, 41—49], O6bUIO TTOKa3aHO, YTO JaH-
HBI1 MeTOJ 06pabOTKHM MOBEPXHOCTH MeMOpaH I103-
BOJISIET TaKKe JOOUTHCS ITOBBIIICHUST CEJICKTUBHO-
ctu 0,/N,, Hanpumep, IJis MOJUTPUMETUIICUIUII-
nponuHa (IITTMCII), nna Kotoporo abCOIIOTHEIE
3HAYEHUS MOIU(PUIIMPOBAHHBIX TIEHOK XOTb U IIPO-
WUTPBLIBAIM M0 YPOBHIO CEJIEKTHUBHOCTU LIEJIOMY PSIIY
MOJIMMEPOB, TEM He MeHee, IPEBbIIIAA UCXOTHbIC
3HaYeHUs Oosiee yeM B 2 pa3a [37, 42].

MEMBPAHBI U MEMBPAHHBIE TEXHOJIOTUN

B manHoii paboTe nmpeacTraBiIeHbl pe3yabTaThl UC-
CJIEHOBAHUM BJIMSIHUA YCIIOBUM OMHOCTOPOHHEN MO-
InUKALIUM HOBBIM METOIOM XUIKO(Ma3HOro (pro-
pupoBaHus ((PTOpUpPOBAHKME DIIEMEHTHBIM (DTOPOM B
cpene repdropupoBaHHOM kuakoctu [47, 50, 57])
Ha ra30pa3Ie/UTe/IbHbIC U Ta30TPaHCIIOPTHBIE CBOM-
CTBa MOJIMMEPOB PA3IMYHON XMMUYECKON CTPYKTY-
pPbI, YK€ IPUMEHSIEMbIX U MEePCIIEKTUBHBIX IJISI pa3-
JIeJICHUSI KOMIIOHEHTOB Bo3ayxa. Buibop maHHOro
MeToda OO0yCIIOBIIEH TeM, UTO XKUIKoda3zHoe pTOpH-
poBanue [47, 50, 57] B cayyae MomudUKaIIUA Ta30-
pa3neUTeIbHBIX ITIOJIMMEPHBIX IDICHOK W MeMOpaH
MMeEET Psi IIPEMYILEeCTB [0 CPaBHEHMIO ¢ MomupuKa-
uei myreM rasodasHoro dropupoBanusd [35—46, 50].
Taxk, HampuMep, 6oJiee MSITKME YCIOBUS IIPOBEACHUS
npoiiecca [47, 57] MO3BOJISIOT CYILIECTBEHHO CHU3HUTh
BKJIa[, IECTPYKLIMH MOJIMMepa B Ipoliecce oopadboT-
KM, 4TO BIIMSICT Ha XMMUYECKYIO CTPYKTYpYy (PTOpHU-
POBaHHOIO CJIOs, W, CASO0BaTeIbHO, Ha Ta30TPaHC-
MOPTHBIE U CEJEeKTHUBHBIE CBOMCTBA MOIM(UIIUPO-
BaHHbIX MeMOpaH [50, 57].

OKCITEPUMEHTAJIBHAA YACTDb
Ilpuecomoenenue noaumepnvix nieHoK

B pabote mccienoBaHbl MCXOMHBIE TOMOT€HHbBIE
noauMepHsble IuieHKu u3 [IBTMC, monyyeHHBIE IO-
nuBoM 3 Mac. % pactBop nonumepa (B caydae [1DO
u PIM-1 pacTBopuTesieM SIBISIJICS XJI0opodopm, B
ciygae [IBTMC — toityon) Ha uneimtodad. CTpyKTyp-
HbIe (POPMYJIBI TTOTUMEPOB TIpeACTaBIeHBI Ha puc. 1.
OOpa3upl CylIMIU MPU KOMHATHON TeMIlepaType.
IMTonyyeHHbIe MJIEHKW OTAESIU OT MOMJOXKU U Ba-
KyYMUPOBAJIU 1O MOCTOSIHHOI Macchl B 9KCUKAaTOpe
(ocTaTouHOE OaBJeHUWE TIPpU BaKyyMUPOBAaHUM He
mpeBbIano 6 Moap). ToammHa TIEHOK COCTaBIIsIIa
40—45 mxMm B cinydae [TPO u [IBTMC, 85—95 MkM B
cityqyae PIM-1 1 oTnenbHO OBLIM MOJyYEeHBI TIEHKU
PIM-1 Tonmmnoit 120 MKM 111 onpeaeieHust Koagh-
dunmeHToB TUdPY3UN UCXOIHOTO 0Opa3lia.

DJIeKTPOHHAS MUKPOCKOIIHS 1 3JICMEHTHBIM aHa-
JIN3 TTOJIMMEPHBIX 00pa310B ITPOBOIUIIM C UCTIOIb30-
BaHMeM 3D-CKaHMPYIOLIETo 3JIeKTPOHHOIO MUKPO-
ckoma Quanta 200 (FEI, CIIIA) ¢ cuctemoii orpeae-
JICHMS XapakTepucTuK MatepuanoB Pegasus (EDAX,
CIIIA). HccienoBaHue XMMWUYECKOTO COCTaBa IIO-
BEPXHOCTH 00Pa3110B NPOBOIWIN HA PEHTTEHOBCKOM
dotoanekTpoHHOM criektpomeTpe FLEXPS (Specs,
I'epmaHust). CnekTpoMeTp 000pynoBaH MoJiychepu-
YeCKUM aHaIM3aTopoM 3JeKTpoHOB Phoibos 150 n
JIETEKTOPOM 3JIEKTPOHOB C MHOTOKaHaJIbHOI Iljia-
ctuHoi Ha 150 KkaHaoB 1 MuHMei 3aaepxku 1-DLD.

Onpedenerue cmenenu Kpucmaiaiu4Hocmu
naernox I1DPO

OnpeneneHue cTeneHW KPUCTAUIMYHOCTU Tijie-
HOK [1PO mo u rtociae pToprupoBaHUs IIPOBOIMIIN HA
mudpakromerpe Rigaku, Amonus. DkcriepmMeH-

TOM 13 Ne 1 2023
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TallbHble TU(MPAKTOrpaMMbl OBUIU TIOJIy4eHBI C ITO-
MOIIIbIO PEHTIeHOBCKOTO MCTOYHHKA C Bpallalo-
mumMmcs MemHbIM aHogoM Rotaflex RU-200, pexum
padotel ncrounmnka 50 kB—100 MA. McTtounmk OBIT
OCHAIIIEH TOPU30HTAJIBHBIM IIIMPOKOYTOJTbHBIM TOHHO-
MmeTpoMm Rigaku D/Max-RC u BTopuyHbIM Tpacdu-
TOBBIM MOHOXPOMATOPOM (IUIMHA BOJHBI A MOHO-
XPOMAaTU3UPOBAHHOTO  U3JIYYEHMS  COCTaBJsia
1.542 anrctpem). JIvamna3zoH U3MepeHUsl yIJIOB IU-
dpakauu — 3—40 rpan no 260, uamMepeHue BeJIOCh B
peXrMe HenmpepbIBHOIO CKAHUPOBAHUS CO CKOPO-
cThio 2 rpan/mMuH 1 maroM 0.04 rpan. 6 —20 ckaHU-
poBaHMe IPOU3BOAUIIN 11O cxeMe bparra—bpeHTaHo.
OOpas3upl MIEHOK 3aKpeIUIsIM Ha aJIlOMUHHEBBIX
paMKax, B 3TOM cjydyae CKaHMpOBaHHUE BEJIU B Ieo-
MeTpun “Ha orpaxkeHue”. CleayeT OTMETUTh, 4TO
MPU UCITOJb30BaBIICICS IJIMHE BOJHBI PEHTTEHOB-
CKOTO U3JIyYeHUs B TCOMETPUM Ha OTPaKECHUE ITyIOK
CKaHUPOBAJI BCIO TOJIIINHY IIJICHKH.

IMonyyeHHBIe TP pPaKTOrpaMMbl 00padaTHIBAIM C
nomo1tipio rmporpammbl Fityk [51]: BerauTamm ¢oH,
3aTeM OudpakTorpaMMy METOIOM AESKOHBOJIOLUU
anmnpoKCUMMPOBAIU CYMMOM CEMU TayCCOBCKUX ITH-
KOB, JIBa M3 KOTOPBIX (C YIJIOBBIMM IOJOKEHUSIMU
okoJ1o 14 u 23 rpan), cortacHo padote [52] oTHOCUIN
K amMopdHOIi (paze mpu pacueTe CTENEHU KPUCTAJI-
JmaHocT. UneHTnUKaIno KPUCTAINYESCKUX TTH -
KOB U UHJIEKCOB MuJiiepa ikl mpoBOIMIN B COOTBET-
CcTBME ¢ JaHHBIMU padoThl [53]. 1o yrimoBoMy moJjo-
XKEHUIO KPpUCTAJUIMYECKOro mnmuka 20 mo dopmylie
Bynsda—bparra

A =2dsin® (1)

BBIUMCIISITIA MEXTIJIOCKOCTHbBIE paccTOSIHUS dyy,;. CTe-
MeHb KPUCTALTUYHOCTU C; 00pa3loB pacCUUThIBAIN
cojiacHo MeTony Pynanma [54] mo popmyite

Cr=—, (2)

rane A, — CyMMa WHTETPAIIbHBIX WHTEHCUBHOCTEM
(iolaneii) MMKOB, COOTBETCTBYIOIIMX KPUCTAILIM-
yeckoii daze, A, — CyMMapHasi IIolagb Bcex Mu-
KOB, KOTOPHIMHM aMIIPOKCUMHPOBAIU IUDPAKTO-
rpamMmy.

Pasmep kpuctaimutoB D), BIOJIb KPUCTAIIOTpa-
duryecKoro HanpaBaeHUs hkl 01 KaXkKa0oro KpucTai-
JIMYECKOro IuKa oleHuBanu no ¢opmyne Hleppepa
(Scherrer equation):

KA

=, (3)
FWHMcos0,,

th/

rae A — JUIMHA BOJHBI PEHTTEHOBCKOIO M3IYYEHUSI,
K =0.94 — nocrostnHas Illeppepa mist chepuyecKux
yactuu, FWHM — mupuHa Ha IMOJYBBICOTE ITHKA C
YIJIOBBIM TTOJIOKEHUEM 20,
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Memoouka ucudkoghaznoeo pmopuposarnus

B pabote npoBoauIM OTHOCTOPOHHIOIO MOBEPX-
HOCTHYI0 MOIM(PUKALINIO HOJIUMEPHEIX IIJICHOK Me-
TOoOOM XHuakodaszHoro propupoBanmns. CxemMa peak-
Topa mpeacTasiieHa Ha puc. 2. [IpenBaputeabHO Mo-
JIMMEPHYIO IJICHKY JJIsl CpaBHEHUS (XOJIOCTOM OIIBIT)
TOTOBMJIM B peakTope I 0e3 mpuMeHeHUsI PTOPUPYIO-
et cMecu. s aToro, B aepxkaTesib 1JisI MeMOpaH 2
YCTaHABJIMBAJIM IUICHKY 3, 3aKpeIUISIIN AepXKaTelb B
peaxkTope, B KOTOPOM YxKe Haxonujics nepropaeka-
juH (IT®H). B teuenme 30 MUH IepeMellMBaIu
I1dD/1 ¢ moMomblo MarHUTHOIM Memanku 4. Takum
00pa3oM, ITOBEPXHOCTHBIN CJIO MJIEHKN HACHIIIAJICS
IM®/. ITo ucreuenuu 30 MUH AepKaTeb MEMOpPaHBI
M3BJIeKaJIM U3 cTaKaHa U JocTaBaiau IuieHKy. OcraT-
ku [1D]J] Ha MOBEPXHOCTHU TIJIEHKHW aKKYPaTHO CTPSI-
XUBaJIu, a 3aTeM IUICHKY pa3Mellald MeXIy IBYX
JIVUCKOB U3 (QUIIBTPOBAITBHOU OymMaru.

IToBepxHOCTHOE (PTOpUpPOBAHUE MPOBOAUIU IO
clieayolleil MeToauke: yepe3 (DTOpOoIIacTOBbIi CTa-
KaH ¢ HamnThiM [1D]] B TeueHre 60 MyuH GapboTHpOBa-
Jm cMech ra3os: 10% dropa 1 90% a3ora ¢ pacxomoMm
cmecu 0.5 mii/c. JlaHHBI pacxo yCTaHABJIMBAJIM C I10-
MOIIIBIO pacxomoMepa. Bkimoyaay MarHUTHYIO MeIla-
KY Y, IO UCTEYEHUIO 3aJaHHOTO BpEMEHU, 3aKPbIBAJIU
rnojxavy razoBoii cMecu. Jlajiee mpucTynaiu K oopa-
6otke MeMOpaH B I[TM/1, HackllieHHBIM pTopoM. O6-
paszel MoMelaiu B AepXKaTelb U YCTAHABIUBAJIU €TO
B peakTop ¢ I1D]] Takum 06pa3om, 4TO MOBEPXHOCT-
Hoe XunkodasHoe (pToprupoBaHUE ITPOXOIUIIO C ONI-
HOit cTopoHBI. [lJIs TIpenoTBpallleHUs MOoIagaHusI
¢dropupylolieit cMecu Ha 0OpaTHYIO CTOPOHY TLIeH-
K1, HeoOpabaTEIBaEMYIO CTOPOHY 00pa3iia 3aKphiBa-
JIV CIIELIMaJIbHBIM 3aXKMOM M3 TedioHa. Bkirouyanu
nonavy TopasoTHON cMecu B peakToOp U OTHOBpE-
MEHHO HauyMHaJM MepeMellrBaHue XKUIKOW (ha3bl.
Pacxon raza coctabisin 0.5 mi/c, TeMIiepaTypa peak-
Topa — 20—21°C. Yepes 15 MuH 06pabOTKM 3aKpbIBa-
JIM TI0avy ra3a M BBIKJIIOYAI MAaTHUTHYIO MEIIANIKY.
O0pa3zel] U3 peakTopa MNPOCYIIMBAIU C ITOMOIIBIO
GUIBLTpOBaIbHOM OyMaru. DKCEepUMEHT IO TTOBEPX-
HOCTHOMY (pTOpHMpOBaHUIO (PTOP-a30THOI CMECHIO
npoBonwiau B reyeHue 10, 15, 30, 45 u 60 muH. danee
Bce 00paslibl pa3Melialv B 9KCMKATOPe U BaKyyMU-
poBaJIM B TedeHne 15 MUH.

Memoouka uzmepenus
napamempog 2a3onpoHULaemMocmu

Db dekTuBHBIE KO3(hGHULIMEHTHI TPOHULIAEMOCTH
P [eM? (n.y.) cM/cm? ¢ cMm pr. cr.] u auddysun
D [cm?/c] nna He, H,, O,, N,, CO,, CH, (uucrora
99.99%) onpeaesiii Ha 6apoMeTPUUIECKOIl yCTaHOB-
ke “Bbaporpon” (puc. 3) npu temrieparype 22 * 2°C.
JlaBieHue Hag MEMOpaHOM BapbUPOBaJIv B MHTEPBa-
Jie 1—3 Gap, naBieHue 1moa MeMOpaHOU He TIpeBbIIIa-
10 ~16 M6ap. B xone skcriepuMeHTa MeMOpaHy rep-
METUYHO 3aKpervisiii B MeMOpaHHOH sueiike 5. C
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F, + N,, C(F,) = 10%
@ropupylomas cmech | T T _i

®Topupytomas cmech +
+ razoo6pasHbIe MTPOTYKThI
peakumn

Puc. 2. [IpyHUMNIUanbHast cxeMa yCTaHOBKU IS TOBEPXHOCTHOTO (DTOPMPOBAHUSI TTOJIMMEPHBIX IULIEHOK U MeMOpaH: / — ¢To-
pOILIACTOBBIH CTakaH (peakTop); 2 — nepxkaTesib 1t MeMOpaH; 3 — moJiMMepHasi TJIeHKa; 4 — IKOpb MAarHUTHOM MeLlaiKu; 5 —

perynsaTop pacxona ¢hbTop-a30THOM CMECH.
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Puc. 3. [IpyHuMnuanbHast cxeMa 6apoMeTpruiecKoi ycTaHOBKY bapoTpoH: 1—6 — kianaHsbl; 7, & — iaTyuku napiaexus; 9, 10 —
€MKOCTH C KaJIMOpOBaHHBIMU 00beMaMu; I — MeMOpaHHas stueiika; /2 — BO3MYIIHBINA TepMOCTaT; /3 — CUCTeMa BaKyyMHPO-

BaHUs.

MOMOIIBIO TYPOOMOJIEKYIISIPHOTO U (DOPBAKYYMHOTIO
MeMOpaHHOIO HacocoB /3 mogMeMOpaHHOE W Haj-
MeOpaHHOE IIPOCTPAHCTBO OTKAYMBAIU OO TaBJICHUS
10~2 mGap. 3aTeM C MOMOLIBLIO JATYMKOB JABJIECHUS
MMPOBOJIWIN OIlpelesieHrue (POHOBOTO CUTHAJIA U3Me-
HEHUS JAaBJICHUS 32 BpeMsI t B KaJJTMOPOBAHHOM O0be-
Me 9, KOTOphIil peructpupoBaiu ¢ momoiibio AILTT.
ITocie aToro B HagMeMOpaHHOE TPOCTPAHCTBO STUEH -
KM MTOAAaBaJIu UCCJIENyeMBblii Ta3 1 onpenesiiu Ap/At
IJIsl UcceayeMoro raza MiaMepeHune cTalilmoOHApHOTO

MEMBPAHBI U MEMBPAHHBIE TEXHOJIOTUN

IIOTOKA 4Yepe3 MOJUMEPHYIO TUICHKY OCYILIECTBIISIA
pu BpeMeHax (4—6) X 0, rme 0 — Bpems 3ama3abiBa-
HUs1. 3HaueHue 3(HeKTUBHOro Ko3dduimeHTa npo-
HUILIAEMOCTH IIPU H.y. PACCUMTHIBAIU O (popMmyIie:

v MWL +T)
StAp At Datm S(pf _pp)’

C))

rae / — ToJIIuHa uccieayeMoit TieHku; Ap/At —
TaHTEeHC yTIJIa HaKJIOHAa WHTErpaJIbHOM KpUBOIii; S —
Ne 1
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pabouas rioiaas MeMobpaHbl; V, — KaTuOpoBaHHbBI
00beM; prH p, — NaBJIEHUE HAl M TIOI MEMOPaHOiA, Co-
OTBETCTBEHHO; T — TeMIepaTrypa sTYeiKu.

st pacuera ahdeKTMBHOTO KO3 duimeHTa nud-
dy3un ucnonb3oBanu MeTon JeitHeca—bappepa:

12
=L 5
7 Q)

rae 6 — BpeMms 3amna3asiBaHus, ¢. DddeKTUBHbIE KO3(]-

3 3
(pueHTBI pacTBOPUMOCTU Ia30B .S [c M, / CM;, CMPT. CT.]
paccuutsiBaiu Kak P/D.

CeneKTUBHOCTb MPOHUIIAEMOCTU, IUdGGY3Un U
pPacTBOPHMMOCTHU Ta30B OIPENeIsIN KakK:

o=PR/P, (6a)
o’ =D,/D;, (6b)
o’ =58,/S;, (6¢)

tae Py, P, D;, D;, S, S; — K02(pOUILIMEHTHI TPOHUIIaE-
MocCTU, TUhdhY3UU 1 paCTBOPUMOCTH i-TO U j-TO ra-
30B, COOTBETCTBEHHO.

M3mMepeHus ra3opas3neTMTelTbHBIX CBOMCTB MeMOpaH
st emecu O,/N, coctasa 30/70 06. % npoBoIMIY TIPU
t= 22-23°C ¢ BO3MOXHOCTbIO OIpeAcJeHUs] UX KOH-
IEeHTpalluM B TIOTOKE peTeHTaTa U Tepmeata mudde-
PEHIIMATTLHBIM METOIOM Ha Ta30pa3NeIUTEIbHOM yCTa-
HOBKE C XpoMaTorpau4yecKuM ACTEKTUPOBaHUEM [55].
B xadecTBe raza-HocuTelTsT NCTob3oBaiu He.

KoadduimeHT MpoHUIIaeMOCTU KOMITOHEHTa A B
CMeCH HaXOOWIN 1o popmyiie:

273 K p
=L S AV), ™)
Ap TS 76 At
rme P, — xo3dduLKeHT Ta30MpPOHULIAEMOCTHU

[em? (H.y.) cM/cM? ¢ cM PT. CT.]; [ — TONIMHA ceNlek-
TUBHOTO CJ10sI [cM]; Ap — pa3HOCTb JaBJICHUI ITepMe-
aTa M peTeHTaTa [CM pT. CT.]; T — TeMIiepaTypa sST4eiiku
[K]; S — paGoyas 1turoniagb IMOBEPXHOCTU MEMOpPaHBI
[cM?]; pory — aTMOChEPHOE DABIEHKE [CM PT. CT.|; 0, —
. AV
MOJIbHASI JIOJisl KOMIIOHEHTa A B mepMeare; A_t —

00BEMHAs CKOPOCTh nepMmeara [em3/c].

dakTop pasgeneHUsl f pacCUUTHIBAIM CIEIYIO-
MM 00pa3oM:

Yy /Y,
f_ Hz/ Cy

= , (8)
X,/ Xe,

rae Yy, / Y. — OTHOLIeHME KOHUEHTpauuii razos C, B
nepmeare, X, / X¢ — OTHOLLEHHME X KOHLIEHTpa-
L1 B peTeHTaTe.

OTHocUTeIbHasI TTOTPELIHOCTD ONpeaeICHUST KO-
3D PUIMEHTOB TIPOHULIAEMOCTU cocTaBisna 5—7%,
koo dunrenros nudpdysuu — 10%.

MEMBPAHBI U MEMBPAHHBIE TEXHOJIOTUA
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Tabomna 3. YrioBble TOJIOKeHUST TU(MPaKIIMOHHBIX MaK-
CHUMYMOB 20, MEXIIOCKOCTHbBIE PACCTOSIHUS dj;;, OTHOCH-
TeTbHBIC MHTEHCUBHOCTH TU(MPaKIIMOHHBIX MAKCUMYMOB
1,1, Pa3MepBl KpUCTALIUTOB Dy ; M CTENEHU KPUCTAJLIAY-
Hocty C| [T UCXOMHOU U (hTOpUPOBAHHBIX TUIEHOK [1DO

Bpems 0 30 60
¢TOpUpOBaHUsI, MUH | (MCXOMHAS)
hkl 20, rpan
100 5.2 5.2 4.9
010 8.0 7.6 7.7
210 13.1 12.7 12.8
001 17.5 17.4 17.1
301 22.4 21.8 21.9
hkl dyss A
100 17.1 17.1 18.1
010 11.1 11.6 11.6
210 6.8 6.9 6.9
001 5.1 5.1 5.1
301 4.0 4.1 4.1
hkl Ly, %
100 2.3 1.7 0.1
010 9.8 13.4 8.8
210 18.2 19.1 17.9
001 3.7 7.1 10.3
301 13.6 12.8 14.5
hkl Dy, nm
100 6.9 7.9 23.9
010 4.2 4.1 4.5
210 34 3.3 3.4
001 3.2 2.6 2.0
301 1.6 2.0 1.8
Gy, % 48 54 52

PE3YJIbTATbBI U OBCYXIEHHWE

Bausnue moougukayuu na cmenens
KpucmanauunHocmu nienoxk IIPO

TunuunHblie IUdpaKTOrpaMMbl UCXOIHBIX M MO -
duLpoBaHHBIX 00pa31oB IuieHoK 1D O npeacras-
JIeHbI Ha puc. 4. B Tabn. 3 npencraBieHbl 3HAYCHUS
nHaeKcoB Muuiepa skl B COOTBETCTBUU C TaHHBIMU
paboTel [53], yrIoBbIE TMOJIOXKEHUS “KpUCTaInde-
cKuX” AudpakIMOHHBIX MaKCUMyMOB 20, paccuu-
TaHHbIE IJI5S1 HUX MEXIIJIOCKOCTHbBIE PACCTOSIHUS d),y,
OTHOCUTENIbHBICE MHTEHCUBHOCTU IU(PPaKIIMOHHBIX
MaKCUMYMOB 1,;;, pa3Mepbl KpUCTALIUTOB Dy, pac-
cuutaHHbie o ¢opmyie Illeppepa, 1 cTeneHu Kpu-
crayyimyHocTu Cj, pacCuUTaHHbIE JJIs1 UCCIeN0oBaH-
HBIX 00pa3IIoB.

AHan3 TOJIydeHHBIX AUdpakTorpaMM MOKa3bI-
Baer, 4To Moaudukanug mieHoK [1MO He npuBOAUT
K M3MEHEHMIO YIJIOBBIX ITOJIOXKEHUI IudpaKIMOH-
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13.1 a
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Puc. 4. Iudpaxkrorpammsl (a) ucxonHoit (0 MuH) u ¢ro-
pupoBaHHLIX B TeueHue (6) 30 MuH 1 (¢) 60 MUH IJIEHOK
T®PO.

HBIX MAKCUMYMOB 1 MEXIIJIOCKOCTHBIX PaCCTOSHHIA.
He3HauutenbHble U3MEHEHUSI OTHOCUTEIBHBIX WH-
TEHCUBHOCTeU IuGpakKIIMOHHBIX MAKCUMYMOB U, CO-
OTBETCTBEHHO, pa3MepOB KPHUCTAJLUTUTOB HE TIPUBOIUT
K U3MEHEHUIO CTEIeHM KPUCTALIMYHOCTU (Tabi. 3).

MEMBPAHBI U MEMBPAHHBIE TEXHOJIOTUN

Tak, cpenHsIsI CTelleHb KPUCTAINTMYHOCTY MCXOIHBIX
o0pasuoB mieHok I1PO cocraBuia 48 £ 2%, B TO
BpeMsI Kak Iocjie (TOpUpOBaHUsI CTeNEHb KPUCTAaI-
JIMYHOCTH B IIpeAeax OIINOKA He U3MEHUJIACh U CO-
crasuia 51 + 3%.

Bausuue moduguiayuu Ha xumuueckuii cocmae
NPUROBEPXHOCMHO20 CAOS NOAUMEPHBIX NACHOK

XUMMYECKUI COCTaB MPUIOBEPXHOCTHOIO CJIOsI
TOJNIIUHONA ~1 HM (PTOPUPOBAHHBIX MOJMMEPHBIX
IUIEHOK U3yYali METOJOM PEHTIeHOBCKON (poTo-
aJIeKTpoHHOI criekTpockonuu (POOC) mis obpasz-
1oB, (bTOPUPOBAHHBIX B TeueHUe 60 MUH. ATOMHbIE
KOHILIEHTPAIIMH 3JIEMEHTOB, TIpe/iCTaBJICHHBIC B TA0I. 4,
JUIST UICXOAHBIX MOJMMEPHBIX TICHOK ObUIM OJIM3KU
UX coAepXXaHWI0 B MOHOMEPHOM 3BEHE TTOJUMEPOB:
st ITDO otHowrenue C : O coorBercTByeT 8.0 & 1.2;
mwiss TIBTMC ornomenne C : Si — 5.0 : 1.2; o
PIM-1 otHouienune C: O : N — 29 : 11 : 1.4. IIpucyr-
CTBHE MaJIOl KOHIEHTpaluu atoMoB (Topa B MO-
BEpPXHOCTHOM cJjoe 1ieHku PIM-1 MoxeT ObITh
CJIE[ICTBMEM OCTAaTOYHbBIX KOHIIEBBIX I'PYIII MaKpolle-
rei, IOCKOJbKYy coMoHoMepoM PIM-1 saBisieTcs
1,4-nuiano-2,3,5,6-teTpadTopOEH30II.

ITpoBeneHue xuakogazHoro GTOpUpoBaHUS B
cpene II® B TeueHne 60 MUH ONPUBOOUT BO BCEX
clly4dasix K BO3pacTaHUIO COAepKaHUsT aTOMOB (bTopa
B XMMHYECKOM CTpyKType nmonmmMepa no 20—27 at. %.
DTOp MOXKET BXOIUTDH B CTPYKTYPY TTOJTUMEPHOI 11e-
MU TIyTeM B3aUMOJCUCTBUS ¢ (HYHKIIUOHAIBHBIMU
rpyInaMu NoJUMEPHOM LIeTn Yepe3 3aMellleHUe aTo-
MOB BOJ0Opo/a B ayindaTUUECKUX U B apOMaTUYECKUX
CTPYKTYypax, HachlllleHHe KOHIAEHCUPOBAHHbBIX CBSI-
3eit [47, 50, 56]. YMeHblIeHNE KOHLEHTPALUM aTO-
MoB Si m N B IIpMIOBEPXHOCTHOM CJI0O€ IUICHOK
INBTMC n PIM-1 mocne ¢dTopupoBaHUS MOXKET
OBITh CBSI3aHO C YACTUYHBIM pa3pbiBoM cBsizeit C—Si,
C—N. Panee ObUIO mOKa3aHO, UTO MpoOCTast 3(pupHast
cBs13b C—O u ogmHapHass C—C CBSI3b IIPU YCITOBUSIX
KuakodaszHoro ¢TopupoBaHUST OKa3bIBaIOTCS BECh-
Ma CTaOMIBbHBIMU [56, 57], 4TO, BEpOSITHO, BBIIOTHS -
€TCS U B CcTyyae MoBEpXHOCTHOTO (hTOPUPOBAHUS UC-
clieyeMbIX B paboTe TTOJUMEPHBIX TMJICHOK.

B nipenpinyiiyx padboTrax Takke ObUIO MPOJEMOH-
CTPUPOBAHO, YTO MpoLecC (PTOPUPOBAHUS ITOJIIME-
POB COITPOBOXAAETCS UX OKMCIEHUEM, YTO IPUBOAUT
K MOSIBJIEHUIO BO (DTOPUPOBAHHOM CJIO€ KMCIIOPOI-
conepxxamux rpymn [33, 35, 37, 39]. AHajnOrM4YHbIE
3aKOHOMEPHOCTH XapaKTePHBI U IS JKMAKO(a3HOTO
¢dTopupoBaHUs HCCAEAYEMbIX MOJMMEPHBIX 00pa3-
LIOB: BO BCeX ClIy4yasx HaOJIIomaeTcsl yBeJIMYCHUE
KOHIIEHTpAallMM aTOMOB KMCJIOpOAa B IIPUIIOBEPX-
HOCTHOM CJI0€ TIOJIMMEPHBIX IVICHOK (TadJ1. 4). Bepo-
SITHBIMM MCTOYHMKAMM KMCJIOpoJa B mpoiecce pro-
PUPOBaHUS MOTYT BBICTYNATh HEAOCTATOYHAS OUMCT -
Ka OT KMCJIOPOJa U BJIarv, COIEPXKaIUXCs B 00beMe
I[1dD/1, nonuMepHOI IJIEHKEe U MaTepuanax yCTAaHOBKH,
B3anMOJECTBIE (DTOpa C OCTATOYHOM BJIArOi M OKCH-
Ne 1
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JIaMl METaJUIOB B OObEME YCTAaHOBKU C BBIICJIECHUEM
KHUCJIOpO/a, a TakKKe (POPMUPOBAHUEM HOJTOXKMBYIIIUX
pamnKajioB BO (DTOPMPOBAHHOM CJIO€ TIOJIMMEPHOM
Marpuipl [58—60] 1 MX IMOCIEQYIONIMM B3aMOIEH-
CTBUEM C KMCJIOPOIOM Bo3ayxa. Takum obGpa3oMm, Kak
MpaBUJIO, B XOJE MTOBEPXHOCTHOTO (PTOPHUPOBAHUS 00-
pa3yroTcsi KOMITO3UIIMOHHBIE MeMOpaHbl C TOHKUM
¢ToprupoBaHHBIM cjloeM. PaHee miisa ciaydast XXuako-
¢da3zHoro (propupoBaHus MOJMHOPOOPHEHA U alleTaTa
LIEJUTIOJIO3bI OBLIO IOKAa3aHO, YTO XUMUYECKUI COCTaB
00paboTaHHOIO MaTepuralia U3MEHSIETCSI OT ITOBEPXHO-
CTU IO TOJIIMHE IUIEHK!, MpUYeM (PTOpUpOBaHHBIM
CJIOM MMeJT KOHTPACT, OTJIMYHBIN OT HEOOpabOTaHHOTO
MOJIMMEPA, YTO IT03BOJIWIO OLICHUTh IIyOUHY (PTOPH-
poBaHud [57]. OnHaKO OCOOCHHOCTBIO M3yJaeMBbIX B
TEeKyIIei padoTe MOIUMEPHBIX IJICHOK SIBJISIETCS OT-
CYTCTBHE KOHTpAcTa Ha MUKpodoTorpadpusix CKaHU-
pytoliieii 3JIeKTPOHHOM CEKTPOCKOIIMH MOTIePEeYHO-
ro cpe3a (TOpHUPOBAHHBIX ITIOJIMMEPHBIX IVIEHOK. bo-
Jee Toro, B cinydae [IBTMC u IT®DO aTomsl (pTopa He
JIEeTEKTUPOBAINCHh METOIOM SHEPIro-IMCIIE PCUOHHOM
CIIEKTPOCKONUU. DTO (paKT MOXKET OBITh CIIeACTBUEM
(a) 1M60 HM3KOM KOHIICHTpAallMM aTOMOB (pTopa BO
BceM 00beMe (TOPHUPOBAHHOTIO 1051, (0) 1100 BHICO-
KOI1 ero KOHIIEHTpallueil B Y3KOM MHTEPBaJIe TOJIIIIN -
HBI (TOPUPOBAHHOTO cJiost. B obonx ciyyassx KoH-
LIEHTpalIMsl aTOMOB (bTOpa B JIOKAJILHOM 00beMe 00-
pa3siia, B KOTOPOM IIPOMCXOIUT BO30YKIeHNE aTOMOB
MOJIMMEPHBIX 1IeTleil PEeHTITeHOBCKUM U3IyYeHUEeM
(“30Ha reHepalumn’), OKa3bIBACTCSI HEIOCTATOYHOMI
i1 petektupoBaHusi. B ciaydyae PIM-1 meromom
BJIC norepeuyHbIX Cpe30B ObLIM NOJIy4eHBI IpodmIu
KOHILIEHTpAIlX aTOMOB (DTOpa OT MOBEPXHOCTU BHOJIb
MepreHAuKyIsipa Mo TOoJIIMHEe TIeHKU. Bce momy-
YyeHHBIE 3aBUCUMOCTH OT BpeMeHM 00paboTKM! (PTO-
pOM OBbUIM alNpOKCHMUPOBAHbBI CJICAYIOIIMM BbIpa-
XKEHUEM:

C (F) = Aexp(Bty) L ", )

rane C(F) — aromHas kKoHneHTpauus ¢ropa (at. %),
tr — BpeMs pTopupoBaHusi (MuH), L — riyouHa ¢ro-
pupoBanusi (MKm), A, B, C — KOHCTaHTHI, paBHBIC
0.4586, 0.0347 n 0.0125 cooTBeTCTBEHHO. AHAIU3
9TOI 3aBUCUMOCTHU MO3BOJISIET pacCUMTaTh INTyOUHY
¢ropupoBaHust L,, B KOTOpPOil NMPOU3BONHAS KOH-
LeHTpaluu GTopa paBHa Hymto0. [Ipu Bcex BpeMeHax
¢dTOoprpoBaHUS TOMIIMHA (PTOPUPOBAHHOTO CJIOS HE
TpeBbIaga 16 MKM, 9YTO, MO-BUAMMOMY, MOKET
OBITH CBSI3aHO C TIyOMHOI TTpoHUKHOBeHUs TTD]] B
BBICOKOTIDOHMIIAEMYIO  TIOJIMMEPHYIO  MaTpuILy
PIM-1. TakuMm 0Opa3oM, OlleHKa TOJIIMHBI (PTOPH-
POBaHHOTO CJI0sl 00pabOTaHHOM MOJIMMEPHO TJIeH-
KU COIPOBOXIAETCS PSNOM BKCIIEPUMEHTATbHBIX
TPYAHOCTE!, MPEoaoJeHUE KOTOPBIX TPeOyeT 10Mo-
HUTEJbHBIX UCCIIETOBAHUIA.

MEMBPAHBI U MEMBPAHHBIE TEXHOJIOTUA
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Ta6mmma 4. AtromHble KoHIeHTpanuu (%) C, O, F, N u Si
B IMPUIIOBEPXHOCTHOM CJIO€ UCXOMHBIX U (DTOPUPOBAHHBIX
MOJIMMEPOB (tF2 = 60 MuH)

I[Momumep C (0] N F Si
IIDO (ucxomgHmrit) 872 | 12.7 | — 0 —
PO (Fy) 543 | 19.7 | — | 222 —
IBTMC (ucxonusiit) | 77.9 2.84| — 0 19.2
MMBTMC (F,) 499 | 179 | — | 269 | 3.67
PIM-1 (ucxomHblit) 82.3 | 13.5 | 3.9 02| —
PIM-1 (F) 56.3 | 21.3 | 24| 200 —

HUccnedosanue eausnus moouguxkayuu
Ha napamempul 2a30nepeHoca
yepes NoAUMepHble NAeHKU

OnHMM M3 OCHOBHBIX TTapaMeTPOB Ipoliecca Mo-
IuduUKalMy BIUSIOLIMM Ha CTPYKTYpYy M CBOMCTBa
MOJIUMEPHBIX MeMOpaH B ClIydyae ITOBEPXHOCTHOTO
¢ToprpoBaHUsI KakK ra3odasHoro, Tak u KuakohasHo-
ro, sIBjIsIeTCs Bpems propupoBanus [36, 38, 43, 44]. B
paboTe u3y4eHo BIMsSIHIE BpeMeHU (DTOPUPOBAHUSI B
nuarnasoHe 5—60 MyuH Ha 3 eKTUBHBIE KO3(DHUILIN-
€HTbl TPOHMIIAEMOCTH MCCIIEAYyeMbIX MOJUMEPHBIX
rieHoK. [TonyyeHHbIe pe3yabTaThl MPeACTaBICHBI Ha
puc. 5.

BunHo, 4To ¢ yBeJImyeHueM BpeMeHU 00paboTKU
Kak IJIsi KUcjaopoda, Tak U ISl a30Ta HabrogaeTcs
oxXumaemMoe yMmMeHbHIeHre 3(P@GEKTUBHBIX KO3 dm-
LIMEHTOB TPOHUIIAEMOCTH, KaK U B ciiyyae rasogas-
Horo (¢propupoBaHusi. OqQHAKO, OTMETUM, YTO XapakK-
Tep 3aBUCUMOCTE CyllIeCTBEHHBIM 00pa30M 3aBUCUT
oT nonuMmepa. Tak, B ciryyae PIM-1 npoBeneHue “xo-
JIOCTOTO” OIbiTa ¢ nep¢TopaeKaIMHOM 0e3 (hTopu-
pytoliieit GTop-a30THOM cMecH TToKa3aio, UTO B 3TOM
cllydyae ypoBEeHb Ta30MPOHUIIAEMOCTH U ST KUCJIO-
poa, u 1151 a30Ta TaaaeT B HECKOJIbKO pa3 OTHOCH-
TeJIbHO UCXOIHOTO 0Opa3slia, Tak, npoHulaeMocTsb O,
cHusmiack ¢ 1590 Bappep mo 460, a mo azoty — ¢ 610
1o 97 bappep. J1j1s1 1ByX Apyrux nojammepoB 3ddekra
3aMETHOTO U3MEHEHMSsI Ta30IPOHUIIAEMOCTU MOCTe
AHAJIOTUYHBIX 9KCIIEPUMEHTOB C PACTBOPUTENIEM HE
HabM01aeTCsl. DTO OOBSICHSIETCS TIOBBILLIEHHBIM CBO-
6onHEIM 00beMoM PIM-1, pazMmep aneMeHTa KOTOPO-
ro JUIsi CBEXEIOJIYyYeHHO! TUIEHKU MOJIMMEPa COCTaB-
nser 6onee 10 A [14, 61] v oKa3bIBaeTCsl JOCTYITHBIM TSI
mddysun monexyn [1D] pazmepom 7.43 A. YpoBeHb
WCXOJHOM Ta30MPOHUIIAEMOCTU (XOJOCTOI OIBIT)
111 PIM-1 coxpaHsieTcs BIJIOTh 10 15 MuH 06paboTt-
k4 F,, a 3aTeM naeT MOHOTOHHOE CHUXXEHHE MoKa3a-
Tenei, Torna Kak B ciaydae xxe [IBTMC u IT®PO orMme-
YeHO CHWXeHUe 3(hOEeKTUBHBIX KO3(hGIUIIUEHTOB
MPOHUIIAEMOCTHU YKe Tocjie S MUH MoauduKaluu, a
nocie 30 MMH KpUBBIE BBIXOIOAT Ha mraTto. s mc-
clieqoBaHus (PAKTOPOB, MPUBOASIIMX K TAKUM OTJIM-
yusiM, B paboOTe HCCIENOBAHO BJIMSIHME BPEMEHU
dTopupoBaHus Ha 3(p@PeKTUBHBIC KO3DGUIINESHTHI
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Puc. 5. Brusinue BpeMeHu hropupoBaHust Ha 3¢hHeKTUB-
Hble KO3(DOULIMEHTHI TPOHULIAEMOCTU Kucaopoaa (a) u
azora (6) WIS MCCIAeHOBAHHBIX 00pa3LOB MOJMMEPHBIX
TJIEHOK.

mnddy3un 1 paccuuTaHbl 3G EeKTUBHBIE KO3 hu-
IEHTHI paCTBOPMMOCTH Ta30B B MOTM(MUIINPOBAH-
HBIX TOJMMEPHBIX TUieHKaX. [lonydyeHHBIE DaHHbIE
npeacTaBieHbl Ha puc. 6.

M3 cpaBHeHUs1 NaHHBIX, MNPEACTABICHHBIX Ha
puc. 5 1 6 BugHO, uto 111 PIM-1 xapakTep 3aBuUCH-
MOCTU 3(P(PeKTUBHBIX KOI(PGIULIMEHTOB MPOHUIIAe-
MocTu u g O, u g N, oT BpeMeHU 00pabOTKU COOT-
BETCTBYET XapaKTePy aHAJIOTMYHbIX 3aBUCUMOCTE, MO~
JIydeHHBIX i1 3(p@GEKTUBHBIX  KO3((UIIMEHTOB
nuddysun razos. I[pu atoM 3ddekTUBHBIE KO-
GULIMEHTH PpACTBOPUMOCTHU (pUC. 5) TaKKe COXpaHsI-
IOTCS Ha YPOBHE HavyaJbHBIX 3HAYEHUU TpU BpeMe-
Hax 10 15 MMH MoaudUuKaluu, a 3aTeM CHIXKAIOTCS
Ha TIOPSIIOK, COXpaHsisl 3TOT YPOBEHb 3HAUCHUI 1O
60 mun ¢ropupoBaHus. Takoe M3MeHEHUE Ta30-
TPaHCITIOPTHBIX MapaMeTPOB IPEUMYIIECTBEHHO CBSI-
3aHO C YMEHbIIIEHUEM CBOOOIHOIO o0beMa TMoJiuMe-
pa B pe3yibTaTe BBeAeHUs 00beMHOro aToMa (propa B
CTPYKTYpYy MoJuMepHBIX Herneii. B cnyyae [IBTMC
HabIrogaeTcsT CHIDKeHe N 3(PpOEeKTUBHBIX KO3Dhu-
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Puc. 6. Biusinue BpeMeHu htopupoBaHus Ha 3¢ heKTUB-
Hble KoadbduimeHTsl nuddy3uu kruciaopona (a) u azota (6)
UTSI ICCITETOBAHHBIX 00Pa3LIOB MOJIMMEPHBIX TICHOK.

nueHTOoB a1 y3un 1 3(pHEeKTUBHBIX KO3 (hGUIeH-
TOB pacTBOPUMOCTU 00oux ra3zoB g0 30 MuH oOpa-
OOTKM U B JaJibHEl1IeM, YPOBEHb 3TUX MapaMeTPOB
COXpaHsIeTCsl Ha TOCTUTHYTOM ypoBHe. CoBIajieHue
XapakTepa 3aBUCUMOCTEl 3TUX MapaMeTPOB ra3orie-
peHoca yKa3bIBaeT Ha TO, YTO OCHOBHOE BIWSTHUE HA
CHIDXKEHME TTpoHnIiaeMocT B ciryyae [IBTMC, kak
u B ciiyqae PIM-1, oka3bIBaeT yMeHbIIIEHUE CBOOOI-
HOTO 00BbeMa BO GTOPUPOBAHHOM CJIOE TTOJIMMEPHOM
MaTpullbl, MpuyeM, 3a 30 MUH cTerneHb (hTOpUPOBa-
Huss [IBTMC pocturaeTr mpeneibHbIX 3HAUCHUI B
pes3yJibTaTe BOZHUKAIIIUX TUDDY3MOHHBIX OTpaHU-
YyeHU aJist propa.

AHaJN3 TIOJIyYeHHBIX 3KCIIEPUMEHTAIBHBIX TaH-
HBIX IIOKAa3aJl, YTO IJIsI MOAU(PULIMPOBAHHBIX IUIEHOK
yacTuYHO-KpucTamyeckoro I[P O nipu ob6111eM CHU-
KEHUM YPOBHS Ta30IPOHUIIAEMOCTH, XapaKTep 3aBU-
CUMOCTEH OT BpeMeHM (hTOpUpOBaHUS 151 9DHEKTHUB-
HBIX KO3(OUIMEHTOB TPOHUIIAEMOCTH, Au(hhy3un 1
pPacTBOPUMOCTH pasznnyeH. Tak, ypoBeHb 3 (dEKTUB-
HBIX KO3(dduimeHToB 1uddy3nm Kuciaopona CHU-
Ne 1
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Puc. 7. Bmusanaue BpemeHu (propupoBaHus Ha 3(hPeKTUB-
Hble KO3(hGUIIMEHTHI paCTBOPUMOCTH KUciIopona (a) u
azota (6) WIS MCCIACHOBAHHBIX 00pa3l0B MOJMMEPHBIX
TUIEHOK.

JKaeTcs co BpeMeHeM (TOpUpoBaHus, TOTAa Kak JJisl
asoTa, IIpU OOIIel TeHASHLIMU K CHUXKEHUIO 3Have-
HUN OTHOCUTEILHO MCXOIHBIX, B WHTepBaje 15—
30 MUH OoTMeYeHO Bo3pacTaHue 3(PPEeKTUBHOIO KO-
s punuenTa muddy3un 10 ypoBHS HaYaIbHBIX ITOKa-
3aTelieil 1ocjae KOTOPOTo 3HAYEHUs! TOro MapamMmerpa
YMEHBIIWINCH MTOYTH B 2 pa3a. OTMEUEeHO CYILIECTBEH-
HOe CHIKeHUe 3(h@dEeKTUBHOIO Koa(dduimeHra pac-
TBOPUMOCTU OOOMX Tra30B OTHOCUTEIbHO MCXOTHOTO
YPOBHSI U1l 3TOT'O BDEMEHHOTO MHTepBajia 00pabOTKU.
Pacuer cemekTMBHOCTEHl MpPOHUIIAEMOCTH, ITUPDY-
311 U pacTBOPUMOCTH (TabJi. 5) MoKa3bIBAET, YTO HA
9TOM yJYacTKe HabJIo1aeTCsl MAKCUMYM CEJIEKTUBHO-
CTU MpOHUILIaeMOCTH (cesieKTUuBHOCTh O,/N, Bo3pac-
TaeT MOYTU B 2 pa3a OTHOCUTEJIbHO MCXOAHON) Mpu
HEOXNITAHHOM MWHHUMYME CEJeKTMBHOCTU TUPDY-
31U U CKAUKe CEJIEKTUBHOCTU PACTBOPUMOCTHU, KOTO-
pas npu 15 MyuH pToprpoBaHUS BhIILIE UCXOOHOM I10-
yTu B 3 pa3a. Takue nu3aMeHeHUsI He MOTYT OBITh OOBSIC-
HEHbl CHIXKEHUEM CBOOOIHOTo 00beMa aHaJIOTUYHO
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amopdubeiM [IBTMC n PIM-1. C yyeroM TOro, 4o 1o
maHHbiM PCA, crenenp kpuctaannyHoctu [1PO B
npotiecce GTOPUPOBAHUS TTPAKTUUECKU HE U3MEHSI-
€TCsI, CKauyoOK CEJIEKTUBHOCTU AUMdY3UM U pacTBO-
PUMOCTH, MMO-BUAMMOMY, CBSI3aH C MpoleccoM (hTo-
pupoBaHust amopdHoii dasel [1IPO, npuBoasieMy
Ha onpeae/IeHHOM aTare (pTopupoBaHus K “paspbix-
JIEHUIO” TIOJIMMEPHBIX LIEeNe 3a CYET BOAOPOA3aMe-
CTUTEIBLHOTO (DTOPUPOBAHUS U YBEJIUUECHUS IITUHBI
cBsa3u C—F otHocutenbHo cBsidu C—H. Bricokue
3HAYEHMUS CeJICKTUBHOCTHY pacTBopumocTu wist [TPO
Ha 3TOM BPEMEHHOM UHTepBaje 00paboTK1U MOXHO
OOBSICHUTD TE€M, UTO XOTsI B OOIIEM cllyyae, KOCBEH-
Hag olieHKa 3¢ dEKTUBHBIX KOA(DHUIIMEHTOB PaCTBO-
PUMOCTHU OTpaBaaHa, B cllydyae MOIU(MUKALIUYU YACTUY-
HO-KPUCTAJUTMYECKUX TTOJIMMEPOB 3TOT TOAXOA MOXET
UMETb PsIJ OTpaHUYEHUIA.

Kak mnokaspIBaloT AaHHBbIE, MPEACTaBICHHbIE B
TabJ1. 5, IJIsl BCEX U3YYEHHBIX OJIMMEPOB XKraKoda3-
HOe (pTOpUpOBaHUE MO3BOJSIET JOCTUYD MOBBILIEH-
HBIX 3HAYEHUI CEJIEKTUBHOCTM IPOHULIAEMOCTU
0,/N,. Tak, nys [1PO u PIM-1 ceneKTUBHOCTB IPoO-
HULIAEMOCTU BO3PACTaeT MOUTU B 2 pa3a OTHOCUTEIb-
HO McxomHbIX 3HayeHuit, mj1ss I[IBTMC poct cocra-
BT 0Kosno 30%. CpaBHUTENbHBIN aHANIN3 NaHHBIX,
NPEICTABIEHHBIX B TabJl. 5 MOKAa3bIBAET, UTO CYILLE-
CTBEHHBIIA BKJIaJ B YBEJIMUYEHUE CENIEKTUBHOCTHU ITPO-
HUIIA€MOCTH B TOM YHCJIe U IUIST BBICOKOIIPOHUIIAE-
MOTO MOJIMMEpa, BHOCUT BO3pacTaHUE CEJIEKTUBHO-
CTU PACTBOPUMOCTHU, TOTAA KakK ISl TAKUX Map Kak
He/CH,, H,/CH,, CO,/CH, oCHOBHBIM (haKTOpOM,

Taomuua 5. BinusiHue BpeMeHU (DTOpUPOBAaHUS Ha CeJieK-
TUBHOCTh MTPOHMUIIAEMOCTH, TUMdY3NU 1 paCTBOPUMOCTHU
razoB (cg, = 10 06. %)

Bpewms
Hommep 00paboTK1, MUH o a® o’
Moo 0 4.1 3.2 1.3
5 4.4 3.1 1.9
10 5.9 3.2 1.6
15 8.1 1.6 5.4
30 7.0 1.6 4.4
45 5.4 2.3 2.4
60 6.0 2.5 2.5
IMBTMC 0 4.0 2.9 1.5
15 5.5 3.1 1.8
30 5.7 2.9 2.0
45 6.4 3.1 2.1
60 6.3 2.6 2.5
PIM-1 0 4.8 4.3 1.1
15 5.2 4.5 1.2
30 9.2 4.1 2.2
45 8.9 4.4 2.0
60 8.0 43 1.8
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Tabmuma 6. @akrop pasmeneHus cmecu O,/N, (28.7/71.3 06. %) ipu Ap = 6 at™

Moumep Bpewms P(O,), P(N,), ®daxkrop pazneneHus f
bTOpUpOBaHUs, MUH Bappep Bappep (02/Ny)
[MdO0 0 27.7 7.0 3.9
15 7.2 1.4 6.2
IIBTMC 0 39.5 10.4 3.8
30 11.3 2.0 5.7
PIM-1 0* 1003 294 3.4
15 391 75 5.2

* 6 Mec. XpaHEeHHUsI Ha BO3IyXe.

MPUBOASIINM K POCTY CEJISKTUBHOCTU IPOHUIIAEMO-
CTH, BHOCUT CEIEKTUBHOCTD nuddy3uu [48].

M3BecTHO, YTO MAcalibHasI CEJIEKTUBHOCTb JaXe B
cllyyae HEIMOPUCTHIX Ta30pa3leiuTeIbHbIX MeMOpaH
MOXET OT/IMYaThes OT dhakTopa pasneieHus [62—66].
Kak npaBuiio, Takoii addekt Habmonaercs st CO,-
colepXallux 1 YIJIEBOOOPOI-COACPXKAIIMUX CMECEH,
HO IJISI IPOBEPKU CXOAMMOCTH JaHHBIX, ITOJIyYSHHBIX
JUIST MTHIMBUAYAJIbHBIX Ta30B ¢ JAHHBIMU IJISI CMECU
0,/N,, B paboTe nojyuyeHbl 3HaueHUs1 HaKTOPOB pa3-
neneHus st cemecu O,/N, 1Is1 CCleTOBaHHBIX UC-
XOIOHBIX U GTOPHUPOBAHHBIX TOJIUMEPOB (TabJI. 6) IpU
TMOBBLILIICHHOM JaBJIeHMM Halg MeMOpaHoii. M3 npen-

1.LE+02

1.E+01

CenextuBHocTb O,/N,

I.LE

CTaBJIEHHBIX TaHHBIX BUIHO, YTO 3HAYEHUS TOTO Ma-
paMeTpa OKa3bIBalOTCS OJMU3KM K 3HAYEHUSIM HIIe-
aJIbHOM CEJIEKTUBHOCTU, HEOOJbIIIOE CHUXEHUE OT-
MeueHO Tojbko 1 [IDO, npu 3ToM ypoBeHb
CEJIEKTUBHOCTU W JJII 3TOTO TIOJIMMEpa BCE PABHO
OKa3bIBaeTcs CyIIECTBEHHO BbIIIE UCXOAHOM.

ITpoBeneHHOE cpaBHEHUE NOCTUTHYTBIX COOTHO-
IIEHUI MPOHUIIAEMOCTh/CEJIEKTUBHOCTD (pHC. 8) me-
MOHCTPHUPYET, YTO 00pabOTKa IMTOBEPXHOCTU U MPUIIO-
BEPXHOCTHBIX CJIOEB MOJUMEPHBIX IIJIEHOK METOIOM
KkunkodaszHoro (GropupoBaHUsi ¢ 0OoJjiee MSITKUMU
YCJIOBUSMM MpPOBEAeHUS MOoAUudUKALMKU OTHOCH-
TeIbHO METoJa MpsIMOTO razoga3Horo GTopupoBa-

O MBTMC_F2_LF
O MdO_F2_LF

A PIM-1_F2_LF

A PIM-1_F2_GF [48]
0 MPO_F2_GF [43]

+00
1LE-01 1.E+00 1.E+01

1.LE+02

1.LE+03 1.E+04 1.E+05

Koadduumuent nponunaemoctu O,, bappep

Puc. 8. CootHoleHne 3¢ deKTUBHBIX KO3 duLreHToB MpoHnnaemMoct O, 1 uiaeanbHolt ceneKTuBHOCTH O,/N, 1i1st Mcxon-
HBIX TTOJIUMEPOB, MOJMMEPOB, MOAUMUIIUPOBAHHBIX METOIOM XXKMaKodaszHoro dropupoBaHus (LF) u nonumepos, moaudu-
LIMPOBaHHBIX MeTOIOM razodasHoro propupoBanus (GF) [43, 48]. Ha nmarpamme TipeacTaBieHbl BEpXHUE TPAHUILIBI pacTipe-

nenenust Po6econa 2008 . [67] u 2015 1. [68].

MEMBPAHBI U MEMBPAHHBIE TEXHOJIOTUN

TOM 13 Ne 1 2023



METO KNAKOPAZHOT'O ®TOPUPOBAHMA ITOJIMUMEPOB 53

HUSI ¢ TOYKU 3PEHUSI CHIDKEHUS JIOKAJILHOIO IIepe-
rpeBa B IIpoliecce (PTOPUPOBAHUS, NMPUBOIUT, ITO-
BUIVMOMY, K CHUKEHHIO YPOBHSI CIIIUBOK ITOJIMMEP-
HBIX (hparMEHTOB, CBSI3aHHOTO C BO3MOXHBIMU pPa3-
pbIBaMU TIOJMMEPHOM ILIENMU U OTPHIBOM OOKOBBIX
TPYHII BCIEACTBUE peaKUMii peKOMOVMHAIINU U TUC-
MIPONOPHUOHNPOBAHMS TOJTOXUBYIIUX PaauKalIoB
BO (PTOpMpPOBAHHOM cJioe [58—60]. DTO mo3BoigeT
COXpaHUTh OoJice BHICOKMII YpOBEHb IIPOHMUIIAEMO-
CTH ra30B OTHOCUTEIBHO MCXOMHOTO II0 CPABHEHMIO C
raszogaszHoit 00padboTKoii ieHoK. [1pu 3TOM, TTOBBI-
IIEHUE CEJICKTUBHOCTU KakK auddy3um, Tak U pac-
TBOPUMOCTHU BCJIEACTBHE BBeAEeHMsS (pTropa B MOJIU-
MEPHYIO 1IeNb MPUBOIUT K BO3PACTAaHUIO CEJIEKTUB-
HOCTU pasfiesieHusi, B vacTHocTu, mnapsl O,/N,.
YcTaHOBIEHO, YTO MAaKCUMAaJIbHBIE 3HAYCHUS CeIeK-
TUBHOCTH, B yacTHOCTH, O = 8 mra I1DO, 6.4 mia
INIBTMC u 9 nna PIM-1, cyliecTBeHHO MpeBbIIIAI0-
III1€ UCXOMHbIC 3HAYSCHUSI, JOCTUTAIOTCS IPU ITOO00-
pe ONTUMAaJIbHBIX YCJIIOBMII, B TOM YHCJE, BpEMEHU
¢dTOpUpOBaHUSsI, OTIMYAIONIETO IS Pa3JIMYHBIX I10-
JIMMEPOB.

3AKJIIOYEHHME

PaccmoTrpenHsIi B paboTe MeToI XUIKO(pa3HOTO
¢dTOoprpoBaHUS IIPOAEMOHCTPUPOBAJ BBICOKYIO (-
(EeKTUBHOCTh IPUMEHEHUS ITPEAI0KEHHOTO MOIX0-
a IJis CYIIECTBEHHOTO YJIyYIIEeHMs Ta30pasiaeiiv-
TEJILHBIX TTOJIMMEPHBIX ITJICHOK M3 MOJUMEPOB pa3-
JIMYHOM XMMMUYECKOW CTPYKTypbl, B TOM 4MCIE,
YaCTUYHO KpUCTAIMYecKux, Ha mpumepe I[1DO,
IIBTMC u PIM-1 He TOonAbKO AJis METaH-COAepKa-
IIUX Ta30BbIX cMeceit, Ho Takxke Wit cmecu O,/N,
MPU COXpPaHEHUU BBICOKOTO YPOBHSI MTOTOKA 1O KUC-
JIOpOAYy OTHOCUTEIbHO MCXOMHBIX IJIEeHOK. Poct ce-
nexkTuBHOCTU coctaBui ot 30% misa [IBTMC no yBe-
JmueHus B 2 paza misg I1OO u PIM-1. YcraHoBieHo,
YTO TaKoe YIy4llleHUE TT0Ka3aTesIeil o CeJIEKTUBHO-
CTHU IIPOHUIIAEMOCTH JTOCTUTACTCS IIPEUMYIIECTBEH-
HO 3a CYET YBEIWYECHUS CEJIEKTUBHOCTU PaCTBOPH-
MOCTH, B OTJIMYME OT METAaH-COAEPKAIIINX CMeceii, B
cllygae KOTOPBIX HAaMOOIBIIMX BKJIA1 BHOCUT CEIEK-
TUBHOCTh IUMGy3un. OTMETHUM, 4YTO IJIsI Maphl
0,/N, Meton xuakoda3zHoro ¢GTopupoBaHUS Ae-
MOHCTpPHUpPYET 00Jiee BBICOKME Pe3yJIbTaThbl, KaK II0
JIOCTUTAa€MbIM 3HAUYE€HUSIM CEJIEKTMBHOCTH, TaK U I10
COOTHONIEHUIO 3P(PEeKTUBHBINA KOIPOUIIMESHT MPO-
HUIIA€MOCTH/CEJIEKTUBHOCTh OTHOCUTEBHO METO/AA
npssMoro raszodasHoro ¢ropupoBaHusi. [Ipu stom
JOCTUTHYTOE cooTHolueHue st PIM-1 Haxogutcs
Ha ypoBHe rpanunbl 2015 r. quarpammber PoGcoHa.
[68]. TTokazaHo, 4TO B ciydae XuUAKO(pasHOTro ¢To-
pUpPOBaHUSI BBICOKOIIPOHUIIAEMEBIX IIOJIMMEPOB C
OOJIBIIINM AOCTYITHBIM 00BEMOM CJieayeT YIUTHIBATh
BAMsSIHUE MepdTopaeKalinHa KaK pacTBOPUTENS U
YCTaHOBJICHO, YTO, KakK W B ciydae ra3zo(a3Horo
¢dTopupoBaHUs, I AOCTUXEHUS MaKCUMaTbHBIX
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3HAYEHU CEJIEKTUBHOCTH TpeOyeTcs Mog0op ONTH-
MaJbHBIX YCIOBUI MoOAM(pUKALMU, B YaCTHOCTH,
BpeMeHU (DTOPUPOBAHUS. YCTAHOBJIEHO, UTO MOJY-
yeHHbIe (haKTophl pazaeneHus: cmecu O,/N, OIU3KU
K UIeaIbHBIM CEJIEKTUBHOCTSIM KMCCJIETYEMBIX T'a30B,
YTO MO3BOJIMT B JAJbHEUIIIEM NCIOJB30BaTh TaHHBIN
METOH JIsd MOL[I/I(I)I/IKaLlI/II/I HE€ TOJIBKO T'OMOI'€HHBIX
MOJIMMEPHBIX MJIEHOK MCCASAYyEeMBbIX MOJIMMEPOB, HO
1 MeMOpaH C CeJIeKTUBHBIM HEITOPUCTBIM CJIOEM Ha
X OCHOBE.

BJIATOOJAPHOCTHA

Pa6ora BeinonHeHa no loczaganuio MHXC PAH. As-
topsbl 6narogapst [.C. IMammkeBuya (Cankr-IletepOyprekuii
IMOJIUTEXHUYECKU YHUBEPCUTET) 3a MOJIE3HbIC TUCKYCCUU U
00CYKIeHMS MOJTy4eHHbIX pe3ysibTaTtoB, M.A. Bopoiiosa,
B.B. IllaranoBa, A.A. AunpeeBa, 3.C. Isunuca (Tomckuii
MOJIMTEXHUUYECKUI YHUBEPCUTET) 32 TPOBEICHUE KUIKO-
¢dazHoro (GropHpoBaHMUS MHOJIUMEPHBLIX O0pPa3lOB M MX
ananu3a merogamu COM u POJC, N.I1. AcanoBa (UH-
CTUTYT HeopraHndeckoil xumuu um. A.B. Hukomnaesa CO
PAH) 3a aHaiu3 nmoimMMepHbIX 06pasioB MeTogoM PODC,
N.A. ITonomapeBa (MHCTUTYT 37IeMEHTOPraHUYECKUX CO-
equHenuii M. A.H. HecmessnoBa PAH) 3a nmpenocraBiieH-
HBIE 00pa31Ibl 3aMEIIeHHOTO IojimbeH3oanokcana PIM-1.
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Method of Liquid-Phase Fluorination of Polymers to Increase the Selectivity
of the Air Separation

D. A. Syrtsova> *, A. Yu. Alentiev!, S. V. Chirkov!, D. A. Bezgin!, R. Yu. Nikiforov',
I. A. Levin!, and N. A. Belov!

*e-mail: syrtsova@ips.ac.ru

The one-sided modification of homogeneous polymer films of polyvinyltrimethylsilane (PVTMS), poly(2,6-
dimethylphenyl-1,4 oxide) (PPO), and polybenzodioxane (PIM-1) was carried out by liquid-phase fluorina-
tion method using a fluorine-nitrogen mixture in perfluorodecalin. The fluorination time ranged from 10 to
60 min. For PPO films the amorphous and -nanocrystalline phase (48%) was found by X-ray diffraction
analysis of the original films. It was shown that fluorination does not significantly affect the degree of PPO
crystallinity. The effect of fluorination time on the effective coefficients of permeability, diffusion, and solu-
bility of oxygen and nitrogen has been studied. It was found that the fluorination leads to a decrease in both
effective diffusion coefficients and effective gas solubility coefficients, while the resulting increase in perme-
ability selectivity ranged from 30% for PVTMS to a 2 times increase in the case of PPO and PIM-1. It has
been noted that this improvement in permeability selectivity is achieved mainly by the solubility selectivity
increasing. The permeability of O,/N, mixture for original and modified films was studied. It was found that
the achieved values of the separation factors are close to the ideal selectivity. The results obtained demonstrate
the possibility of effective application of the liquid-phase modification method not only for the homogeneous
polymer films of the studied polymers treatment, but also for membranes with a selective non-porous layer
based on them.

Keywords: membrane gas separation, polymeric membranes, liquid-phase fluorination, membrane modifi-
cation
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