CAHKT-IETEPBYPI'CKUI TOCYJAPCTBEHHBIA YHUBEPCUTET

Ha npasax pyxonucu

ATTA Pamanan Parad Aoaeapayp Mocrada

OHTI/IMI/I3alII/Iﬂ MeMﬁpaHHbIX IPpOouECCOB IMyTEM CO31aHUS HOBBIX IMMOJUMEPHBIX

MeMOpaH, moauguunpoBanHbix ILnroponnkom @127

CuneunanpHocTth: 1.4.2. AHaIIMTHYECKAST XUMUS

Auccepranus
HA COUCKAHUE Y4eHOU CmeneHu

Kanouoama XumMuyeckux HayKk

Hay4HbIil pyKOBOAUTE/Ib:
0-p XUM. HAYK
ITenrkoBa AHactacus BimagumupoBHa

Cankr-IlerepOypr
2022



2

OI'JIABJIEHUE
BBEJIEHUE ...........oooiiiiii ettt sttt et et e et e snaeenneas 5
TJABA 1. JUTEPATYPHBIH OB3O0P...........cc.coooivieieceieceeeeeeeee e 12
1.1. MeToasbl pa3ae/ieHusl U KOHUEHTPUPOBAHUS B AHAJTUTUYECKON XUMUH ............ 12

1.2. HepBanopaunﬂ Kak M€Tod pasaec/JicHUsI U KOHUHCHTPUPOBAHUSA KUIAKUX cMmeceid

........................................................................................................................................... 14
1.2.1. MeMOpPaHBI VISl IEPBATIOPALIMM ........ceeiurreeanreeasnneeeanneesssnesesnneesasneessnnesesnnnesssnes 16
1.2.2. IlepBanopannoHHbIie MeMOpaHbl U3 NOJU-M-peHnIeHu30pTaIaMuaA ........... 17
1.2.3. IlepBanopaunoHHbIe MEMOPAHbI U3 MOJMBUHUIOBOTO CIIUPTA .....oevvernirneennnns 25

1.3. YabTpapuiabTpanusi KaKk MeTo] pa3iejeHUs] 1 KOHUEHTPUPOBAHUS KHIKUX

1.3.1. MemMOpaHbI I YIABTPAPUIBTPALMHE . .......cvviiiirrieiiriesnineesssneesssresssnesesnnesssneesas 41
1.3.2. YabTpaduibTpanuoHHble MeMOpaHbI U3 MOJU-M-peHnaeHn3odranamuia .. 42

1.4. HanopuabTpanusi Kak MeTO] pa3iejeHHs] U KOHIEHTPUPOBAHMUS KHUIKUX

(oY (T OO P P OU PR TRRPTO 43
1.4.1. MeMOpaHBI I HAHOQUIBTPALMIM. ......ocoeiuriieirrieiirieasineeessneesssreessneeessnnessnnneeans 45
1.4.2. HanopuabTpanuoHHble MEMOPAaHbI U3 NMOJU-M-(peHuIeHu30pTaiamMuaa ...... 46
1.5. Mem0OpanbI co cMemianHoil maTpuueil «nmoaumep/Ilnroponux @127» ............... 48
1.5.1. ITepBANIOPALIHOHHBIC MEMOPAHDI ......cc.vviiiiriieiiiie e sreeesrne e e 49
1.5.2. YabTpa@uIbTPAIMOHHBIC MEMOPAHDL .........vvieiiiieiiieeeiiieeesieeessnneeesneeesnneesnnneas 50
1.5.3. HaHOPHIBTPAIMOHHBIE MEMOPAHBI .......oooivviiiiiiiiiiiie e ol
['JIABA 2. JKCIIEPUMEHTAJIBHAS YACTD.........ccoooiiiii 54
2.1. Ucnosb3yeMbie PEAKTHBBI M MATCPHMAIIBL ......c..vvieiiriiiiriiesiiiiesireessineessneeesnnee e 94
2.2. MeToauka NpuroToBJIeHUSA KOMIIO3UTOB 1 MEMOPAH HA MX OCHOBE ................... 55

2.2.1. Hom-m-pennnennzodpransamun/Ilnoponnk @127 pus yasTpapuiabTpanum 55

2.2.2.  Tloau-m-penunnenmsopranamun/Ilmoponnk @127  memOpanbl  aas

TICPBATIOPALIMM ......uvveentteeesuteeessseeeaasseeeasseeeaaseeeaaseeeeasseeeaanee e e sseeeanseeeaaneeeeamneeesnneeeanneeenes 55



3

2.2.3. IToammBunnaoBbIA ciupT/Ilnroponnk @127 17151 NEPBANOPALHUH ..................... 56
2.2.4. HaHOQUIBTPALMOHHBIE MEMOPAHDI .........ooiviiiiiiiiieirie e 56
2.3. MeTOIBI HCCIEIMOBAHMIL.........ccevvvunieiiittneesistieesiestasessssssesssstessssssseesesssesssseneesees 57
2.3.1. UHPPaKPACHAS CTIEKTPOCKOTIMS........vvveiirieessteeesireessiseeesseesssssessssseesssseessssseessnns 57
2.3.2. SInepHBIA MATHUTHBIT PE3OHAHC. ... .vveiireeeisieeeatreessnneeesseeesaneeessnneeesneeesanneesnnes 57
2.3.3. Cxkannpynomasi 3JIeKTPOHHAA MHUKPOCKOIIMS .........oevvieririaieraieesriesnessnesssnsanns 57
2.3.4. Ucci1e10BAHUE YIVIOB CMAUMBAHMI . ......coiuvviiiuriieiirieiireessnneesssnessssnesssnenssnnee e 58
2.3.5 ATOMHO-CHIIOBAT MHUKPOCKOTIHMSL ......ccuvvveiiteeessteeestreesssseessssesssssnessssnesssseessssseessnns 58
2.3.6. UccnenoBaHne PABHOBECHOTO HADYXAHMS ......ccvvvrurieiirieiininiinsnessnie s ssne s 58
2.3.7. MeToauKka NepBANOPALMOHHOIO0 IKCHEPHMEHTA. .......vviivieiiieiienriesreesinee e 59
2.3.8. Metoauka yabTPpaQpUIbTPAIUOHHOTO IKCHEPHUMEHTA .....oovvvvreeirireiiieenineennens 60
2.3.9. Metoanka HAaHOPUIBTPAMUOHHOTO IKCTIEPHMEHTA .......vvvvenineeaineeenieeennneeens 60
2.3.10. I'a30XpoMaTOrPAPUUECKHUM AHAIIM. .......ooiiviiiiiiiiieiiie e 61
2.3.11. CieKTPOGOTOMETPHYCCKHHM AHAIIMB.......vviiieriieiirieiireeesreeesnreessneessneeesnnee s 62
2.3.12. NHBepCHOHHASI BOJBTAMIEPOMETPHS ....ooeevvveeirrrieaireeessieeessseeessseeessseeesssneessnns 62
I'JIABA 3. PE3YJIBTATBI U OBCYXKIAEHHUE .............coooviiiiieee 63

3.1. N3yuyenne mepBanopanuoHHbIX MeMOpaH M3 MoJu-M-(peHnJeHu3opraiamMuaa,

MOAUPUIUPOBAHHOTO TLTIOPOHMKOM D127 ... 63
3.1.1. TPAHCTIOPTHBIE XAPAKTEPHMCTHRI .....ccouvviirieiriairiasieeasiesssessreesneesinesssessssessneens 63
3.1.2. MIBYUYCHHE CTPYKTYPBI ....ooouriiiriaiiiaieeateesiseesite ettt e s b sne s s s snne e e s e e e nnee s 66
3.1.3. UccnenoBanue GPU3HKO-XUMHUYECKHX CBOMCTB ......cccoviiiiiieiiiiiieeeniiieneessiineeenns 71
3.2. HN3yuyenue YIAbLTPAPWIbTPAUOHHBIX MeMOpaH u3 MOJIU-M-
(pennnennsoPpranamuaa, moaupuurposannoro Ilimoponunkom @127 ...................... 74
3.2.1. TPAHCHOPTHBIE XAPAKTEPHMCTHRH ......cvvieuvienriiereniresieesieesieesseesseesseesseesseesseesseenseas 74

3.2.2. IBYUYCHHE CTPYKTYPBI ..cceeuvvieiiiieaiieeanseeeaasreeasnsesesnnessasseesssnesesansessssnesssnseesssnesans 80



4

3.3. U3yuyeHue HAaHOPWIBTPAIHOHHBIX MEMOPAH ¢ TOHKMM CEJIEKTHUBHBIM CJI0€M M3

NOJTMITHIEHUMHUHA, HAHECEeHHOI 0 HA MNOPHUCTYIO MOJIU-M-
PpennieHu30PpTAIAMUI/ TITIOPOHUK D127 MEMOPAHY ....covvviiiiieiiiie it 89
3.3.1. TPaHCTIOPTHBIC XAPAKTEPHCTHIH ........evvenereeenreresnreessnreeesseeessnneessssesssnneeessneeans 89
3.3.2. MIBYUYCHHE CTPYKTYPBI ....oeeuvieirieiiiaieeateeateesisee e sseeabesabesssneessneesbneesnnseneeanee s 92

3.4. H3yuyeHue mnepBamopalUOHHbBIX MeMOpPaH U3 MNOJUBHHWIOBOIO CHHMPTA,

MOAU(PUUIUPOBAHHOTO ILTIOPOHMKOM @127 ... 96
3.4.1. TPAHCTIOPTHBIE XAPAKTEPHMCTHRI .....ccuvviirieirieiriasteeastesssessreesneessnessnessssessreens 97
3.4.2. MIBYUCHHE CTPYKTYPDBI ....oeoiviiiiiaiiiaieesitie st e sseeasiesabe e essneessesesnn e b s sbeesnneennnas 104
3.4.3. UccaenoBaHue PU3NKO-XUMHUYECKHX CBOMCTB .......oovvivvieiiinieiiiiieesieeesineesninees 108
OCHOBHBIE BBIBO/IBI .........ccocoiiiiiiiieicieeeeee e 112

CIIMCOK JTHTEPATYPDBL......ccuviiiiieiiieitieeiisaiee e be e e e st e sbs e e abe s e b e s b e e ab e e san e e sbn e e sbeeabeeaneens 116



)
BBEJEHUE

B 3aBUCHMOCTH OT (PU3MKO-XMMHYECKHUX CBOMCTB KOMIIOHEHTOB, BXOJSILIUX B
COCTaB pa3/eNisieMON CMecH, €€ pa3AelieHHe MOXKeT ObITh MPOBEIECHO C MOMOUIBIO
pa3IMYHbIX TPAJUIMOHHBIX METOJOB pa3/eleHUs] W KOHLIEHTPUPOBAHHUSA, HAIPUMED,
TaKHX, KaK AKCTpaKIIHUA, OTTOHKA, 0Ca/IUTEIbHBIX, COOCAJUTEIbHBIX,
XpomarorpapuvecKux, JMEKTPOXUMUIECKUX METOIOB 1 Ap. B mocneanee Bpems 60mbImoe
pa3BUTHE AJIsl pa3[esieHus. U KOHIIEHTPUPOBAHMS JKMJIKMX U Tra30BbIX CMECEW MOTYyYWIH
MeMOpaHHbIe Tporiecchl. X ObIcTpoe pa3BUTHE O0YCIOBIEHO PSJIOM MPEUMYIIECTB 10
CPaBHEHUIO C TPAJUIMOHHBIMUA METO/IaMU Pa3/IEJICHUs: OHU HE YHEPIOEMKH, SKOJIOTUYHbI
(He TpeOyroT a00aBiICHHUS JOMOJHUTENBHOTO peareHTa), MPOCThl B YIPABICHUU U
ABTOMAaTHU3aIlNH, a TAKXKE UCIOJB3YIOT KOMITAKTHOE 000PYI0BaHNE.

B nauccepranmonHoii paboTe mpeacTaBiIeHbl TpU MEMOpaHHBIX Mpolecca -
nepBanopanus, HaHOQUIBTPAIUS U yIbTPAQUIBTPALKs, KOTOPBIE PA3IMYAIOTCS KaK IO
JNBIKYIIEH CUJe, TaK W IO CTPYKType HCIOIb3yEMOr0o MEMOpPaHHOIO Marepualia
(HemopucThie MeMOpaHbl JJIi HEPBANOpaldd M HAHOPWIbTPALUU, MOPUCTBIE - JUIf
yABTPAPUIBTPAIIUH), YTO MTO3BOJIAET AETATHHO OIEHUTH/U3yYUTh BKJIA] MO (DUKAIINK HA
TPaHCTIOPTHBIE CBOMCTBA PA3IUMYHBIX MO CTPYKTYype MEMOpaH, a TaKKe PEelIuTh MUPOKUN
CHEKTp 3aJa4 10 pa3/IeJIeHUIO.

st addekTuBHOrO paszzelieHus cMmeceil B MeMOpaHHOM Ipoliecce Tpedyercs
pa3paboTka MeMOpaHHBIX MaTepuanoB c 3aIaHHBIMU TPAHCIIOPTHBIMU
xapaktepuctukamu. Co3zmganue MeMOpan co cmermanHod matpuuei (MCM) - onun u3
Hanboyiee IIMPOKO HCIONb3YEMBIX CIOCOOOB YIIyYIIEHUS CBOMCTB MEMOpPaHHBIX
NOJIMMEPHBIX MarepuanoB. Moaudukanuss pa3IuyHbIX [0 MPUPOJE MOJIUMEPOB
[TmropoHKOM D127 (61oK-comnonmMepom MTOJIUATUIICHTJIUKOJIS u
MOJIMIIPOTIMIIEHTJIMKOJIS ) SIBJISIETCSI OJHUM M3 IEPCIIEKTUBHBIX MyTEH yJIydIlIEHNUs CBOMCTB
MEMOpPaHHOTO TMOJUMEPHOIO MaTepuaia B CBs3M ¢ ero aMpuduibHONW NpuUpoIor U
ONITUMATBHBIM TUAPOPHIEHO-THAPO(YOOHBIM OaTaHCOM.

AKTYaJIbHOCTh PadOThI OIpeAeseTcss HEeOOXOAUMOCThIO pa3pabOTKH HOBBIX
NOJUMEpPHBIX ~ MeMOpaH, cogepxamux Ilmoponnk @127, ¢ ydaydlIeHHBIMU
TPaHCHOPTHBIMM ~ CBOWCTBAMHM, JUJII  ONTHUMH3AlUMU  AHAJIUTHYECKHMX  METO/OB
npoOOMOJArOTOBKM C LEJbI0 KOHIEHTPUPOBAHUSA TSHKENBIX METaIOB, OEJKOB,

OPraHUYECKUX PACTBOPUTEIIEH U IPOUNX aHAIUTOB.
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Crenens pa3padoTaHHOCTH TeMbl HccjaenoBaHusi. Co3ganue MeMmOpaH co
cmentanHoi Matpuieit (MCM) — nepcrieKTUBHOE HanpaBleHUeE AJIs MOIyYeHUs] MeEMOpaH
C 331aHHBIMH XapaKTEPUCTUKAMHU B CBSI3H C TEM, YTO KOMOMHUPYIOTCS TOCTOMHCTBA JBYX
pa3HBIX KOMIIOHEHTOB, BXOJIAIINX B COCTaB MEMOpaHsbI (rmoimmepa u Moaudukaropa). B
nociennue roas! [Imoponnk @127 BeI3Ban 3HaYUTENBHBINA MHTEPEC ISl IPUMEHEHMS B
KadecTBe Moauukaropa memOpan u mopoobOpazoBatens. [Lmoponnk @127 cumraercs
NEPCIEKTUBHBIM MOAM(PHUKATOPOM ISl MOJyYEHHS] BBICOKOI(P(PEKTUBHBIX MEMOpaH B
CBSI3U C TEM, YTO €ro J100aBJIeHHE B MAaTPHUIly MEMOpPaHbl YBETUUUBAET TUAPOPHIBHOCTD
MOBEPXHOCTH MEeMOpaHbl, UYTO OOECIIeUnBaeT yJIy4dllleHHblE aHTU(OYJIUHIOBbIE CBOMCTBA
(YCTOMYMBOCTh K 3arpsi3HEHMIO) YJIbTPA(QHIBTPALUOHHBIX W HAHO(DUIBTPALMOHHBIX
MeMOpaH, a TakKe MPHUBOAUT K YBEIHMYEHUIO YACIbHOW MPOU3BOIUTEILHOCTH
nepBanopaluoHHbIX MeMOpaH. ['mapodobuble dparmMenTsl B cTpykrype IlmropoHuka
@127 crmocoOCTBYIOT €ro MPOYHOMY 3aKPEIICHHUIO B MOJIMMEPHON MaTpulie. B To Bpems
KaK ruapouibHble (parMeHTbl HAJENSIOT MOBEPXHOCTh MEMOpPAH BBICOKOW CTENEHbIO
ruapodunbHOocTH.  BenmeactBue  coueranuss B crpykrype Ilmoponuka D127
ruApOoUIBHBIX U THAPO(OOHBIX (PPArMEHTOB, OH MPOSBIIAET CBOMCTBA TMAPOPUIBHOIO
HEMOHHOI'O0 ITOBEPXHOCTHO-aKTHBHOI'O BEIECTBA M SBISIETCS BOJOPACTBOPUMBIM.
CoriacHO IpOBEJAECHHOMY JTUTEpaTypHOMY 0030py, ucrnoiab3oBanue [lnmtoponnka @127 B
KayecTBe 100aBKH B MOJIMMEPHbIE MEMOpPaHbl IPUBOAMT K 3HAUYUTEIIHBIM U3MEHEHHSIM MX
MEXaHUYECKHX, (PU3UKO-XUMUYECKIX U TPAHCIIOPTHBIX XapaKTepUCTUK. Takum oOpa3om,
st 3¢ dekTUBHOrO pasieneHus cMeceid Tpedyercsa pa3paboTKa HOBBIX MeMOpaH,
conepxkamux [Imroporuk @127, ¢ 3a1aHHBIMU TPAHCIIOPTHBIMH XapaKTEPUCTUKAMMU.

PaGora BbimosiHeHa npu noaaepxkke Poccuiickoro @onna PyHIaMEHTAIbHBIX
Uccnenosanuii, tpant Ne 17-58-04067 «HoBble wmemOpaHHbIE MaTepuanbl s
JIeruapatanu 1 Bogoouuctkm» (2017-2019 r.).

Heabro auccepTalliOHHOM pabOTHI SIBISIACH Pa3pabOTKa HOBBIX IMOJIMMEPHBIX
MeMOpaH, moaupummupoBaHHbIX [LmopornkomM @127, MO3BOJSIOMUX CYIIECTBEHHO
NOBBICUTH CTENEHb PA3/ACNICHUs U KOHUEHTPUPOBAHUS AHAIUTOB (TSDKEIBIX METaJUIOB,
ObIYBETO  CBIBOPOTOYHOTO  allbOYMHHA, CMAa304HO-OXJIQXKJAIOWIEH KUAKOCTH U
OpPraHUYECKUX pPACTBOPUTEIEH, TaKMX KaK H30MPOMAHON M TOJYyold) B Ipoleccax

nepBanopanuy, HAHOPMIBTPALUHU U YIbTPAPHIBTPALINN.



3agaum ucciae0BaHNSA
Pa3paboTtars ciocoObl MOIM(UKAIIMN U3BECTHBIX MEMOPaHHBIX MaTEPHAIIOB (TIOJIH-M-
dbenunennzodTaramuaa, noJduBHHMWIOBOrO ciupta) [Imoponrnkom ®127.
[TomyunTts W3 pa3pabOTaHHBIX KOMIIO3UTOB HEMOpPHUCTHIE (Iu(y3UOHHBIE W/WIH
KOMITO3ULIMOHHBbIE MEMOpaHbl), a Takke NOpUCThie (YIbTpaQUIbTPALUOHHbIE)
MEMOpaHBI.
HccnenoBath CTPYKTYpHBIE M (DPU3UKO-XMMUYECKHE XapAaKTEPUCTUKU TOTYUYCHHBIX
KOMIIO3UTOB M MEMOpPaH Ha X OCHOBE.
W3yunth TpaHCHOPTHBIE XapaKTEPUCTUKU pPa3padOTaHHBIX MEPBANOPALMOHHBIX
TG y3MOHHBIX U KOMIIO3UIIMOHHBIX MEMOpaH cO CMEUIaHHOW MaTpHIleil B pouecce
pa3ziesieHus IPOMBILIUIEHHO 3HAaYMMbIX OMHAPHBIX CMECEeH, ONPEeAEIUTh ONITUMAIbHbIE
COCTaB M CTPYKTYpy MeMOpaH.
N3y4nTh TpaHCIOPTHBIE XapAKTEPUCTHKU pPa3pabOTaHHBIX HAHO(DUIBTPALMOHHBIX
KOMITO3UITMOHHBIX ~ MEMOpaH CO  CMENIaHHOKW  MaTpuIled B  Mpolecce
KOHUEHTPUPOBAHUSL TSKENIBIX METaNIOB, OINpPEAENIUTh ONTUMAJIbHbIE COCTaB U
CTPYKTYpYy MeMOpaH.
W3yunTh TpaHCHOPTHBIE XapaKTEPUCTUKH Pa3paOOTaHHBIX YIbTpadUIbTPAITHHBIX
MeMOpaH CO CMEIIaHHOW MaTpuled B Hpolecce KOHLEHTPUPOBAHUS ObIUbEro
CBIBOPOTHOTO aJbOyMHHA M CMa30YHO-OXJAKIAIOMIENH KHUIKOCTH, OIPEIeIUTh
ONTUMAJIbHBIE COCTaB U CTPYKTYPYy MEMOpaH.
Haiiti ko3 puninenTs! 3aaepkaHusi 1 KOHIEHTPUPOBAHUS YKAa3aHHBIX aHAJTUTOB MPH
MCIIOJIb30BAHUH pa3padOTaHHBIX MEMOpaH.

Hayunasi HOBH3HA HcCi1eI0BaHUS
Bnepseie  momyuensl  mMemOpanbl  (au¢¢y3uOHHBIE, KOMIO3HIMOHHBIE |
yIbTpaQUIBTPAIMOHHBIC) HA OCHOBE KOMITO3UTOB «IOJIM-M-(peHUIeHU30(pTaIaMuI-
[Tmoponuk ®@127» u «monmuBUHUIOBKIN crupT-Ilmoponnk ®@127», obmamaroriue
YIyYIIEHHBIMU TPAaHCHOPTHBIMM CBOMCTBaMU B IIpolLleccax IEpBallOpalnH,
HaHO(MUIBTPALMH U YIBTPa(UIBTPALIH.
BnepBeie ycranoBneno BinusiHHME n00aBieHus I[lmoponuka D127 B momau-m-
(deHmIeHn30(TanaMua U NOJIMBUHUIIOBBIN CIIUPT Ha CTPYKTYPY MeMOpaH, a TaKkxke Ha

UX (PU3UKO-XMMUYECKUE U TPAHCIIOPTHBIEC XaPAKTEPUCTHKH.
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e Brnepsble npeiokeHbl ONTUMaIbHBIE COCTABHI JIsl KOMITO3UTOB noumep/ [ ImopoHuk
®127, obecnieunBaromue Hanbomee 3GeKTUBHOE pa3elieHne CMECel aHAIUTOB.

e Brnepsble HaiineHbl Kod(QPUIMEHTHl 3a7ep>KaHus UM KOHLEHTPUPOBAHUS IS
pa3paboTaHHBIX MEMOpPaH Ha MIPUMEPE THKEIBIX METAIIIOB, OBIYbETO CHIBOPOTOYHOTO
anb0yMHHA, CMa30YHO-OXJTKIAAIONIEH KUIKOCTH U OPTaHWMYECKUX PACTBOPHUTEICH,
TaKUX KaK H30MPONAHOI U TOIYOJL.

[IpakTHyeckasi 3HAYUMOCTH PadoOThI

e PazpaGorana HoBas mepBamopallioHHas MeMmOpaHa U3 KOMIIO3UTA IOJIH-M-
denunennzodranamuy/IImoponnk @127(10%) st pa3aeneHus a3e0TPONHON CMECH
MeTaHoJ/Toiyou (72/28 macc. %) ¢ yaydilleHHON yAeIbHON MTPOU3BOIUTEILHOCTHIO U
CEJICKTUBHOCTHIO TI0 OTHOIIIEHUIO K METAHOIY.

e PaspabGotana HoBas yibTpaduIbTpPAIMOHHAS MEMOpaHa W3 KOMIIO3UTa TIOJIU-M-
denunenmzoranamuy/IImoponuk  ®127(10%) ¢  yAydlIeHHBIM TOTOKOM U
aHTU(OYIUHTOBEIMU CBOMCTBAMU B TIPOIIECCE YIABTPAPMIBTPAIIMN PACTBOPA OBIYBETO
CBIBOPOTOYHOTO aTbOYMHHA U SMYJIbCUN CMa309HO-0XTKIAFOIICH KU IKOCTH.

e Pazpaborana HOBasi mMepBanoOpalMOHHAs KOMIIO3UIIMOHHAs MEMOpaHa C TOHKUM
CEJICKTHBHBIM CJIOEM M3 KOMITO3UTa MOMMBHHWIOBEIA criupT/ILmoponnk ®127(3%),
CHIMTOTO MaJIEMHOBOM KUCJIOTOM, HAHECEHHBIM Ha MOPHUCTYIO MOAJOXKKY U3 MOJIU-M-
denmnenn3zodranammuia, ¢ BHICOKOW yIETbHON MPOM3BOIUTEILHOCTBIO B MPOIECCE
JeTUApaTaIlH U30MPONaHoJIa.

e Pa3zpabGoTanbl HOBbIE HAHOPWIBTPAITMOHHBIE KOMITO3UIIMOHHBIE MEMOPAHBI C TOHKUM
CCJIEKTUBHBIM CJIOEM W3 TOJMATUJICHHNMWHA, HAHECEHHOTO Ha pa3paboTaHHYIO
MOPUCTYI0 MeMOpaHy M3 KOMIO3UTa NoJu-M-peHmwiennzodranamuy/[Inroponnk
®127  (10%, 15%), c yJIydlIeHHBIMM  XapaKTepUCTHKaMH B  Mpoliecce
KOHIIEHTPUPOBAHUS TSKEIIBIX METAJNIOB U3 BOJIBI.

MeTtoasbl uccjie10BaHusA

JIJist u3ydeHusi CBOMCTB pa3pabOTaHHBIX KOMIIO3MTOB W MEMOpaH Ha WX OCHOBE
OBUTH KCIIOJIb30BAHBI CJIEIYIONINE METOAbl MCCIEIOBAHUS: CKAHUPYIOIIAs AJICKTPOHHAsS
MUKPOCKOTIHSI, aTOMHO-CHJIOBas MHUKPOCKOTHS, HWH(pPaKpacHas  CICKTPOCKOIHS,
TBEPAOTEIbHBIN SACPHBII MAarHUTHBINA pE30HAHC, ra30Bask XpoMarorpadusi, ”THBEpCHOHHAs

BOJIbTaAMIICPOMCTPUA, I/IMMepCI/IOHHblﬁ MCTOA AJIsI U3MCPCHUA PAaBHOBCCHOI'O Ha6YXaHI/I$[,
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METOJ| JIeKAallleW Karu JUisi M3MEpPEeHHs YIJOoB CMayuBaHMs, IepBaropanus,
HaHO(QWIbTpaLUs, YAbTpAPUIbTPALHS.

IloJ105keHusl, BIHOCHMbIE HA 3AIINUTY:

Kommuiekc MeTo0B ONTHUMU3AIMHU TPOLIECCOB KOHIEHTPUPOBAHUSI Pa3TUUHBIX
AQHAJIUTOB (OPraHUYECKUX PACTBOPUTEIIEH, TSKEIIBIX METAIIOB, OBIYbETO CHIBOPOTOYHOTO
anbOyMUHA U CMa304HO-OXJIAKJAIOLIEHN KUJIKOCTH) C IOMOILbIO METOOB I1€PBAIIOPALINH,
HaHOQWIbTpAlUU U yAbTpadUIbTpPAllMd  IMyTEM  YJIYUYIIEHUS  TPAHCIOPTHBIX
XapaKTepUCTUK MEMOpPaH U3 MoJU-M-(heHUIeHN30(TaTaMIia ¥ MOJIMBUHUIIOBOTO CITUPTA,
a UMEHHO:

o [losviueHue npou3so0UmMeNbHbIX pecypcos Oug@y3uoHHbIX NepeanopayuoHHbIX

Membpan 3a cuem ux moougurayuu Inoponuxom @127, a umenHo:

o Moaudukanus memOpan u3 nonu-m-penmwieHuzoPpramamuaa 10 macc.%
[Imroponuka @127 npuBOAUT K YBEIMYEHUIO B 2 pa3a HOPMAJIU30BAHHOM
YAENbHOW IPOU3BOAUTEIBHOCTH, Ha 5 Macc. % YBEIMYMBACT COJEpIKAHUE
MeTaHosia B mepmeare U Ha 3,3 % KOIPPUIMEHT KOHIIEHTPUPOBAHHS IIO
CPaBHEHHUIO C HWCXOJHON MeMOpaHOW W3 MONH-M-(QeHuIeHH30(TaIamMuIa B
mpolecce  MEepBaNoOpalliOHHOTO — pa3lieJieHUs  a3€OTPONMHOM  CMecH
METaHOJI/TOJTYOJL.

o Moaudukanus CIIMTHIX MAJICMHOBOW KUCIOTOM MeMOpaH M3 MOJIMBUHUIIOBOTO
crupta [Imoponukom @127 (3 macc.%) NpuBOIUT K YBEIUYEHUIO B 2 pasa
YAETHHOU MPOU3BOIUTEILHOCTH IIPU COXPAHEHUHU BBICOKOTO COJIEP KaHUs BOIbI
B iepmeare (99,9 macc.%) u koaddunuenta kormneatpuponanus (100,1%) mo
CPaBHEHUIO C UCXOAHOW MeMOpaHOW W3 MOJIMBUHUIOBOIO CIUPTA B MpOIIECCE
NepBANoOPAIMOHHOTO pa3/IeleHHs a3€0TPOMHON CMECH U30IPOIIaHOJ/BOIA.

o [logbluieHue npou3sooUmenbHblX pecypcos YibmpapuibmpayuoHHblX MeMOpan 3a
cuem ux moouguxayuu Ilnoponuxom @127, a umenHo:

o Momuduxamus memOpan wu3 mnonu-M-penuneHuzopranamuaa 10 wmacc.%
[Tnroponuka ®127 npuBOIUT K yJIyUIIEHHIO TPAHCHOPTHBIX XapaKTEPUCTHUK I10
CPaBHEHHUIO C HCXOJHOM MeMOpaHOW u3 moiu-M-peHwIeHn3odraramuaa B
mporecce yabTpaQuiabTpalid ObIYBETO CHIBOPOTOYHOTO albOyMHUHA U

CMaBO‘-IHO-OXJ'Ia)KI[aI-OH_Ieﬁ KUIKOCTHU:



10

- K YBEJIMUYEHHIO B 2 pa3a MOTOKA Mpu yBenuueHuH Ha 7,7% koadduimenra
KOHIICHTPUPOBAHUS M YJIYUIIEHUIO CTETIEHU BOCCTAHOBJEHHUS MoTokKa (97%) B
nporiecce yabTpaduiIbTpalui pacTBopa ObIYBET0 CHIBOPOTOUYHOTO aTb0yMUHA;
- K yBenuueHuio B 1,5 paza moToka mpH COXpPaHEHWH BBICOKUX 3HAYCHUS
koapdunmenta 3aaepxanus (99,9%) u korddulMeHTa KOHIIEHTPUPOBAHUS
(101,9%) u yayuiieHuto CTeNeHu BOCCTAHOBJIEHUA MMOTOKa (67%) B mpoliecce
yIbTpaUIBTPALMH SMYJIBCUH CMAa30YHO-0XJIAXKAAOIIEH KUIKOCTH.

o [logvluieHue  npou3BOOUMENbHLIX — pecypcos Mmembopan 3a cuem  CO30AHUSA
KOMNO3UYUOHHBIX MEMOPAH ¢ CeNeKMUBHbIMU CIOSAMU, A UMEHHO!

o Moaudukanus CIIUTOTO MAaJIEMHOBOM KHCIOTOW CEJIEKTUBHOTO CJIOSI U3
nosiuBuHUIOBOro cnupra Ilmoponukom @127 (3 macc.%), HaHECEHHOrO Ha
IPUTOTOBJIEHHYIO MOPHUCTYIO MOJUIOKKY M3 MHOJU-M-(EeHUICHU30PTaIlaMU/Ia,
OPUBOAUT K YBETUYEHHUIO B 12,5 pa3 yaenbHOW NPOM3BOAUTENBHOCTH IO
cpaBHEeHMIO ¢ JTU(PY3UOHHON MeMOpaHOW M3 MOJIMBUHUIOBOIO CIHpPTa B
npolecce  MepBalOpallMOHHOIO  pa3[elieHus  a3e0TPONHONM  CMecH
W30TPOTIaHOI/BOA.

o Hanecenue TOHKOrO CEJEKTUBHOTO CIIOS M3 MOJMAITUIEHUMHUHA Ha
pa3paboTaHHYI0 TOPHUCTYIO MeMOpaHy U3 ToJU-M-(eHUICHH30(PTAIaMU/Ia,
MoauduipoBanHoro ILmoponukom ®127 (10 u 15 macc.%), npuBoAUT K
YIIy4IIEHHBIM TPAaHCIOPTHBIM XapaKTepUCTUKaM MeMOpaH (IPOHUIIAEMOCTH,
koa(pduiMenTa 3aaepxaHus W/uiu KodhPUIMeHTa KOHIEHTPUPOBAHUS) IO
CPaBHEHHUIO C IMOPUCTOW MeMOpaHOW M3 MoJIU-M-(peHnIeHn3odraramMmuaa B
nporecce HaHOQWIBTPAIIMOHHOTO KOHIEHTPUPOBAHUS TSIKEIBIX METAJIOB U3
BOJIBI.

AnpobGauus padoTbl

Pe3ynbTaThl paboThI JOKIAIBIBAIMCH HA CIEAYIOIUX KOHPEPEHIINIX:

e 14™ International Saint Petersburg Conference of Young Scientists « MODERN
PROBLEMS OF POLYMER SCIENCEy, 12-14 nos6psa 2018, CanxTt-IletepOypr:
Zolotarev A.A., Penkova A.V., Atta R., Plisko T.V. «Development of novel
pervaporation and ultrafiltration membranes based on poly(phenylene isophtalamide)
modified by Pluronic F-127».
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e Xl International Conference on Chemistry for Young Scientists «Mendeleev 2019», 9-
13 centsiops 2019, Canxr-IletepOypr: Atta R.R., Penkova A.V., Dmitrenko M.E.,
Zolotarev A.A. «Improvement of the transport properties of ultrafiltration and
pervaporation membrane based on polyvinyl alcohol by Pluronic F127 modificationy.

e 15" International Saint Petersburg Conference of Young Scientists « MODERN
PROBLEMS OF POLYMER SCIENCEpy, 28-31 oktsi6pst 2019, Canxkr-IletepOypr:
Atta R.R., Penkova A.V., Zolotarev A.A., Dmitrenko M.E. «Study of the influence of
Pluronic F127 introduction to porous and dense polyphenyleneisophthalamide
membrane on membranes structure and performance».

e 15" International Saint Petersburg Conference of Young Scientists « MODERN
PROBLEMS OF POLYMER SCIENCEpy, 28-31 okts6pst 2019, Canxkr-IletepOypr:
Atta R.R., Penkova A.V., Dmitrenko M.E., Zolotarev A.A. «Polyphenylene
isophtalamide pervaporation ultrafiltration membranes modified by Pluronic F127».

IMyoaukanuu.

1. Dmitrenko M.E., Penkova A.V., Atta R.R., Zolotarev A.A., Plisko T.V., Mazur
A.S., Solovyev N.D., Ermakov S.S. The development and study of novel membrane
materials based on polyphenylene isophthalamide-Pluronic F127 composite.
Materials & Design, 2019, V. 165, 107596, doi: 10.1016/j.matdes.2019.107596.

2. Dmitrenko M.E., Atta R.R., Zolotarev A.A., Kuzminova, A.l., Ermakov S.S.,
Penkova A.V. Development of novel membranes based on polyvinyl alcohol
modified by Pluronic F127 for pervaporation dehydration of isopropanol.
Sustainability, 2022, V. 14, Ne 6, 3561, doi: 10.3390/su14063561.

JIMuHbI BKJAQX aBTOpa COCTOSJI B TMPOBENEHHUM 4YacTH COPOLIMOHHBIX
9KCIICPUMCHTOB, qacTu NepBanopanuOHHBIX u qacTu yJ'II)Tpa(l)I/IHBTpaHI/IOHHBIX
9KCIICPUMCHTOB I10JI PYKOBOJICTBOM M YYTKUM Ha6HIOIIeHI/IeM, a TaKKE€ B 4aCTUYHOM
yY4aCTHUU B HWHTCPIIPCTALIUN U 0606HI€HI/II/I IMOJIYUYCHHBIX PE3YyJIbTAaTOB, IMOATOTOBKE
JTOKJIaJIOB U My OIMKAIUi.

PaGora BbemonHena B  @PexpepanbHoMm  ['ocymapcTtBeHHOM — BromkeTHOM
ObpazoBatensHoM YupexxaeHun Beicmero O6pa3oBanusi  «Cankt-IletepOyprekuii

['ocynapctBennsiii YauBepcute (MHCTUTYT XUuMUH, Kadeapa aHaTUTHISCKOW XUMUH).
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IJIABA 1. JUTEPATYPHBIA OB30P

1.1. MeTOZlI)I pasacjgceHus 1 KOHICHTPUPOBaHUA B AaHAJIMTHYECKON XUMHUH

B ananmuTuyeckoil XUMHM (aHAJTUTUYECKOM pa3jelieHuu) paszzelieHue cMecei
MOKET OBITh JOCTHUTHYTO MOCPEACTBOM PA3INYHBIX METOAOB (COpOLHs, OCAXKACHHUE U
COOCaXICHHE, XpOoMaTorpadus, SKCTPAKIIHSL, DIEKTPOXUMUYECKHAE METObI, TUCTHILISALIUSA,
KpUCTaJUTH3anusA, GIoTaus 1 MEMOpPaHHBIE METO/IbI PA3/ICIICHUS).

MeMOpaHHbIe MPOIIECCH Pa3IeICHUs HAIILTA MPUMEHEHUE B PA3IUYHBIX 00JIaCTIX
HAYKXW M TEXHUKH, B YACTHOCTH, B AHAJIUTUYECKOM XUMHUH, OJiaroiapsi CBOUM
IPEUMYILIECTBAM 10 CPABHEHUIO C TPAIUIMOHHBIMU METOJaMU pa3zesieHus. MemOpaHHbIe
MPOLIECChl MOTPEOIISAIOT MEHbIIIE SHEPTHUH, MPOIIE B IKCILUTyaTallui, SdKOHOMUYECKU OoJiee
(b (HEKTUBHBI U UMEIOT BBICOKUN yPOBEHb IMPEABAPUTEIHLHOTO KOHIICHTPUPOBAHUS TIPU
XOpOIlIeH CEeNeKTUBHOCTH. PazneneHre KOMIIOHEHTOB MPOUCXOAMUT TOCPEACTBOM
NOJYTIPOHUIIAEMON  MeMOpaHbl C HCHOJB30BAaHHMEM pPA3IMYHBIX MEXaHH3MOB B
3aBUCUMOCTH OT TUIIa MeMOpaHHOI0 MaTtepuasa (IOpUCThIe, HETTOPHUCTHIE).

MemOpaHna — 3TO CENEeKTUBHBIA OapbepHBIA MaTepuas, KOTOPBIH MOXKET ObITh
U3TOTOBJIEH W3 CHUHTETUYECKOr0 WM MPUPOAHOro Mmatepuana. Jlusg mnpoBeneHus
7 HeKTUBHOTO pa3jesieHus MeMOpaHa JIOJKHA YAOBIETBOPSATH CIEIYIONIMM KPUTEPHSIM:
MeMOpaHa JOJDKHA 00JIafaTh TOCTaTOYHO OOJBIION TUIOMIAIBI0 MOBEPXHOCTH, BHICOKOU
U30UpaTEeNIbHOCTBI0 MO OTHOIIEHUIO K OIpPEACIEHHBIM KOMIIOHEHTaM U BBICOKOU
MEXaHUYeCKOW mpoyHocThio. OHa Takke JOJKHA MMETh BOCIPOM3BOAMMOCTD
TPaHCHOPTHBIX XAPAKTEPUCTUK U OBITh pEHTA0eNbHONM TpPU HCIOIB30BAaHUU B
IIPOU3BOJICTBE.

Kiuaccndpukanus memOpan

MemOpans! Ki1accuUUUpPyOTCs IO HECKOJIBKUM MIPU3HAKAM.

» Tlo mpupojie MpOorCXOoXKIeHUS MEMOpaHBI pa3/ICIsAIOT Ha OMOIoTHIYecKue (IPUPO/THBIE)

N CUHTCTHYCCKHUC MeM6paHBI.

» Tlo mopdomnoruu (W o CTPyKType) MeMOpaHbI pa3eisioT Ha:

o [lopuctble MeMmOpaHBI: 3TO MOJYNPOHUIIAEMBIA  MaTepuall, COJEpKaIui

OlpeNieNieHHbIe TMophl jauamerpoM oTr 2 HM 1o 20 mm [1]. Pasngenenme c
UCIIOJIb30BaHUEM MTOPUCTON MEMOpaHbI B TIEPBYIO OYEPE/Ib 3aBUCHT OT pazMmepa mop

CCJICKTMBHOTO  CJIOSI MeMOpaHbl ¥ pa3Mepa pasfeisieMblx Moyiekyn  [2].



13

O} HEeKTHBHOCTh MOPUCTBIX MEMOpaH 3aBUCHT OT TaKHX IapaMeTpoB, Kak
KPUCTAJUIMYHOCTH TIOJIMMEPHOTO MEMOPAHHOTO MaTepHuala, pa3Mep U CTPyKTypa 1mop,
IIEPOXOBATOCTh MOBEPXHOCTH, TOBEPXHOCTHBIN 3apsi/l U THAPOPUILHO-THAPOGHOOHBIIM
OastaHC TOBEPXHOCTH MeMOpaH. Kak rmpaBuiio, Moielb, UCIIOJIb3yeMast IJIsi OTTUCaHUS
MaccolepeHoca  4epe3  MOPUCTYH  MeMOpaHy,  TOpEIACTaBIsseT  CcoOou
TUAPOJIMHAMHYECKYI0 MOJIeNb. Pa3jenenne pa3nuuHbIX KOMIIOHEHTOB MPOUCXOJIUT,
UCXO/IS M3 pa3Mepa Mmop MeMOpaHbI: MOJIEKYJIbI, KOTOpPBIE OOJIBIIE - 3a/IeP)KUBAIOTCA,
KOTOPBIE MEHBIIIE - IPOXOJSIT.

o Jluddy3uoHHble (HEMOPUCTHIE) MEMOpPaHbI: ITO MeMOpaHbl, 00IaaroNUe TIOTHON

CTPYKTYypoi 0e3 BUIMMBIX MOp, MACCONEPEHOC HU3KOMOJIEKYJISIPHBIX KOMIIOHEHTOB
OCYIIECTBIISIETCA 3a CYET CBOOOAHOrO o0BeMa (MyCTOT MEXAY MOJMMEPHBIMU
uernsamu). uddy3nonapie MeMOpaHbl UCIIONIB3YIOTCSI B OCHOBHOM ISl pa3/ielieHUs!
KOMITOHEHTOB, OJIM3KHUX 10 pa3Mepy, HO pa3IMYaIOUXCsl IO XMMHUYECKUM CBOMCTBAM.
OO0uenpuHATON MOJIETBIO0, OMUCHIBAIOIIECH MacCONEPEHOC KUAKOCTH UJIU Ta3a uepes
b dy3noHHYI0 MeMOpaHy, SIBJISIETCSI MOJIeTb "pacTBopeHue-1udy3us”, B KOTOpoit
CHauaia MPOMCXOIUT copOmus (pacTBOPEHHE) KOMIIOHEHTA B MaTepHralie MeMOpaHBbI,
3aTeM ero quddy3usa u gecopOims ¢ 0OpaTHON CTOPOHBI MEMOPAHBI.
» Tlo dakTopy cHMMETpUU CTPYKTYpPbl MEMOpPAHBI MOXKHO Pa3/ICNTh HA JIBA THTIA!

e (CuMMeTpuyHas MeMOpaHa HMEET OJHOPOJHYIO CTPYKTYpy U COCTaB MO BCEMY

NorepevyHoMy cedeHuto. Takue wmeMmOpaHbl TakkKe Ha3bIBalOT T'OMOTE€HHBIMU
MeMOpaHaMu.

L4 ACI/IMMeTDI/ILIHa}I MeM6DaHa COCTOHUT n3 TOHKOI'O CCJIICKTUBHOI'O CJI04,

IO JIEPKUBAEMOT0 MUKPOIIOPUCTBIM CJIOE€M, KOTOPBIA JEHCTBYET KaK MEXAHUYECKas
notokKa. CeNeKTUBHBIM IOBEPXHOCTHBIM CJIOM OTBEYaeT 3a pas3dciiCHUE U
IPOHUKHOBEHHUE IIEHETPAHTOB uepe3 MmemOpany [1].

B kauecTBe MarepuanoB Al NPUTOTOBJICHUS MeMOpaH MOXKHO HCIOIb30BaTh
pa3Hble OpraHuyeckue (IOJUMEpPbI) WM HEOpraHUYecKue (KepaMuKa, MEeTasllbl)
BellecTBa. Heoprannueckue Marepurainbl 10 CPABHEHUIO C MOJIMMEPHBIMU MaTepuagaMu
0o0bIYHO O00NagatoT OoJiee BBICOKOM TEPMUYECKOM, MEXAHWYECKOW M XHMHUYECKOU
cTabuinbHOCTHIO. OHAKO, UX TIABHBIMU HEAOCTAaTKAMH SIBJSIFOTCS BBICOKAsk CTOMMOCTD,

KECTKOCTb, HU3Kasl BOCIIPOU3BOJIMMOCTh CTPYKTYPbI U XPYIIKOCTb.
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B muccepraumonHoit pabore B KauecTBE  METOJOB  pasfelieHus M|
KOHUEHTPUPOBaHUsI BBIOpaHbl TpU MeMOpaHHbIE Ipolecca: YyJIbTpaduibTpaLus,

HaHO(UIBTPALUS U TIepBarnopalus.

1.2. llepBanopanusi Kak MeTo/] pa3jiejieHisl U KOHIEHTPUPOBAHUS KUIKUX cMecei

[Tporiecc MeMOpaHHOTO pa3/eleHNus METOJOM TIEPBANIOPAINH SBISETCS OJHUM H3
CaMBIX COBPEMEHHBIX TEXHOJIOTMM pa3leNieHuss HU3KOMOJIEKYJISIPHBIX  BEIECTB.
IlepBanopallOHHOE pa3/eiiCeHUE HE SIBJISETCS HOBOM KoHLenuuen. Ee mpoucxoxaeHue
uMeeT ri1y0okue uctopuueckue KopHu. TepmuH «repBanopauus» B 1917 romy BnepBbie
BBen P. Kober B cBoeii padote [3], mocBsIeHHON CEIEKTHBHOMY IPOHUKHOBEHHIO BOJIBI
U3 BOJHBIX PAcCTBOPOB albOyMHHa W TOJYyOJIa 4Yepe3 IUICHKHM KOJUIoaus (HHUTpara
nemwtoo3el). Farber B 1935 roay moarBepaws akTyalbHOCTH IE€PBANOpAIMK IS
KOHIICHTpUpoBanus u pasaenenus. Heisler u ap. (1956) mnpencraBuiu mepBoe
NepBanopalMoOHHOE pa3JieJIeHHe CMECeil BO/Ia/3TaHON C MCHOJIb30BaHUEM LIEJUTFOI03HOM
memOpanel. Binning u ap. (1958, 1961, 1962) o0BsSCHWUIN M TPOJEMOHCTPHUPOBAIH
KOHIIEMIMHU NepBanopanui. HecMoTps Ha mpoBeieHuE MHOTOUYHCIIEHHBIX UCCIIEA0BAHUIA,
MOJIy4eHHE TATEHTOB, Y IeJbHas MPOU3BOAUTEILHOCTh MEMOPaHBbI ObLTa CIUIIIKOM HU3KOU
JUIS TOTO, YTOOBI OBITH YKOHOMHUYECKHU IiefecooOpazHoil. B Hauame 1980-x romoB Obu1
JOCTUTHYT 3HAUMTENbHBIM mporpecc, koraa kommnanus Gesellschaft fiir Trenntechnik
(GFT) Co. ckoHCTpyHpOBaia KOMIIO3UITHOHHYIO MEMOpPaHy, COCTOSIIYIO M3 TOHKOTO CJIOS
CHIUTOTO TIOJIMBUHUJIIOBOTO CIIUPTA, HAHECEHHOIO0 Ha TMOPHUCTYI0 TMOMAJIOXKKY U3
NOJUAKPWIIOHUTPHIIA. 3aTEM METOJ TIepBanopaniy ObUT NCIIOIB30BaH IS AeTUAPATAIH
ATaHoJa B MPOMbBIILIeHHOCTH. [locie 3Toro ObuTH NpeanpUHSTH 3HAYUTENIbHbBIE YCHITUS
M0 PACIIUPEHUIO JTUala30Ha MCCIEIOBAHUIN pa3eieHuss MHOXKECTBA KHJIKUX CMeceil u
Pa3IUYHBIX MEMOpaH.

[TepBanopariuss — 3TO METOJ pa3AelieHUs KUJIKUX CMECed MyTeM CEJIEKTUBHOTO
UCITAPCHUST HU3KOMOJICKYJISIPHBIX KOMIIOHCHTOB 4Yepe3 HEMOpUCTyr0 MeMmOpany [4].
MaccomnepeHoc depe3 MeMOpaHy B Ipoliecce MepBanopaiuy, MOKET ObITh OINKCaH, KaK
y’ke ObLIO OTMEUEHO paHee, MeXaHU3MOM «pacTBopeHue-auddy3us». Lonsdale, Merten u
Riley [5] BriepBbie Omy0IMKOBaIN MOJIENTb «PACTBOPEeHUE-THU(PPY3UsD» U CO 3HAYUTEITBHBIM
yCIeXOM MPHUMEHWIM €€ Uil ONHMCAHUSA psifa CUCTeM. MeXaHu3M «pacTBOpEHHe-

nuddys3us» yepe3 MeMOpaHy BKIIOYACT CICAYIONINE CTaIUN:
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1. CopOumMsi KOMIIOHEHTa pa3/eiasieMOM HCXOJHOM cMecH Ha IOBEPXHOCTU
MeMOpaHBI,
2. JAnddy3usa copObupoBaHHOTO KOMIIOHEHTA Yepe3 MEMOpaHy;
3. ecopOuusi (McmapeHne) KOMIIOHEHTA Ha IPOTUBOIOJIOKHOW CTOPOHE MEMOpaHHI.

Mertox nepBanopanuy 0ObIYHO UCHIOIB3YETCS IS pa3AeIeHUs! PA3INIHbBIX XKUIKUX
cMmeceil [6]: a3e0TpONHBIX U U30MEPHBIX cMecel [7], OJIM3KOKMITSIIIUX MM TePMHUUCCKU
HEYCTOMYMBBIX BEILIECTB.

Metoz nepBanopaliluOHHOTO Pa3AeiIeHUs CPEAH Pa3IUYHbIX THIIOB MEMOpPAaHHBIX
TIPOIIECCOB SBIISIETCS OJTHUM W3 HanOoJiee TePCIEKTUBHBIX METOJIOB Pa3ICICHUS KUIKIX
cMecell HU3KOMOJIEKYJIIPHBIX BELIECTB. JTO CBA3aHO C TEM, YTO IEpBaropanus UMeeT
CIIEYIOIIME TMPEUMYIIECTBA Mepea APYTUMHU TEXHOJOTHUAMHU: HHU3Kas Ce0eCTOMMOCTD
IPOU3BOJICTBA, SKOJIOIMYHOCTh, 3HEProd((eKTUBHOCTb, MPOCTOTA MOATOTOBKU U
OpraHM3aliy  TpoIlecca pa3ieieHHs, BbICOKAs CEIEKTUBHOCTh W  OTCYTCTBHE
HEOOXOJIMMOCTH J100aBJICHUSI IPYTUX PEAreHTOB (IKOJIOTMYHOCTb).

BriensioT cneayromye TUIbl NepBaropaluu:

4 FI/II[DOdJI/IJ'II)HaFI IepBanopanus

Briaenenue BoJbI U3 BOﬂHO'OpFaHquCKOﬁ CMCCHU
Obnacmu npumenernus. AcCruaparanusd MHOTOKOMIIOHCHTHBIX CMCCCﬁ, paspyuicHuc
a3CO0TPOIIOB B CMCCHX.

v’ T'unpodobHas meppanopaius

Oprannveckoe COeTMHEHUE BBIACISIIOT U3 BOJHO-OPTaHUYECKOW CMECH

Obnacmu npumenerus: yaaJleHUe OPTaHUYECKUX CIIEIOB U3 TPYHTOBOM U MUTHEBON
BOJIbI, BBIJICJICHUE KOMITIOHEHTOB U3 (DEPMEHTAIIMOHHOTO OyJIhbOHA B OMOTEXHOJIOTHH,
yJaJeHue CIUpTa U3 MUBA U BUHA, OUMCTKA CTOYHBIX BOJI, YAJICHUE apOMAaTUUECKUX
COE€IMHEHUN B MUIIEBON TEXHOJIOTHH.

v" OprasocefIeKTUBHASI IepBAIOPALIHS

OpraHuyeckoe COeIMHEHUE BBIACIACTCS U3 CMECH OPTaHUYECKHUX BEIIECCTB
Obnacmu npumenenus: OTIACIeHHEe OEH30Ja OT IUKIOreKCcaHa, OTJICICHUC
METaHOJIa OT METHJI-TPET-OyTHIIOBOTO 3(Upa, OTACICHHE 3TaHOJA OT ATHUJI-TPET-
OyTuiioBoro sdupa u ap.

OddexkTuBHOCTS, Tpollecca MEpBalOpallid  MOXHO  OIEHUTh, HCIHOIB3YS

CJICAYIONINE TTAPaMETPhI: YACITbHYIO MPOU3BOANTENLHOCTH (J) 1 (hakTop pasaencuus (3).
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VYaenpHyo mnpousBomuTenabHOCTh (J) B mporiecce mepBamoparii  MOXHO

paccumTaTh ¢ IOMOIIBIO CIICAYoNero ypaBHeHus [8]:

" 1)
J=a7

rae M - macca mepmeara (Kr), A - akTHBHas IUIOIIANb HOBEPXHOCTH MeMOpaHsl (M2), t -
BpeMsi cOopa mepmeara (4).
dakrop pazmenenus () ompenensercs Kak OTHOIICHHE KOHIICHTPAIUH
KOMITOHEHTOB B IIepMeaTe K KOHIICHTPAIUH KOMIIOHEHTOB B HCXOAHOM cMecH [8]:
5 % )
fxg
rie (Y4, V) ¥ (X4, Xg) - MACCOBBIC JIOJIU KOMIIOHEHTa A U B B IepMeate U UCXOTHON CMECH,

cootBeTcTBeHHO. KoMmoneHT A4 siBiisieTcs Ooiiee MMPOHNIACMBIM KOMITOHCHTOM.

1.2.1. MemOpaHbI 1J1s1 lepBanopanuu

O¢ddexTUBHOCT, TpPOBEACHUS Ipoliecca IepBalopalud, Kak W JPYyTrux
MeMOpaHHBIX MTPOLIECCOB, 3aBUCUT OT MPABUIHLHO TIOJJOOPAHHOTO MaTepHraia MEMOpPaHEI.

[TonmumepHbie MEMOpaHbl OOBIYHO MCTIONIB3YIOTCS B MEMOpPAaHHBIX MpoIIeccax U3-3a
BO3MOKHOCTH (DOPMHPOBAHHS PA3TUIHBIX (OPM, TOAO0PA OMIPEICICHHOTO TIOJTMMEPa MO
OINpE/IETICHHYIO 3aJlauyy U KOMMEpPYECKOH JOCTYMHOCTH. OCHOBHBIMH HEIOCTaTKAMHU
WCTIOJIH30BAHMS TIOJTUMEPHBIX MEMOpPaH B MEMOpPAaHHBIX MPOIECCaX SIBISAIOTCA MX HHU3Kas
TIPOHUIIAEMOCTh WJIM HU3Kas CEJICKTHBHOCTH, @ TAKXKE B PAJIC CITyYaeB TIOXask XUMUYECKast
u/umm TepMuyeckas croiikocts. OHAKO, MPEUMYIECTBA MOJMMEPHBIX MeMOpaH Ooree
3HAYUTEIBHBI, YeM UX HEJTOCTATKH.

Heoprannuyeckne memOpaHbl JEMOHCTPUPYIOT BBICOKYIO CEIEKTUBHOCTH WIIU
BBICOKYIO IPOHHUIIAEMOCTb. [10 3TUM moKa3aresnsiM OHHU, KaK IPABHIIO, MOTYT B HECKOJIBKO
pa3 MPeBOCXOIUTh NOJUMEPHBbIE MEMOpPaHBbI, a TAK)Ke 00J1aaI0T XUMUYECKON CTOHKOCTbIO
U TEPMHUYECKON CTaOMIbHOCTBIO. OHAKO, TPOIECCH MPOW3BOJCTBA M MPUMEHEHUS
HEOPTaHWYECKNX MEMOpaH CJIOXKHee, YeM y TOJUMEpPHBIX MeMOpaH. B cBs3m ¢ dem
HEOpPTraHWYecKre MeMOpaHbl 00J71a1al0T HU3KOW BOCIPOM3BOJUMOCTBIO CBOMX CBOMCTB,
IUIOXOM MEXaHWYECKOW CTAaOMIBHOCTBIO M BBICOKOM CTOMMOCTBIO H3-3a CIIOKHBIX
NIPOU3BOICTBEHHBIX 3TanoB [9-12].

MemOpansl co cmemanHoi Matpuneir (MCM), koropeie TOJIyYarOT MyTeM

AUCIICPIUPOBAHUSA  HCOPI aHI/I‘{eCKI/IX/OpFaHI/I‘-ICCKI/IX HAIlIOJTHUTENEH B HOHI/IMepHOﬁ
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MaTpHuile, oOecrneynBaroT BO3MOKHOCTD OIITUMAaJIbHOI'O OajaHca MEXTY
MPOU3BOJUTEILHOCTEIO M CEJICKTUBHOCTBIO MeMOpaH, COBMeEIas JIOCTOMHCTBA
HCIIOIb3YEeMbIX KOMIIOHEHTOB. Mertoauka npurotobiennss MCM Onu3ka K METOAMKE
MPUTOTOBJICHUS TOJUMEPHBIX MeMOpaH. TeM He MeHee, COBMECTUMOCTb W aJAre3us
HaITOJTHUTENCH/TIOJIMMEPOB 1 OJTHOPOIHASI TUCTICPCHUS HATIOJTHUTEIICH SBIISTFOTCS BaKHBIMU

acrniekTamu B ipurotroBiennn MCM.

1.2.2. llepBanopanuoHHbIe MeMOpPaHbI U3 NOJIU-M-(peHWwIeHu30(PpTatamMuaa

KectkouenHass CTPyKTypa, BBICOKAas TEpPMHUYECKash YCTOMYMBOCTBH, BBICOKas
XUMHUYECKast CTOHKOCTb K OpPraHUYECKUM pacTBOPUTEISIM, Xopourast
TUIGHKOOOPa3yeMoCTh, SKOHOMHYECKAas JOCTYIMHOCTh apOMAaTUYECKUX IOJIMaMHUIOB
JIENAl0T UX MPUBIIEKATEILHBIMH JIJISl KCIIOJIb30BAHUS B KAU€CTBE MEMOPAHHBIX MaTEPHAIIOB
[13,14].

[Tomudpenunennzodranamuy (ITA) sBiaseTcs ogHUM U3 Hauboyiee MPUMEHSIEMBIX
apPOMATUYECKUX TOJMAMUIOB B Pa3IMYHBIX OOJIACTSX, TAaKUX Kak OwmoctpoeHme [15],
co3maHue BO3AYMIHBIX (GUIbTPoB [16], nurnii-uoHHbIx Oarapeit [17,18] u ornecToMkmx
matepuanioB [19]. Taxke [TA sBiseTCS MEPCIIEKTUBHBIM MEMOPAaHHBIM MaTEPHAIIOM JIS
nepsarnopaiuu [20,21]. CyiiecTByeT HECKOJIBKO pabOT, MOCBSIIEHHBIX MPUTOTOBICHHUIO U
UCCIICZI0BAHUIO AU PY3MOHHBIX (HEMOPUCTHIX) MEMOpaH B MpoIlecce neparnopamnuu [22—
24]. VYiydineHue TpaHCIOPTHBIX CBOWCTB mojudeHwIeHn3odratamuia B mporecce
nepBanopanydd ObLI0 JOCTHTHYTO AoOaBieHneM uyacTtuil HaHoanMaza (HA) [22] u
yraepoaubeix vactui (dymiepeHa (Cep) ¥ MHOTOCIOWHBIX YTIEPOIHBIX HAHOTPYOOK
(MVYHT)) B paborax [23-25]. Tak, B padotre Avagimova u ap. [20] Obutn pa3paboTaHsbl
1 y3noHHBIE MEMOPAHBI M3 KOMITO3UTa O (eHMmIeHIH30 () TaIaMu 1/ MOHTMOPHIIOHHUT
(1, 3 u 5 macc. %). bbuto u3yueHo BAMSIHUE HANOJHUTENSI MOHTMOpHiIonuTa (MMT) Ha
U3MEHEHHE CTPYKTYphl MeMOpaH, COpPOLMOHHBIE XapaKTEPUCTUKH U TPAHCIOPTHHIC
CBOICTBa B MpoIliecce MepBaropalMoHHOr0 pasjaeiacHus cmecu MetaHos/Tonyon (70/30
macc. %). Jlob6asnenne MMT B marpuily 1A NpuUBOIUT K Pa3phIXJICHHIO CTPYKTYPBI U
YBEIUYCHHUIO CBOOOIHOTO 00bheMa mosmMepHoi TuieHKH. MemOpansr [IA/MMT nokazaim
Oosee BBICOKHME YAEIbHYIO IPOM3BOJIUTENIBHOCTh U (PAKTOp pasieneHus, 4Yem
HemoaudurpoBanusie [IA MemOpanbl. bbuto moiydeHo, 4to yiaydlneHue (QHU3UKO-

XUMHUYECKUX U TPAHCMOPTHBIX CBOMCTB MPOUCXOAUT Ipu AoOaBiaeHuu 10 3 macc. %o MMT
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B Marpuny I1A: ynenbHas npoussogureasHocTs 112 r/(M? 1) u 99,2 mace. % MeraHoNa B
nepMeaTe Mpy MepBaropaliOHHOM pa3zeieHul cMecu MeTanou/Toryod (70/30 macc. %).
Memb6pana ITA/MMT (5 macc. %) oGnanana MeHbIeH CeeKTUBHOCTHIO, YeM MeMOpaHa
u3 [1A.

B pa6ote Penkova A.V. u ap. [21] 6butn pa3paboransl AudQy3HOHHBIE MEMOPaHbI
u3 nonudeHmwieHn3opTanamuaa, coaepxkamme 2 u 5 macc. % yriaepoaHbIX HAaHOTPYOOK
(YHT), nns onieHKH mepBanopaiioHoro pasaeneHus cmecu Mmeranona (MeOH) u metui-
TpeT-OyTriioBoro 3¢gupa (MTBD). Bce meMOpanbl 0071a1au BEICOKOW CEIEKTUBHOCTHIO
10 OTHONIICHWIO K MeTaHody. HamOoimbImas NpPOHUIIAEMOCTh M CEJIEKTUBHOCTH TIO
OTHOUIIEHUIO K MeTaHOoJy Obuta moiyueHa it [TA memOpansl, comepxaieir 2 macc. %
YHT, o cpaBHennto ¢ membpanamu u3 [1A u memOpansl, conepkarnieii 5 macc. % YHT.

Avagimova N.V. u np. [22] nposenu moaudukanuto 1ud @ y3nOHHBIX MEMOpaH U3
nojmudpenmtennzodpranamuaa (I1A) vactunamu Hanoanmaszos (HA) (1, 3 u 5 macc. %).
TpancnopTHble CBOWiCTBAa MeMOpaH OBUIM HCCIENOBaHBI TpPH pa3lelieHuH CMECH
metanoj/metunarerar (18/82 macc. %). bputo mosydeHo, uyto BBeaeHue yactuil HA B
matpuity [TA mMemOpaHBI yIydIIwio TPaHCIIOPTHBIE XapaKTEPUCTUKA MeMOpaH: caMble
BBICOKHE 3HAYCHHs YJCIbHOW MPOU3BOJIUTENBHOCTH U (akTopa pasfeieHus ObUn
TOJTy4YeHBI JUIT MeMOpaHsbl, coaepxkanieit 3 macc. % HA (ynenpHast mpoOU3BOIUTEIILHOCTD
220 r/(m? 4), 74 macc. % MeTaHona B iepmeare u 13 gakrop pasaenenus). TpaHCIOPTHBIE
XapaKTEPUCTUKH YXyAIIAIUCh Ipu Oosee BbicokoM coaepkanun HA B memOpane (ITA-5
Mmacc. % HA), u3-3a 06pa3oBanust 1ePEeKTOB B MOJTUMEPHON MaTpHIIE.

B pab6ore [23], muddy3uonnsie memOpansl u3 [IA-MVYHT Taunit® koMmo3uToB
Obu pa3paboTaHbl ¥ MPOAHAIM3HPOBAHBI TPHU TEPBATIOPAIIMOHHOM pa3/ICICHUN
a3e0TPOITHOM CMECH METaHOJI/METHII-TpeT-0yTrioBbIi a3¢up (MTBED) (14,3/85,7 macc. %).
Hawupbictmii dakrop paznmenenus (= 112,5) 6put momyuen s [IA-MYHT (2 mace. %)
MeMOpanbl. MeMOpansl ¢ 5 macc. % u 10 macc. % MYHT Obuin MeHee celeKTUBHBI (<62,5
u ~4(, COOTBETCTBEHHO), yeM MeMOpaHnsl u3 [IA. 310 MoxeT OBITH 00YCIOBICHO ABYMS
NPUYUHAMA: BOSHUKHOBEHHEM JIE(EKTOB B MIOJIMMEPHON MAaTPHIIE, & TAK)KE YBEIIMICHUEM
copOLMK MeTaHoJIa, MPUBOIAIICE K CHIYKEHUIO CEJICKTUBHBIX CBOMCTB 32 CUET yBEINUCHHUS
KOJIMYECTBA TPAHCIIOPTHBIX KAHAJIOB.

Huddysnonnsie memOpanbel Ha ocHoBe Kommosuta [IA-dymiepern (Ceo),

conepxkamniero 10 10 macc. % Ceo, ObUTH pa3zpaboransl B pabote [24]. B3aumoneiicteue
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mexy Mosekynamu 1A u Ceo B KOMIo3uTax ObUIO JIOKa3aHO METOJOM CHEKTPOCKOIHHU
KOMOMHAIIMOHHOTO paccesiHus. bblIo Takke mOKa3aHO, 4YTO BBeAEHUE (QyJuiepeHa
NPUBOJUT K CHUKEHUIO XapaKTEPUCTHUECKOW BS3KOCTU M YBEIMUYEHHUIO TEMIEPATYpPbI
CTEKJIOBAaHUS, YTO OOYCIIOBJIEHO 0oJjiee KOMIAKTHOW CTPYKTYpOH IOJIMMEPHBIX IIeTel
BcaeacTBue ux moauduxanuu. Juddysuonnsie memOpanbl u3 umcroro [IA u ero
KOMITO3UTOB, coaepxammux 2, 5 u 10 macc. % Ceo, ObUTH HCCIIENOBAaHBI B IIpoIecce
HIepBANIOPALIMOHHOTO pa3jeiicHuss CMecH MeTaHos/mukiorekcan (37,2/62,8 macc. %).
beut0 HaliieHo, YTO ONTUMAIbHON KOHIEHTpanue QysuiepeHa B MeMOpaHe sBisieTcs 5
macc. %, B CBA3M C T€M, 4YTO OoJiblllasi KOHIIEHTpPALUsl BbI3bIBAET HEOJHOPOJHOCTH U
ne(eKTHOCTh CTPYKTYPbl MEMOpaHbI BCIEACTBUE arjIOMEPALIUU YIIIEPOIHBIX HAHOYACTHII
B MaTpUIE MEMOPAHBI, YTO MPUBOJUT K YXYIIICHUIO TPAHCIIOPTHBIX XapaKTEPUCTHK.

B pa6ore [25] Obumm paspabortanbl HOBbIe au((Y3HOHHBIC MeMOpaHBI H3
nomudpenmwiennzopranamuaa (I1A), momudunupoBanusie ¢ymuiepeHom Ceo M ObUIH
IPOTECTUPOBAHBI B MpOLECCe  NEPBANOPALMOHHOIO  pa3lielieHuss  CMecHu
meTtanoJj/iukiorekcan (37,2/62,8 macc. %). beuto momyueno, uto BBeaenne Mosekyt Ceo
B Marpuny IIA (mo 5 wmacc. %) NOpUBOOUT K YBEIMYEHUIO SPHEKTUBHOCTU
NEePBANOPAIMOHHOTO Ppa3/IeNICHUs] CMECH METAHOJ/IIUKIOTeKCaH, T.e. K YBEIMYEHUIO
MPOHHUIIAEMOCTH U CEJIEKTUBHOCTHU (yIIIEpEHCOAepKAIUX MEMOpaH.

Ha ocHoBe nuteparypHoro o63opa B Tabnuie 1 mpencrtaBieHbl TpaHCHIOPTHBIC
XapaKTEepPUCTUKN pa3pabOTaHHBIX MEepBANOpPAIMOHHBIX MeMOpaH u3 [1A mpu pa3geneHun

OMHAPHBIX CMECEH.
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bruio HaiineHo, uro pazpadotannsie [IA MeMOpaHbl HCHIOIB3YIOTCSI HE TOJIBKO JJIS
OpPraHWYECKOW TEepBaNoOpalui, HO W I JCTHAPATAM PAa3IUYHBIX PACTBOPUTEICH
(Hanmpumep, 3TaHoJIa, U30MPOIaHoa, ATHICHTTIUKOJIA, TeTparuapodypana u ap.). Takxke,
ObUIO TOTYy4YeHO, uT0 MeMOpanbl u3 IIA akTHBHO pa3pabaThIBAIOTCS B BUIE PA3TUYHBIX
dbopm: mmockue (auddy3uoHHBIE U KOMIIO3UIIMOHHBIC) U TMOJOBOJOKOHHBIC. CTOUT
OTMETUTh, YTO TOHKOCJOWHBIE [IA MeMOpaHbI, MPUTOTOBIEHHBIE MyTeM MeX(a3zHOU
ToJTUMEpasalny, 00JIaZaf0T HaWBBICIIMMHU 3HAYCHUSMHU YIETbHON MPOU3BOIUTEIIEHOCTH
3a cyer (opmupoBaHHA OoJjiee TOHKOTO celeKTuBHOro ciost u3 IIA Ha mnopucroi

ITOVTOKKE.

1.2.3. IlepBanopanuoHHbie MeMOPAHbI U3 MOJUBHHHJIOBOIO CIIMPTA

BriepBbie uisi moiydeHHs] TIEpPBANOpPAlMOHHBIX MeMOpaH OBLIM HCIOJIb30BaHbBI
ruporibHbBIe TOMUMEPHI, Takue Kak mnoiuakpuioBas kuciora (ITAK), xutozan u
noauBuHmIOBGIH ciupT (IIBC) [46-49]. Ognako, ObUI0 0OHAPYKEHO, YTO MEMOpPAHBI U3
TaKWX TOJMMEPOB Ype3MEPHO HAOyXaloT B MPOLIECCE MEPBAMIOPAIIIOHHON JETUPATAIIUH.
Jlnst yMeHbIIeHHs] CTeNeHu HaOyXaHus NMPUMEHSETCs] CHIMBKA U CMEIIEHUE MOJIUMEPOB
[50-54]. Opnako, nmaHHBIE TMOAXOIbBI, KaK MPAaBHJIO MPHUBOASIT K CHUKCHHIO
TIPOU3BOIUTEIIHPHOCTH BCIIEICTBHAE YMEHBIIICHHUS CBOOOHOTO 00beMa MEMOpaHHbI.

[Monusunmnossiii cnupt (IIBC) sBisiercs onHuM U3 Hanboliee pacpoCcTpaHEHHBIX
BOJIOPACTBOPUMBIX BHUHWJIOBBIX MOJMMEPOB, TOJMYUYCHHBIX UYACTHYHBIM WU TOJIHBIM
THJIPOJIM30M MOJUMBUHUTIANETaTa. DTOT TUAPOPUIBHBINA MOJIUMEP IIUPOKO UCIOIb3YyeTCs
B KayecTBE MEMOpPAHHOTO MaTepuja B CBA3H C €ro BBICOKOH CEIEKTHBHOCTHIO K BOJIE
[7,55], xoporeit mienkoobpazyemocThio [56,57] n skoHOMHUYecKO# HocTymHOCTHIO. [IBC
yK€ aKTHUBHO HCIIOJIB3YETCs ISl MPOM3BOJICTBA PA3IMYHBIX MPOMBIIIJICHHBIX MEMOpaH
[58]. Opmako, memOpanbl u3 IIBC 00bIYHO 007a7aI0T HU3KOH MEXaHHYECKOM
IPOYHOCTHIO, TPOHUIIAEMOCTHIO U TUIOXOM CTaOMIBHOCTHIO B BOAHBIX PACTBOpPAX H3-3a
HaOyxaHusi. B pe3ynbrare, 3HAYUTENIBHO CHHXXAeTcs 3(PPEKTUBHOCTh pa3AeiieHUs U
BO3HUKAET HU3Kasl CTAOMJILHOCTh MPU JUIUTEIBHOM SKCIUTyaTalluu. YITy4IlIeHHEe CBONCTB
[MIBC-mMeMOpaH ocTaeTcs akTyanbHO# 3amayeii [59-62].

Jis peieHust 3Toi MpoOJIeMbl HCTIOJIb30BATIUCH PAa3IMYHbIE METOABI MOIM(UKALUU
memOpan u3 [IBC [63-67]. Moaudukanus [IBC memOpan pa3nmudHbIMA XUMHUYECKUMHU

pearcHTaMu BO3MOYKHA HM3-3a HAJIMYUs OOJIBIIOr0 KOJUYECTBA THAPOKCHIBHBIX TPy (—
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OH) B monumepHoii nienu. Cpeir HUX CINUBAHKE — 3TO CaMbli y100HBIN 1 3 HEKTHBHBIH
METOJ/I, KOTOPBIA MOXKHO OCYIIECTBUTH IIyTEM XHUMHYecKoro cmwuBanus [68-70],
obnyuenus [71], 3amopaxkuBanust [72] u ap. [Ipu moMoInyM XHMHYECKOIO CIIHBAHHMS,
UCTIONB3YsI Pa3IMYHbIE KOHIEHTPAIIMU CUIMBAIOIIETO areHTa W pa3HoOe BPEeMsl CIIMBAHMS,
MOXXHO M3MEHATh (U3UKO-XMMHUYECKHE CBOWCTBA MEMOpaH U, COOTBETCTBEHHO,
s dpextuBHOCT, UX pazaencHus [73]. ComBaHHE MOJUMEPHBIX IENECH 3HAYUTEIHLHO
noBelaeT cradbunbHocTh [IBC mMemOpaH B BOJE M OpPraHMYECKHX PAacCTBOPUTENSX U
OKa3bIBa€T 3HAUMUTEIHHOE BIIMSHHE HAa pA3IMYHBIE CBOWMCTBA MOJMMEpa, TAaKUE Kak
AJIACTUYHOCTh, IPOYHOCTH HA Pa3pblB, PACTBOPUMOCTb, KOIPPuuMeHT auddy3un
HU3KOMOJIEKYJISIPHBIX KOMIIOHEHTOB U T.A. CHIMBaHUE MOJMMEPHBIX MEMOpPAH peareHTOM
NPUBOAMT K MOJYYECHUIO CETYATOU, 00Jiee KOMIAKTHOW CTPYKTYPBl MEMOpPAaHbI, BHI3bIBAS
OTpaHUYECHHOE JIBIKEHHE (MEHBIIYIO MOJBHKHOCTH) IMOJMMEPHBIX Lened, MEHbIIUN
cBOOOIHBIN 00BEM U CIOCOOCTBYS MEHBIIIEMY HaO0yxaHuto. M3-3a yBenmdeHus ;keCcTKOCTH
MOJTUMEPHBIX IIeTIed CHIKACTCS PAcTBOPUMOCTh MEMOpaHbl B JKHIKOM CMECH U
kodpdunmrent auddy3un HU3KOMOJIEKYJSPHBIX BEIIECTB, MPUBOAS K CHUKCHHUIO
NPOHUIIAEMOCTH, HO, B TOXE BpeMs, K YBEIWYCHHIO celekTuBHOCTU. Lllmpoko
UCIOJIb3yeMbIMU cHMBaronumMu areHtamu st [IBC saBisroTcst TiyTapoBbIi alibaeru
[74—76], numoHHas 1 MalilenHOBAast KUCJIOTHI [77].

JInsi  mepBaropalMoOHHOTO  pa3[e/icHHss CMECH YKCYCHas KHCII0Ta/BoaadbuIn
npurotoBieHsl MemoOpansl u3 [IBC, cmmTbie pa3nudHbIM COAEpKaHUEM TIIyTapOBOTO
anpaeruaa (I'A) [74]. Bbuto ycTaHOBIIEHO, YTO | YCIbHAS TPOU3BOAUTEILHOCTD U (DAKTOP
pa3feneHusl 3HaYUTEIbHO CHIKAIOTCS NpU yBeiauueHuu conepxkanus ['A no 10 06. %.
Hawrydmie XxapakTepuCcTHKH pa3IeiIeHHAS MPOIEMOHCTPHPOBaia MeMOpaHa, ciruTast 5 00.
% I'A: daxrop pasnenenus 120-420 u yenabHas IIPOU3BOIUTENLHOCTE 29-263 r/(M? 1) npu
nepBanoparuu 70-90 macc. % ykcycHast KucioTa/Boja cMecu ipu Temneparype 35-50 °C.
Jlnst peruapartanuy dTaHoNia METoAoM mepBanopanuu memopansl [IBC crmmBanmu 4,4'-
okcumudTanessiM  anruapugom  (OJDA), 3,3',4,4'-6enzodeHoHTeTpakapOOHOBHIM
muanruapuaom (BTJIA) u mupomesrmutoBbeiM auanruapuaom (IIMJIA) [78]. U3-3a
YBEJIIMYCHHUS O CBOOOJHOTO 00BEMa M CHIKCHHS THUAPOPHIBHOCTH, BBI3BAaHHBIX
cummBanuem [IBC, Bce cmmThle MeMOpaHbl HPOJEMOHCTPUPOBANIU Oo0jee BBICOKHE
yAeIbHbIE TPOU3BOAUTEIBHOCTH, HO O0JIee HU3KHUI (haKTOp pa3AeseHHs 0 CPABHEHHUIO C

memOpanamu u3 [IBC. Yenuuenue conepxxanust [IIMJIA ¢ 0,01 go 0,04 mons/(kr IIBC)



27
IPUBEJIO K yBEIMYEHHUIO YAeIbHOM mpousBoguTensHoctu ¢ 120,2 no 190,8 r/(m?4), npu
cHkeHuu akropa pazaenenus ¢ 306 10 58 npu nepBanopaoOHHOM Pa3AeICHUU CMECH
Bosa/3tano (85/15 macc.%) mpu 40 °C.

B pabote Luying Wang u ap. [79] 6butn npurotosiensl [IBC/TTAK memOpansbl,
CHIMTBIE TIYTAPOBBIM AaJIbJETHJIOM, IJIsi TEPBANOPAIMOHHOTO OTAEJICHUS MeTaHoJa
(MeOH) ot mumermnkap6onata (JIMK). Beiio mosgydeHo, 4To MeMOpaHBI HMEIOT
XOpOILYIO ceeKTUBHOCTD (coaepxanue MeOH B nepmeate cocraBumiio 6oiee 98,6 macc.
%), HO YMEHBIIEHHYIO YEJIbHYIO NPOU3BOJUTENIHOCTh MpPHU pa3feleHUH CMeceil,
cogepxkamux 40-70 macc. % MeOH npu 50-70 °C. JlanbHeiilnee YyBEIUYEHUE
KoHIeHTpauuu ['A 1515 ciiiBaHusi MeMOpaH MPUBEIIO K yBEIMUEHUIO (haKTopa pa3aesieHus
U yaenbHOM mpomsBoguTensHocTH. MemOpana [IBC cmmuras T'A ¢ xosddunmentom
cumBaHusi = 6 mpoaeMoHCTpupoBaia Qaktop pazgeneHus 37 U yACNbHYIO
IPOM3BOAMTENLHOCTE 248 r/(M? 1) pu pasgenenun cmecu MeOH/Boza (50/50 mace. %)
pu 70 °C.

JUis mepBamopalMoOHHOTO pa3/ielieHuss CMEeCH YKCyCHas KHUCIIOTa/Boja Obuin
npuroToBiieHbl U dy3uoHHbIe nepBanopanuonHble MmemOpansl [IBC/anbrunar Harpus
(AH) B pabote [80]. beuto moka3zano, uto npu ob6e3BokuBaHuKU 90 Macc. % YKCYCHOM
KHCJIIOTBI MeMOpaHa HMMEET BBICOKME 3HAyeHUs CeJleKTUBHOCTH 21,5 u ynenbHOU
IPOM3BOAUTENLHOCTH 110 Boje - 0,049 kr/(m? u).

Co3ganne  memOpansl  co  cmemanHod — Matpuneir  (MCM),  raoe
HeopraHuyeckas/oprannyeckas (aza J00aBIsCTCS B MOJUMEPHYIO MaTPHILY, SBIISCTCS
NIEPCIICKTUBHOM CTpaTeThuel sl TOBBIMEeHUs APdekTuBHOCTH MeMOpansl [81]. B
HACTOSIIIIEE BpEeMsl CYIIECTBYET MHOTO paboT, TOCBAIICHHBIX MPUTOTOBJICHUIO
HaHOKOMMO3UTHBIX MeMmOpan [80,82]. Cmech HeopraHMYECKMX MaTepHajoB U
OpPraHWYECKUX MOJUMEPOB HA HAHOYPOBHE O0JIAZAET CIEAYIOMMMH MPEUMYIICCTBAMU:
XOpOIIeH MIACTUYHOCTHI0, HU3KOW MacCcol, BBICOKON MPOYHOCTHIO, TMOKOCTBIO, a TaKkKe
XUMHUYCCKOM M TEPMHUCCKON CTaOMIbHOCThIO [83]. B 3TOM KOHTEKCTE pa3iUYHBIC
HEOPTaHWYECKHUE HAMOJTHUTENH, TaKhe KaK JUOKCHI KPEMHHUs, IICOJHTHI, YTIepPOTHBIC
monekysipasie cuta (YMC), TiO2 u rpadur, 6butn BkitoueHsl B MemOpans! u3 [I1BC as
co3ganust MCM c nenbio yiydnieHus: TpaHCIIOPTHBIX XapakTepuCcTUK. Tem He MeHee, Bce

ele BO3HMKAIOT HEKOTOPbIE MPOOJIEMBI, CBA3aHHbBIE C JUCTepranueil MoaupuKaTopoB U
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uX BIMSIHUEM Ha MacconepeHoc. JlobaBineHre MoauduUKaTopoB B MOJTUMEPHYIO MATPUILY,

KaK MPaBWJIO, MPUBOANT K CIEAYIOIIUM NU3MCHCHHSIM:

» CeneKkTUBHOCTh 10 BOJE YJIy4YIIWIach, HO yJAeTIbHAas TMPOW3BOIUTEIBHOCTD IS
HekoTtopbix [IBC MCM pesko causuiach [84,85];

» YjaenpHas MPOW3BOIUTEILHOCTD yiydiieHa st HekoTopbix [IBC MCM, Ho Bce emie
NPUCYTCTBYET HU3KAsl CEIEKTUBHOCTH IO OTHOIICHHIO K BoJie [86-88];

» YnenbHas MPOU3BOJUTEIBHOCTD M CEIEKTHBHOCTD yiayumminchk i [IBC MCM, Ho
MeMOpaHbI BCe e1ile 00J1aJal0T HeIOCTATOYHON CENIEKTUBHOCTBIO TI0 OTHOIIIEHHUIO K BOJIE
[68,89-91].

[TepBanopainnonnbie MemMOpanbl co cmemanHoi Martpuuei IIBC/ZIF-8 Obum
NPUTOTOBJICHBI JJIs pasaenienus: cMecu uzonponanon (MIIC)/Boma (90 /10 macc.%) [81]
npu 30 °C. bbuio moiydeHo, uyTo (akTop paszaeneHusl ymeHbIuiacsa ¢ 163 mo 132 mpu
yBenuueHun cogepxkanus ZIF-8 or 0 mo 5 macc.% c¢ Bo3pacTaHMEM YJIEIbHOU
IPOM3BOAMTENBLHOCTH ¢ 135 10 868 1/(M? ).

B pa6ore [92] ObLau MPUTOTOBIICHBI MIEPBAMOPAIHOHHBIC MEMOPAHBI CO CMEITIAHHOM
matpueit [IBC/ZSM nns nepBanopaliiOHHOTO pa3ziefieHusi CMECH H30IPOINAHOI/BOA.
bru10 mokazaHo, 4To MpH pa3AesieHny UCXOIHOM cMecH, coaepxaiieit 10 macc. % BOJbI,
npu 30 °C memOpana ¢ 6 macc. % IeonTa IMelia MaKCUMaTbHBINA akTop pa3aeneHus 216
¥ yIeIbHYI0 IPOU3BOAUTENLHOCTE 32 Kr/(M2 4). YBeNIUUeHHE CENeKTUBHOCTH MEMOPaHEI
110 OTHOIICHUIO K BOJIE ObUIO OOBICHEHO YMEHBIIIEHHEM CBOOOTHOTO 00beMa, BhI3BAHHBIM
YBEJIMYCHHUEM COJICpKaHUS IICOJTUTa B MEMOpaHe.

Memb6pana [IBC/monmuBununamun (IIBC-IIBAm) ¢ Brimouennem mnonugodamuHa
(ITJA)/rannyasutoBsix HaHOTpYyOOK (I'HT) Oblna paspaboTtaHa A nepBanoparioHHON
neruapataiy u3omnpomnanoia [93]. beuto HaiieHo, 4TO MPU PA3TUIHBIX KOHIICHTPAIUSIX
[IIA/THT B MeMOpaHax yenbHas IPOU3BOAUTENLHOCTE Bo3pacTaer ¢ 0,19 1o 0,39 kr/(m?
1), a pakTop paszaencHus cHmwkaercs ¢ 479 10 63 npu paznenenun cmecu UTTC/Boaa (80/20
macc.%) mnpu 40 °C. MemOpana c¢ BximoueHueM 5 wmacc. % IIHA/THT
MPOJEMOHCTPUPOBAJIA  JIyYIIUE  TPAHCIOPTHBIC  XAPAKTCPUCTUKU:  yJeIbHas
npoussoaurensnocts UIIC u Boast Bospactana ¢ 0,063 o 1,44 r/(m? 4) u ¢ 0,062 10 0,13
kr/(M?> 4), COOTBETCTBEHHO, NPU MNOBBILEHMH TemnepaTypsl oT 40 mo 70 °C npwu

pasnenennu cMmecu 85 macc. % UIIC/15 macc. % BofbI.



29

B Tabnune 2 npencraBieHbl TPAHCIOPTHBIE XapaKTEPUCTUKH MOJIMMEPHBIX MEMOpaH

u3 [IBC nipu pa3znenenun OMHapHBIX CMECEl B MPOLECCE MepBANOpariy.
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beuto Haiineno, yuto [IBC memOpaHbl HE TOJBKO AKTUBHO MPUMEHSIOTCS IS
JETUAPATALIMHI PA3TUYHBIX PACTBOPUTENEH (CIUPTOB, 3PUPOB, YKCYCHOM KUCIOTHI U JIp.),
HO U JJI1 OpraHUYecKOoi MepBamopauuu - JUisl pa3feieHHs] TaKMX cMeced Kak OeH30.I-
nukiorekcad, MTBE3-MeOH, numernnkapo6onat-MeOH. Taxxke, cTOUT OTMETUTH, YTO
[IBC MCM, wMoaudunupoBaHHbIE pa3IMYHBIMA  HAMOJHUTEISAMH  (Hampumep,
YIJIEPOAHBIMM HAHOYACTUIIAMH, IICOJIUTAMHM, KEPAaMUKOWM H JIp.) JAEMOHCTPUPYIOT
YIYUYIICHHYI0 MPOU3BOAUTEIBHOCTh NPU NEPBANOPALMOHHOM pAa3JCIICHUM 3a CUET

KOMOWHAITMU CBONCTB KOMIIOHEHTOB MEMOPaHBI.

1.3. yJILTpa(l)l/IJILTpaHI/lﬂ KaK ME€TOX pasaeJICHUsl U KOHIHCHTPUPOBAHUS KUAKHUX

cMmeceit

VYabTpadunbTpaius UCHONb3YyeTCs UIsi OYUCTKHA PACTBOPOB OT 3arps3HSIONINX
BEIIECTB, KaK IMPAaBWJIO, C BHICOKOH MOJIEKYJSIPHOW MacCO#, TMOCKOJBKY HEOOJBIIHE
MOJICKYJIbI (MEHBIIIE YeM MOJIEKYJsIpHO-MaccoBas otTceuka wmemOpansl (MWCO))
npoxXoasT uyepe3 memOpany. Hambomnee wacTo mcmomb3zyemble yabTpaduiIbTpalliOHHBIC
MeMOpaHbl UMerOT HomuHanbHbIHE MWCO, Bapweupytomuiics or 3 mo 100 x/la, B
3aBHUCHUMOCTHU OT KOHIICHTPUPYEMBIX (pa3aeisieMbIX) COSTUHECHUN.

[TpumeHeHne yapTpagMIBTPAIIMU IO CPABHCHHIO C JAPYTHMMH TPATUITUOHHBIMU
npoleccaMd  KOHIICHTPUPOBAHHMSI W paslielieHus  (TEPMHYECKHMMH  IPOIIECCAMH,
xpomartorpadueid, GuapTpanyen, AeKaHTalKuel, NeHTpudyrupoBanueM u T. 1.) Ooiee
NPUBJICKATENIBHO ISl MPOMBIIUICHHOCTH Ojarojaps CIEIYIOIIMM TPEM OCHOBHBIM
npeumyinecTBam [118,119]:

1. TloBblllIeHNE KauecTBa MUILEBBIX MPOIYKTOB. JTO CBSI3aHO C 0€30MacHOCTHIO U
pazHooOpa3ueM TPOJAYKTOB TMHUTaHUSA, KOTOPHIE MOXXHO TIONYyYUTh TPH
WCTIOJIb30BAaHUH JAHHON TEXHOJIOTHH. Y TOBJIETBOPSIOTCS 3aIIPOCHI MOTpeOUTENeH
B KaUeCTBEHHOU eJie. JlaHHas TEXHOJIOTUS BKIIFOYAET Pa3padO0TKy HOBBIX MHIIEBBIX
MPOJYKTOB M TIPOMEKYTOYHBIX IPOJYKTOB ITyTEM BBIICICHUS (ITOTYUYCHUS)
dbpakuuii ¥ UX UCXOTHBIX IPOIYKTOB.

2. KoHKypeHTOCTIOCOOHOCTh M 9KOHOMHYHOCTH. [IpHroToBieHne ymoTpeOisieMbIx
MUIIEBBIX MPOAYKTOB C UCIIOJIB30BAHUEM TIpOIecca yIbTpadUuIbTpali IOMOraeT
YOPOCTUTh TEXHOJOTHYECKUN TpoIecc (COKpamleHHe HEKOTOPBIX JTaroB

00paboTKN), YIYUIIUTh MIPOU3BO/ICTBECHHBIC MIPOIIECCHI (ynanenue
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HEXKENaTeJbHbIX J100aBOK, TAaKUX KaK MHILIEBbIE 3arps3HUTENIH, KOTOpHIE
OKa3bIBAIOT BPEIHOE BIUSHUE HA KAYE€CTBO MPOAYKTa), MAKCUMAJIbHO YBEIUYUTh
IPUBJIEKATEIBHOCTh KOHEUHOTO MPOIYKTa B TEKCTYpE U KOHCUCTEHIIMH, a TAKXKE
YBEJIMYUTh CPOK €ro xpaHeHus. Kpome Toro, 3a cuéT yMepeHHOU TemnepaTypbl
Ipolecca He pa3pyLIaloTcsl TEPMUUECKH HEYCTONYMBBIE MPOAYKThl U BKYCOBBIE
KauyecTBa, YTO MPUBOJUT K YJIYUIIECHUIO KauecTBa MPOJYKTOB. A TaKke MpoLecc
yibTpaUIbTPALIMK MPOCT, JIETOK B peaju3allid M TpPeJCTaBisieT coOoi
MOJYJIBHYIO CHUCTEMY (KOMITAKTHOE O00Opy/IOBaHWE, HO OO0ajaroiiee OOJIbIIOHN
rMOKOCTBIO MPU XOPOILIEH aBTOMAaTH3aI1K ).

3. OkonornyHocth.  Ilpomecc  yapTpaduiabTpauuu  MO3BOJSIET  yJNAIMUTh
HE)KeTaTeIbHbIe KOMITOHEHTHI, HAllpUMEp, NMPU OCBETICHHH BHH, (PPYKTOBBIX
COKOB, NHMBAa U Jp., CHOCOOCTBYSl IOBBILIEHUIO KadyecTBa IPOIYKTa, 4YTO
MOJIOKUTENILHO OTPa)KaeTcs Ha 3I0pPOBbE JIOAEH U OKPYIKaIoILEl cpeie.

Cy11ecTBYIOT JIB€ OCHOBHbIE KOH(PUTYypalluy yIbTpadUuIbTPALIMOHHBIX MTPOLIECCOB,
IPUMEHSEMBIX B PA3JIMUHBIX 00JIACTAX:

TVHI/IKOBaSI d)I/IJ'II)TDaHI/IHZ HAIIpaBJICHUC IIOTOKA XKXHUAKOCTHU TMCPICHIAUKYJIIAPHO

MOBEPXHOCTH MeMOpaHbl s nonydeHus: nepmeara (Pucynok 1). Ho, B Takom pexxume
NPOBEACHUS YIbTpaQUIbTPAIINH, HA TIOBEPXHOCTH MEMOpPAHBI PETEHTAT HAKATUTUBACTCS,
cHUXasi GUIBTPYIOIILYIO CIOCOOHOCTh MEMOpaHBI M3-3a 3arpsi3HEHUS IOBEPXHOCTHU U TOP
MeMmOpanbsl. B manHOoM ciywae TpeOyercs mepuoAWYecKass OYHCTKA MEMOpaHBI.
TynukoBbIA PeXUM MPOCT MO KOHCTPYKIMHU, HO HE B MPOMBINIJICHHOW SKCILTyaTalllH.

JIaHHBIN peXUM HIMPOKO UCIOJIB3YeTCA B HAYYHBIX JTAOOPATOPHUSIX.

[Tomepeunas (win) TaHreHIMATbHAS QUIBTPAIMS: TOTOK MCXOIHBIX MaTepHAIOB
JIBI)KETCSl TAHTEHIIMAJILHO OBEPXHOCTH MeMOpaHsb! (PucyHok 1), pereHTar ynansercs c
TOM K€ CTOPOHBI MEMOpPaHbI, TOT/Ia KaK MOTOK MepMeara coOupaercs ¢ APYyrol CTOPOHEI
MeMOpaHbl. OTOT TMOTOK YMEHbBIIAET 3arpsA3HEHHE IOBEPXHOCTH MeMOpaHbl WIH
HAKOTUICHUE TBEPJBIX YACTHIl Ha MOBEPXHOCTH MeMOpaHbl. DTO Oojiee SHEPrOEMKO, H,
cleloBaTeNNbHO, OoJiee 3aTparHo, HO Ooiybmas 3(P(EKTUBHOCTh YPABHOBEIIMBAET 3TH

HEIOCTATKHU.
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UCXOAHDbIN pacTsop

MCXOAHBIN pacTeop

KoHueHTtpar
(PetenTar)

Mem6paHagn

Tynukosas ¢unsTpayus Monepeunasa ¢uneTpayums

Pucynok 1. Cxema TynuKoBOW U MONEPEYHON (PMIBTPAIIMU C UCTIOIB30BAHUEM TUIOCKUX

MeMOpaH.

B HacTos1mee BpeMsi IPOMBIIITICHHOE TPUMEHEHHE yIbTPadUIbTPAIIH CTAHOBUTCS
Bce OoJsiee 3HAUUTEIBHBIM M BOCTPEOOBAHHBIM. YIbTpaQMIbTpaLUs UCHOIB3YeTCs IS
KOHTPOJISL 3a 3arpsi3HEHUEM TPOMBIIUIEHHBIX OTXO0J0B, OMOJOTHYECKHX MaKPOMOJICKYII,
MAaCJISIHbIX 3MYJIbCUNA, METUIIUHCKUX TEPANIEBTUUECKUX CPEACTB, OUUCTKH CTOUHBIX BO/I, a
TaKXXe KOJUTOUIHBIX cycrieH3uit kpacku [120,121].

Cepbe3Hoil mpoOiieMoii TpH MPOBEACHUH MPOLEcca YIbTPa(QUIbTPALIUH SBISIETCS
3arpsi3HCHUE MeMOpaHbI (ee TOBEPXHOCTH U 3a0uBKH 1op) [122]. 3arps3HeHne MeMOpaHbI
HEBO3MOJKHO TOJHOCTBIO MPEAOTBPATUTh, HO CYIIECTBYET psI CTpPAaTeruid, KOTOpPHIE
MO3BOJISIIOT ~ CYHIECTBEHHO YMEHBIIUTh 3arps3HEHUE: TPaBUIBHO MOJ00paHHas
KOHQUTYpalusi MOIyJsl, Marepual MeMmOpaHbl, (QYHKIMOHAIU3AIUS TOBEPXHOCTH
MeMOpaHbl C LENbl0 yBeNIWYeHHs ee ruapoduiabHocTu. [Iporeccsl 0YMCTKH MeMOpaHb
MOYKHO pa3JIelIuTh Ha Ppu3nyeckue, XUMUIECKUEe U Ononorndeckue [123,124].

Camplii HaIE)KHBIN TOAXO]] K CO3JaHUI0 MEMOpPaH, YCTOHYMBBIX K 3arPsI3HEHUIO —
X MOJM(HKANUS JUIS YBEIUYCHHS THIPOPUILHOCTH MOBEPXHOCTH MeMOpaHbl [125].
Hampumep, THAPOPHIBEHOCTD yIbTpadUIbTPATUOHHON MeMOpaHBbI u3
nonuakpuinonutpuna (ITAH) Obuta yBenmuueHa myTeM NPUBHUBKH TOJHUITHIICHTIIUKOJIS
(II2T"). Takue wmeMOpaHbl HWMETHM HU3KYIO aJCOpPOIMI0O OBIUBETO CHIBOPOTOYHOTO
anpOymuna (BCA), Oonee BBICOKMII MOTOK pacTBOpa Oelka, YIIyUYIICEHHYIO CTEIeHb
BOCCTaHOBJIGHUSI TOTOKAa M YMEHBIICHHOE 3arps3HeHHe MeMOpaHbl B THpoliecce

ynbTpadunabTpanuu  Oenka [126]. N3yueHnne  BAMSHUA ~ NOPUBUBKM  Ha
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yIbTpadUIBTPALIMOHHBIE XapaKTEPUCTUKH MEMOpPaH ObLIIO TAK)Ke BBITIOIHEHO IS IPYTHX
NOJIMMEPHBIX MaTePHAJIOB, TAKKX Kak mosmddupcynbdon ([19C) [127,128], momucynbdon
(TIC) [129] u monuBuuauMaeHbTopua (ITBAD) [130].

B nmononmHeHWM K MOBEPXHOCTHOW MPUBUTON MOJUMEPHU3AIUU OBLIO MPEIIOKEHO
MHO>KE€CTBO METOJIOB ISl YMEHBIICHUS 3arpsi3HEHUs yIbTpaduibTpallMOHHOW MeMOpaHbl
BO BpeMs pasJie/icHus OCJIKOB, TAKMX Kak HaHeceHue mokpeituii [131,132], xumuueckas
moudukanus u poromoaudpukanus [133]. Memopana I19C 6bu1a MoauduiMpoBana 2-
MetakpuionwaokcudTwihochopuwaxomuaom  (M®X) [134]. B ommume  oT
HeMoauduirpoBanHoit MemOpansl u3 I[19C, yposens aacopOunu BCA ObUT 3HAYUTENBHO
cHIKeH Ha moBepxHocTH M®X-monudurupopannoit [19C memOpanbl. AMpuOUIbHBIN
[Imopornk  ®127 (IIJI ®127) B KavectBe MoAM(HUKATOpPa MOBEPXHOCTH U
nopoobpazoBateis ObuT Jo0aBieH B MeMOpanbl [1DC [135]. C yBenuuenuem copeprkaHus
[Tmroponuka @127 runpodunbHOCTh MOBepxHOCTH MeMOpaH [19C ynyummnace, a o0mui
MOTOK W 3arpsA3HEHHE 3HAYMTEIHHO YMEHBIIWIMCH. BbIIO OOHapy»eHO, 4YTO Mocie
IPOMBIBKH 3TH MeMOpaHbI 00JIaZJat0T XOPOILEH CTeNeHbI0 BOCCTAHOBIIEHHS ITOTOKA.

B HacTosmee Bpemsi CYIIECTBYeT MHOXECTBO pabdOT MO  YIyYIICHHIO
aHTU(OYIUHTOBBIX CBOMCTB YJIbTpaUIbTPAIMOHHBIX MeMOpaH, B TOM 4YHUCIE C
UCTIOJB30BAaHUEM MOJIU(PUKATOPOB —(pOTOKATAIUTUIECKUX YACTHIl, TAKUX KaK OKCH]
tutaHa [136], okcua HMHKA, a TakXKe HAHOYACTHII cepedpa I  MHUHUMH3AINUN
ounosornyeckoro 3arpssHenus [137]. Takke, B TOCIEAHHE TOABI BBI3BIBAIOT
3HAUUTEIBHBIA MHTEpEC MEMOpaHBbI C 3apsyKeHHOM moBepxHOCThIO. [Iporiece pa3aenenus
C UCMOJb30BAHUEM 3aPSHKEHHBIX MEeMOpaH BKJIIOYAeT B ce0s pas3/iereHue Mo pasMepy u
3apsily, a He TMpOoCTo Mo pasMmepy. st 3apsKeHHbIX MeMOpaH OBLIM TOJyYEHBI
VIIyYIICHHbIE  XapaKTepUCTUKU  paszzieleHuss  (BbICOKash  CEJIEKTUBHOCTh U
IPOU3BOAUTEIHHOCTH) TI0 CPABHEHHIO C HE3apsSHKECHHBIMA MeMOpanamu. VI3MeHsIst CTeTIeHb
AIIEKTPOCTATUUECKOTO B3aUMOJICUCTBUSI MEXKIY 3apsOKEHHBIMHU O€lKaMu U 3apsHKeHHOU
MOBEPXHOCTHIO /I MEMOPaH MOKHO HAaIIPaBJIIEHHO MOBBICUTH CENEKTUBHOCTDH MpPOIECcCa
pasjesicHus, B 4aCTHOCTH, Jisi OenkoB [138-141].

[Tponiecc ynabTpaduIbTPAIIMOHHOTO pa3JeNieHUs] CXEMaTUYHO NPEJCTaBICH Ha

Pucynke 2.
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—

UcxopHana cmech

Mem6paHa

nepmear

Pucynok 2. Cxema paszenieHus B rpoiiecce yJiabTpaduibTpaliui.

PactBop (ucxomHasi cMechb) TMOJAaeTCsi Ha TMOBEPXHOCTh TMOJIYNPOHHUIIAEMOMN
MeMOpaHbl MOJI JEHCTBUEM JBIKYILEH CUJIBI - JaBieHUsA. PacTBopuTeNnb U MOJEKYIIbI,
KOTOpBIE TI0 pa3Mepy MEHbIIE pazMepa Iop MeMOpaHbl, IPOXOAAT yepe3 MeMOpaHy, B TO
BpeMsi Kak OoJiee KPYITHBIE MOJICKYJIbI 33/IEP)KUBAIOTCA U KOHIIEHTPUPYIOTCS B PETEHTATE.
OddexkTUBHOCT, MEMOpaHHOTO Mpolecca  yabTpadUIbTPALUA  XapaKTEPU3YETCs
CIEIyIOIMMHU  MapaMeTpamMu. TMOTOK, KO3(PQPUUIMEHT 3aJepXkaHus U  CTENEHb
BOCCTaHOBJICHHUS MTOTOKA.

[otok (J) n/(M? 4) a1 MEMOPaH PaCcCYUTHIBAETCS MO CIEAYIOIIEMY YPABHEHHUIO:

4 3)
A-t’

rae V - oobeM nepmeata (1), A - >3pdexTrBHas maomans (M2), t - HHTEpBaa BPEMEHH

] =

¢unbTpanuu (yac).
Koadduruenr 3anaepxanns (R) xapaktepusyeT ceJeKTUBHBIC CBOWCTBA MEMOPaHbI

H PaCCUYUTBIBACTCA 110 YPAaBHCHUIO!

c 4
R=(1-=2L)-100%, @
Cp

TJI€ Cf - KOHLIEHTPALKMA UCXOHOTO PACTBOPA U Cp, - KOHLIEHTPAILMH [IEpMeaTa.
Crenenp BocctaHoBieHHs noToka (FRR) mo3Bossier onieHUTh aHTHU(OYIUHTOBBIE
cBolicTBa MeMOpaH (YCTOMYMBOCTD K 3arpsi3HEHHIO) U PACCUUTHIBAETCS 110 YPABHEHUIO!

R

FRR = (]—) -100%, (5)

w
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rae J,, - MOTOK YHUCTOM BOJBI 10 YJIbTPapUIbTPAIIMOHHOTO SKCIIEPUMEHTA, a [ - MOTOK

YHCTOM BOJBI MOCIE yIbTPAQUIBTPAIMOHHOTO SKCIIEPHUMEHTA.

1.3.1. MemOpansI 1Jis1 yIbTpaduIbTPaluu

B mMemOpaHHBIX mpolieccax BaKHEHIeH 3a1auel aBiseTcs o0ecrneyeHre BbICOKON
MPOHUIIAEMOCTH C BBICOKMM YPOBHEM 3aJIepXKaHUS PACTBOPEHHBIX BEIIECTB U
MUHUMAaJIbHBIMU AKCILTyaTallMOHHBIMU 3aTpaTamu. Yacrto B KauyecTBe
yIbTpaQUIBTPAIIMOHHBIX ~ MEMOpaH  HCIOJB3YIOTCS  ACCUMETPUYHBIE  MEMOpaHBI.
Cy1iecTByeT HECKOJIBKO MCCIIEOBaHUM, HANPaBJIEHHbBIX Ha MOBBIIEHUE 3()PEKTUBHOCTH
MeMOpaH: yIlydllleHue aHTU(OYJIUHTOBBIX CBOWCTB, YBEIWYCHHE MEXaHHUYECKOU
MIPOYHOCTH U YCTOMYMBOCTU K XMMUUYECKUM BeliecTBaM. HekoTopbie MuHepaibHble WU
KepaMUYeCcKue MaTepHalibl ObUIM MCIOJIb30BaHbl JJisi MPUTOTOBJICHUS TMOPHUCTBIX WU
MUKPOTIOPUCTHIX MeMOpaH. OJTHaKO, B OCHOBHOM HCITOJIb3YIOTCS IMOJTMMEPHBIE MEMOpaHbI
[142,143]. Tlocne toro, kak Reid m Breton pa3paboranu mepBbIi IEIIFOJIO3HBIA |
HEIIEJUTIONO3HbI MeMOpaHHbIi MaTepuan B KoHie 1959 roga [144], Obuin Mpon3BeICHBI
pa3iMuHble MaTepHaybl, YTOObl TMOBBICUTH IPOU3BOAUTEIHLHOCTH MEMOpPAHHOU
dbunpTpanuu. OgHAKO, €CTh JUIIh HECKOJIBKO MEMOpaH, KOTOPhIE MOXHO MPUMEHSATH B
KommMepueckux 1ensx [145-148]. Tompko HEKOTOpBIE MaTEpHabl OOJANAIOT TAKUMH
XUMHYECKUMH CBOMCTBAMU W CTPYKTYPOU, KOTOpBIE IMO3BOJSIOT HCIOJNB30BaTh UX B
MIPOMBINIICHHBIX MEMOpPaHHBIX TMporieccax. B kadecTBe Marpuil s pa3paboTKu
yIbTpadUIBTPALMOHHBIX MEMOPAH UCIOJNIB3YIOT Pa3IMYHbIE TOJIMMEPHbIE MaTEPHAIIbI:

1) TuapodunbHble MHOAUMEpPbI, Takue Kak mnonudTwicHokcua  (I120),

nojuBuHWIOyTUpane ([1BB), momusuamaxiopun ([1BX), mommakpuioBas Kuciora
(IMTAK), nomuakpunonutpun (ITAH), momuBuamnamnerat (IIBAm), nommammpn (ITA),
nouBuHWIOBEI crupT (I1BC), monu-n-ruapokcuctupon (IMI'C), memmono3a u ee
npousBoanbie (kapookcumerminemionoda (KMII), tpuamerar uemmonao3sl (TALL,
nponuoHaT arerara 1emnrono3sl (ITALL), Oyrupar anerara nemtonossl (BAILL), Hutpar

nesutroiio3bl (HLL), npornmonat nesmttoso3sl (IT11), stumenironosa (DL1)).

2) T'mapodobHble mosmMepsl, Takue kak noiaucynbdon ([ICD), momusdpupcyibhon
(I2C), momusununmuacHptopun (IIBAD), monukapoonat (1K), momunponunen (I111),

MOJINMETUIIMETAKPHIIAT (IIMMA), noyiQeHmICHCY b T (MTdC),
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nojurerpadTopatiiieH ([ITDD), cumukon, nommdtuieH (I12), nomudenmneHoKCH

(IT®O), momuctupon (I1C).

1.3.2. YabTpaduabTpannoHHble MeMOPaHbI U3 MOJIU-M-(eHuJIeHn30PpTaiamuaa

MeMOpanbl Ha  OCHOBE  IOJIMAMHJIOB  4Ype3BbIYAMHO  A()PEKTUBHBI U
POU3BOJUTEIBHBI  UIS  yIbTPAQUIBTPAIIMA PACTBOPOB OCIKOB CpPeIM MHOTHX
ruapoduiabHbIX monumMepoB [149,150]. IToau-m-penunennszodpranamun (ITA) obmamaer
XOPOIIMMH MEXaHMYECKUMH CBOMCTBAMH M BBICOKOW TepMOCTaOMIbHOCThIO [151].
Temneparypa crexinoBanus noiauamuaa (Tg) cocrasiser no 558 K, uto obGecrneunBaer
BBICOKYIO JK€CTKOCTD IeNell HE0OXO0IUMYIO JIJIsi BHICOKOTIOPUCTBIX MEMOpaH.

Opnako, MemOpaHbl U3  Nodu(peHWwIeHU3oPTaaMuga HUMEIT  HHU3KYIO
aHTU(OYJIIMHIOBYI0  CTa0MIBHOCTH B yiubTpadmistpaimu  [152,153], mostomy
MPUMEHSIOTCS Pa3JIMYHbIE CIOCOOBI MOIU(DHUKAIUU IS YIYUIICHUS TPAHCIIOPTHBIX U
aHTU(OYIUHTOBbIX CBOMCTB IIA memOpan. Hampumep, ObUTO HCClIEIOBAHO BIUSHUE
okcuga rpadena (I'O) nHa »sddexTuBHOCTH pasneneHuss OBIYBETO CHIBOPOTOYHOTO
anpoymuna (BCA) mns ynerpaduinsTpanmonnoi memopansl 1A [154]. B pesyabrare
kodhdunmMeHT 3anepxxanus MeMOpansl o otHomeHno K bCA camsucs ¢ 95,79 % nns
guctoro [TA 10 93,51 % ns [TA, monuduiupoanuoro 0,1 macc. % 'O, Tak kak BBeJIeHHE
'O mpuBeno K yBEIMUEHUIO KOJUYECTBA U pa3Mepa Mop Ha MOBEpPXHOCTH MeMOpaHsbI [TA.
JlanpHeimee yBenudeHue coxaepxkanus [0 mo 0,15 m 0,20 macc. % mnpuseno x
yBeIMUeHUI0 kodddunmenta 3aaepxanus 10 94,16 u 94,83 %, cOOTBETCTBEHHO, B CBSI3U
¢ yBenmueHue ruapoduiabHex rpynn ['O Ha moBepxXHOCTH MeMOpaHbl. Tak ke ObUIO
OTMEUEHO YBEIUYCHHE I[IOTOKAa YUCTOM BOJbI, KOA(P(GUIMEHTOB 3arpsa3HEHUs Mpu
BBeaeHuu 10 0,1 macc. % 'O, B To BpeMs kak nanbpHeliiee yBennuenue ['O npuBoauiio K
CHI)KCHHIO ATHX TPAHCHOPTHBIX XapaKTEPUCTUK. TakuM o00pa3oM, ONTUMaTbHBIMU
TPAHCIIOPTHBIMU XapakTepuctukamu oOnanana ITA memOpana, mogudunmponansas 0,1
Macc.% ['O: koaddunuent 3aaepxkanust bCA 93,5 %, creneHb BOCCTaHOBIEHHUS MMOTOKA
88,9% u notok unctoii Boasl 323,3 n/(M?u).

B pa6ore [155] B marpuiy [TA BBogmmu 0,5-3 macc.% mommdunenrimkois (I191)
u 4 macc.% xnopuna autus (LICl) u usyyanu TpaHcrnopTHbIE CBOWCTBA pa3paOOTaHHBIX
MeMOpaH B TIpolecce yabTpaduIbTpaliid BOJHOTO PACTBOpPa OBIYHETO CHIBOPOTOUHOTO

ansOymuHa (bCA). YcranoBneno, uro ko3ddunuent 3anepxanuss bCA mns memOpaHbl
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cHmkaercs ¢ 93 o 81 % npu yBenuuenuu coaeprxkanus [1910 ot 0 1o 2 macc. % B Matpuie
ITA. Kpome Toro, noTok aj1s MmemOpansl u3 uuctoro [1A 6e3 I3 coctasnsn 213,8 1/(M%4).
VYBenuuenne konuentpanuu [I131° B maTpuiie memOpansl ¢ 0,5 1o 2 macc. % npuBeno K
YBEIIMYEHHIO TIOTOKA ¢ 223,7 10 276,3 1/(M?4), cooTBeTCTBEHHO. [lanbHeliliee yBeIuueHue
conepxxanus 191 (2,5 u 3 macc. %) mpuBeno K CHIKEHUIO MOTOKa 10 266,4 u 233,5
1/(M?49), COOTBETCTBEHHO.

B pabore [156] Obu1 ucmonb3oBaH MeTOJ HMHBEpcHH (a3 it pa3pabOTKH
ynbTpadunbTpannoHHbiX [TA MeMOpaH ¢ pa3iuyHbIM paguycoM mop (6,58 um, 6,84 HM u
9,28 um). Ilpu 80 °C 12 r IIA pactBopssim B 88 T cMecH pacTBOpUTEIEH
(mamerunaneramua (JIMA)/ numerundopmamun (IM®P)/rnunepun - 1/1/0,8 macc.%) B
TedeHne 6 4acoB. 3aTeM 3TOT PaCTBOP HAHOCHIIN HA CTEKIITHHYIO MOIJIOKKY U TIOTPY>KaIH
B ocaautenbHyto BaHHy npu 30 °C, 50 °C umu 70 °C. IIpousBoauTenbHOCTh MeMOpaH
u3ydJasachk B rpouecce yiaprpadmibrpaiuu bCA. beuto o0HapykeHo, 4TO MPOHUIIAEMOCTh
yBemmuunack ¢ 2:10° 1o 4-10° m/(c I1a) npu NOBBIIEHUN TEMIIEPATYPBI OCAAUTENLHOM

BauubI ¢ 30 °C mo 70 °C.

1.4. HanopuabTpanust Kak MeTO/ pa3/ieleHUs 1 KOHIEHTPUPOBAHUS KUAKHX

cMmeceit

Hanodunprpanus — 310 6apoMeMOpaHHBIA METOM, KOTOPHINA NMPUMEHSIETCS s
yAQJICHUS PA3IMYHBIX MOHOB, a TaKXe MOJIEKYJ] ¢ MoJIeKyJsipHoW maccoir 200-1000
r/MONb. PazMep mop B HAHOMWIBTPAIIMOHHBIX MeMOpaHax 00bIYHO cocTaBisieT 1-10 HM,
YTO MEHBIIIE, YeM TIOPHl B YIbTPapMIBTPAIIMOHHBIX MeMOpaHax, ¥ HECKOJIBKO OOJbIIIE,
4eM Topbl B MeMOpaHax oOpaTHOTO ocMoca. HaHowIbTpanus mupoKo UCIIONB3YETCS B
pa3IMYHBIX 00JaCTAX MPOMBIIIIEHHOCTH, B TOM YHCJIE JJI1 OYMCTKH BOJIbI U CTOUHBIX BOJI,
B OMOTEXHOJIOTUYECKOH, (papMalieBTUUECKOM, MUILEBON MPOMBIIIIEHHOCTSIX U JIp.

Hcnonp3oBanre HaHODUIBTPALMU JUISI OYMCTKM CTOYHBIX BOJ  3HAUUTEIIBHO
YBEIUYMBAIOCH B mocienHue rojabl [157]. B MmpOMBIIUICHHOCTH TSKEIbIe METaJlIbI
SABISIOTCS TJIABHBIM MCTOYHMKOM 3arpssHeHus. Ceunen (Pb%"), mukens (Ni?"), nuHk
(Zn?*), menp (Cu?*), xenezo (Fe?") m mapranen (Mn?") oTHOCATCS K 4MCIy HamOosee
BPEIHBIX HOHOB TSDKEJIBIX METAJJIOB B CTOYHBIX BOJAX, KOTOPBIE YPE3BbIUANHO SIIOBUTHI

JaXe Tpy HU3KUX KoHmeHTpamusx [158]. B muteparype ommcanbl paboThl, B KOTOPHIX
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HAHO(PWJIBTPAIIMIO MCTIOIB30BATHU ISl YAAJIEHUS MOHOB TSDKENBIX METAJUIOB, TAKUX Kak
CBHUHEIl M HUKEJb, M3 CTOYHBIX Boj [159-167].

Mohammad P. u ap. [168] pa3paboranu HaHOPHIFTPALMOHHYIO MeMOpaHy ¢
MOJIOKUTENIFHBIM 3apsZOM TOBEPXHOCTH [UIS 3allep’KaHUsl TsDKEIbIX MeTauioB. bputa
pazpaboTaHa accuMmeTpuuHas MmeMOpaHna u3 nomddupcyiabdona (I13C), Ha TOBEPXHOCTH
KOTOpPOH OBUTM HaHECEHbl MHOTOCIONHHBIE YTJIEPOAHbIE HAHOTPYOKHM C TPUBUTHIM
srunerauamuaoM (B1) (B/1-g-MVYHT). [lnst pa3paboTaHHOM MeMOpaHbl ObLITH MOJYYEHBI
BBICOKHE KO3 uImeHTsI 3aaepxkanus: Zn (96,7 %) > Mg (95,01 %) > Cd (92,4 %) > Cu
(91,9 %) > Ca (91,3 %) > Ni (90,7 %) > Pb (90,5 %). Kpome TOr0, 110 CpaBHEHHIO C YUCTOM
meMOpanoit [19C, moTok urcToi Boabl pa3paboTaHHbIX MeMOpaH yBenuuwics Ha 122% u
cocrabun 80,5 1n/(M?1). B pabGore [169] Samaneh B. wu ap. paspaGoramu
HaHO(WIbTPAIIMOHHBIE MeMOpaHbl Ha ocHoBe mnoiudpupumuaa (IIOWm) metomom
uHBepcun ¢a3. beuto n3ydeHo BausHuE MOAUPUITMPOBAHHOTO OKcuaa rpadena (M-I'O) u
HAHOIUIACTUH (yHKUMOHAIU3UpOBaHHOTO okcuaa rpadenHa (I'O) Ha 3ddexTuBHOCTH
pasznenenus u 3arpsisHeHust MemOpan. [Ipu cpaBHeHUN MeMOpaH CO MEIIaHHON MaTpullen
[IDUM/M-TO u TIDUM/TO ¢ memOpanamu u3 uuctoro I1OWm, moaudunmrpoBaHHbIe
MEMOpaHbl TOKa3aJd 3HAYUTENIBHO YIIYUIICHHbIE XapaKTEPUCTUKH pa3JeieHus |
aatudoynuaroBbie cBoiictBa. MCM ¢ 0,001 macc. % M-I'O uMena HauOOIBIIHI TOTOK
uncToli Boasl (74,77 n/(M? 1)), Torna kak aus memopansl [IDHUM/TO — 51,06 1/(m? 4), a qus
MCXOHOM MeMOpaHbl — 17,63 1n/(m? 1) ipu nasnenue 4,5 6ap.

s ynanenust uaos Cu(I1) u Pb(I1) u3 BogHOTO pactBopa, Minh Trang Hoang u ap.
[170] paspabotamu  HaHODWIBTPALMOHHYIO  MeMOpaHy  TyTeM  Mex(paszHOU
nojmMepu3auuu Mexay nonaudTwieHuMuHoMm (II9U) u tpumesomnxnopuaom (TMX) c
BKJIFOUCHHEM HAaHOYACTHIl MeJUToo3bl. [lo cpaBHeHHMIO C HMCXOAHOW MeMOpaHOu
IPOHHUIIAEMOCTH O BOZIE MeMOpaH yBennumiaack Ha 70 % npu no0aBieHun 5,5 MKr/cm?
HAHOYACTHUI[ UEJUTI0N03bl. MeMOpaHbl Tak)Ke TMOKa3alu BBICOKYIO 3(PQdEeKTUBHOCTh
yIaJCHHUS MOHOB TSDKEIBIX MeTaioB (koddduimentsl 3aaepxkanus ais CuSOs 98,0%,
CuCl; 96,5% u PbCl290,8%).

O PexTHBHOCTH HAHOPUIIBTPALIUN XaPAKTEPU3YETCS CIEAYIOIIUMU ITapaMeTpamMHu:
yAelbHas MPOU3BOJIUTENBHOCTh, MPOHUIAEMOCTb, KOA(hOUIMEHT 3ajep:KaHus U

KO3 PUIMEHT KOHIIEHTPUPOBAHMUS.
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VaenbHas mpomsBoauTeabHocTh (J, (Kr/(M?4)) pacCUUTBIBAETCS  CIIEMYOIIMM

YpaBHCHUEM:
_m (6)
A-t

rae m — macca nepmeara (kr), A — 3¢ (eKTuBHas IIIOWAAb IIOBEPXHOCTH MEMOpaHBI (M?2),

J

t — Bpems (4).
[ponunaemocts (L, kr/(M? 4 aTM)) pacCUMTBIBAETCA MO Ciemyromed (opmyie
[171]:

_J__m (7)
AP A-t -AP

rae AP — napnenue (atm), A — >pPeKTHBHAS IIOMIAAb TOBEPXHOCTH MeMOpaHsI (M?), M —

L

Macca nepmeara (kr), t — Bpemst (4).
Koaddunment 3anepkanus (R) pacCUUThIBAETCS TI0 CISAYIONIEH hopMyIie:

C 8
R = —C—p 100 %, (®)

f

riae C, — KoHneHTpamnus nepmeara, a Cr— KOHIIEHTpaIMsI HCXOIHOM CMECH.
(4 f

Koaddurment kourenrpupoBanus (K) paccuutbiBaeTcs 1o cieayroreii popmyie:

CCOTlC (9)

K = - 100%,
Cs o

rae Ceone — KOHUEHTPAIMS KOHIEHTPaTa, Cr— KOHIEHTPAIUSA HCXOIHOM CMECH.
1.4.1. MemOpaHbI 119 HAHOPUILTPALMHI

B HaHOWiIbTpanuMu NPUMEHSIOTCS KaK HE3apsHKCHHBIC, TaK M 3apsSKCHHBIC
memOpanbl. Ho 11t 3¢ (ekTuBHOTO yAaneHusi HOHOB TsDKEJIBIX METAIIOB MPEANOYTCHHE
OTHaeTcs 3apsHKCHHBIM — MeMOpaHaMm, TaK KakK IMOBEPXHOCTh MEMOpaHBI MOXKET
s PeKTUBHEE YUACTBOBATH IS 3aICP>KUBAHUS 3apsDKESHHBIX BemecTs [172]. [TlomumepHbie
HaHO(UIIBTPAIIMOHHBIE MEMOpaHBl IIUPOKO HCIOIB3YIOTCS B TMPOMBINIICHHOCTH IS
OYHUCTKHU BOJbI OT MOHOB TSDKEJIBIX METAUIOB Oarojapst MX BBICOKOH NMPOHUIIAEMOCTH U
cenexktuBHOCTH [173]. Jlns HaHOQWIBTPAIMOHHBIX MEMOpaH OOBIYHO HCIOJIB3YIOTCS
CIIeNyIOIIHe  TOJIMMEPHbIE  Marepuaibl:  [ewiono3a, nomucyibpon  (IICD),
nonmdpupcynsdpon  (I19C), mnommamun (I1A), nomuBununoBelii cnupt (IIBC),
nonuBuHunuaeHGTOopua (I[IBJAD), xuTO3aH wiaM XUTUH, NOAUIPUPCYIHPOHKETOH

(IT9CK). Cpenn nOCTYNHBIX KOMMEPYECKHX HAHOQWIBTPAIIMOHHBIX MEMOpaH MOXKHO
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Ha3BaTh SelRO MPF-34 (Koch), N30F (Microdyn-Nadir), G-5 (GE) (Osmonics), NTR-
7470 (Nitto-Denko) u GR9SPP (DSS) u np. [174].

Jlnst mpou3BoACTBa HAHO(UIBTPALIMOHHON MEMOpPaHbI C BBICOKON pa3aeuTeIbHON
crocoOHOCThIO B MccaenoBanuu Qin u ap. [175] B kayecTBe MeMOpaHHOTO MaTepuaa
HCTIOJIb30BAICS MUINEePA3UH-ITUIICHIUAMUH (ITUIT-21A). Pa3zpaborannas
HaHo(uibTparmonnass memOpana [IUII-DJIA mnpomemoHcTpHrpoBaia MPEBOCXOTHBIN
k03 durment 3anepxanus (>94 %) 1-vapTrnamun-3,6,8-tpucynbponoBoit kucaots (T-
KHUCIIOTHI), HO HU3KHM Koddduiment 3aaepxanus (36 %) cynbdara aMMoOHUS
((NH4)2S0y).

[TonnamMuHOBBIE MeMOpaHbl ObUIM CO3[IaHBI IMyTeM Mek(pa3HON MOoJMMEepHU3alun
noyTwieanmuHa (I1ON) u nanypxnopuaa Ha mopucteix mopioxkax u3 [I19C B padote
Lee u ap. [176]. pH-cTabmibHOCTh pa3pabOTaHHBIX TOHKOIUICHOYHBIX KOMITO3UTHBIX
MeMOpan Obita Beime, dyem y wmemOpan IIA, mnpuroroBnenusix u3z IIOU u
tpumesomxiopuaa (TMX). 3HauuTenbHOoe H3MEHEHHE KOd(p(UUMEHTa 3aepKaHus
coyieil BeI3BaHO ruaponn3oMm [TA mMemOpan mpu BbicoKuxX 3HaueHusx pH. CraOuibHbie
3Ha4YeHUs KOI(P(GUIIMEHTOB 3aJIepKAHUS COJIeH M MOJIEKYJISIPHO-MAacCOBOM OTCEUYKH
MeMOpansl (MWCQO) mocne nsitu Heaenb oOpabotku MemOpan npu pH=1 u 13
MIOJITBEP/IAIIA BRICOKYIO YCTOWYMBOCTH MEMOpaH K HyKJIeo(hUIbHOM aTake, BRI3BaHHOU pH.
[To cpaBHenuto ¢ [TA memOpaHoOii, moiMaMUHOBasE MeMOpaHa UMEET YMEHBIICHHYIO B 5
pa3 MPOHUIIAEMOCTh, HO K03 durueHT 3anepxkanns ximopuna vHarpus (NaCl) 65% nike,

yTo HIke ueM y [TA memOpanst (10 %).

1.4.2. Hano(uabTpanuoHHbIe MeMOPaHbl U3 NMOJIH-M-(eHUuIeHn3opTaiammuaa

[TonmmamunHpie HaHOPWIBTPALIMOHHBIE MEMOpaHbl IIUPOKO HUCHONB3YIOTCS IS
pa3zieleHus] MallbIX OpPTraHWYECKUX COCAMHEHHM M TMOJIMBAJIEHTHBIX HOHOB. OOBIYHO
HaHo(uibTparonHass 1A memOpaHa COCTOMT W3 TMOPUCTON MOJUIOKKH M TOHKOTO
CeJNIeKTUBHOTO cios u3 [IA, KoTopblii 00BIYHO MONMyYaroT Mex(azHON MoJiMMepu3aluen
MOHOMEpa aMHHa U amuixyiopuaa. ToHkuil cioit IIA obecrieunBaeT CeNEeKTUBHOCTh U
BOAOINpPOHHUIIAeMOCTh.  OJIHAaKo, OTCYTCTBHME BBICOKOIIPOHHUIIAEMBIX MeMOpaH ¢
3(p(GEeKTUBHBIM  3aJepXKAaHUEM MPEMATCTBYEeT IIMPOKOMACIITAOHOMY  BHEIPEHUIO
HaHO(UIBTpAIMOHHBIX MeMOpan u3 [1A. [lyig ynydiinenus TpaHCIOPTHBIX XapaKTePUCTUK

ITA MemOpaH PUMEHSIOTCS pa3IndHble moaxoasl [26,177,186-193,178-185].
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Baoleerhu B. u ap. [194] yayumwim cBoiicTBa HaHO(DHUIBTPAIIMOHHOW MEMOpPaHBI
[TA nmyTtem nobGasnenus neonuta Beta (B). bpuio momyyeHo, 4yTO MOTOK YUCTOM BOABI
Mo (GUIUPOBAHHOM MeMOpaHb! gocTur 81,22 1/(M%4) npu 0,2 MIla, uro Gonee 4eM B JBa
pa3a MpeBbIIIACT MOTOK MCXOaHOW MemOpanbl. B pabore Hongli Z. u ap. [195] s
co3ganus HaHowmibTpanmoHHod [IA  memOpanbl Hcnonb3oBaiach MexQazHas
nonuMmepusanus. beuio mokazano, yro memOpana I[IA ouens 3ddexTuBHO ynamser
nByxBasieHTHble MeTaiubl (Takue kak Ca(Il), Mg(Il), Cd(II), Ni(1l), Cu(1l) u Pb(Il)) u3
CWJIBHO 3arpsi3HEHHOW BOJIBI. Y 1ajnoch JA0CTUYh Kodddunuenrta 3aaepxkanus 100% mms
Cd(II) m 99,99% mnst Pb(1).

B Hacrosimee Bpemsi Beaercst Ooiibliiasi paboTa Mo pa3pabOTKe MOJIOKUTEIBHO
3apsDKEHHBIX TOJMAMHUIHBIX MeMOpaH miusi HaHoduibTpamuu. [lyrem wmexdasHon
nojaumepusanuu noaumdtuieauMud (IT9UN) osw1 BeiOpan Chiang u ap. [196] B kauecTBe
MOHOMEpa TMOJHMAMUHA JUISI CO3/JAaHUS TIOJOXKHUTEIBHO 3apsDKEHHBIX IMOJMAMHUIHBIX
HaHOpMIbTpaMOoHHbIX MeMOpaH. 80 % MgClz 3anepxuBanioch MeMOpaHaMu MIPH MOTOKE
upcToii Bomel 9,4 n/(M? ul Gap). Jis 3HAUMTENHLHOrO YIYYINEHHs pa3delIUTelbHOI
CIIOCOOHOCTH  TIOJIOKUTENBHO —3apsDKCHHBIX — IMOJIMAMHUIHBIX  HaHO(MIBTPAIMOHHBIX
MeMOpan Ha ocHoBe [IDOUW B wmarpuily mMemMOpaH ObuIM BBEJIEHBI MHOTOCIIOIHBIE
yIJCPOJHbIC HAHOTPYOKH, MoauduipoBaHHbie mnoaugaodpamuaom [197]. B asrom
MCCJIEJIOBAHUN ObLI JOCTUTHYT OOMIMK IMOTOK 4YucTOM Boael 15,3 m/(M?> 4 Gap) m
koapdurnment 3aaepxanus 91,5% mna MgCle. [Monnamunneie HaHODUIBTPAIIMOHHBIC
MeMOpaHbl C TOJIOKUTEIBHBIM 3apsAOM TaKKe OBUIH TOJNYdYeHBI IyTEM H3MEHEHUS
OpPraHUYEeCKOTO0 pPAcTBOpUTENS B Tpolecce MexdasHoi mnomumepuzanuu. M3-3a
noBellIeHHOW pactBopumoctn nunepasuHa (IIMII) B H-rekcane ko3 ULIKEHT
3anepxanust CaClz st MeMOpaHbl yBenUumiIcs npuMepHo a0 95,1 % npu noroke yncTon
Boael 12,7 n/(m? u 6ap) [198].

JlpyruM  yCHEUmIHbIM CIHOCOOOM TMPUTOTOBJICHUS TOJIOKHUTEIBHO 3apsyKEHHBIX
MOJTMAMHTHBIX HAHO(MWIBTPAIIMOHHBIX MEMOpaH SBISIETCS MOIU(PUKALUS TTOBEPXHOCTH
[199]. Hanpumep, wucnonb3ys MOJU(aMUJIOAMUHOBBIN) JCHAPUMEp, TPHUBHUTHIA K
MOJIOBOJIOKOHHBIM MeMOpaHaM u3 M-(eHWICHIUnaMUHa/ TpuMe3onIxiopuaa, Zhu u ap.
[200] co3mamu MOMOKUTEIBHO 3apsHKCHHBIC MOJHAMHIHBIE HAHO(DHIBTPAIMOHHBIE

MCM6paHBI AT YAQAJICHUSA WOHOB TAKCIIBIX MCTAJIJIOB. br11o MMOJIY4YCHO, 4YTO MCM6paHBI
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MMEIOT K03 QULUEHT 3aaepkanus 10 99 % Ipu moToke YucToi Boasl 3,6 n/(M? u 6ap) s

OOJBIIMHCTBA JABYXBAJICHTHBIX KaTUOHOB.

1.5. Mem0Opanbl co cMemanHoi matpuueil «monmep/ILtroponux ®127»

Pa3paGorka rubpugHOl MeMmOpaHbl TyTeM CMEIIMBAaHHUS JABYX WU Oolee
MOJIHOCTHIO COBMECTUMBIX IIOJIMMEPOB B Pa3JIMYHBIX COOTHOUIEHUSX KOHIIEHTPALU cTaja
MHOT000EUIAIONIUM CIOCOOOM  YIIyUIlIEHUSI XapaKTEPUCTUK MOJIMMEPHOM MeMOpaHbl
[201,202]. Dot cnioco6 MoaM(UKAIMK MO3BOJSAET MOJy4aTh MEMOpPAHbI C 3aJaHHBIMH
XapaKTEPUCTUKAMHU B 3aBUCHMOCTH OT MojuMepHoi cmecu [203-205].

Onnum u3 Hanbosee NPUBIEKATEIbHBIX TOJTUMEPOB, UCTIOIB3YEMBbIX ISl CO3/IaHUS
MCM, sBasercss OJOK-CONMOJMMEpP MOJUIPONUICHIIUKONS W HOJUITHICHIJIMKOIS
(ILmtoponuk, Ilonokcamep, TeTpoHWK) H3-3a CpOJCTBA MO Pa3IWYHBIM MOKA3aTENsIM
MOJIMATUIICHA U TIOJIMIPOITUIICHA K BOJIE (TO €CTh M3-3a ero aMPpuuiIbHON TPUPOIbI). ITO
MPUBOJIUT K XOPOILIEMY JTUCHIEPTUPOBAHHIO OJIOK-COMOIMMEPA B Pa3IMYHBIX MEMOPAHHBIX
MaTpHIIaX U MOBBIIICHUIO THApopuIbHOCTH MeMOpaH [206].

Ha ocHoBe ruapoduiabHO-TUNOPUIBHOIO OajlaHCa M BBICOKOM MOJIEKYJISIPHOU
maccol, [Imoponuk @127 sBisgercss HanOoiee pacpoOCTPaHEHHBIM COMOJIMMEPOM TaKUX
nosmmepoB. [lmroponnk @127 mpeacTasisieT co00l HEMOHHOE MOBEPXHOCTHO-aKTUBHOE
BEIIECTBO, CUMMETPUYHBIN TPEeXOJOUYHBIA COMOJUMEP, COCTOSLIMM M3 LEHTPATBLHOTO
rugapodobHoro  Omoka  monumnponuieHokcuga  (IMTIO),  oxkpykeHHOro  ABYyMS
rupogmibHbIMU O1okamu nonudTIiieHokeua ([190) (Pucynok 3), uro obecrieunBaet
ero ruapodmibHocTh [207,208]. Ilmoponnk @127 monmyyaroT myTeM KOHACHCAIIUU OKCHIA
MPOMIICHA U OKcHaa dTUiIeHa. B xomoaHoit Boje [Tmoponnk @127 Gosee pacTBOPUM, YeM
B TOpSYEH, M3-3a MOBBIMICHHON COJbBATAIMU M BOJOPOJHOMN CBSI3U TP 0oJiee HU3KHX
temreparypax [209]. Crpoenue mnospossier [Inropornky ®127 B3amMoaeHCTBOBATH C
rHAPOPOOHBIME TTOBEPXHOCTAMU W Omonorndeckumu memOpanamu [210]. CermeHTHI
ruapodoOHoro nonunponwieHokcuga (IMIIO) B cocraBe Ilmoponuka @127
obecrieunBaroT comnoiaumepbl [LTOpoHNKa, MPOYHO TNPUKPEIJICHHBbIE K MOJUMEPHOU
Matpulie. B mpoTUBOMOI0KHOCTh 3TOMY, THAPOPUIbHBIE CErMEHTHI MOJUITHICHOKCH 1A

(IT30) Inmroponuka @127 NOBHIIAIOT THAPOPHUIEHOCTH TOBEPXHOCTH MEMOPAHBI.
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Pucynok 3. Xumnueckas ctpykrypa [Imroponnka @127 (okcup sTriieHa (a), okcuaa

npornuieHa (b)).

[ImropoHHK Takke MOXKET OBITh MCIOJB30BaH B KauecTBE MOpooOpa3oBaress mpu
BBCJICHUM B TOJUMEDP B JOCTATOYHOM KOJIMYECTBE IS YBEJIMUYCHUS IOP IMOTYYaeMBbIX
MemOpan u ux mopucroctu [135,211]. Hanpumep, npu yBeTHYECHHH KOHIICHTPAIIUH
[Tnroponuka @127 ¢ 3,6 no 18 macc. % B nmonumepHoil MaTpuie noauddupcyibdona
(IT3C) mopel 1 MOTOK BOJBI MEMOpaH YBETUYHBAIOTCS, B TO BpeMsi KaKk HEOOpaTuMoe
3aKyTOpUBaHUE TIOP MEMOPAHBI B Pe3yJIbTaTe afcopOIu Oelka 3HAYUTEITbHO CHIKASTCS
[135]. [dBoitnbie ¢hyHkiuu [InropoHka B KayecTBe OpooOpa3oBareas U MOAU(pHUKATOpa

MOBEPXHOCTH JIETAIOT €T0 MEPCIIEKTUBHBIM ISl pa3pad0TKi MeMOpaH.

1.5.1. IlepBanopanoHHbIe MeMOpPaHbI

[TonumepHasi cMech MpeACTaBsieT OO0 KOMOMHAIIMIO MO MEHbBIICH Mepe JBYX
NOJMMEPOB (CBSI3aHHBIX HE KOBAJICHTHO) JUISI TIOJYYEHHUs] HOBOTO KOMITO3UIIHOHHOTO
Marepuaa ¢ yay4leHHBIMU cBOiicTBaMu. [loMMepHbIe CMECH MOTYT OBITh pa3/Ie/ICHBI Ha
Tpu rpynmsl [212]:

(1) ComorenHas cmech: 3TO cMech, B KOTOpod jBa (win 0Oosee) moauUMepa C

AQHAJIOTMYHBIMU XUMHUYECKUMH CTPYKTYpaMH CMEIIHUBAIOTCS Ha MOJEKYJISIPHOM
YPOBHE ISl BCEX COOTHOLICHWH, B PE3yJIbTaT€ YEero IOJy4yaeTcsl OJHAa CMECh C
TEMIIEpPaTypoOil CTEKJIOBAHUS C OJJHO(PA3HOM CTPYKTYpOii;

(2) CereporenHas cmech: 3TO CMeCh, B KOTOpOH JBe (Wi 0o0jee) COCTaBJISIOIIMX

nmojmuMepa HE CMCHIMBAIOTCA W CYIICECTBYIOT B OTACIBHBIX (1)3,33,X, a TaKXeE
Ha6JHO,IIaIOTC$I JABEC PA3JIMYHBIC TECMIICPATYPhI CTCKIOBAHMS,

(3) CoBmecTuMas cMech: 3TO CMECh, B KOTOPO# JBa (Hik 00siee) KOMIIOHCHTA IPOSBIISIFOT

MAaKpPOCKOIIMYCCKU I'OMOI'CHHBIC (bl/ISI/I‘-IeCKI/Ie CBOMCTBA M3-3a JOCTAaTOYHO CHUJIBHOI'O
BBaHMOﬂeﬁCTBHH MCKIY KOMIIOHCHTAMH ITOJIUMCPOB.
['omorennele cmecu B IICPBYIO O4UYCPCAb PpPACCMATPHUBAIOTCA KaK BO3MOKHBIC

MaTepHalbl JUIsl MPUTOTOBJIEHUS MepBaNoOpalMoHHbIX MeMOpaH. Mcnonb3oBanue [19C-
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[Tmoponuk @127 memOpan Juist pas3zieneHus TUOpEeHa OT H-OKTaHa B Ipoliecce
nepBanopaluy  SBISETCA HANIAHBIM = OPUMEPOM  3TOr0  TUMA  MOAU(PUKALUU.
['uapodobubie cermenTsl monunponuieHokcuaa (IMIIO) B [lmoponuke @127
obecnieunBaroT mpovyHoe npukpemienue [Imoponnka @127 k monmuMepHoOit MaTpuIie, B TO
BpeMsi Kak TuapoduiibHble cermMeHTsl mnoimdTuieHokcuaa (I130)  yBenuumBaior
TUAPO(YUIBHOCTS TOBEPXHOCTH MEMOPAHBHI.

HecmoTpss Ha AOCTATOYHOE KOJMWYECTBO MCCIIEIOBAaHMM, B KOTOpBIX IlmtopoHuk
@127 ucnonp3oBancs st MOAU(PUKALINN YIbTPaQUIbTPAIIMIOHHBIX MEMOpaH (TOPUCTHIX),
CYLIECTBYeT  JIMIIb  HECKOJIbKO  MCCIEAOBAHMM,  TOCBSIIEHHBIX  H3YYEHHIO
nepBanopalmoOHHbIX MeMOpaH (HEMOPUCTHIX), MoAuuupoBanHbix [Lmoponukom O©127.
O0630p JUTEpaTYypHI MOKA3BIBAET, YTO TOJBKO B ABYX HcciemnoBanmsx [Lmopornuk ®127
UCIIOJIb30BAJIC € IIE€JIbI0  TOBBIIMICHUS  MPOU3BOJUTEIBHOCTH  HEMOPHUCTHIX
(muddy3noHHBIX) MEMOpPaH B miporiecce neppanopanuu [204,213].

Li wu gp. wmomudumupoBamu aud¢dy3MoHHBIE MEMOpaHbl Ha  OCHOBE
nommupcyiaspona (IIDC) [213] nmyrem BBemenus no06aBku I[lmoponnka P127 B
(GhOpMOBOUYHBIN PAcTBOP [IJIsi IPUTOTOBJICHHUS TEPBANOPAMOHHON MeMOpaHbl. BimsHue
koH1eHTpauuu [Imroponuka @127 B maTpuiie MemOpaHbl Ha Ipou3BoAUTENBHOCTH [1DC-
[1JI ®127 memOpan Oblia HWCClieOBaHA B TPOIECCE TEPBAMOPAIMH IS pa3aeiiCHUs
THOdeHa OT H-OKTaHAa B 3aBHUCHUMOCTH OT Pa3HUIIbI UX PACTBOPUMOCTU B Boje. bblio
nokaszano, 4yto meMOopansl [I9C-I1JT @127, conepxamue 60 macc. % [Lmoponuka @127,
¢ TtommmHOM okoigo 200 MKM  0OecneYMBalOT  MAaKCHMAJBbHYIO  YICIbHYIO
pou3BOAUTENBLHOCTH (3,10 kr/(M? 1)) u daxrop pasaenenus (3,50) npu meppanopanyuu
UCXOHOU cMmecH ¢ coaepkannem cepbl S00 mr/m mpu 30 °C, mo cpaBHEHHUIO ¢ YIeTbHON
POU3BOJUTENBRHOCTEIO  0koto 0,3 kr/(M?> 4) u ¢akropoM pasaenenus 1 s
HemoudummpoBanHoit MmemOpanbl U3 [1DC. DTo cBsA3aHO ¢ TeM, YTO THUAPOPUIHHBIC
cermeHThl (II20) B BepxHeM cioe MPENATCTBYIOT NPOHUKHOBEHHMIO OKTaHa Yepes
MeMOpany. Kpome Toro, Oomee KoMmakTHass U Oe3gedekTHas CTPYKTypa

HEMOAU(PUIIMPOBAHHON MEMOpaHBI JienaeT e€ MeHee MPOHUIIAaeMO U MEHEee CEJIEKTUBHOM.

1.5.2. YabTpaduiabTpaunoHHble MEMOPAHBI

[Tmroponnk @127 ucnonp30Baics B pa3iIuYHbIX MCCIEIOBAHUIX Uil pa3pabOoTKu

MOPHUCTBIX MeMOpaH B KauecTBe MopooOpaszoBaTeis W ruapoduibHOro MoaudukaTopa
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MOBEPXHOCTH MojuMepoB. Takue momumepbl, kak moaucynbdon (IICD) [214], amerat
nemwtonos3el (ALl [215], nommamummmun (ITAW) [216], nmomumamximopua (I1BX)
[217,218], momudtrnenumun (ITDN) [219], nonmusdupcynsdon (I19C) [135,220-223] u
ap. 6pun MoubuupoBans! [Lmopornkom @127, u cBoiicTBa rHOPUAHBIX MeMOpaH Ha
OCHOBE 3TUX KOMIIO3UTOB 3HAUUTENIBHO YJIyULIMIUCH (00Jee BbICOKas THAPO(UIbHOCTD,
aHTH(OYIMHTOBbIE CBOMCTBAa, PaBHOMEPHOE pacIpeleNeHne mop, Ooiiee BBICOKas
CEJIEKTUBHOCTH U IPOHHUIIAEMOCTb ).

Kak mpaBuno, monmuduxamuss monumepHoit memOpanbl [lmoponukom @127
OCYILECTBIISICTCS ITyTEM BBEACHUS 100aBKH B GOopMOBOUHBIN pacTBop [206,215,217,224—
230]. Beemenune IlmropoHrka B (OPMOBOUYHBIA TOJMMEPHBIA pPacTBOp M CO3IaHUC
MeMOpaH TPUBOAUT K YBEIWYCHHIO THUAPOPHIBHOCTH, MPOU3BOAUTEIBHOCTH U
HOBBIIICHNIO YCTOMYNBOCTH K 3arpsiI3HEHUIO MTOJIMMEPHBIX TOPUCTBIX MEMOpPaH Ha OCHOBE
nommupumuga (I1OU), nomuddupcynspona (I19C), amerata memtonossl (AlLl),
nonucynbpona  (IICA),  nonuBuHunOytupans,  noauBuHwixjopuga  (I1BX),
nouBuHMHAeHGTOpUaa (ITBA®D), nonuakpunonutpuia (ITAH) [206,215,217,225-228].

bouto uzyueno Bnusinue [Imoponnka 127 na xapakrepuctuku memOpas u3 [ICD
U cyabhupoBaHHOro moauddupkerona [229]. beuto mokaszano, uto gobasieHue 5,5 macc.
% Ilmoponnka @127 B IICO wmemOpaHy mNpHUBENO K YBEIMYCHHUIO YACITHHOU
NPOM3BOAMTENLHOCTH TI0 Boje ¢ 340 n/(M%4) no 540 n/(M?4) ¥ yBETMYEHHIO CTENEHH
BocctanoByieHus: moroka (FRR) ¢ 55% mo 75% [229]. A. Venault u np. oTMEeTHIH, YTO
MeMOpanbl [ICO-Tlmoponuk ®108, nonyyeHHsie MeTo0M UHBEpCHH (a3 (0caxkIeHHUe ¢
noMomipio ucmapenus pactopurens) (VIPS) [224], ornmyarorcss 1o CTpyKType |
3G (HEeKTUBHOCTH OT MeMOpaH, MOJYYEHHBIX METOJIOM MHBepcHH (a3 (ocaxaeHHe MyTeM
norpyxenust (NIPS)). Ho yron cmaunBanus nagaer Huke 60°, HE3aBUCMMO OT METOJA
MIOJITOTOBKM MeMOpaHbl U crocoba moOasnenust Ilmoponnka @108 B (hopMOBOUHBIN

pacTBop.

1.5.3. HanopuabTpauMoOHHbIe MEMOPAHBI

['unpodoOHble  HAaHOPUIBTPALMOHHBIE  MEMOpaHbl  Oojiee  TOJBEPKEHBI
3arpsA3HEHUI0 M3-3a IMOBBIIIECHHON aQ@UHHOCTH CBS3BIBAHUA THMAPO(POOHBIX MOJIEKYII,
TaKWX KaK KHUCIOTHI, (PypaHbl W MOHOCAaXapuibl, B JUTHOLEIUTIOJIO3HOM THIPOJIH3ATEe

[231], uTo BBI3BIBaeT 3aKymopuBaHHE MOpP MeMOpaHbl. [loBbImICHHE THAPODUIBHOCTH
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MeMOpaH sBisieTcs 3(PQPEKTUBHONW cTpaTeruei yaydIleHUs XapaKTepUCTUK MeMOpaH.
[ToaToMy ObLIO pa3pabOTaHO MHOXKECTBO CTpaTernii MOAM(UKAIIMK MOBEPXHOCTH JIs
MOBBIILIEHUSI TUAPODUILHOCTH HAHOPWIBTPAIMOHHBIX MEMOpaH U, CJelI0BaTelIbHO,
YIIydIIeHUsS €€ CIOCOOHOCTH MPEMSITCTBOBATh 3arps3HEeHuIo. [Ipumepsl 3THX METOJ0B
BKJIIOYAIOT CMENIIMBAHUE, aJJINTUBHOE CIIMBAaHHUE, TPUBUBKY, MOKpbITHE, Y D-001yUeHne
u  ¢dysxnuoHammzammoo MemOpanbsl [232,233]. 3arpsisHeHne HaHO(DHMIBTPAIIMOHHBIX
MeMOpaH MOXHO YMEHBIIUTb, UCTIOJB3YsI MOJIMMEPHYIO0 MEMOpaHy, MOIU(PUITUPOBAHHYIO
[Tmroponukom @127, xkoTopelii oTinyaercs ot napyrux comnoiumepo (IIBIT u TIOT).
HckimounTenbHble TOPOOOpa3yote U NOBEPXHOCTHO-aKTUBHbIE cBoiicTBa [lmoponnka
®127  nmenatoT  ero  MEPCHEKTUBHBIM IS YJIYYIIEHHS  XapaKTEepPUCTHK
HaHO(DUIBTPAIMOHHBIX MeMOpaHn [211].

Faneer u ap. [234] uzyuainu s¢pdext nodasneHus 5 macc.% HaHOYACTHUI] JUOKCHIA
kpemuwus (Si02) u 1,7 mace.% Ilmoponuka @127 B [I9C memOpany npu HAHODUIBTPALTH
pacTBopa cMenraHHoro kcmuta. CorilacHO pe3yIbTaTaM UCCIIEA0BaHus, 0 CPABHEHUIO C
MeMOpanamu u3 uucroro I[I19C momudukamms memOpaH HpHBENla K MaKCUMaIbHOMY
MOTOKY KCHJIUTA M MPEBOCXOJHON yCTOMYMBOCTH K 3arpsi3HeHuro. [[oTok yBenmuwmics ¢
24,56 no 59,14 n/(m? 1) mns TIDC/SiO, memOpanbl mpu 4 Gap. Jlns MeMOpaHbI
[IDC/Tnroporux @127 notok ysemwumica ¢ 24,56 po 70,3 /(Mm% 4). KosdduuuenTs:
3anepxkanus Mmemopan u3 yucroro [I13C, TIDC/TImoponuk @127 u II3C/S102 coctaBuiu
87,9 %, 80,6 % u 79,8 %, COOTBETCTBEHHO.

beum  paspaGotansl W mW3y4YeHBl ~ HaHOQWIbTpalMoHHBIE  [LmropoHHMK
®127/mommydupcynbpdon (II9C) memOpans [235]. beuto mokaszaHo, yTo M00aBiieHHE
[Tmroponuka @127 B matpuiry MemOpanbl [I19C 3HaunTETEHO CHUKACT YCAJAKy MEMOPaHbI
B Mporecce cymku. Kpome Toro, Bce pa3paboTaHHble HAHO(DUIBTPAIIMOHHBIE MEMOPAHBI,
npurotoBiennsie u3 [lmoponmka @©127/[13C, MOryT MONTHOCTBIO OJOKHPOBATH
aJbIIMAHOBBI CHHHUI, MOJICKYJISIpHAas Macca KoToporo coctarisieT 1299 r/mons. Kpome
Toro, HaHopunbTpanmuonHas [Inmroponnk ®127/II19C memOpaHa UMeEeT MPOHUIIAEMOCTh
Boabl 176,2 n/(M?> u MIla) npu coaepxanun Ilmoponuk ®127 2,88 macc.%. Taxxe,
HaHopwibTparmonasle  [Lmoponuk  @D127/TI3C  memOpaHbl  TPOJEMOHCTPUPOBAIIU
coxpaHeHue Ko3(duiueHTa 3aJepaHusi albIIMAHOBOI'O CHHEr0 Ha BBICOKOM YpPOBHE

(6onee 95,7 %) moce AMUTENBHOTO MOTPYKEHUSI B PACTBOP TUIIOXIIOPUTA HATPHSL.
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3akiaouenue K raase 1

Ha ocnosanuu Oamnvix, npedcmasieHHvlX 8 JIUMEPAMYPHOM 0030pe MONCHO
coenams 861600 0 Mom, ymo moouguxayus Ilnioponuxom @127 pasnuunsvix nOIUMEPHBIX
mamepuanos 3pgekmusHa U aKxmyaibHa B8cle0Cmeue Mmoo, UYMO OH MOXlCem
UCNONB308AMBCA U KAK MOOUDUKAMOp U Kax nopooodpasosamensb O paspabomku
NOMUMEPHBIX ~ MeMOpaH, NpuGoOsAWUll K NOJYYEHUI0 3d0AHHOU  CMPYKMYpsbl U
@dyHKyuoHanuzayuu NOBEPXHOCMU MemMOpan (3a0anusi OnpeoeneHHo2o UOPOPUIbHO-
auopoobroco bananca nosepxnocmu). Mooupuxkayus NIOPOHUKOM — U3BECHHBIX
MEMOPAHHBIX ~ MaAmMepuanos Ha OCHOBe NONUBUHUTIOB020 cnupma u
noaugheHuneu30Pmaramuda aKkmyanbHa 6ciledcmeaue YayuueHus ux GQuuUKo-Xumudeckux
U MPAHCNOPMHBIX XAPAKMEPUCMUK C Yeablo NoGblueHUs dpgexmusnocmu u
nPoOU3800UMENLHOCU MEeMOPAHHBIX NpOYeccos (nepsanopayuu, HaHoguibmpayuu u
yasmpaguiempayuu), Komopbvie AGIAIOMCA  AlbMEPHAMUBHBIMU U  AKMYATbHLIMU

memooam pas()eﬂeﬁwz U KOHYEeHmpupoearus pa3iudHblx AHAIUMOE 6 HACMOoAUee 8PEMAL.
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I'/TABA 2. SKCIIEPUMEHTAJIBHASA YACTb

2.1. I/Ic110.111>3yeM1)1e PC€AKTHBLI U MaTCPHUAJIbI

[Tonu-m-penunennzodramamua (ITA, kommepueckuii oopazer; @enunon C2, J0T.
12/2018, OO0 «tFOHUTIJTACT», r. Bnagumup, Poccust) u nonmuBuamioBsiii ciimpT (ITIBC,
Mw = 141 k/la, ceptuduxar ananuza Ne 553041-3013, 3AO «JlenPeaktuB», r. CaHKT-
[TerepOypr, Poccusi) ObUIM HMCTHONB30BaHBI B KadyeCTBE MEMOpPAHHBIX MAaTEpPUAIOB.
[Tmtoponuk @127 - TpuOIOK-COMOIUMED MOIUITUICHTIUKOISA-TIOTUIPONUICHIITUKOJISA-
nojmytrneHrukos (IIDT-TII-TI2T) (ITJT ©127, Mw = 12,6 k/la, otHomienune 19T k
[T 70:30, «Sigma-Aldrichy», Cent-JIyuc, Muccypu, CIIIA) Obl1 BeIOpaH B KayecTBE
MoauduKaTopa IJis MPUTrOTOBJICHUS MeMOpaH, O1arogaps ero amuduiILHON IpUpoIe, a
TakKe B KauecTBe mopoodpazosareis. JlaBcan (monmdpupHbIil HeTKaHbld MaTepuai, 3A0
«JlerPeaktuB», r. Cankt-IletepOypr, Poccus) ncnosb30Baiu B Ka4eCcTBE MEXaHUIECKON
MOJIONKKH Il IpUrotoBiieHus: nopucteix [IA MemOpan (momnoxek). Kommepueckyto
yIbTpaQUIBTPAMOHHYI0 MEMOpaHy U3 apoMatudeckoro nonucyishonamuaa (YIIM-20,
pasmep nop 200 A, «Bnamunop», r. Bnagumup, Poccus) MCIonb30Bald B KayecTBe
MOPUCTOM TIOJJIOKKHA JUIsl TPUTOTOBJICHUS KOMITO3UIIMOHHBIX MEMOpaH C TOHKUM
cenexktuBHbIM cioeM u3 [IBC. IMommytunenumun (IIDU, Mw = 25 xla, 1,030 r/mm,
«Sigma-Aldrich», Cenr-Jlync, Muccypu, CIIIA) wucrnonb3oBaau I HAHECCHUS Ha
ynbTpadunbTpaniionusie  [TA  MeMOpaHbl 17 NPUTOTOBJICHUS  MOJOKUTEIHHO
3apsyKEHHBIX HAHO(DUIIBTPALIMOHHBIX MeMOpaH. berumii ceiBopoTouHblid anb0ymuH (BCA,
Mw = 68 x[la, Ne A2244,0050: ¢paxuus anpoymuna V (pH 5,2), «[TanPeak AnmmmXumy,
r. MockBa, Poccus) m cmazouHo-oxnaxnaaromas sxkuakocte (COX, Bwurron-297,
mwiotHocTh Menee 920 kr/m® mpu 20 °C, « CEPBOBUT», . Munck, Benapycs) Gbuin
HCIIOJIb30BAHbBI B KAYECTBE 3arpsiI3HUTENCH B yIbTPa(QUIBTPAIIMOHHBIX SKCTIEPUMEHTAX IS
UCCJIEIOBAHUSl TPOU3BOJUTEIBHOCTH M aHTU(OYJIMHIOBBIX CBOMCTB mHOpUCTHIX I[IA
meMOpan. N,N-gumerunaneramuyn (JAMA) (B kauectBe pactBoputens [TA), LiCl (mns
crabunuzanuu pactsopa I[1A), manenHosas kucinora (MK) (B xadecTBe CHIMBAIOILIETO
arenta), mMetaHoi, Toiayon u usomnpomanon (MIIC) Obliu mpuoOpeTeHbl B KOMIIAHHU
«Bekron» (r. Cankt-IlerepOypr, Poccust) u wcmonp30oBauch 0€3 JIOMOJHUTEIHHON

00paboTKH.
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2.2. MeToauka NpUroToBJeHHs] KOMIIO3UTOB H MeMOPaH Ha HX OCHOBe
2.2.1. Hommn-m-pennaenusopraiavui/Ilnroponnk @127 nas yrbrpaduiabTpanuu

VabTpadunbrpaiiionnsie mopucteie MemOpanbl U3 [IA ObuUM TPUTOTOBJIEHBI
cnenytonmum obpazom: 1A pactBopsuin B oxnaxaeHHoM [IMA, coxepxamiem ~0,7 macc.
% LICl, ¢ noay4yenuem 12, 15, 17 u 20 macc. % pacTBOPOB MoJMMepa U OCTAaBIISUIA Ha 4
aast npu -5 °C. Ilopucteie MeMOpaHbl OBUTH MPUTOTOBIEHBI METOIOM HHBEpcuu (a3
(ocaxnenne myreM mnorpyxenus (NIPS)): pactBop IIA HaHOcuIM Ha CTEKJISHHYIO
mwiacTuHy (C (UKCHUPOBAaHHBIM JIABCAHOM B CIllydyae IMOATOTOBKH TOJJIOKKH JIJist
NepBalopallMOHHBIX ~ MeMOpaH) W  HOrpyKajid B  OCAJAMTEIbHYI0 BaHHYy C
JUCTWILTUPOBAHHON Bojoi mpu 25 °C, rae nmpoucxoawio (GpopMUpPOBaHHE MEMOpaHBI.
[Topucteie MeMOpanbl (0€3 JTaBcaHa) OCTABISLIN HA 12 4 B TUCTUIUTMPOBAHHOW BOJIE JIJISI
notHOM 3KeTpakiuu [IMA. Beenenue [Imroponuka @127 B ITA meMOpaHb! OCYIIECTBIISIN
nyteM pobasnenus 5-20 macc. % [lnroponuka @127 mo OTHOMIEHHUIO K Macce MOIMMeEpa B
(GOpMOBOUYHbBIE PACTBOPHI MIPU HENPEPHIBHOM NEPEMENIMBAaHUU B TedeHue 30 MHUH Mpu
KOMHATHOW TeMIeparype U ¢ Mocleayromiei o0padoTkol yiabTpa3BykoM B TeueHue 20
MUH. MakcumansHoe coaepxanue Ilmoponnka @®127 B (popMOBOYHOM pacTBOpe
coctasisio 20 Macc. %, Tak Kak JajbHEIIee yBEINYEHUE €r0 KOHIEHTPAUU TPUBOANIO
K YXYJILIEHUI0 MEXaHWYECKOM NPOYHOCTH MeMOpaH M HHU3KOMY JHUCIEPTHPOBAHUIO

[Tmroponuka @127 B maTpuiie MeMOpaHBbI.

2.2.2. lMonmm-m-pennaennsopranamua/Ilaoponnk @127 memOpanbl 1J1s1

nepBanopanuu

[TepBanopanmonusie nuddy3rnonnsie MmemOpanbl u3 [TA roTOBWIM CIEAyIONIUM
obpazom: ITA pactBopsuin B oxnaxkaeHHoM JIMA, conepxamem ~0,7 mace. % LiCl, ¢
nosiyueHneM 8 wmacc. % pacTBopa MmojwMmepa W ocTaBisin Ha 4 jHsa npu -5 °C.
[TpuroroBnenne komno3utoB I[IA-IIJI @127 ocymecTBisaau myTeM H00aBiIeHUs
paccuntanHoro konudectBa ILmoponuk @127 (5-20 macc. % oT Macchl moiaumepa) B
pactBop IIA npu nepememnBanuu B TeyeHre 30 MUH IpU KOMHATHOM TemIiepatrype u
nocJeayolie o0padoTkol yinbTpa3BykoM B TeueHue 20 muH. J{uddy3rnonnbie MeMOpaHbl

u3 1A u xomnosutoB [TA-T1JI @127 Obuin mpUrOTOBIEHBI MyTEM OTJIMBA PacTBOpa Ha
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yamku [letpu ¢ ucnapenueM pactBopuTtelns B cymuibHoM mikady npu 60 °C B TeueHue

24 4. TonmuHa MeMOpaHbl, U3MEPEHHAsE MUKPOMETPOM, cocTasiisiia 40 £ 10 Mkm.

2.2.3. lNonuBunuoBselii ciupt/Ilmoponnk @127 1is nepBanopanum

[TepBanoparnmonnsie nuddy3rnonnsie MemOpanbl Ha ocHoBe [IBC u IIBC-TIJT ®127
KOMITO3UTOB TOJIIUHON 40 MKM OBUIM MPUTOTOBJICHBI CIEAYIOIIMM oOpa3oM: 2 macc. %
pactBop [IBC, nonyuennsiii mytem pactBopenus [IBC nmpu 90 °C B Teuenue 5 4 B Boje
c/6e3 35 macc. % MK (ot maccer I[IBC) u IIJI @127 (1-3 macc. % ot maccel I11BC),
ornuBanu B yamku [leTpu ¢ mocneayromuM UCHapeHUeM PAcTBOPUTENS B CYLIMIHBHOM
mkady npu 40 °C B Teuenue 24 4. [lomydyennoie memOpanbl Ha ocHoBe [IBC ¢ MK
nporpeBanu npu 110 °C B Tteuenne 120 MUH Uil XUMHYECKOW CIIMBKH IMOJUMEPHBIX
uene. Konnenrtpanus [lmoponnka @127 orpannuuBanace 3 macc. % B Marpuue
MeMOpaHbl, TaKk Kak OoJiee BbICOKAas KOHIEHTpauus MOAM(HUKATOpa MNpHUBOJIWIA K
YXYIIUIEHUIO MEXaHMYEeCKHMX CBOMCTB MeMOpaH U IJIOXOMY JHCIEPIHPOBAHUIO
Mo u(puKaTopa.

[lepBanopaninoHHbIE KOMITO3ULIMOHHBIE MEMOPAHBI C TOHKUM CEJIEKTUBHBIM CII0EM
u3 [1BC u xomnozuta [IBC-I1JI @127 Obiin npUroTOBIIEHBI ITyTeM HaHeceHus 2 macc. %
BosHOTO pactBopa [1BC c¢/6e3 35 macc. % MK (ot maccer [IBC) u ITmtopornka @127 (3
macc. % ot macchl [IBC) Ha moBepXHOCTh MOPUCTHIX YJIbTPAQHUIBTPALMOHHBIX MEMOpaH
(ITA nmpuroroBieHHOro ¢ ucrHoiib3oBaHWeM JaBcaHa W YIIM-20), ucrnonb3yembix B
KauecTBE TMOJJIONKEK C IMOCIEIYIONMM HCIIapEHUEM PpACTBOPUTENS MPU KOMHATHOM
temrneparype B TeueHue 24 udacoB. Kommosuinmonnele memOpansbl, coaepxkaimue MK,
Takke noaseprain Tepmoodpadorke npu 110 °C B Teuenne 120 muH. TonmmHaa TOHKOTO
CEJIGKTUBHOTO CJIOS KOMIIO3MIIMOHHBIX MeMOpaH Obula ompefjelieHa METOJOM

CKaHUPYIOIIeH 3ekTpoHHO# Mukpockonuu (COM) u cocrasisuia 1,5 + 0,3 Mm.

2.2.4. HanopuabTpaumoHHbIe MEMOPaHbI

Hanodunperpanmonnsie MeMOpaHbl ObLUTH IPUTOTOBJICHBI TyTEM HaHECEHHs 7 Macc.
% BomHoro pactBopa IIDOU Ha mopucrtyto yibTpaduibTpanoHHyo memoOpany I[IA,
NPUTOTOBJICHHYIO, KaK yKa3aHo Bbille B pasznene 2.2.1 u3 17 macc. % pactBopa I1A 6e3/c
[Troponukom @127 (10 u 15 mace. % no otHowmenuto k Macce ITA) ¢ nmocieayromum

MCIIapEHUEM pacTBOPUTENS TPU KOMHATHOW TEMIIEpaType B TeUeHue 24 u.
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2.3. MeToabl MCCJIeI0BAHUSA

2.3.1. UudpakpacHas CIeKTPOCKONMS

MK CHekTpoCKONHI0 MCIOIB30Balid, YTOOBI HCCIEAOBATh B3aMMOJICHCTBUE
noaumepoB ¢ IlmoponnkoM @127 u n3yunuTh CTpyKTypHble ocoOeHHOocTH obpasua. UK
cnexTpsl MemOpan u3 1A u [IBC, monudunupoBanusix [Imroporukom @127, nomyyanu
npu komHatHoi Temnepatype (22 °C) na UK cnekrpomerpe Bruker Tensor 27 («Bruker

Daltonics», r. Bpemen, I'epmanus) B auanasone 5004000 cm? ¢ paspemennem 0,5 cm 2.

2.3.2. SinepHblii MATHUTHBIN Pe30HAHC

SIMP-cniekrpometp Bruker Avance 111 400 WB («Bruker Daltonics», r. Bpemen,
I'epmanus) ¢ 4-mummumerpoBbiM CP/MAS-30H10M W MarHUTHBIM TosteM 9.4 Tn
MCIIOJIb30BAJIM IS PETUCTPALMU CTPYKTYPHBIX M3MeHeHui B MemOpanax. s H u 13C
SMP uactota Jlapmopa cocraBisina 400,23 u 100,64 MI', cooTBeTcTBeHHO. KUIKUit
TETPaMETUIICHIIAH OBbLI HCIOIb30BAaH B KaueCTBE BHEIIHEro sTanoHa mis °C SIMP.
O06pasipl MeMOpaH 3arpyskaiu B 4-MM pOTOP U3 OKCHJIa IUPKOHUS, KOTOPBIN BpaIiaics ¢
gacroroit 12,5 kI'u. Crexrper AMP {1H}3C CP/MAS 6butn 3anmcans ¢ 2048 cxkanamu,
BpeMeHeM koHTakTa 10 mMc u penakcamueit 2 c. MemOpanbl u3 I1A u xommno3suta I1A-
[Tmoponnk @127 pactBopsuin B nedtepupoBanHoM N,N-aumetwipopmamuie s
nposenenus H SIMP-anannza. Criektpsl 'H 1mostydanu B cTaHIAPTHBIX 5-MM IPOOHpPKaXx.
CrieKTpbl MPOTOHOB OBLIIU MOTYUYEHBI C UCTIOIB30BAHUEM 3aJIEPKKH pelaKkcaluu 7 ¢, yria
ummysibea 90°, 16 ckaHupoBaHMIA U BpeMeHHU cOopa TaHHBIX 6,5 ¢. XMMHYECKHE CIBUTH B

MIPOTOHHBIX CHEKTPax OTHOCUIHU K curHainy N,N-aumetundopmamuaa (6 = 2,93 m.z.).

2.3.3. CkaHMpy01Iasi 3JJeKTPOHHAS MUKPOCKONUA

COM-mukpockon Zeiss Merlin («Carl Zeiss SMTy, r. ObepxoxeH, ['epmanus) O
WCIOJIb30BaH TIpU yCKopsitolieM HamnpsokeHun 1 kB u Toke myuka 100 mA nais
UCCIICZIOBaHUsI BHYTPEHHEN U MOBEPXHOCTHOM MOP(HOJIOTUH pa3paboTaHHBIX HEMOPHUCTHIX
(mnPy3MOHHBIX M KOMIO3UMIMOHHBIX) W TOPUCTBIX MeMmOpaH. [ns wuccrnemoBaHus
CTPYKTYpBI IIONIEPEYHOr0 CKOJIA MEMOpaHBbI MOrpyKaJld Ha MATh MUHYT B KUJKUW a30T, a

3aTeM pasiiaMbIBaIM MEPHIEHAUKYJISIPHO MOBEPXHOCTH.



58

2.3.4. UccenoBaHue yrjioB CMaYMBaHUS

Jlnst uccnenoBaHusi U3MEHEHUS IOBEPXHOCTHBIX CBOMCTB pa3pabOTaHHBIX MEMOpaH
B pe3ynbrare ux Moaudukanuu [236] mpoBOAMIN H3MEPEHHE YII0B CMauyMBaHUS BOJIOM
HA MMOBEPXHOCTH HEMOPUCTHIX MeMOpaH (nuddy3nOHHBIX U KOMITO3UIIMOHHBIX) METOI0M
nexamied kar Ha npudope ['onmomerp JIK-1 (OOO HIIK «OtkpeiTas Hayka», T.
Kpacnoropck, Poccus) ¢ mporpammubeiM obecnieuennem DropShape (OOO HIIK
«OtkpbiTas Hayka», r. KpacHoropck, Poccust) nnsi aHanmsa moJydeHHBIX PE3yJIbTaToB.
[lepen n3mepeHusiMu MeMOpaHbl BbIICPKUBAIHM B BakyyMHOM Mikady 7 nueit npu 60 °C

A YAAJICHUA OCTATOYHOT'O paCTBOPUTECIIA.

2.3.5 ATOMHO-CHJI0Basi MUKPOCKONHS

Jlns  uccnemnoBaHus Tomorpaduu  MOBEPXHOCTH  pa3pabOTaHHBIX MeMOpaH
UCITOJIB30BAJICST aTOMHO-CcHIoBOM Mukpockon “NT-MDT” NTegra Maximus («NT-MDT
Spectrum Instrumentsy, r. Mocksa, Poccust) B pexxuMe OCTYKHUBAHKS U CO CTaHapTHBIMU

KPEMHHUEBBIMU KaHTHIIEBEPAMH C JKECTKOCTHIO 15 Hm 2,

2.3.6. UccienoBanne paBHOBECHOT0 HAOyXaHHUS

Crenenb paBHOBecHOTO HaOyxaHus auddy3noHHbsix MmemOpan u3 [1A u [1BC u ux
koMno3uToB ¢ [Imroporukom @127 Obina n3ydeHa TpaBUMETPUIECKIM METOJIOM NP 22
°C. Ilnenku u3BeCTHOM MacChl ObUIH MOTPYKEHBI B PACTBOPUTETH (METAHOJI, TOIYOJT) UITU
cmecs (pasaensemas Boga/UIIC cmecs) 1 exxeTHEBHO B3BEITUBAIH JI0 TIOCTOSTHHOM MACCHI.
MemOpanbl BblaepkuBanu 24 yaca B cymmiabHOM mmkady npu 40 °C, mocne uero
ONpeesyId UX Maccy JUIsl OLUEHKH OCTATOYHOrO PacTBOPUTENsS B maTpule. Bricokas
CTeneHb ocTaTouHOro pactBoputens JIMA Oblnma oTMedeHa B MeMOpaHax Ha ocHoBe 1A
[237]. Crenenp paBHOBecHOro HaOyxaHusi (S) pPAaCCUUTBIBAIM TI0 CICAYIOIIEMY

YpaBHEHHUIO:

S = SO + SR, (10)
rae Sp - OTHOCUTENIbHOE KOJMYECTBO OCTATOUYHOTO pacTBOpUTENS, TUP YyHIMPOBABILIETO
13 MOJUMEPHOH TUICHKH, a S - '3BMEHEHHE MacChl MEMOPaHbI, TOTPY>KEHHOM B HCXOIHYIO

CMeCh. Sg U Sy MOKHO PAacCUUTATh IO ClICAyIOIIeMy ypaBHeHuto [237]:



m—m 11
—%).100%, (1)

m (12)
Sp=(——21.100%,

myp
rae m - Macca obpasua nocie HabyXxaHus, m, - HCXOIHAs Macca Cyxoro obpasua, m, -

Macca o0pasia 1mocie 3KCIepUMEHTa 0 Ha0yXaHHIO U CYIIKH.

2.3.7. MeToauka nepBanopamuoHHOro 3KCnepuMeHTa

TpancnopTable CBOWCTBa pa3pabOTaHHBIX HEMOPHCTHIX (IU(p(GY3UOHHBIX U
KOMIMO3UIIMOHHBIX) MeMOpadn u3 [IBC u ITA wucciepoBaiiu mpu IMepBaropaiioOHHOM
pa3feneHur CMeceil BOJa/M30IPONaHON M METaHOJ/TOJYOJl, COOTBETCTBEHHO, B
CTAallMOHAPHOM pEXHMMEe Mpu KOMHaTHOM Temmeparype (22 °C) ¢ HCHOJIb30BaHUEM

nabopaTopHOl A4eliku ¢ >(PQPEKTHBHOM IIOmAAbl0 MeMOpaHbl 9,61 cm?

pu
IIepEMENIMBAHNY M C OCTATOYHBIM JaBieHreM roa MemOpanoii <107 mm pr.cr. (PucyHok
4). TlepmeaT coOWpanid ¥ KOHICHCHPOBAIM B CTEKSIHHOW JIOBYIIKE, OXJIAXIAaeMOM
KUAKUM a30ToM. [lepBanopalioHHbIE SKCIEPUMEHTHI TIOBTOPSIIN B OAMHAKOBBIX YCIOBHIX

HE MCHEE TPEX pa3 M yCPETHSIIH.

flueiika c pasgensemoi cmecbio

MaHOMeTp

@ 0

& il

1‘ L

b
| .
0 nabopaTopHbIi cTeHA,
CTeK/IAHHaA JIOBYLIKa
grem— -t s
BaKyyMHbIi1 Hacoc ¥uakwii asot

Pucynok 4. Cxema nepBanopannoHHON ycTaHOBKH [238].

[Tpon3BoAMTENHHOCTS METOJA TEPBANOPANNU OblIa MPEICTABICHA YEpe3 TaKue
mapaMeTpbl, Kak yzelbHas mnpousBoguTenbHocTh (J) M dakTop pasgeneHus (f),
paccuMTaHHbIE MO MpPEACTaBIEHHBIM B paszzaene 1.2.1 ypaBHenusm (1, 2), conepkanue
KOMIIOHEHTOB B mepmeaTe u koddduimeHt xoHuneHtpupoBanus (K), paccuuTaHHbIil ¢

ucnojabs3oBanueM ypaBHenus (9) B pazuene 1.4.1.
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2.3.8. MeTtoauka yJbTpauibTPAIHOHHOT0 IKCIIEPUMEHTA

TpaHcnopTHbIE CBOKWCTBAa MOPUCTHIX MeMOpaH Ha ocHOBe [1A ObuiM U3ydeHsbl npu
yIbTPaQUIBTPALUU C UCTIONH30BAHUEM CKOHCTPYHPOBAHHON (QMIBTPAIIMOHHON SYCHKH C
nepeMenIuBaHueM ¢ >PQPEKTUBHON ILIOIWAABI0 MeMOpaHbl 28,26 ¢cM? IIpU KOMHATHOI
temmneparype (22 °C) u tpancmeMmOpanHoM aaBieHuu 1 Gap (PucyHok 5). MeMOpaHsI
NPEeIBApPUTENbHO KOHIWUIIMOHUPOBAIM B  TpoIecce  yIbTpaduiIbTpalul  IMyTeM
NPONYCKAaHUs JUCTWIIMPOBAHHOW BOJBI TOJ JaBieHueM 1 Oap B TeueHwe | daca.
XapakTepuCTUKU yIbTpadUIbTPAIMOHHBIX MeMOpaH (TpaHCTIOPTHBIE u
aHTU(OYJIMHIOBbIE CBOWCTBA) OMNpEAENsIM MO MOTOKY 4ucTOM BOAbl (Jw), MOTOKY
sarpssautens (J), koapdunuenty 3anep:kanus (R) ¥ crerneHd BOCCTaHOBJIEHUS MMOTOKA
(FRR), paccunthiBaeMbIM 10 ypaBHeHUsM (3-5), mpenacraBieHHsiM B pasaene 1.3.1., u
K03 puIMeHTy koHneHTpupoBanus (K), paccunTaHHOMY C HCIIOJIb30BaHUEM YPaBHEHUS
(9) B pasnene 1.4.1. borumii ceiBopotounsiii anbOymun (BCA) (0,5 macc. % pacTtBopa B
docharnom 6ydepe (PH = 7)) u smyabcust cMazouHO-oxIaxaaromiei xuakoctu (COX,
ButTt0o1-297) B Boe (5 macc. %) MCMONB30BaIM B KaueCTBE 3arps3HUTENICH B Ipolecce
yIbTPaQUIBTPAuU UTsl OIICHKH aHTHU(OYIMHTOBBIX CBOMCTB Pa3paOOTaHHBIX MOPUCTHIX

MeMOpaH.

S o)
4.4+ maHOMeTp

&

' AueliKa ynbTpadunbrpaumm

f—j cbop nepmeara

MarHuTHas MeLuanka
rasoo6pasHbiii a3oT

Pucynok 5. Cxema ¢punbTpanmoHHol yctanoBku [238].

2.3.9. MeToauka HAHO(PUIBTPALMOHHOT0 IKCIIEPUMEHTA

TpancnopTHbIe CBOMCTBa pa3pabOTaHHBIX HAHO(PMIBTPAIMOHHBIX MeMOpaH ObLIN

M3y4EeHBI B IIPOLECCE HAHOPMIBTPALMHU MOJIEIBHOTO PacTBOPA TSKENbIX MeTamios (Cu?*,
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Pb?*, Cd?") B nmabGopaTopHoli TyNMKOBOI s4eiike IIPU MepeMeIIBaHuu ¢ 3P(EKTHBHON
momaae MeMopansl 1073 M2 ¢ mogaBacMbIM Ha MeMOpaHy aaBieHHEM 10 20 aT™ IIpu
koMHaTHOM Temmeparype (22 °C) (Pucynok 6). Ilepmear cobupain Ha NPOTSKEHUU
Pa3IMIHOrO BPEMEHH, YTOOBI ITOJYYHTh MUHUMAIbHBIA 00beM 5 Mil. J[JIst IpUrOTOBJIEHNUS
UCXOMHOHW CMeCH Ui HAHOQWIBTPALMOHHBIX 3KCIIEPUMEHTOB ObUIM  BBIOpAHBI
pacTBOpHMbIC B BOJe HHUTpaTbl HOHOB TspkeNbiXx MeTauioB (CU(NOz)2, Pb(NOs)2,
Cd(NOz3)2), xoTopble TOTOBHIM pacTBOpeHHEM 50 MI/I KaKAOW COJM B BOJEC TNPH

IMOCTOAHHOM IICPEMCIIUBAHUHU.

Manomerp

?

HanopuisTpannonnas siueiika

4

“ Coop nepmeara

Banion ¢ reinem “

MarnuTHas MeIaIKa
Pucynok 6. Cxema HaHOQUIFTPAIIMOHHON YCTaHOBKH.

[Tpou3BOAUTENBHOCTh HAaHOQWIBTPALMOHHBIX MeMOpaH oOIpeAensaach Mo
nporntaemoct (L), kosddummenty 3amepxkanms (R) wu  koadduumeHty
koHneHTpupoBanus (K) ¢ ucrmonb3oBaHreM ypaBHeHH (7-9), pecTaBICHHBIX B pa3zeie

1.4.1.

2.3.10. I'a3oxpomaTtorpaduueckuii anaamns

CocraB HCXOJIHOM cMecHM M mepMeara ObUIM H3Y4YEHBbl C IOMOILNBIO Ta30BOMU
xpomatorpadud ¢ HCHoib30BaHHeM xpomartorpada Xpomardk Kpucrtamn 5000.2
(«Xpomatak», r. Hmwkuuit HoBropoa, Poccus) ¢ JeTEeKTOPOM MO TEIUIOMPOBOTHOCTH
(katapomeTpoM) U KojoHkamu «Hayesep R» u 15% SE-30 («Xpomatsk», r. HwkHuii
Hosropon, Poccust). B kadectBe raza-Hocurens ucnonb3oBajics renuid. B mpouecce
aHajgu3a XpOMATOrpaMMbl CHHUMAJINCh 3-5 pa3, 3areM IIOJIyYEHHbIE 3HA4YCHUs

YCPEAHSIINCH.
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2.3.11. CnexktpodoToMeTpHUYECKUIi aHAIN3

Conepxxanne BCA u COX B ucxomHoW cMecH U TepMeare aHalIu3UPOBAIU
CHEKTPOPOTOMETPUYECKUM METOJOM C HCMOJb30BaHUEM crnekTpodoromerpa I[19-
5400Y @ npu ayune BostHbl 280 1 500 HM, COOTBETCTBEHHO. J1J1si CMa30YHO-0XJIaXK 1atoIIeit
KUAKOCTH JuTHA BOJIHBI 500 HM Oblila BEIOpaHa SKCIIEpUMEHTaIbHO yTEM UCCIIEIOBAHUS
pacTBOpoB ¢ paznuyHoil koHieHTparueir COX npu pa3znuussix ajiuHax BoJH oT 190 g0

1000 M.

2.3.12. NuBepcHoOHHAsI BOJIbTAMIIEPOMETPHUSA

Conepxanue nonos meramios (Cu?*, Pb?*, Cd?*) B ucxoquoii cmecu, nepmeare u
KOHILIEHTPATEe M3yYald METOJOM HHBEPCHOHHON BOJITAMIEPOMETPHH C HCIIOIb30BAHHEM
BOJILTAMIIEPOMETPUYECKOT0 aHanmsaropa TA-4 ¢ xJjopcepeOpsHBIMH 2JIEKTPOAAMU B
KayecTBe BCIIOMOTaTeALHOTO M JJIEKTPOJa CPAaBHEHUS M PTYTHBIM IJIEHOYHBIM
3JIEKTPOIOM B KauecTBe pabouero. OIHOBPEMEHHO C OAHON MPOOOI Hmepmeara ObLIO

IIPOBEJIEHO HE MEHEE 3 MapajuieIbHbIX U3MEPEHUM.
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I'JTABA 3. PE3YJBTATBI 1 OBCYKAEHUE

3.1. U3yyeHue nepBanopanuoHHbIX MeMOpPaH U3 NoJau-M-(peHwIeHn3oPpranamuaa,

MoaupuuupoBanHoro Ilnroponuxkom @127

[Tommdenmnennzopranamua (ITA) (Pucynox 7) - xoporniuii MeMOpaHHBIN MaTepHa
Osarojiapst €ro BBICOKOW XMMHYECKOM CTOMKOCTH K 3HAYUTEIBHOMY YHUCITY OPTaHUYECKUX
pacTBOPUTENEH, XOpPOLIEH MEXAHUYECKOM W TEPMUYECKOM CTOMKOCTH, KECTKON
CTPYKType€, JUAIEKTPUUYECKUM CBOMCTBaM, IUICHKOOOpa3yrolied CrnocoOHOCTH U

9KOHOMHYECKO# qocTymHocTH [239].

Iil lll
N N -

O O

Pucynok 7. CtpykTypa nojau-m-peHuneHu3oPpraiaMua.

OnHako, HECMOTpPSL HA OTMEYEHHBIE BbILIE TpeuMyiecTBa [1A, nx HEAOCTaTOYHO
U1 3¢ (HEKTUBHOTO pa3AeNeHHs KUAKIUX CMECEel B MPOMBIIIUIEHHBIX Mpoueccax. [loaTomy
B gaHHOM pabote Ilmoponux ®127 wucnonp3oBaii B KauecTBe Moaudukaropa s

YIIy4II€HUs TPAHCTIOPTHBIX M (PU3UKO-XMMHUYECKUX CBOMCTB MeMOpaH u3 [1A.

3.1.1. TpancnopTHbIe XapaAKTePUCTHKH

Pa3paborannbie nuddysnonnsie memOpansl u3 [1A u xomnosutos [TA-ITJT 127
UCCIIEZIOBAJIM NP NEPBANIOPALIMIOHHOM Pa3/I€JIeHUH a3€TPOITHOW CMECH TOJIyOJ/METaHOII
(28/72 macc. %) npu KOMHATHOW Temrieparype. MeTaHOJI IIMPOKO HCIIONB3YEeTCS B
He(TSIHON MNPOMBIIIJIEHHOCTH M B KayeCTBE PACTBOPUTENS B MPOLIECCE DKCTPAKIUU
tostyosia. OfHaKo, pasJieleHHe METAaHOJa OT €ro CMECH € TOJIyOJIOM TpaJuLMOHHBIMU
METO/IaMU pa3liesIeHus! (IKCTPAKIUS, JUCTHUISALNS, KPUCTALTH3AUS, aJICOpOLus, U T.]1.)
3aTPyJIHEHO M3-3a HaJW4us a3zeoTpomna ¢ toiyosioM (72 macc. % meraHona, 28 macc. %
ToJlyosia). DTa mpobjemMa MOXKET ObITh JIETKO pelleHa MyTeM MepBarnopaluoOHHOIO
paszzaeneHus ¢ ucrosibzoBaHueM ITA MeMOpaH, CeeKTUBHBIX K MeTaHOIy. TpaHCHOpTHbIE
CBOICTBA, TakM€ Kak COJEp)KaHWE MeTaHojJa B IepMmeare, (aKTop pas3elieHus,

HOpMaJIM30BaHHAas yjelibHas MPOU3BOAUTEILHOCTh U KOAPGULIHUEHT KOHUEHTPUPOBAHUS



64

s paspabotaHHbIXx MemOpan u3 [TA u xommo3utoB ITA-ITJI @127 (5-20 macc.%) B
MpoIiecce MePBANOPAMOHHOTO Pa3IeIeHUH a3eTPOMHON cMecH ToyoJi/MeTaHou (28/72

Mmacc. %) npejacTaBieHbl Ha Pucynkax 8 u 9.
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Pucynok 8. 3aBucumocts (A) coaepkaHus MeTaHoJIa B riepmeate u (pakTop pazaeneHus
(B) u (b) HOpMaAJIM30BaHHOW yIEIEHOW POU3BOJUTEIBHOCTH 1 KO3 duineHTa
KOHIICHTPUPOBaHMsI OT cojaepkanus [Imropornka @127 B marpuie [TA B mporecce

TICpBAIIOPAIIMHU a3€0TPOITHOM cMecH MeTaHoJ/Tosyout (72/28 mace. %) [239].

bruto momydeno, 4to Bce MeMOpaHbI BRICOKOCENEKTUBHBI K MeTaHory (Oonee 92
macc.% B nepmeare) (Pucynok 8 (A)). CoaepxaHue MeTaHoJIa B IiepMeaTe yBEIUYUIOCh
¢ 92 no 97 macc. % c ysenuuenuem coaepxanus [Lmoponnka @127 B matpune memMOpaHbl
1o 15 macc. %. DTo MOXKET OBITh CBA3aHO C OOpa30BaHUEM BOJIOPOAHBIX CBSI3EU MEXKIY
[Tmroponnkom @127 u [TA, uto mpuBOAMT K O0JIe€ MIIOTHOM YIIaKOBKE MOJIMMEPHBIX IIeTel
MOAU(PUIIMPOBAHHBIX MEMOPAH U MOBBIIIEHUIO CEJIEKTUBHOCTH MeMOpaH Kk MeTtaHoiy. Ha
OCHOBAHHUM JIaHHBIX O KOHIIEHTPALlMM KOMIIOHEHTOB B I€pMeaTe TakKe OblI pacCUMTaH
dakrop pazmenenus (B) (Pucynox 8 (A)). IlokazaHo, 4TO yBeNIHUYEHHUE COACPKAHUSI
[Tnroponuka @127 B marpuiie mMemOpanbl 10 15 macc. % TPUBOIUT K YBEIUYEHUIO
dakropa pazaenenus no 11,8, a 20 macc. % ILmopornuka @127 B MaTpuiie MeMOpaHbI
MPUBEJIO K HE3HAYUTEIbHOMY CHIDKEHHIO akTopa pazaeneHus - 1o 8,4. Ha Pucynke 8 (b)
IPEICTABIEHA 3aBUCUMOCTh HOPMAJIM30BAaHHOM YJIE€IbHOW HPOU3BOJUTEIBHOCTH U
Kod(puimenTa KOHIEHTpUpOBaHus oT cojaepxkanus [Imoponuka @127 B marpuiie [1A B
npouecce  neppanopauuu.  Hopmanu3oBaHHas — yJenbHas — IPOM3BOJUTEIBHOCTH
yMmeHbmiack s memOpan I1A, mogudpuuuposanusix [Lmroponukom @127 Gonee 10
macc. %. DTO CBA3aHO C YBEJIUUYEHUEM KPUCTAIUIMYHOCTH MOIUPUIIMPOBAHHBIX MEMOpaH

(monrBepxkneHo nanabiMU SIMP). YBennuenue conepxanus [Liropornuka @127 B matpuiie

BEHIIOYA BeHHedosuIreWdo]
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mMeMmOpansl 10 10 mace. % npuBesno K MOBBIIEHUIO K03 pUlleHTa KOHLIEHTPUPOBAHUS J10
105,5%, a BBegenne 15 u 20 macc. % [lnroponnka 127 B I[IA meMOpaHbI MPUBENO K €r0
HE3HAYUTEIbHOMY CHIKEHHUIO. M3 MONy4eHHBIX TPaHCIOPTHBIX IAAHHBIX CIEAYET, YTO
membOpana [TA-TIJI @127 (10 macc. %) umeeT onTuManbHbIe TPAaHCIOPTHBIE CBOMCTBA IPU
IepBANOPALUOHHOM paszzaeneHuu a3e0TPOITHOM cMecu METaHOJI/TOJIy O
HOpMaJIM30BaHHAas y/IebHas MPOU3BOAUTEIHLHOCTE B 2 pa3a BbIle, Ha 5 Macc. % GombIire
coJiep KaHue MeTaHoJia B iepmeate u Ha 3,3 % Oouibiie Ko3(pPUIIMEHT KOHUEHTPUPOBAHUS
10 CPABHEHUIO ¢ UCXOIHOM MeMmOpaHoii [TA.

Jns onenku crabunbHoctu IIA-IIJI @127 (10 macc. %) memOpaHbl ObLIO
IPOBEJCHO IEPBANOPALMOHHOE pa3JeIeHue a3eoTPONHOM CMecH METaHOJ/TOIyoNl B

teueHue 7 aueut (Pucynok 9).
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Pucynok 9. 3aBucuMocTb coiepkaHusl METaHOJa B TiepMeaTe U HOpMaTH30BaHHOM
yaenbHo# npousBoautenbHOcTH [TA-TIJT @127 (10 mace. %) memMOpaHbI OT BpeMeH!

TICPBATIOPALIMOHHOTO Pa3/eJICHHsI CMeCH MeTaHoJ/Tomyod (72/28 macc. %) [239].

Bbu10 nosiyyeHo, 4To nocie AIUTENBHOr0 MPOBEIEHUS Mpoliecca MepBanopaluy -
B TeueHue 7 aaeit memOpana [TA-ITJI @127 (10 macc. %) octaBanach CTabUIBLHOM, OBLIO
OTMEYEHO TMOBBIIIEHNE HOPMAIN30BAHHOW YAEIbHOW NMPOU3BOAUTENbHOCTH Ha 11,7 % n
HEeOOJNbIIIOE CHWKEHHME cojep:kKaHus MeraHona B nepmeare (Ha 1,3 %). Otor addekr
MO>XXHO OOBSCHUTh HaOyXxaHHUEM MEMOpaHbl B pa3AeiieMOM CMECH, YTO MPUBOIUT K
YBEJIMYEHUIO CBOOOJHOTO 00beMa MeXay MNOJUMEpHbIMH LernsMu. OAHako, ciexyer
OTMETHUTh, 4YTO 3Ta MoAU(UIMpPOBaHHAs MeMOpaHa MPOAEMOHCTPUPOBAjia BBICOKUMN

YPOBEHb CEJEKTUBHOCTU U yAENbHON MPOU3BOAUTENBHOCTU. TakuM 00pa3oM, BBelEHUE



66
HeOospIoro konuyectsa (Bcero 10 macc. %) IDmoponuka ®127 B matpuiyy ITA
MO3BOJIMJIO 3HAYMUTENIBHO YJYYIIUTh TPAHCHOPTHBIE CBOMCTBA MOJIyYEHHBIX MeMOpaH
(HOpMaTM30BaHHYIO YACIBHYIO TPOM3BOJAMTEIBHOCTE W COJACPIKAHHUE METaHOJIA B
nepmeare), HecMoTpsi Ha To, uto [IA mnpencraBnser coOoil mMONMMMEP C BBICOKOU

HPOHUIIAEMOCTBHIO.
3.1.2. U3yuyeHue CTPYKTYpPHI

Hccnedosanue cmpykmypol Memooom UH@PaKpacHoii CReKmpocKkonuu

HNK-®Oypbe crnekTpockornus Obula HCHOJIb30BaHA JUISI HW3YYEHHUS MPUPOIBI
B3aumozeictus mexay [1A u [lmoponukom ®@127. Ha Pucynke 10 npencrasinenst K-
cnekTpsl nopoika [Inmoponnka ®127 u memOpan u3 [1A u komnosuros [TA-TTJI @127 (5-

20 macc. %).

g
3 T 8
] g g ¥
| | 2
i 8 & n
1 § ||
ILnoponnk ®127 ]
| \l
| 4 J
. e N\ 5
i 3 <
! @ gy a
| 7 A /S U B N
! \ \ \
f | W\
N = ) s v \ J
: , Aoe
i ¥ MA-TLunoponuk ®127 (5 mac. %) | ! g
7Y | W A | & a
- “ vly /“\ I Ay | M
A ! N JINY
# Ny / 8 v iz "'\J %
@ s
F3 /\ o
E VA P
g z f E 3
g 3 MA-TLnopouuk ®127 (10 mac. %)/ \ | A i v M
T | | o | N\
= N | l\v.‘/ \‘u A {,” \
o | vouy N
| \aad 72 V V

§ IMA-TLnoponuk @127 (15 mac. %)
&

=
=>-ms
—
%
=
-

_>-1243.18

= -2

IMA-TLnoponuk @127 (20 mac. “A-)‘/“

325212

=
&
2
8

BonHosoe uucno, cm™
Pucynoxk 10. UK-cniektpsl mopoika [Inmroponnka @127, memOpan u3 [TA 1 KoMIIO3UTOB

TIA-TUT @127 (5, 10, 15 u 20 macc. %) [239].
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B cnektpax memOpan [IA u IIA-OJI D127 obHapykeHa MmUpoKas IoJoca
nornomenus B auanasone 3000-3500 cm !, cBsf3aHHAs B OCHOBHOM C BaJEHTHBIMH
konebanusmu N-H rpynm B ctpyktype [1A, koTopas HE3HAUWTETbHO MEHsUIa KOHTYDP B
3aBUCUMOCTHU OT cocTaBa [TA memOpanbl. UHTeHCHBHOCTH 1Tosioc noromienus mpu 2900

et

, COOTBETCTBYIOIIMX BaJIeHTHbIM KosiebanusiM CH-rpynmnel B Monekyiie [lmoponuka
@127, Bo3pacTaer ¢ yBelIMYeHHEM KOHIICHTPAIIMA MOAU(HUKATOPa B MaTPHIIE MEMOPaHBI.
[llupokas monoca B oOmactu 1100-1077 cM ! NpeamonokKUTENBHO OTHOCHTCH K
BajleHTHBIM Kosiebanust C-O rpynn Ilmoponnka @127, mockosibKy mosioca BaJ€HTHBIX
xonebanmii B o6mactu 3200-3300 cm L, coorBercTByromas OH-rpynmam, He H3MEHSETCS
npu Beeaenun Ilmoponuka @127 [240]. IMux npu 1645 cm?, coorsercrByrommii C=0
rpynmam [IA, cran Gonee BwIpakeHHBIM mocie noGaBienus [lmoponnka ®127 B
noauMepHyro Marpuily. Iluk mpu 1604 cm™ orHOocuTcs K GeH30IbHBIM KoJblaMm I1A.
Yacrorel mukoB mpu 1480-1240 cmL, oTHOCAmMEcs K aeGOpPMALMOHHBIM KOIEOaHHAM
ceszeit C-H B [1A, He ciBurarotes ¢ poctoM koHteHTpanuu [Iimoponuka @127 [240]. TTux
npu 1533 cm?! B ocHOBHOM cBs3aH ¢ neOpMAaMOHHBEIME KojteOanusMu rpymmnsl N-H B
[TA, npu no6asnenuu [Lmoponnka @127 31oT nuk cran O6oliee pa3penieHHbIM. Bropoi
BBIpasKeHHBIN MK pu 1511-1513 cm™ nosiBuiics 3a cueT 06pa30BaHUs BOJAOPOIHOM CBA3H
MeXIy KuciaopoaoMm Moiekyisl [Imoponnka @127 u Bogopogom amuaHoi rpymmsl [TA.
Ha ocHoOBe cHekTpaslbHBIX JAaHHBIX MOKHO CJellaTh BBIBOJ O TOM, YTO BBEJCHUE
[Tmropornka @127 B marpuryy [IA mpuBeno k ¢GoOpMHUPOBAHUIO BOJAOPOAHON CBS3H,
KOTOpasi MOKET CTpyKTypupoBaTs uenu [1A.
Hccneoosanue cmpykmypol MemoooM A0€PHO20 MAZHUMHO20 PE30HAHCA

Kpome Toro, AMP cniekrpockonus Obljia UCIIOJIB30BAHA ISl U3YUYEHUS CTPYKTYPbI
memOpan u3 I1A u xomnosuros ITA-IJT ®127. Cuekrpsr SIMP 3C CP/MAS nopomika
[Tmoponuka @127 u memOpan u3 1A u xommnosutos ITA-IIJI @127 npeacraBieHsl Ha

Pucynke 11.
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Pucynok 11. Cnekrper *C CP/MAS SIMP mys nopomka Ilmoponnka ®127 u meMOpan
u3 [TA u komnosuros [TA-TIJT @127 (5-20 mace. %) [239].

[Muku B quanazone 20-40 m.na., 60-90 m.a. u 100-180 m.xa. cooTBeTcTBYIOT JIMA,
[Tmoponuky @127 u IIA, coorBercTBeHHO. OOHApYyK€HO, YTO HHTEHCUBHOCTH
CHEKTpalbHBIX JUHUN MeMOpanbl [IA B amamazone 60-80 M.n. yBenu4MBaeTCs C
yBennueHueM coaepsxanus [imoponuka @127 B Matpuiie MeMOpansl. JInHUM B 11ana3oHe
100-150 m.m., COOTBETCTBYIOIIME apoOMaTHMYECKUM aToMaM YIJepoJa, B Ipolecce
Momudukanuu He wu3MeHWwmch. Ho o00HapyXeHO HEOOIbIIoe W3MEHEHUE JIMHUM,
pacnonoxeHHbIX B auanasoHe 155-180 m.n. OHM COOTBETCTBYIOT aToMaMm yrjepoja
aMHUIHOM rpynnbl. J[Be crekTpasibHbIE JMHUH, PACIIONOXEHHbIE B Auamna3oHe 155-180
M.J., MO)KHO OOBSICHUTh HAJIMYMEM B MeMOpaHax aMOp(HON M KpUCTaITMYEeCKO (a3
[240]. Ans n3ydeHus: KONMIECTBEHHBIX H3MEHEHUH 3THX ()a3 3TU JTMHUU OBLIH Pa3/IeIeHbI
Ha JIB€ COCTABJIAIONINE, M ObLIO PACCUMTAHO MX MPOIEHTHOE cooTHoueHue. Ha Pucynke
12 mpencraBiieHa 3aBUCHUMOCTb COJIEP’KAaHUS KPUCTAIUIMUECKOM (ha3bl OT CoAepKaHUs

[Tnroponuka @127 B [TA memOpaHax.
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Pucynoxk 12. 3aBucuMOCTb COAepKaHHUS KPUCTAILTHYECKON (Pas3bl OT ComepKaHIH

[Ltoponuka @127 B ITA memOpane (cpeausist morpeurHocts + 1%) [239].

bbuto mokazaHo, YTO 10N KPUCTAJUIMYECKOW (pa3bl MagaeT C yBEITUYECHUEM
koH1eHTpanuu [Imroponnka @127 B membOpane no 10 macc. %, 1 3T0 MOXHO OOBSCHUTH
BaustuueM  [lmoponuka  ®127, nmpensarcTByromero  oOpa3oBaHUIO  KPYHHBIX
kpuctawmyecknx ¢a3 [241]. Ho nonst kpucrammmyeckoi (a3l CHOBa HaYHHAET
YBEJIMYMUBATHCS MPU yBeIMUEeHUN KoHUeHTpauuu [Limoponuka @127 6onee 10 macc. % 3a
CYET YBEJIMYEHHUS KOJUYECTBA CETMEHTOB KPHCTAUIMYECKOTO TOJIMITUICHOKCHAA B
[Tmoponrke D127 B wmarpuiie memOpanbl [204]. HccrnenoBaHue COOTHOIICHHUS
KpUCTAJUIMYeCKOW M aMmopdHOi (a3 meMOpaH cuuTaercs OAHMM M3 BaXHEUIINX
napaMeTpoB B MPOIECCE MEPBANOPALINH, TaK KaK KpHCTaTHYecKast da3a MpensaTCTByeT
TPAHCIIOPTY HEOONBIINX MOJEKYJ uepe3 MeMOpaHy U, CIIeJ0BaTEIbHO, CHUXKAET ee
IPOHUIIAEMOCTb.
Hccneoosanue cmpykmypol Menmooom CKAHUPYyouiell 31eKmpoHHON MUKPOCKONUU

Buytpennioro mopdonoruto memOpan u3z I[IA wu xommnosuroB IIA-TIJI ©127
M3ydaaud C TIOMOIIbI0O CKaHUPYIOMIEH SIEeKTpoHHOU Mukpockonuu (COM). COM
MukpodoTorpapuu nornepednoro ckosa memopat I1A u ITA-TIJT @127 (5-20 macc. %) npu

pa3IMYHOM YBEJIMYEHUU NpeCcTaBiIeHbl HAa Pucynke 13.
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Pucynok 13. COM mukpodotorpaduu nonepeunoro ckona (a) 1A, (6) [TA-ITJT ®127
(5%), (B) ITA-TUT @127 (10%), (1) ITA-TIJT @127 (15%), u (x) [TA-ITJT @127 (20%)

MeMOpaH MpH pa3HoM yBenuueHun [239].

Ha COM mukpodoTorpadusx BugHO, uTo urictas Mmemopana u3 [1A nmeer nBa tuma

OeINBIX TMHMIA: OKPYTJIbIe OeNble TMHUN COOTBETCTBYIOT TUTACTUYECKUM JAedopmanusM, a
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oCTpble Oelble JIMHUM - XPYNKuM u3nomaMm. OaHako, noOasienue [lnroponuka @127 B
Matpuity [1A yBenuuuBaeT HEOAHOPOJAHOCTh CTPYKTYPhI OMEPEUHOTO CKOJIA MEMOPAHBI.
Beenenne 5 macc. % Ilmoponuka @127 B memOpany I1A npuBeno Kk OTHOCUTEILHOMY
BBIPABHUBAHUIO CTPYKTYPHI MOMEPEYHOTO CKOJa (OTCYTCTBHE 3aKPYIJICHHBIX JUHUMN) C
HEOOJBIIMMH PABHOMEPHO PACIPECIICHHBIMU HEOJHOPOJHOCTSIMU IO CPaBHEHUIO C
HeMoauduIpoBaHHOH MeMOpanoit (Pucynok 13 (a, 0)). YBenuueHue copaepikaHus
[Tmroponuka @127 no 10, 15 u 20 macc. % B matpuie [TA BbI3Baso MOBTOPHOE MOSBICHUE
3aKkpyrieHHbIX JuHui (Pucynok 13 (B, 1, 1)). DTO MOXKET OBITH CBSI3aHO C YBEJIUYECHUEM
MJIACTUYECKUX JeopMallnii B CBSA3M C MOBbIIIIEHUEM KoHIeHTparuu [moponuka @127 B

MeMOpaHe.

3.1.3. UccnenoBanue GU3NKO-XUMHYECKHX CBOICTB

H3yuenuey2ﬂ06 cmavyueanun

JUis nM3y4eHuss U3MEHEHUI MOBEPXHOCTHBIX CBOMCTB OBbLTM M3MEPEHBI METOIO0M
JIeKaIIe Kary yriibl CMauiBaHUs BOJAOW HA MOBEPXHOCTH AU Py3nOHHBIX MEMOpaH u3

ITA u xomno3utoB [TA-ITJI @127 (Pucynok 14).
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Pucynok 14. 3aBucUMOCTb BEJIMYMHBI YTJIa CMAaYUBaHUS BOJOW OT COAEpKaHUs

[Tmroponuka @127 B memOpane ITA [239].
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beuto momydeHo, 4tro rUIpOdUIBHOCTH MoBepxHOCTH [IA MmemOpaHbl pe3ko
Bo3pactaetr npu goOabinenun [Lmoponnka @127: BenuumHa yrjia cMayuMBaHUs BOJOU
yMeHbiaercst ¢ 56° no 39° mpu moGaBnenun 20 macc. % Ilmoponuka D127, yto
NOJATBEPXKAACT  3HAYMTEIbHOE  YJIy4IIEHHE  THUAPOPHIBHOCTH  MOBEPXHOCTHU
MOAU(PUIIMPOBAHHBIX MeMOpaH. DTo cBsizaHO ¢ TeM, uto [lmoponuk @127 comepkut
ruaApOoUIbHBIE TPYMIBl MOJMATWICHIVIMKOS, YTO MPHUBOJUT K THAPODUIH3ALANA
MOBEPXHOCTH MeMOpaHbl. CTpyKTypHBIE W3MEHEHHS, BO3HUKAIOIIUE MPH T00aBICHUU
[Tmoponnka @127 B matpuny IIA, cymecTBEHHO BIMSIOT Ha (PU3UKO-XUMHUYECKHE
CBOICTBa MEMOpaH M XapaKTEPUCTUKH NIEPBAIOPALMOHHOTO Pa3ICICHUSI.
H3yuenue cmenenu nadyxanusa memopan

MacconepeHoc B mpomecce IepBalopanud  OOBSICHAECTCS  MEXaHHU3MOM
«pactBopenue-aupy3us». B cooTBeTCTBUM C ITUM MEXAHU3MOM MPEANOYTUTEIHLHO OJIUH
U3 KOMIIOHEHTOB COPOMPYETCSl Ha TOBEPXHOCTH MEMOpaHBbI, mocie 4ero AugPpyHanpyer
yepe3 MeMOpaHy, a jajee, 1ecopOupyercs ¢ MPOTUBOIOIOXKHOM CTOPOHBI MEMOpAaHBI.
[Toatomy crenenr HaOyxaHus Auddy3noHHbIX MeMOpan u3 [TA u xommnoszutoB TTA-TIJI
D127 (5-20 macc. %) u3Mepsiiii B METaHOJIE U TOJYO0JIe TPAaBUMETPUUECKUM METOJIOM JIJIst

00BsICHEHHUSI MaccoNepeHoca KOMIOHEHTOB pazzaensiemoit cmecH (Tabnuma 3).

Tabnuua 3. Crenenp HaOyxaHust MmemOpan Ha ocHoBe ITA u xommo3zuta ITA-ITJI

®127 B metanone [239].

Crenenp HaOyxaHus B
MemMmb6pana
Mmeranoie, %
ITA 20+3
[TA-TUT 127 (5%) 26 £2
[TA-TUT @127 (10%) 31+2
[TA-TUI @127 (15%) 39+1
[TA-TIT @127 (20%) 43 +2

Crenenp HaOyXaHus B TOJyOJI€ JIIsl BCEX M3ydyaeMbIX MeMOpaH Oblila MeHee 3 Macc.
%. Jlannbie B Tabnuue 3 1eMOHCTPUPYIOT, YTO CTENEHb HA0yXaHUsi MEMOpPaH B METAHOJIE
yBennuuBaercs ¢ 20 % 1o 43 % c ysenuuenuem conepxanus [Lmroponnka @127 no 20
macc. % B mMemOpane. OTo o3HauaeT, 4o BBeAeHue [lmoponuka @127 B marpuny I1A

YBEIMYMUBAET MOJSPHOCTh U THAPOPUIBHOCTh MOBEPXHOCTU MEMOpaHbl U yBEIUYUBAET
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cOpOLMI0O METaHOJa Ha €€ MOBEPXHOCTU. DTO CBs3aHO ¢ aMpuduibHOW HpUpoon
[Tnroponuka @127, xotopseiii coaepxkut ruapodpunsHbeie (II91) O6xokum (octatorcs Ha
noBepxHocTH MemOpanbl) u ruapodooHsie (III1IN) 6noku (pukcupyrorcs B MeMOpaHHOU
MaTpuIe). ITH Pe3yJbTaThl HAXOISATCS B COTJIACHH C JAHHBIMHU IO yIjaM CMa4YWBaHUS
(Pucynoxk 14). Kpome Toro, nojasipHoCTh TOJIyOJa 3HAUYUTEIHHO MEHBIIIE, YeM METaHOJIa,
MOSTOMY TOJIyOJl HAMHOTO MEHBIIIE aIcCOPOUpPyeTCs Ha MOBEPXHOCTH MeMOpaHbl. PazHas
copOIMs METaHOJIa M TOTYO0JIa Ha IOBEPXHOCTH MEMOPaHbI MOKET 3HAUUTEIHHO MTOBIHATH
Ha XapaKTepUCTHUKUW MeMOpaHbl B IMpoOIEcCe MEPBANOPALMOHHOIO pa3AelieHHs] CMECH

TOJIy0JI/METaHOIL.

3akirouenue k pasaenay 3.1 riasbl 3

bviu  paspabomansi HOBble nepeanopayuoHHvle  MemMopaHvl U3
noaugenunenuzopmanamuoa,  moouguyuposannozo  Ilnoponukom  ®@127.  Bwiio
nokasauo, umo egedenue Ilntoponuxka @127 6 mampuyy [IA cywecmseenno énusem Ha
CMpYKmypy, —Quauxo-xumuueckue U MpPAHCNOPMHbIE XAPAKMEPUCTIUKU MeMOPaH.
Hzmenenus cmpyxmypol u pusuxo-xumuueckux ceoucmes memopan uz I1A u komnosumos
1A-TTVT @127 uccredosanu paznuunvimu memooamu: UK, COM, AMP, uzmepenuem yenos
cMavusanus u cmeneHu Haoyxauvus. Tpancnopmmuvie Xapakmepucmuxu papabomanHHbix
ouhhy3uonuvix memopan OviIU UCCIE008aHbI 8 npoyecce NepPEanoOPaAYUOHHO20
pazoenenusi azeomponHou cmecu moayoi/memanon (28/72 macc.%). boino yemanoeneno,
umo memopana uz 1A, moouguyuposannas 10 macc. % Ilnoponuxa @127, obraoaem
ONMUMATLHIMU MPAHCNOPMHBIMU CBOUCMBAMU 8 Npoyecce pasoeneHus a3eomponHou
cMecu MemaHo/monyon. HOPMAIUZ08AHHASL YOeNbHAS NPOU3BOOUMENbHOCIb 6 2 pasa
eviue, Ha 5 macc. % boavue codepaicanue memanona 8 nepmeame u Ha 3,3 % 6onvuie
KO3ghhuyuenm KOHYeHMpPUpoOBaHus NO CPABHEHUr ¢ UCXOOHOU Mmemopanou I[IA.
Iosviwenue  HOpMAnU3068aHHOU  YOENbHOU  NPOU3BOOUMENbHOCIU — 00VCI081EHO
VMeHbUEHUEM COOePIHCAHUSL KPUCATIUYECKOU (ha3bl U yeeaudenuem cmeneHu Habyxanus
8 Memanone, Ymo CEA3AHO C NOBBIUEHHOU 2UOPOPUILHOCMBIO NOBEPXHOCIU U3-3d
APUCYMCMBUSL HA NOBEPXHOCU MeMOpanvl 610K08 noausmuieHenukons Illnroponuxa
@127. Hannas memobpana [IA-I1J1 @127 (10 macc. %) npeocmasnsiemcs nepcneKmugHouU
011 UCNONIL30BAHUSL 8 NPOMBIUIEHHBIX NPOYeCcax OYUCMKU MOAYONd Om MemAaHonia u

paszoenenusi Opyeux MemaHoaCo0EPHCAUUX OPSAHUUECKUX CMeCell.
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3.2. U3y4yenue yabTpaguiIbTPANMOHHBIX MEMOPAH U3 MOJIU-M-

(pennnennzodpranamuaa, moaupuuuposansoro Ilnroponuxom ®127

VaeTpadunbrpaniuonusie MeMOpansl u3 [IA 00amar0T HU3KOM CTOMKOCTBIO K
3arpsi3HEHHI0 (CHIDKCHHAsT TUAPO(GHIBHOCTh MPUBOAUT K 3arps3HCHUIO B TPOIIECCe
bunpTpanun). IGPEeKTUBHOCTh MOPUCTHIX MeMOpaH B Tpoliecce yabTpapuiabTparuu
3aBHCUT TJaBHBIM 00pa3oM OT pa3Mepa TMOp, MIEPOXOBATOCTH MOBEPXHOCTH U
ruapoduiIbHO-THAPOoPOOHOr0 Oananca moBepxHocTh MemOpanbl. [losTomMy B AaHHOU
paboTe I pelieHus STOW MpoOJIeMbl U ONTHUMH3AIMU XapaKTEPUCTUK TMOJTUAMUIHON
MeMOpaHbl ObUIM TPUMEHEHBI JIB€ CTpATeTMU: M3MEHEHHE MOPHCTOCTH TOJIHMAMHIHOU

MeMOpanbl 1 Mmoaudukanus [Tmroporukom ®127.

3.2.1. TpancnopTHbIE XapaAKTePUCTHKH

[Topucteie [TA mMemMOpaHbl rOTOBUIU U3 (DOPMOBOYHBIX PACTBOPOB C Pa3IUYHON
KoHIeHTpauue moiaumepa (12, 15, 17, u 20 macc. %) s u3ydeHusl BIAMSHUS Ha
a¢dexTuBHOCTD TpoBeAeHus yiabTpadunbTpamun. [Iponunaemocts [TA mMemOpan u ux
YCTOHYMBOCTb K 3arpsI3HEHHSIM OLIEHHUBAJIM B IIpoLecce YIbTpaduiIbTPalii YHUCTOM BOABI,
pacTBOpa Obrubero coiBopoTodHOro amsoymuna (bCA) ¢ konuentpaumeit 0,5 r/m B
docharnom Oydepe (pH 7,0-7,2) u peanbHOM TexHONMOrHuYeckoi kuaxoctu - COX
Button 297 smynbcuu (5 mace. % B Boe).

B Ta6nuue 4 npencraBieHbl TpaHCIIOPTHBIE CBOMCTBAa MOpUCThIX [IA mMemOpaH B
npouecce yapTpaduiabTpaMd YHCTOH BOABI M PacTBOpa OBIYBETO CHIBOPOTOYHOTO

anb0yMHHa.
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Tabmuna 4. TpancnoprtHble cBoicTBa mopucthix [IA MemOpan B mpoiecce

yIBTpa@UIBTPAIIH YUCTOM BOJIBI M PACTBOPA OBIYBETO CHIBOPOTOYHOTO albOyMuHa [238].

[Torok
ITorok
YUCTOU Crenenb
BCA | Koadpdumuent Kosppunment
Men6 BOJIBI 0) BOCCTaHOBJICHUS
eMOpaHa : 3a/iep)KaHusl | KOHIICHTPUPOBAHMUS
P Uw), P pHp notoka (FRR),
/(m? (R), % (K), %
1/(m? %
4)
4)
[TA-12 580 276 33 58 58
ITA-15 392 123 82 102 70
ITA-17 233 76 99 112 76
ITA-20 63 59 99 109 87

Jauubie B Ta0muie 4 1eMOHCTPUPYIOT, YTO MIOTOK YUCTOM BObI (/,,) 1 moTok BCA
(J) mnst ITA mMemOpaH yMEHbBIIAIOTCS C YBEJIUYEHHEM KOHIIEHTpamuu moaumepa (¢ 12 1o
20 macc. %) B (OpMOBOYHOM pacTBope, HO Ko3dummeHT 3anepxanus (R) u creneHb
BoccraHoBienuss noroka (FRR) yeemuumBarotcs. [lopucTocTh MeMOpaHBI OKa3bIBacT
3HAYUTEILHOC BIMSHHE Ha MPOHHUIIAEMOCTDh U 3ajep)kaHne MeMOpaHbl [242]: yem BbIle
MOPUCTOCTh MEMOpaHbl, TEM BbII€ NPOHUIAEMOCTb W MEHbIIE 3aJep’KaHue.
CnenoBarenbHO, yBEIMYEHHWE KOHIEHTPAIMU TMOJUMepa B (OPMOBOYHOM DPACTBOPE
NPUBOJUT K YMEHBIICHUIO 001l MOPUCTOCTH (MEHBIIUHN pa3mep mop (MakpoIycToT) B
MeMOpaHe U Ha €€ TOBEPXHOCTH). ITO MOKHO OOBSICHUTH BSI3KOCTHIO PACTBOpPA MOJIMMEPA,
KOTOpasi yBEJIMYMBAETCS C YBEJIMYEHUEM KOHIIEHTPALMU MOJIUMEPA U 3aTEM NPUBOJIUT K
0oJ1ee TOJICTOMY U IJIOTHOMY MTOBEPXHOCTHOMY CIIOIO, YTO BEJIET K (DOPMHUPOBAHUIO MEHEE
NPOHUIIAEMBIX, HO 0OoJiee CEeNEKTUBHBIX (C OONBIIMM KOA(PDUIMEHTOM 3aepKaHus)
ACUMMETPHYHBIX  MOPUCTBIX MeMmOpaH [243]. TloaumepHble IeMA  HAYHMHAIOT
B3aMMOJICHICTBOBATH IPYT C IPYTOM IIPHU BHICOKMX KOHIEHTPAIMAX PacTBOpa MojJuMepa, B
TO BpeMsi Kak B pa30aBICHHOM pacTBOpE TMOJUMEpPA B3aUMOACHCTBUE MEXKIY
NOJUMEPHBIMHA  IIeTIIMA ~ yMeHbIaetcs:  [244,245]. Kak cienctBue, pasmep mop
YMEHBIIAETCS € YBEJIWYEHUEM KOHIIEHTpAlMM pacTBOpa MOJUMepa. Y BEIUYEHUE
3HAYEHHUH CTereHu BoccTaHOBIeHUs MoToka (FRR) mis ITA memOpan ¢ yBelndeHHEM

KOHIICHTpAIlMM TOJIUMEpa B (POPMOBOYHOM PACTBOPE MOKET OBITh CBSI3aHO C
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YMEHBIICHHEM Pa3MepoOB MOP BEPXHETO CEJIEKTUBHOIO CJIOSi MEMOpaHbI, KOTOphIE MEHEe
BOCIIPUUMYHBBI K 3arPsI3HEHUSIM OCJIKOM U 00YCJIOBIMBAIOT MOBBIIIEHUE YCTOMYMBOCTH K
3arpsi3HEHUSM B MpoLEcce YAbTpaQuiIbTpauu. A Takke, YMEHbIICHUE IEPOXOBATOCTU
nosepxHoctr MmeMOpaH [1A (moareepkneno nanasiMu ACM) crmocoOCTBYeT MEHbBIIEMY
3arpsizHeHuI0 noBepxHoctu [TA memOpan 6enkom BCA 1 1erkoMy cMbIBaHHUIO OEJIKOB €
MOBEPXHOCTH MEMOpaHBI 1TOCIIe (DUITETPAIIHH.

Ha ocHoBanuu TpaHcnopTHbIX cBoWCTB IIA mMemOpaHa, NPUrOTOBIIEHHAs U3
dopmoBouHoro  pactBopa 12 macc. %  (ITA-12), wumeer  HaWOOJBIIYIO
NPOU3BOAUTEIBHOCTh, @ [IA MemOpana, mpurotosicHHas u3 17 macc. % (ITA-17),
o0nafaeT OoNTUMAIbHBIMU TPAHCHOPTHBIMH CBOMCTBAMU: ONTUMAJIBHBIN OanaHc MeExIy
MPOHHUIIAEMOCTbBIO, KO (HUITUECHTOM 3a/Iep)KaHus, YCTOWIMBOCTRIO K 3arpsisHeHuto (FRR)
U HaubonpmuM Kod(dduireHToM KoHleHTpupoBaHud. [losTomy mopuctbie MeMOpaHbI
[TA-12 u TTA-17 Gbutn momonHUTENBHO MoauduiupoBanbl [Lmoporukom D127, Jlns
W3YUYCHUS BIUSHUA MOJUPUKANMK HA YJIbTPAPUIBTPAIMOHHBIE XaPAKTEPUCTUKHU
nopucteix I[TA wmemOpan, B I1A-12 u IIA-17 BBOgWIM pa3nUyHBIE KOHIIEHTPALUU
[Tnroponuka ®127 (5, 10, 15 u 20 macc. % no orHomeHuto k macce I[1A). TpancnopTHbie
cBorictBa 3TuX ITA u ITA-IIJI @127 memOpan ObUIM TaKXe HCCIIEIOBaHBI B MPOIECCE
ynbTpaduinsTpanuu unctor Boasl u 0,5 macc. % Boanoro pactBopa BCA B docharnom
oydepe (pH = 7,0-7,2) (Tabnuua 5). lannbie mis ucxoaubix I1A-12 u ITA-17 memOpan
Takke OBUIM TIPEJCTaBJICHBI IOBTOPHO [UISI CPaBHEHUS C MOIUMUIIMPOBAHHBIMU

MeMOpaHaMH.
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Tabnuna 5. Tpancnoptheie cBoiicTBa nopuctbix MemOpad [TA (ITA-12 u I1A-17) u

[TA-TUUI ®127 B mpomecce yapTpaduabTpariyi YUCTONH BOABI M PACTBOpa OBIYBETO

CBIBOPOTOYHOTO aJIbOYMUHA.

ITorok Ounbrpanus bCA
MenGpara YUCTOU BOJIBI IloTox FRR. %
Uw) BCA (J), R, % K, %
1/(m? ) 1/(m? )
[TA-12 580 2176 33 58 58
[TA-12-TTJTI ®127 (5%) 636 328 41 85 67
[TA-12-TTJI ®127 (10%) 806 406 39 108 63
[TA-12-TTJI ®127 (15%) 910 424 34 102 59
[TA-12-TTJI ®127 (20%) 1188 434 32 100 55
[TA-17 233 76 99 112 76
I[TA-17-TII @127 (5%) 255 149 94 123 95
[MA-17-TTJI ®127 (10%) 265 149 92 120 97
I[TA-17-TIUI @127 (15%) 344 102 92 110 89
[MA-17-TTJ1 ®127 (20%) 259 102 82 98 85

Jannbie B Tabmuiie 5 mokasbIBaloT, 4TO KO3PPHUIMEHT 3a1ep>KaHus HE3HAUUTEIHHO
yayutnuics a0 41 % nns memOpansl [TA, monudunmpoBannoit 5 macc. % Ilnroponuka
®127 (ITA-12-T1J1 ©127 (5%)) no cpaBHeHuUtO ¢ uncToit MemOpanoit [TA-12. D10 cBs3aHO
¢ nob6asnenuem 5 macc. % Ilmoponuka ®127 B dopmoBounbiii pactBop [1A-12, uTto
NPUBOJIUT K YMEHBIICHUIO pa3Mepa IMOp MOBEPXHOCTHOTO CJIOS, HO YBEIMYECHUIO HX
KonudectBa (moarBepkiaeHo naHHHBIMEH COM). Beemenme 10, 15 u 20 macc. %
[Tnroponuka @127 B memOpany I1A-12 npuBoAUT K CHUXKEHUIO 3HaUE€HUN KOd(duLIeHTa
3aniepskanus no cpaBHeHuto ¢ [TA-12-TTJTI @127 (5%) memOpaHoit. ITO CBUIETENBCTBYET
0 TOM, YTO pa3Mep M KOJMYECTBO MOP HA MOBEPXHOCTU MOAU(PUIMPOBAHHBIX MEMOpaH
YBEJIIMYMBAIOTCA MPU JaJbHEUIIEM yBeluueHUM KoHuUeHTpanuu [lmoponuka ®127. U
yBEJIMUYEHHUE IMOTOKa 4MCTOM BoAbl M pactBopa BCA st 3TUX MOAMPUIMPOBAHHBIX
MeMOpaH 1o cpaBHeHHIO ¢ MeMOpaHoii [TA-12 noarBepxaaet nanubiii hakt (Tabnuma 5).
[Tmroponuk @127 u3MeHseT CTPYKTYpy (OPMOBOYHOT'O PACTBOPA 3a CUET B3AMMO,ICHCTBUS

ero ¢ ITA (oOpa3oBaHue BOAOPOAHBIX CBs3EH), BBHI3BIBACT M3MEHEHHME BSI3KOCTH U HE
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B3aMMO/ICHCTBYET C HEpacTBOpHUTENIeM (OpMOBOUHOTO pacTBopa. [Inroponnk @127 takxke
CKJIOHEH K 00pa30oBaHHIO MHIICIUT M JICHCTBYeT Kak mopooOpaszoBareib [206]. Bce ato
NPUBOJIMIO K M3MEHEHUI0O MEXaHW3Ma U KMHETHKW MHBEpCUU (a3, B pe3ysibTaTe 4yero
W3MEHSIIACh CTPYKTYpa IMOP B CEIEKTUBHOM CJI0€ MEMOpaH.

Jns memOpan u3 I1A-17 nabmonanuchk uHble TeHaeHUU. Jlanasie B Tabmuie 5
IOKA3bIBAIOT, YTO IIOTOK YKMCTOM BOABI yBenmuusaercs ¢ 233 mo 344 n/(m? 1), a
kod(ppuiment 3aaepkanusi ymeHsInaercs ¢ 99 no 92 % c yBenuueHueM KOHIEHTpaIlUuu
[Tmroponuka @127 no 15 macc. % B memOpane [1A-17. D10 npou3omio u3-3a yBeInueHus
KOJIMYECTBA U pa3Mepa IMop CEIeKTUBHOIO CJIO0sl B IMpolecce MOoAU(PUKAIIMH MEMOpPaHbI
[TA-17 (moarBepxkaeHo maHHbIMH COM). JlanbHeiiinee yBeaudeHUE KOHIEHTpAIUW
[Tmoponuka ®127 B Marpuiie MeMmMOpaHbl TNPUBOAMIO K YBEJIMUYEHHUIO BSI3KOCTH
dbopmoBouHoro pactBopa I[IA U CHUXKEHUIO CKOPOCTH OOMEHa pPacTBOPHUTEIb-
HepactBoputenb (o McKelvey) [246]. o6asnenue 20 macc. % Ilmroponnka @127 B
membpany [TA-17 npuBeno K CHIYKEHHIO IIOTOKA YUCTOM BOJBI 10 259 11/(M? 1), 9TO MOKET
ObITh CBs3aHO ¢ arniomepanueii [Imoponnka @127 B maTpuile MeMOpaHbl U TIOBBIIIECHUEM
BS3KOCTH (DOPMOBOYHOTO pacTBOpa TMpH JIOOABJICHWH BBICOKOW KOHIICHTPAIIUU
Moaudukatopa. Moaudukanus Ilnropornkom @127 memOpansl u3 I1A-17 npuBena x
3HAYMTENLHOMY yBeanueHuto noroka BCA: ¢ 76 no 149 n/(m? u) gna IIA-17-I11 ®127
(5%) u TIA-17-I1JT @127 (10 %) u mo 102 n/(m? 1) nias memOpan [TA-17-T1JT ®127 (15%)
u [TA-17-IIJ1 @127 (20%), mockonbky moOaBka ILmoponuka ®127 cmocobcTByeT
oOpa3zoBanuio Mop (MaKpOIyCTOT) M YBEIMUYCHHUIO X pa3Mepa B 00beMe MeMOpPaHBbI.

Bbu1o oTMedeHo Bo3pactanue koddurrenTa konieHTpuposanus (Tadbmuma 5) npu
BBesieHuu [lmoponuka @127 B marpuny 1A (12 u 17 macc.%), kpome TTA-17-T1J1 127
(20%) memOpanbl, 4TO CcBsi3aHO C yBenmueHue noroka BCA mpu coxXxpaHEeHHWH BBICOKHX
3HAYCHU I K03 HUIMEHTOB 3a/iepKaHuUsl. HaunGombmme KO3 (OUITUEHTHI
KOHIIEHTPUPOBaHUs ObUTH OTMeueHbI 17151 MemOpaH [1A-12-TTJT @127 (10%) u TTA-17-TUJI
D127 (5%): 108 u 123%, COOTBETCTBEHHO.

3nauenuss FRR g pa3paboraHHbIx  MeMOpaH  MO3BOJSIOT — OICHUTH
aHTU(OYIMHTOBBIE CBOMCTBA MEMOpaH W 3aBUCAT OT IIEPOXOBATOCTH MOBEPXHOCTH U
pasmepa mop MOBEPXHOCTHOTO CJI0S MeMOpaHbl. MeMOpaHbl ¢ 0ojiee KPYIMHBIMU TIOPaMHU
CUMTAIOTCS OoJiee TOABEP)KEHHBIMH  3arpsi3HEHUI0 W3-32  TOMAJaHUS  MOJICKYJI

3arps3HSIONIMX BELIECTB B MOpPbl U UX OjokupoBanuio. lllepoxoBatocTs MOBEpPXHOCTU
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SIBJISIETCS] OJHUM M3 HanOoliee BaxHbIX QakTopos, Baustonux Ha FRR, nockonbky 6onee
BBICOKAs IIEPOXOBATOCTh  yBEIWYMBACT OCAXKIACHHE M  aACOpPOLMI0O  MOJIEKYII
3arpsA3HAIONIMX BEIIECTB Ha MOBEpXHOCTH MeMOpanbl. 3HadeHuss FRR yBenmuuuBarorcs
npu pob6asnenun Ilmoponuka @127 B (GOpPMOBOYHBII pacTBOpP IO CPaBHEHHIO C
ucxoaubivMu [TA memOpanamu (Tabmuia 5), 3a uckmodennem [TA-12-TITJT @127 (20%)
MeMOpaHbl. DTO MOXET OBbITh BBI3BAHO CIICAYIOIMMMHU npuurHamMu: (1) MOBBIICHHEM
ruApodUIBLHOCTH OBEPXHOCTU MeMOpaHbl B pe3ynbrare BBeaeHus [lnoponnka @127 ¢
rUAPpOUIBHBIMA CETMEHTAMHU  TMOJMATUIICHOKCUIA, YTO TMPUBOJAUT K CHIIKEHUIO
aJcOpOIMK 3arpsA3HSIONIMX BEIIECTB HAa TOBEPXHOCTH MEMOpaHbI, (2) yMEHBIICHHEM
pa3Mepa TOBEPXHOCTHBIX TMOP M YBEIWYEHUEM UX KOJIMWYECTBA, YTO NPHUBOJIUT K
YMEHBIIECHHUIO TOCTYIUICHUS 3arPA3HSIONINX BEIIECTB B MOPHI 1 UX OJOKUPOBKH.

[To mansbIM yiabTpaduasTpanuud Boasl U pactBopa BCA (Tabmuma 5) Obuto
nokazaHo, uro [IA-17-IIJI @127 (10%) wmemOpana oOnamaeT ONTUMaIbHBIMU
TPAHCIIOPTHBIMU XapaKTEPUCTUKAMH H yITyUIICHHBIMHU aTH()OYIMHTOBBIMU CBOMCTBAMH.

Pa3pabGorannas memOpaHa Takke Obljla UCIIBITAHA B TIpOIEecce yIbTpaduiIbTpaluu
peanbHOM TexHoornyeckoi xuakoctu - COX Butrton 297 smynscuu (5 macc. % B Boje).
Memb6panbr T1A-17 u TTA-17-TIJT ®127 (15%) Takke OBLIM HPOTECTUPOBAHBI ISt
cpaBHeHUs. [loayueHHble pe3ynbTaThl NpeacTaBieHbl B Tabnuue 6.

Tabauma 6. Tpancnoprheie cBoiictBa [1A-17 u ITA-TIJT @127 (10 u 15 macc.%)

MeMOpaH B npouecce ynbrpadunbrpanun smyiascun COX Burron 297.

OunpTparus Burtona 297
IToTok uucroit
Memb6pana ITorox Burromna K, % FRR, %
Boxsl (J,,), /(M2 ) R, %
297 (J), n/(m? 1)
ITA-17 233 9 99,9 101,4 62
ITA-17-T1J1 @127 (10%) 265 12 99,9 101,9 67
ITA-17-ITJ1 @127 (15%) 344 13 99,9 102,0 64

JlanHble, mpeacTaBicHHbBIe B Ta0nwie 6, MOKa3pIBalOT, YTO MOTOK Butroma 297
yBEJIIMYUBAETCA C yBelndeHueM cojepxkanus [lmoponuka @127 B marpuiie MeMOpaHsI,
COXpaHsisi BBICOKUU YpOBEHb KO3(PUIIMEHTOB 3aJepKaHus U KOHIEHTPUPOBAHUS. IDTO
cBs3aHO ¢ TeM, uto [Lmoponuk @127 aeiicTByer kKak mopooOpazoBaTeib U YBEIUYUBACT
pa3sMep MakpomyCTOT U KOJHUYECTBO TMOBEPXHOCTHBIX TOp MOIUMDUIIMPOBAHHOM

meMOpanbl. Kpome Toro, FRR yBenuuuBaercst ¢ 62 no 67 npu no6asnenun 10 macc. %
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[Tmoponnka @127 B MemOpaHy. OTO MOXKET OBITb CBSI3aHO C YBEJIWYCHHEM
rUApOPUIBHOCTA TOBEPXHOCTH B pe3yinbrare BBeaeHus Ilmoponuka @127 ¢
rUApOGUIBHBIMA CETMEHTAMHU MOJMATUIICHOKCHAA, YTO MPUBOJUT K YMEHBIICHUIO
aJcOpOIMH 3arps3HAIONIMX BEIIECTB HA MOBEPXHOCTH MeMOpaHbl. CHIKEHUE 3HAYCHUS
FRR 1o 64 % nns [TA-17-11J1 @127 (15%) memOpaHbl MOXKHO OOBSICHUTH yBEIMYEHUEM

pa3Mepa rmop Ha IOBEpXHOCTH MeMOpaHBbI ¢ yBelnmueHueM coaepxanus [Imoponnka ©127.

3.2.2. U3yyeHue CTPYKTYpPbI

Hccneoosanue cmpykmypol Memooom CKaAHUpyouieil 3J1eKmpoHHOIU MUKPOCKORUU
Buaytpennsis mopdomnorus mopucteix IIA MeMOpaH, NPUTOTOBICHHBIX U3

(OpPMOBOYHBIX PACTBOPOB ¢ pa3nnyHOM KoHieHTparueit ITA (12-20 macc. %), Obuia

uccaenoBana merogom COM (Pucynok 15).

(a) MA-12 (6) MA-15 () MA-17 (r) TIA-20

Pucynok 15. COM mukpodoTtorpadun momnepeyHoro ckoja nopuctsix [1A MmemOpaH,
MPUTOTOBIIEHHBIX U3 (POPMOBOUYHBIX PACTBOPOB C pazNu4YHON KoHIeHTpanuei [TA: (a) 12
macc. %, (0) 15 macc. %, (B) 17 macc. % u (1) 20 macc. % npu pa3IudHOM YBEIMYCHUU

(X1=1,00 K, X2=25,00 K 1 X3=50,00 K) [238].
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Ha Pucynke 15 mnokazaHo, 4ro KojuuecTBO U pasmep mnop IIA memOpan
3HAYUTEIFHO YMEHBIIAIOTCS C YBEIMYEHHEM KOHIEHTPAIMH (POPMOBOYHOTO PACTBOpA.
Kpome Toro, BepxHMii ciioM MeMOpaHbl CTal TONIIE M IUIOTHee. [[ns moHuMaHus
MEXaHW3Ma T[OpOOOpa30BaHMSI HA MOBEPXHOCTH MEMOpPAaHBI pPacCMaTPUBAIOTCS
CJIeTyIOLIUE ATAMbl: KOTJa MOJJI0KKA C HAHECEHHBIM PACTBOPOM IMOJIMMEPA MOTPYrKaeTcs
B KOAryJSIMOHHYIO BaHHY, COACPIKAIILYI0 HEPACTBOPUTENDH (BOMY ), KOTOPHIN MPOHHUKAET B
pacTBOp MOJHMMEpa, PAcTBOPUTENH (POPMOBOYHOTO pacTBOpa IOJHMMEpa BHITCKACT B
KOAryJsiHOHHY0 BaHHY [247]. YBennueHnune KoHueHTpanuu GopMoBodHOro pactBopa I[TA
NPUBOJUT K MOBBILIEHUIO BSI3KOCTH pacTBopa mojumepa. llocinenoBarenbHO CKOPOCTh
obMeHa Mexay HepacTBoputesieM (Bojaoi) m pactBoputeneMm (JIIMA) cHmkaercs Ha
NPOTSDKEHWH BCETO TMpoliecca MHBepcuu a3, 4TO MPUBOAUT K Oosiee MeIJICHHOMY
ocaxnaeHuio [TA u GopMHUpOBaHHMIO MOP MEHBINEro KoOJIW4YecTBa M pasmepa [246]. B
pe3ylibTaTe TMPOHUIAEMOCTh MEMOpaH CHIKAaeTcs, a KOIPPHUIHMEHT 3aaeprKaHus
YBEIIMYUBAETCS C YBEIMYCHUEM KOHIIEHTpauuu ¢hopmoBouHoro pactsopa [TA (Tabnuma
4).

[TonepeyHblii CKOJI M MOBEPXHOCTH MOpUCTHIX [TA-12 u TTA-12-TTJT ©127 (5-20
Mmacc. %) memOpan ObutH uccaenoBanbl MmeTooM COM u nipencraBieHsl Ha Pucynke 16.

IHonepe4Hsblil cKoJI IloBepxHOCTH

10 pm 200 nm

(0)

= 5200 6m
| L
¥

()

10 pm X 3o 2 . 200 nm




(n)

Pucynox 16. COM mukpodoTorpaduu nomnepeyHoro ckojia u moBepxuoctu (a) [TA-12,
(0) TTA-12-TIJT ®127 (5%), (B) [TA-12-I1J1 ®127 (10%), (1) TTA-12-TIJI @127 (15%) u
(m) TTA-12-TTJT ©127 (20%) memOpan [239].

Ho6asnenne 5 macc. % Ilmoponuka @127 B [TA-12 mMemMOpany HpuUBOAMIO K
YMEHBIIEHUIO pa3Mepa IOop, HO, B TO K€ BpeMs, K YBEJIMYEHHIO KOJMYECTBA IOp Ha
MOBEPXHOCTH CEJIEKTUBHOTO cjios MeMOpanbl. Beenenue 10, 15 u 20 macc. % Ilmoponuka
@127 B [1A-12 memOpaHy MPUBOAWIO K YBEIUYEHUIO pa3Mepa MaKpOIyCTOT U pa3Mepa
HOBEPXHOCTHBIX I0P, @ TAKXKE LIEPOXOBATOCTU MOBEPXHOCTH (IOATBEPKACHO AAHHBIMU
ACM). Ilpu BwICOKOW KOHIEeHTparuu [lmoponnka @127 munemnnsl B HOpMOBOYHOM
pacTBOpe CTaHOBATCA KpylHee, NOcKoiabKy Ilmoponuxk @127 arnmomepupyercs u
BBIMBIBAETCSI B TpoIecce MHBEpCUHU (a3, YTO MPUBOAUT K YBEIWYCHHIO pazMepa Iop.
Kpowme Toro, BBIMbIBaHUE ITUX KPYIHBIX arsiomepaToB mosiekya [ Lmtoponuka @127 moxer
OBITh MPUYMHOM MOBBIIIIEHHOH IEPOXOBATOCTH MOBEPXHOCTH MEMOPaHBHI.

COM wmukpodororpaduu mnomnepeunoro ckoja mopucteix [TA-17 u ITA-17-T1J1

®127 (5-20 macc. %) memOpan moka3aHbl Ha Pucynke 17.

(a) (6) (B) (r) ()
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Pucynok 17. COM mukpodoTorpaduu nonepeunoro ckona nopuctoix [1A-17 (A) TTIA-
17, (b) ITA-17-TUI @127 (5%), (B) [TA-17-ITJI ®127 (10%), (I") [TA-17- TTJI ®127
(15%) u (1) ITA-17-11J1 ®127 (20%) meMOpaH.

[Tonyuennsie COM mukpodororpaduu CBUIETEALCTBYIOT O TOM, YTO YBEIMUYEHUE
conepxkanwus [Imopornka @127 B 17 macce. % dopmoBounom pacteope [TA no 15 mace. %
MPUBOJUT K YBEJIIMUCHUIO pa3Mepa Mmop MeMOpaHbl (MaKpOIMyCTOT) M KOJIMYECTBA MOP Ha
noBepxHocTr MeMOpansl [206]. C apyroi croponsl, robasnenue 20 macc. % Ilmoponuka
@127 B meMOpany [TA-17 npuBOAUT K YMEHBIICHUIO KOJIHMYECTBA TMOP U YBEIMUCHUIO
IUIOTHOCTH W TOJIIMHBI BEPXHETO CEJIEKTUBHOTO CJIOS. DTO CBSI3aHO C MOBBILIICHUEM
BSI3KOCTH (DOPMOBOYHOTO PACTBOpA, UYTO MPUBOJHUT K YMEHBIIICHUIO TTOTOKAa MEMOpPaHbI
(Tabmnwuma 5).

Hccneoosanue cmpykmypol Memooom amomMHO-CU10601 MUKPOCKORUU

Tonorpaduro moBepxHoctu mopucthix [IA memOpan uzydanmu merogom ACM.
ACM wu3o0paxenuss ¢ pasmepoMm ckanupoBanus 15x15 wmxm IIA  memOpan,
MIPUTOTOBJICHHBIX U3 (POPMOBOYHOTO pacTBOpa C pa3audHoOM KoHIeHTparuen [TA (12, 15,

17 u 20 macc. %), npencraBnensl Ha Pucynke 18.
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Pucynok 18. ACM u3ob6paxxeHus ¢ pa3MepoM cKaHupoBaHus 15x15 MKM MOPUCTHIX
MeMOpaH [TA, MpUTOTOBICHHBIX U3 (OPMOBOYHBIX PACTBOPOB C PA3IINIHOM
koHuentpanueit [TA: (a) 12 macc. %, (6) 15 macc. %, (B) 17 macc. % u (1) 20 macc. %
[238] .
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Ha ocnoBe ACM wu3o0paxkeHuil ObUIM paccuUTaHbl MapaMeTpbl MOBEPXHOCTHOU

mepoxoBatoctu I[TA

MeMOpaH B Buie cpeaHekBaapatuuHo (Rq) u cpenneit

mepoxoparoctu (Ra) (Tabmauma 7).

Tabmuna 7. Ilapamerpel mepoxoBatoctd mnoBepxHoctu IIA  MeMOpaH,

MPUTOTOBJIEHHBIX U3 (POPMOBOYHBIX PACTBOPOB C pazinyHoON KoHueHTpauuei [1A (12, 15,

17 u 20 macc. %) [238].

[TapameTpsl IEPOXOBATOCTH OBEPXHOCTH
MewmOpana
Ra, am Rq, am
ITA-12 30,3 37,9
ITA-15 24,0 30,2
ITA-17 18,7 24,0
ITA-20 4,20 5,30

[TapameTpsl mepoxoBatoctu mnoBepxHocTH (Ra wm Rq) ymeHbmarorcs c¢

yBennmdeHneM KoHmeHTpaiuu [1A B GopMOBOYHOM pacTBOpE. DTO CBSA3aHO C yBEITHMUYCHUEM

BA3KOCTH (POPMOBOYHOI'O PACTBOPA, YTO MPUBOAUT K (HOPMHUpPOBaHUIO OoJyiee MIOTHOU

CTPYKTYpbl MeMOpanb! u3 [1A.

ACM wu3o0paxkeHus ¢ pasmepoMm ckaHupoBaHus 10x10 MKM JIsI TOPHUCTBIX

MeMOpaH, npurotoBieHHbIX M3 12 u 17 macc. % ¢opmoBounbix I[IA pacTBOpOB,

monuuimpoBaHHbIX [Imoponukom @127, mokazansl Ha Pucynke 19,

ITA-12 ITA-17

(a)

nm

100

80

60

40 |

um 20
19
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®)
(r)
(m) .

Pucynok 19. ACM u3ob6pakenust ¢ pasmepoM ckanupoBaHus 10X10 MKM OpUCTHIX
MeMOpaH, MpUroToBiIeHHbIX U3 12 u 17 macc. % (popmoBouHbIxX pacTBOpoB [1A 1
MoaupunrpoBanHbix [Imoporukom @127: (a) 0 macc. %, (0) 5 macc. %, (B) 10 macc. %,

(r) 15 macc. % u () 20 macc. %.

[Tapamerpsl mepoxoBaroctu noBepxHocTu (Ra u Rq), paccumrannsie u3 ACM
M300pakeHU MOPUCTHIX MeMOpaH, MpUroToBiIeHHbIX U3 12 u 17 macc. % popmMoBOUHBIX

pactBopoB ITA u wmoauduuupoBanusix [lmoponuxkom @127 (5-20 macc. %),

npeacraBiieHbl B Ta0mmie 8.
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Tabnauma 8. IlapameTpbl MIEPOXOBATOCTH IOBEPXHOCTU IMOPHUCTHIX MeMOpaH,
npurotoBieHHbix u3 12 wm 17 wmacc. % ¢dopmoBounbix pactBopoB IIA wu

moauduiupoBanubix [ImoponnkoB ®127 (5-20 macc. %).

[TapameTpbl IEPOXOBATOCTH MOBEPXHOCTHU
MewmOpaHna
Ra, am Rq, am
[TA-12 7,4 9,4
[TA-12-TTJ1 ®127 (5%) 8,1 115
[TA-12-TTJT ®127 (10%) 9,4 13,6
[TA-12-T1JT ®127 (15%) 10,1 15,3
[TA-12-TTJT ®127 (20%) 12,6 23,8
[TA-17 4,6 7,1
[TA-17-T1JT ®127 (5%) 4,6 7,1
[TA-17-I1J1 ®127 (10%) 4,5 7,0
[MA-17-TUT @127 (15%) 3,6 4,5
[TA-17-T1J1 @127 (20%) 3,5 4,5

Monudukanus [Tnmroponnkom @127 memOpan [1A, npuroroBnennsix u3 12 u 17
macc. % ¢opMOBOUYHBIX pacTBOpoB IIA, mo pa3sHOMy BIHMSET Ha IIEPOXOBATOCTDH
noBepxHocth. Jlyiss MmemOpanbl [TA-12 yBenuuenue coxmepkanus Ilmoponuka @127 B
MaTpule IPUBOAWIO K yBennyeHuto 3HaueHui Ra n Rq. IIpu atom BBenenue Ilnmroponuka
®127 no 10 macc. % B martpuiy MeMOpanbl [1A-17 He HM3MEHWJIO HIEPOXOBATOCTh
MOBEPXHOCTH, a JalibHelIIee yBennueHue konueHtpauuu [lmoponuka ®©127 (15 u 20
Macc. %) mpuBeio K HE3HAUUTEIIbHOMY CHIDKeHMIO 3HaueHu Ra u Rq. 10 MoxeT ObITh
CBA3aHO C TEM, YTO MOBBILIEHHAas KOHLEHTpanus pactBopa IIA (17 macc. %) yxe
NPUBOAMT K OOJiee MIOTHOW MOPUCTON CTPYKTYpE MOBEPXHOCTH MEMOPAHBI ¢ MEHBIIUM
pasMepoM NOp 3a CYET YBEJIUYEHHUS BS3KOCTH (OPMOBOYHOIO pacTBOpa, a Jo00aBKa
[Imoponuka D127 B 3TON cUTyallun HE OKa3bIBa€T CYIIECTBEHHOrO BIIMSHUS Ha

IIEPOXOBATOCTh MMOBEPXHOCTH.
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3akiouenne k pasaeny 3.2 riaBbl 3

bvinu paspabomanvl nogvle yrompagunvmpayuontsvie Memopanvl U3 KOMHO3UmMa
noaughenunenuzogpmanamuo-Ilnoponux @127. Cmpykmypy pazpadomanHvix nOPUCIbIX
membpan uccaedosanu memooamu COM u ACM. Tpancnopmmuwie ceoticmea memopan
OYeHUBANU NPU YIbMPaduIbmpayuu Yucmo 800bl, pacmeopa Ovlubeco CblBOPOMOUHOZO
ANbOYMUHA U IMYTLCUU CMAZ0YHO-0OXAANACOAIOWEU HCUOKOCMU.

THopucmoie membpanvl comogunu u3 GOPMOBOUHBIX PACMBOPOE C PA3IUYHOLL
koHyenmpayuet IIA (12-20 macc. %), umobwvl onpederumsv OnMuUMAanIbHblie YCI0GUS
NPUCOMOBTIEHUS U UBYYUMb UX 6GAUAHUEe HA IPEeKmusHocms Yibmpaduibmpayuu.
Hanuvie  ynompagunvmpayuu  pacmeopa  0biube2o  CblBOPOMOUHO2O — AlbOYMUHA
npoodemoncmpuposanu, umo memopaunst 11A u I1A-IInroponux @127, npueomosnennvie u3
12 macc. % popmosounoco pacmeopa, obradanu HauboabuLel NPOHUYAEMOCTbIO, M020d
kak memopanvt IIA u IIA-Ilnioponux @127, npucomosnenuvie uz 17 macc. %
GopmosouHo2o pacmeopa, umenu ONMUMALLHBLL OANAHC MeXHCOY NPOHUYAEMOCTbIO,
K02 uyuenmom 3a0epircanusi, CmeneHvlio 60CCMAHOGIEHUSI NOMOKA U KO duyuenmom
KoHyeumpuposanus. Memopana I[1A, npucomoenennas uz 17 macc. % ¢gopmosounozo
pacmeopa u moouguyuposanuas 10 macc.% Inoponuxa @127 (I1A-17-I1J1 @127 (10%)),
061a0ana ONMUMATLHLIMU MPAHCHOPMHBIMU XAPAKMEPUCIMUKAMU. 8 2 pa3a yeeaudeHHblU
nomok BCA c yeenuuenuem na 7,7% xoaghguyuenma konyenmpuposanus u yuiyduieHuem
cmenenu goccmanosienus nomoxa (97%). Paspabomannas membpana makoice Ovlia
uzyueHa 6 mpoyecce YIbmMpaguIbMpayuy pearbHOl MeXHOL0UYeCKOU HCUOKOCU -
amyavcuu COXX Bummon 297 (5 macc. % 6 600e) u npooemMoHcCmpuposaia yeeiuieHue
nomoxa 6 1,5 paza npu coxpameHuu blCOKUX 3HAUEHUl KOIPDuyuenmos 3adepircanus
(99,9 %) u xonyenmpuposanus (101,9 %), a marxoce ynyuwennyro cmenenn
soccmanognenusi nomoka (67%). Viyuwenue mpancnopmuvix —Xxapaxkmepucmux
npouzouiio 3a cuem moouguxayuu [liroponuxom D127, umo npuseno K yeruyeHuro
pasmepa Makponycmom, Koauuecmsed nop 8 epxXHeM CeneKmMueHOM MeMOPaAHHOM CJloe,
2UOPOPUILHOCIU NOBEPXHOCIIU NPU COXPAHEHUU WLEPOXOBAMOCU NOBEPXHOCU HA

NpedNCHeM YPOGHe.
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3.3. U3yyenue HaHOPUIbTPALMOHHBIX MEMOPAH ¢ TOHKMM CeJIEKTHBHBIM CJ10€M U3
NOJMITHJIEHUMHHA, HAHECEHHOT0 HA MOPHUCTYIO MOJIH-M-

ennnenusodpranamun/Ilnoponuxk @127 memoOpany

MOHUTOPUHT COAEPNKAHUS TSHKEIBIX METAUIOB B O0BEKTAaX OKPY)KAIOIIEH CpeIlbl
SBIIETCA  BaXHOW  DKOJOro-aHajduTHUeckoW  3amaueil. [IpumeHeHwe  mIMpPOKO
pacTpoOCTPaHEHHBIX (PU3MKO-XMMHUYECKUX METOJOB HE BCerma OOecledrBaeT MPsSMOe
pelieHre 3TOo MpOoOJIEMBbI M3-3a MabIX KOHIEHTPAIM OMpEeAeNsieMbIX 3JIEMEHTOB H
BJIMSIHUSI MaTpUIbl 00pasilia Ha pe3ynbTarel. Ho nmpoGieMa KOHIEHTPUPOBAHUS TXKEIBIX
METAJIOB MOXKET OBITh JIETKO pElIeHa ¢ MOMOIIbI0 HaHO(uabTparuu. s ymydmenns
CBOMCTB HaHO(MUJIBTPALMOHHBIX MeMOpaH OBUIO MHPEANPUHSATO HECKOJBKO MOMBITOK
chopMHpOBaThL TOHKHHA CEJIEKTUBHBIN CJOW MEMOpaH C TIOMOIIBIO TMPUMEHEHUS
JUHAMHYECKOro maaBieHus [248], wonHOro HaciaamBanus [249] W HCHOIB30BaHUS
Pa3IMYHBIX CIIMBAIOIINX areHTOB, YTO MPUBOIUT K JIydIIei COOpPKE CI0EB U YMEHBIIICHUIO
HaOyxaHus mnoiumdjaekTpoiura [250]. MemOpanbsl u3 I1A MUPOKO HCHONB3YIOTCS B
HaHO(MUIbTpAK Onarojapsi UX BBICOKOW MpoHUIaeMOocTH. OJHAKO, TOBEPXHOCTh 3TUX
MeMOpaH 3apsiKeHa OTPHUIATEIBHO H3-3a OOJBIIOT0 KOJMYECTBA KapOOKCHIBHBIX TPy,
YTO CHIKAET WX 3(P(YEKTUBHOCTH 3aJep:KaHUs MOHOB TSDKENbIX MeTauioB. OIHUM U3
NEPCIEKTUBHBIX TOAXOMOB U YIydIIeHHUs 3ajepxaHus KatuoHoB [IA memOpaHoi
ABIIAETCA W3MEHEHHE 3apsiia TMOBEPXHOCTH MeMOpaHbl. DTO MOXKET OBITh JIETKO
OCYIIECTBJICHO OCWKICHHEM CJOS KATHOHHOTO TIOJHMIJICKTPOIUTA HA MOPHUCTYIO
MOJTMAMHIHYI0 MeMOpaHy ¢ CO3JaHHEeM KOMIIO3UIIMOHHON MeMmOpanbl. B manHOM
uccnenoBanuu pazpadorannsie nopuctoie [TA u ITA-ITmoponuk ®127 memOpansl ObUTH
YCOBEPIIEHCTBOBAHBI ISl CENEKTUBHOTO H A()()EKTHBHOTO HAHODUIBTPAIIHOHHOTO
KOHIICHTPUPOBAHUS TSDKENBIX METAJJIOB MyTeM HaHeceHHs monuaiekrponuta 119U Ha

MOBEPXHOCTh MEMOPAHBI.

3.3.1. TpancnoOpTHBIE XaPAKTEPUCTUKH

Hano(uIsTpaluio pacTBOpa MOHOB TsKenblx Metamios (Cd?*, Pb?*, Cu?*) B Boxe
uccaeaoBatu ¢ ucnoiibzoBanuem MmeMmopan [1A-17, IIDU/TTIA-17 u [IDU/TTA-17-TTJ1 ®127
(10, 15 macc. %). Ha Pucynke 20 nmoka3aHbl IPOHHIIAEMOCTh U KO3(PPHUIIUEHT 3a1epiKaHus
HemouduirpoBanuoi [1A-17 u mogudurpoBanubix MeMOpan mpu 20 aT™ B Tporiecce

HAaHO(WJIBTPALIUU PACTBOPOB MOHOB TSHKEJIBIX METAJIOB.
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Pucynok 20. TpancnopTHblie cBOWCTBA (IIPOHUIIAEMOCTH M KOIDPUIIMEHT 3a1epKaHus)
HeMoauduipoBanHoil [1A-17 u mogudpuuuposanusix [I9U memOpan B mpouecce

HaHO(UIILTPALMU PACTBOPA HOHOB TkKeNbIX MeTaios (Cd?*, Pb?*, Cu?*),

Jlannbie, npeactasiennbie Ha Pucynke 20, mokas3piBaroOT, 4To HaHeceHue ciost [I1DU
Ha MeMOpany [1A-17 IpuBeno K CHUKEHHIO TPOHULAEMOCTH B 3,6 pasa (1 kr/(mM? 4 atm)),
3a cYeT 00pa30BaHMs MIIOTHOTO (HEMOPUCTOTO) ceNeKTUBHOTO cios u3 [IOU Ha nopuctoii
MeMOpaHe. DTO MPUBENO K 3aTPYAHEHHOMY MAacCOIMEPEHOCY depe3 MeMOpaHy, a TaKkxke
MOBJIUSTIO Ha TOPHUCTYIO cTpyKTypy ITA-17 memOpansl. Jlo6aBnenue 10 u 15 macc. %
[Tmroponnka @127 B [IA-17 wmemOpany u HaHecenue cinos [IOM mnoBwicun
IPOHUIIAEMOCTE 10 14 u 23 Kr/(M? 4 atM), COOTBETCTBEHHO. JTO CBA3aHO C TEM, YTO
[Tnroponnk @127 nelicTByeT Kak NOpPOOOpasyloOMIMi areHT, yBeIWYUBas pasMmep U
konmyectBo mop ITA memOpanbl [206], crocoOCTBYsl yBEIMUEHHIO MPOHHIIAEMOCTH
MeMOpaHBbI.

3naueHust k03P PUIIeHToB 3aaepxanus HemoaupuuupoBanHoii [1A-17 memOpanbl
YBEIMYUBAIOTCA CIeMyomuM obpazom: Pb?* > Cu?* > Cd?*. Hanecenue I[1DU Ha mopucThIe
ITA memOpanbl mpuBeno K 3HauuTenpHOMY yBenmuueHuio (1o 100 %) koaddunuenra
sagepxanus CU?* 3a cuer Gonbmieil agcop6ouun noHoB CU?" Ha BBICOKOTHMAPOPHIEHOM
katnoHHOM cioe u3 [1DU [251]. KosdduuuenTsr 3aaepxanus apyrux metamios (Pb?* n
Cd?*) nna mem6pan, momuduuuposarsbix [1DU, Takke yBEIHUUBAIOTCS MO CPABHEHUIO C

rcxonHoii [TA-17 memOpanoi, 3a uckmodenrem R(Pb?") msa memOpansr [IDU/TTA-17-T11
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D127 (15%). OgHako, OHM HIKE MO CPABHEHHUIO ¢ KOA(D(PUIIMEHTOM 3a7ep>KaHus MEu.
OT0 MOXHO 00BSCHUTH 3 (pexToM J[OHHAHA U CTepUYECKUMU 3aTpyJHEHUAMU. CHIKEHHE
ko> puumentos 3anepxkanus Pb? u Cd?* mua IIDU/TTA-17-T1J1 ®127 (15%) MeMOpaHbI
no cpaBHenuto ¢ [IDU/TTA-17-ITJ1 @127 (10%) memMOpaHoii MOXKET OBITh CBSI3aHO C
HeOobpMM 3aTeKkanueM [19U B Oonbiive nopel [TA memOpaHbI.

3anepkaHie MOHOB TSDKEJIBIX METAJJIOB MEMOpaHaMH U MPOXOXKIACHHUE Yepe3 HUX
BOJIBI IPY HAaHO(UIBTPAIIMHN TPUBOAUT K KOHIIEHTPUPOBAHUIO HOHOB TSKEIIBIX METAIJIOB
B UX0AHOM cmecu. Takum 00pa3om, BO3MOKHO CHI)KEHHE IPEAETIoB OOHApyKEHUS
aHaJIMTa METOJIOM HaHO(PWIBTpalMu 0€3 UCTOIB30BAHMS JOMOIHUTEIBHBIX PEareHTOB U
oneparuii. Ha Pucynke 21 mokazanel KO(DPUIMEHTH  KOHIEHTPUPOBAHUS
HemogudumupoBanno  [1A-17 wu  momaudunupoBanueix [IOM wmemOpan npum
HaHO(UIILTPAIMHU BOJAHOTO PACTBOPA MOHOB TsKesbIX MeTamios (Cd?*, Pb?*, Cu?*) mpu 20

aTM.
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(10 mace.%) (15 mace.%)
Pucynok 21. KoauumenTt koHueHTpupoBanus Hemoauduiprposannoit [1A-17 u
MeMOpaH, MoauduipoBannbix [19U, B nporecce HaHOGUIBTPALIMK PACTBOPA HOHOB

Tkensx Metawios (Cd?*, Pb?*, Cu??).

Jlannbie, npencraBieHHbie Ha Pucynke 21, mokaseiBator, uro memOpana [TA-17
UMeEEeT camMble HU3KHE KOA(DUITMEHTHI KOHIIEHTPUPOBAHUS IO CPABHEHHUIO C OCTaJIbHBIMU
memOpanamu. B To Bpems kak Hanecenue cnost [IDU n moauduxanus [Imoponnkom @127

memOpanbl [IA-17 mpuBenu k ux yBenuueHuro. Hawmbosee BbicOkue Kod(PIUIIMEHTHI
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koHueHtpupoBanus s [IDU/TIA-17 u TIDU/TTA-17-T1J1 @127 (10 u 15 macc. %) Obutn

ormeuens! ausg Cu?t (100, 104, 107%, coorBetcTBeHHO). Taxke IIDU/TIA-17 u IIDU/TIA-
17-I1J1 @127 (10 macc. %) mMemOpaHbBI UMENIM JOCTATOYHO BBICOKHH KOI(PPHUIMEHT
KOHLeHTpupoBanus Pb?* (80 um 99%, coorsercrBenno). Ilostomy pa3paGoTaHHBIE
MeMOpaHbI TIEPCIIEKTHBHEI Ul KOHLIEHTpUpoBanus nonoB Cu?" u Pb?" u3 cmecu nonos
TSDKEJIBIX METaJLIOB.

beino mokazano, yto memOpana [1OU/TTA-17-T1J1 @127 (10 macc. %) obnagana
HaMOOJIBIICH CIIOCOOHOCTBIO 3aJIEPKUBATh HOHBI TSKEIIBIX METAJUIOB, COXPaHss BHICOKHE
3HAYCHUS] MPOHMIIAEMOCTH B Ipoliecce HAHOMWIBTPALUK PACTBOPA HOHOB TSDKEIBIX
metamnos (Cd?*, Pb?*, Cu?"), B To Bpems kak memOpana ITDW/IIA-17-TIJ1 ®127 (15
macc.%) obmagana HanOONbIIEH MPOHHWIIAEMOCTBIO MPHU HE3HAUYUTEIHHOM CHUXEHHUU
ko3 punurentos 3anepxkanus noHo Cd?* u Pb?*. Takum 00pa3oMm, B 3aBUCHMOCTH OT
3a7a4il KOHIICHTPUPOBAHUS MOXKHO HCIIONB30BaTh Ty WM HWHYI pa3padOTaHHYIO
MeMOpaHy JUTS TOBBIIICHUS TIPOU3BOAMTEIIEHOCTH MU CEJICKTHBHOCTA HAHOQWIBTPAIIUH

MOHOB Tshkenbix Metauios (Cd?*, Pb?*, Cu?Y).

3.3.2. U3yueHue CTPYKTYpPbI

Pa3pabGoranHble HaHO(MUIBTPALIMOHHBIE MeMOpaHbl, Moauduuuposanusie 119U,
uccnegoBanu mMerogamu COM u ACM s OLIEHKH M3MEHEHHS CTPYKTYpbl MeMOpaH B
nporiecce Moau(pUKaIIH.

Hccneoosanue cmpykmypol Mmemooom CKAHUpyoujeil 31eKmpoHHOI MUKPOCKORUU

COM mukpodororpaduu monepeunoro ckoyia memopan [IOU/TTA-17, TIDU/TIA-
17-TUT @127 (10 macce. %) u IIDU/ITTA-17-TIJT @127 (15 mace. %) nokazansl Ha Pucynke
22,



(8)
Pucynok 22. COM mukpodororpaduu nonepeunoro ckoia (a) [IDU/TIA-17, (6)
[MBU/TTA-17-TJT @127 (10 macc. %) u (B) IIDU/ITA-17-TTJT @127 (15 macc. %)

MeMOpaH.

COM mukpodororpaduu JeMOHCTPUPYIOT HAIUMUKE ABYX obnacteit: (1) mopuctoi
memOpans! u3 [1A u (2) Torkoro guddy3nonHOTO cenekTuBHOTO cinost u3 [I19U TommuHoMi
1,6 + 0,4 mxm. Takxe HaOmoAaeTcs CIUIONIHAS U OJHOpPOAHAs aare3ust NG y3MOHHBIX
I19U cnoer k noBepxHocTH nopuctoii [TA memOpane. Jlo6asienue [Tmroponuka @127 (10
u 15 macc. %) B matpuiyy [1A yBenuuuBasio pasMep MaKpoOIyCTOT U UX KOJIUYECTBO 3a
cyer mnopooOpasymomero aeicTBust Moaupukaropa. OTH HM3MEHEHHsS NPUBEIH K
YBEJIIMYCHUIO TPOHHUIIAEMOCTH MeMOpanbl, a cimoi [IOUW mpuBen k ymydiieHuio
3aJIepKaHus TSHKENbIX METaJIJIOB MEMOPaHOM.

Hccneoosanue cmpykmypol Menooom amomMHO-CUN060U MUKPOCKORUU

ACM wuzobpaxenust TIDU/TIA-17, TIDWITIA-17-IU1 ®127 (10 macc. %) u

T[IOW/ITA-17-T1IJI @127 (15 macc. %) memOpan noka3ansl Ha Pucynke 23.
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Pucynok 23. ACM uzo6paxenus (a) [IDU/TIA-17, (6) [IDU/TIA-17-T1J1 @127 (10 macc.
%) u (B) IIDU/TTA-17-T1J1 @127 (15 macc. %) memOpaH.
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Ha ocnoBe ACM u3o0pakeHuil ObUIM PACCUMTAHbI MapamMeTpbl MOBEPXHOCTHOM
IIEpOXOBAaTOCTH B BUAE cpenHekBaapaTuuHod (Rq) u cpeaneit (Ra) mepoxoBaroctu

MemOpaH, MoauduimpoBanusix [19U (Tabauia 9).

Tabmuuna 9.  Ilapamerpsl  1IEpOXOBATOCTH  TOBEPXHOCTH  MEMOpaH,
MoauunrpoBanHbix [19U.
MewmOpaHna Ra, am Rq, am
[IOU/TTIA-17 0,10 0,14
[IDU/TIA-17-T1JT 127 (10 macc. %) 0,13 0,17
IMMBOU/TTA-17-T1JT @127 (15 macc. %) 0,16 0,22

Paccuutannsie mnapamerpbl mepoxoBaroctd (Ra m Rq) yBennuuBaroTcs ¢
yBenuuenueM cojaepkanus Ilmoponuka @127 B mopuctoit [TA memOpane. ITpuanHoi
YBEJIIMYCHHUS IIEPOXOBATOCTH TOBEPXHOCTH MEMOpPAHBI MOXKET OBITH arjioMepanus H
BbIMbIBaHHE MoJiekydl [Lmroponuka P@127, B To Bpem kak cimou [IOM coxpanun 3ty

LIEPOXOBATYI0 CTPYKTYpy noBepxHocTH [TA.

3akiouenne K paszaenay 3.3 riaaBbl 3

Jna manogunvmpayuu uoHo8 MANCENbIX Memaiios Ovliu pazpadbomarnsl HOBble
KOMRO3UYUOHHbIE MeMOPAansl, cocmoawjue u3 mouko2o ouggysuonnozo ciros us 110U,
HaHeceHHo2o Ha nopucmoie memopanvl uz 1A, moouguyuposannvie Ilnoponuxom D127
(10 u 15 wmacc.%). Cmpykmypy membpan u3zyyanu memodamu ACM u COM.
Tpancnopmuvie ceoticmeéa membpan, moouguyuposannvix I1OU, oyenusaru 6 npoyecce
Hanopurbmpayuu pacmeopa uonoe msicenvix memanioé (Cd**, Pb?*, Cu?*). Bwiio
nokasauo, umo Hanecenue IIIU na nopucmoie membpanvl uz [1A npusooum x yayuuenuio
KO3Ghhuyuenmos KOHYEHMpUpos8anus U KoIQOUYUeHmMos 3a0epircanusi Memopan &
npoyecce naHopurbmpayuu pacmeopa uonos msiceavix memannos (Cd**, Pb?*, Cu?*) sa
cuem 0Opa308anUsi MOHKO20 OUGDhy3uonno2o cros (moawuna ~1,6 MKM, HOOMBEPHCOEHO
COM) ¢ bonvuwen aocopoyueii UOHO8 Memailos U3-3a GblCOKOU 2UOPOPUILHOCU U
NOONCUMETLHO 3APANCEHHOU Npupoovl noausnekmporuma. Moouguxkayus nopucmozo
114 cnos 6 komnosuyuornwvix memopanax uz IO npusena x ynyuuenuro npoHuyaemMocmu
3a cyem YyeenuueHus pazmepa U KOIUYeCmea Nop 6 npoyecce Moouguxayuu, 4mo

Ccnocobcmeosano 001e24eHHOM) MACCONEPEHOCYy KOMNOHEHMO8 yepe3 MeMOpamy.
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Membpana TIOH/TTA-17-11J1 @127 (10 macc. %) obradana camvimu 6blCOKUMU

KO3 uyuenmamu  3a0eprcanusi U KOHYESHMPUPOBAHUS MANCENbIX Memaiios, ¢
copanenuem évicokoli nponuyaemocmu (14 ke/(m? v amm)), 6 mo epems xkax IHOHU/TIA-17-
LT D127 (15 macc. %) membpana obradana naubonvwetl nponuyaemocmoio (23 xe/(m2
Y amm)) npu He3HAYUMENbHOM CHUNCeHUU Kodppuyuenmos 3adeprucanus uonos Cd** u
Pb?*. Takum o6pasom, 6 3asucumocmu om 3a0auu KOHYEHMPUPOBAHUA NEPCHEKMUGHO
ucnorv3osanue MoU  UAU  UHOU  paspaboOmamHou MemOpaHvl 01  NOBbIULEHUS

npous@o()umefleocmu uiu  cejileKkmueHocmu HaH0¢w1bmpauuu UOHO6  MAINCENILIX

memannos (Cd**, Pb?*, Cu?*),

3.4. U3yyeHue nepBanopanuoOHHbIX MeMOPaH U3 MOJTUBUHUJIOBOIO CIIUPTA,

MoauuuupoBannoro Ilaroponuxkom @127

[TonuBunaunoBeiit cniupt (IIBC) (Pucynok 24) mpencraBisieT coO0OW H3BECTHBIM
CUHTETHUYECKUI TMOJMMEp, XapaKTEPU3YIOIIMMCS BBICOKOM  CEJIEKTUBHOCTBHIO IO
OTHOIICHUIO K Bojae, pH-cTaOMIBHOCTBIO, TUICHKOOOPA3yIOMIEH CIOCOOHOCTHIO,
XUMHYECKOW M TEPMHUYECKOM CTOMKOCTBIO. biaromapsi cBouMM MpeuMyIecTBaM 3TOT
MOJIMMEP aKTHUBHO W YCIIEITHO MPUMEHSIETCS B KadyeCcTBE MeMOpaHHOTO MaTrepuala s

MepBanopaoOHHON IETUIPATAIUH.

OH

.-"“-.
= =0

Pucynoxk 24. CtpykTypa NOJIMBHHUIOBOTO CIUPTA.

Opnako, memOpansl Ha ocHoBe [IBC 00bIYHO MMEIOT HU3KYIO NMPOHUIIAEMOCTh U
MEXaHUYECKYIO0 MMPOYHOCTh, a TAaKXKE TUIOXYI0 CTa0MIIBHOCTh B BOJHBIX pacTBOpax M3-3a
CWIbHOTO HaOyxaHusa. B pesynbrare >(QQeKTUBHOCTH pasieleHus 3THX MeMOpaH
3HAYUTEJIBHO CHWXXKAETCS, OCOOEHHO MpPH JUIMTENBbHOHN 3KcIutyatauuu. [[ns ynydmeHus
TpaHcnopTHbIX cBoicTB [IBC MemOpan Obuta mpoBeleHa WX MOAU(PHUKAILMS IIyTeM
BBeaeHUs [lmoponuka @127 u cumBannem manenHoBoi kucioroit (MK). Kpome toro,

JII IICPCIICKTUBHOI'O IMPOMBIIIJICHHOI'O IMPUMCHCHUA OBLIH pa3pa60TaHLI
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KOMITIO3UIITMOHHBIC MCM6paHI)I C TOHKHUM ceJeKTUBHBIM ciioeM 13 [IBC u ero KkomMno3uTon

¢ [Imroponukom @ 127.

3.4.1. TpancnopTHbIE XapaKTEePUCTHKH

Tpancnoptabie cBoiicTBa auddy3uonHsix I[IBC wmemOpan ¢ paznudHbIM
coaepxkannem Ilmoponmka ®127 (1-3 macc.%) u 6€3/c XMUMHUYECKON CHIMBKU OBLIN
U3yYeHBI B IMPOIIECCE MEPBAMOPAIMOHHOTO pa3jeliieHus a3eoTporHoi cmecu Bona/UIIC

(12/88 macc. %) npu komHaTHOH Temrieparype (22 °C) (Tabmuna 10).

Tab6muna 10. TpancnopTHBIE CBOWCTBA HECIIMTHIX U XMMHYECKH CITUTHIX MEMOpaH
3 [IBC u kommniozutoB [IBC-ITJT @127 B npouecce neppanopaiuy a3eoTpOIHON cMecu

Bona/UIIC (12/88 macc. %) npu 22 °C.

Conepxanue
V nenpHas Koadpunment
BOJbI B
Memb6pana IPOU3BOIUTEIHHOCTb, KOHIIEHTPUPOBAHUS,
repMeare,
Kr/(M? q) %
Macc.%
I[IBC 0,008 99,9 100,08
I[MBC-ITJI @127 (1 macc. %) 0,013 99,9 100,13
I[MBC-TIJT @127 (2 macc. %) 0,016 99,9 100,15
I[MBC-T1JT @127 (3 macc. %) 0,017 99,9 100,16
I[IBC-MK 0,007 99,9 100,07
[MBC-MK-ITJI ®127 (3 100,14
0,015 99,9
Macc. %)

Kak BuAHO U3 TpPENCTaBIEHHBIX JAHHBIX, YJEIbHAs MPOU3BOJUTEIHHOCTD
HecnThix MeMOpaH u3 [IBC yBennuuBaetcs ¢ yBenndeHueM coaepskanus [ImopoHuka
®127 B wmatpune memOpanbl. I[lmoponuk @127 yBenuumBaeT TUAPOPHILHOCTH
HOBEPXHOCTH MEMOpPaHbI (TIOATBEPKICHO JaHHBIMU IO yTJIaM cMayrBaHus Bojioi 1 COM)
U JIEHCTBYET Kak MOpooOpasyrommid areHT (moaTBepkaeHo maHHbiMu COM), dTo
NPUBOAMT K YBEJIMYEHHIO MPOHULIaeMOocTH MeMOpaHbl. Kpome Toro, Bce MmemOpaHsl ObuIH
CEJIEKTUBHBI 110 OTHOLIEHUIO K Boze (99,9 macc. %) 3a cueT BBICOKOI CTENEHU CPOICTBA
[IBC k Boae wu3-3a ruapoduibHbX (yHKIHOHANBHBIX OH-rpymn [252]. Craenyer

OTMETHTh, uT0 MeMOpana [IBC, comepsxkamas 3 macc. % Ilmoponuka 127 (ITBC-I1JI
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®127 (3 macc. %)), obnamana ONTUMAIBHBIMH TPAHCIOPTHBIMH XapaKTEPHCTUKAMM:
camasi BEICOKasl yJebHas mpoussoauTensHocts 0,017 xr/(mM? 1), 99,9 macc. % Boasl B
nepmeare U Kodpduuuent xoHueHtpupoBanus 100,16%. VYpenuueHue 3HaUECHUN
KO3(PUIMEHTOB KOHIIEHTPUPOBAHHUS MOAU(PHUIIMPOBAHHBIX MEMOpaH MPOU30IILIO 33 CYET
YBEJIMYEHHUS yAETbHON MPOU3BOAUTEILHOCTH MPU COXPAHEHUHU BBICOKOW CEIEKTUBHOCTHU
110 OTHOILIEHUIO K BOJIE.

Jns yayumieHus — CTaOMJIBHOCTM M TEPCIIEKTUBHOTO  MPOMBIIUICHHOTO
ucnoJib3oBanus MoaupunupoBanHoit memOpansl, [IBC-TTJI @127 (3 mace. %) memOpany
xumudecku cimBau ¢ nmomonipio MK [253]. CummBanne [IBC memOpaHbl Takke ObLIO
BBITIOJIHEHO JUIsI CPAaBHEHUSI TPAHCIIOPTHBIX CBOMCTB ¢ MOAU(PHUIIMPOBAHHON MEeMOpaHOM.
Xumnuecku cuuthie [IBC-MK u [IBC-MK-ITJI @127 (3 macc. %) MeMOpaHbI Takke ObLTH
IPOTECTUPOBAHBI ITPH NepBanopaiuu azeorponnoi cmecu Bojga/UINIC (12/88 mace. %) npu
22 °C (Ta6muua 10). Beiio nokazano, yto cmmBanue auddysunonnbix [1BC u IIBC-T1JT
®127 (3 wmacc. %) wmemMOpan MK  HE3HAUUTENbHO CHUXKAET  YJAEIbHYIO
npoussoaureasHocts (¢ 0,008 go 0,007 xr/(m? u) u ¢ 0,017 mo 0,015 kr/(M? 4)) u
kod(punmentsr korreHTpupoBanus (¢ 100,08 no 100,07% u ¢ 100,16 xo 100,14%) nns
memOpanbl u3 [IBC u ero kommnoswuta, coorBercTBeHHO. CnmBanue [IBC ¢ momombio MK
MPUBEIO K MPeoOpa30BaHUI0 OOIIMPHBIX BOJOPOJHBIX CBSI3€H B MOJMBUHUIOBOM CIIUPTE
B KOBQJICHTHBIE CBSI3U, YTO MPHUBENO K U3MEHEHHUIO BHYTPEHHEU CTPYKTYpbl MEMOpPaHbI
(YMeHbBIIIEHUIO CBOOOAHOTO 00BbeMa Mex Ay moaumepHbiMu rernsmu) [100]. B pesyabTare
XUMHUYECKOTO CIIMBaHUA MeMOpaH pa3Mep U KOJMYECTBO IMOJOCTel B Mopdomoruu
MOTIEPEYHOro0 CKoJla MeMOpaHbl ObUTM yMEHbIIEHBI (MOATBEpXkAeHO MaHHBIMH COM).
Kpome Toro, 3To mpuBeno K yBEIUYEHUIO CTOHKOCTH MeMOpaH K Boje (MOATBEPKICHO
JMAHHBIMU TIO yTJIaM cMauuBaHus). Takum 00pa3oM, HECMOTPST Ha HEOOJBIIOE CHIKEHUE
yAENbHON npousBoauTeabHoCcTH, XuMudyecku ciurtas [IBC-MK-TIJI ®127 (3 mace. %)
MeMOpana oOjajana ONTUMAJbHBIMM  TPAHCIOPTHBIMU  XAapPAaKTEPUCTUKAMU IS
NIEPBANOPAIIMOHHOTO pa3jieicHuss azeoTpornHoi cmecu Boma/MIIC (12/88 macc. %).
OpHako, 1715 MePCIeKTUBHOTO MTPUMEHEHHUSI B IPOMBIIIUICHHOCTH HE00X0A1uMa pa3padoTKa
KOMITO3UIIMOHHOM MEMOPaHbI C TOHKUM CEIEKTUBHBIM cioeM u3 kommosuta [IBC-MK-TTJI
®127 (3 macc. %) Ha MOPUCTON MOMTIOKKE.

PazpabGortannpie  ynbpTpadunbTpanionnsie  mopucteie  [IA memOpanbi,

IPUTrOTOBJIEHHBIE U3 (DOPMOBOYHBIX PACTBOPOB pazinyHOi kKoHueHTpauuu (I1A-12, ITA-
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15, ITA-17, u T1A-20) (onucanHbiX B pazzaene 3.2), ObUTM KCIIOJNB30BAaHBI B KaueCTBE
MOJIJIOKKHM  JIJIT TIPUTOTOBIICHUST KOMITO3MIIMOHHBIX HecmwuThix [IBC memOpan ais
OTIpe/ICTICHHSI ONTUMAJIHHBIX YCIIOBHUH C TIENIbIO JAIIBHEHIIIETO yITyUICHUS XapaKTePUCTHK
pa3paboTaHHbIX TUGEGY3HOHHBIX MeMOpaH. TpaHCHIOPTHBIE CBOWCTBA KOMITO3HIIMOHHBIX
HecmuThix [IBC MeMOpaH, HaHECEHHBIX Ha pa3inyHbIe OI0KKY [1A, ObUTH H3y4YeHBI B
nporecce nepBanoparnuu azeorpornHoi cmecu Boga/MIIC (12/88 macc. %) mpu 22 °C

(Tabmuma 11).

Ta6muma 11. TpancnoptHbie cBolicTBa kKommno3ulinoHHbIX [IBC/ITA MemOpan npu
MepBaropamoHHOM pa3jeneHuun azeorponHoi cmecu Boga/UIIC (12/88 macc. %) ipu 22

°C.

VnenpHas Conepxanue Koaddumuent
Membpana MIPOU3BOIUTEIILHOCTD, | BOJIBI B TIepMeare, | KOHIIEHTPUPOBAHUS,
Kr/(m? 4) mace. % %

[MIBC 0,008 99,9 100,08
I[MIBC/TIA-12 0,160 91,2 101,41
[MIBC/TTIA-15 0,083 94,7 100,76
I[MBC/TTIA-17 0,040 96,9 100,37
[IBC/TIA-20 0,015 97,8 100,14

Jannbie Tabmuue! 11 nokaseiBaroT, 4To npuMeHneHnue nopuctoit [T1A-12 memOpanbl
B KauyeCTBE MOJJIOKKH MPHUBEJIO K yBEIMUEHUIO YIenbHOU mpousBoautenbHocta (0,160
kr/(M% 1)), HO CHHKEHHUIO CEIIEKTUBHOCTH (COIEpKaHue BOBI B iepmeare 91,2 mace. %) u
HE3HAYUTENbHOMY  yBEIMUYEHUIO Kodd¢uuuenta koHueHtpupoBanus (101,41%).
JlanpHeiee yBeanueHne KOHIEHTpauu (GopMoBOYHOTO pacTBopa [TA 1is mopucThIX
MOJJIOKEK MPUBOAUT K YBEIMUYEHHUIO CEJIEKTUBHOCTH IO OTHOIIEHHIO K BOJE, HO
OJTHOBPEMEHHOMY  CHWKCHMIO  yJEIbHOH  TNPOU3BOJUTENBHOCTH  MEMOpaHbl U
kodpdunmenToB kouneHTpupoBanus. [IBC memOpana, HanecenHas Ha [1A-17 momioxky
(IIBC/T1A-17), umeer onTUMalbHbIE TPAHCIOPTHBIE XapaKTEPUCTUKH: YJelabHas
npousBoauTensHocTh 0,040 kr/(M? 1), 96,9 mace. % Boxabl B nepmeate u Kod(pUIUeHT
koHueHntpupoBanus 100,37% (Tabnuua 11). Takum o6pazom, ynbTpaduIbTpaliMOHHAS

nopucrass MemOpana [IA-17 Oputa BeIOpaHa B KaueCTBE ONTHMAIBHOW TMOJJIOXKKH ISt
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npurotoBiieHus ciuThix MK koMnoszunnonusix memOpas u3 [1BC u komnosura [IBC-TUI
D127.

Jlnst cpaBHEHMsI TPAHCIIOPTHBIX XapaKTEPUCTHK B IMpoOIecce MepBanopaiuu oObuia
UCTIOJIh30BaHA B KAYECTBE IMOJIOKKHA KoMMepueckas mopucras memOpana YIIM-20 mis
pa3paboTKU KOMIMO3UIIMOHHBIX MeMOpaH ¢ TOHKUM ceJeKTuBHbIM cioeMm u3 [IBC u
komnosura [IBC-IIJI ®127. TpancmopTHble CBOWCTBA CHIMTHIX KOMIIO3UIIMOHHBIX
memOpan u3 [IBC u xomnosuta [IBC-TTJI @127 (3 macc. %), HAHECEHHBIX Ha TOJI0XKKHU
[TA-17 u YIIM-20, u3yuanu B mpoliecce NepBarnoparioHHOTO pa3ielIeHUs] a3€0TPOITHON
cmecu Bopa/UIIC (12/88 macc. %) npu komHatHoW Temneparype (22 °C). JlaHHbie
npenacrasieHsl B Tabnuue 12. lannbie nepBanopanuu s (i Py3MOHHON U HECITUTON
kommo3uninoHHoi [IBC memOpan Ha moioxkax [TA-17 u YIIM-20 takke npecTaBiIeHbI

JJIA CpaBHCHUS C MOI{I/I(bI/II_II/IpOBaHHI)IMI/I MCM6paHaMI/I.

Tabmuna 12. TpancnopTHbIE CBOWCTBA HECHIUTHIX M XuMudecku cuThix [IBC u
[MBC-TII ®©127 (3 macc. %) memOpan, HaHeceHHBIX HA[TA-17 u YIIM-20 nomioxku, npu

nepBanopanuu azeotponHoit cmecu Boga/UIIC (12/88 macc. %) mpu 22 °C.

Conepxxanue Koaddumuent
VY nenbHas
BOJIBI B KOHIICHTPUPOBAHUS,
Memb6pana MIPOU3BOIUTEITHHOCTh
nepMmeare, %
(J), xr/(m? )
Mmacc. %
[MIBC 0,008 99,9 100,08
I[MBC/YIIM-20 0,021 98,7 100,20
[MBC-MK/YIIM-20 0,018 99,9 100,17
I[MBC-MK-I1JI @127 (3 macc. %)
0,032 99,9 100,31
/YTIM-20
[MIBC/TTIA-17 0,040 96,9 100,37
[TBC-MK/ITA-17 0,038 97,8 100,36
[MBC-MK-ITJI ®127 (3 macc. %)
0,100 98,8 100,96
/MIA-17

JlanHble, mpencTtaBieHHble B Tabmune 12, mnokazanu, 4YTO MCIOJIb30BAaHUE
nopucteix YIIM-20 u IIA-17 momiokek NOpHUBENO K YBEIHYEHHUIO YACITHHOU

npousBoauTensHocty ¢ 0,008 kr/(m? 4) aus HemoxuduuuposanHoit 1uddysuonnoit [IBC
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mMeMmOpansl 10 0,021 kr/(m? 9) mis komnosunuonnoi IIBC/YTIM-20 mem6pans! 1 10 0,040
kr/(M? 4) s xkommnosuuonHoM [TBC/ITA-17 MeMOpaHBI NPH COXPAHEHHH BBICOKOM
CEJICKTUBHOCTH MO OTHomeHuro K Boae (98,7 m 96,9 wmacc. % B mepmeare,
COOTBETCTBEHHO). Tak ke ObUI0 OTMEYeHO YyBenudeHne Kod(hduimeHToB
koHueHTpupoBanus 10 100,20% st komnosurmornHou [IBC/YIIM-20 memOpaHnsl U 10
100,37% nns xkommnosunmonHoi [IBC/TIA-17 memOpanpl. XuMHUecKas CIIHBKa C
nomotibio MK 17151 060ux TrnoB koMno3uimoHHeIXx Mmemopan (IIBC/YIIM-20 u [IBC/TIA-
17) Taxxke npuBOAMWIIa K HEOOJBIIOMY CHI)KEHHUIO YJEIbHON MPOU3BOJUTEIHLHOCTH U
KO3((DULIMEHTOB KOHUEHTPUPOBAHUS MPU YBEJIMUYEHUU COJEPKaHUSI BOJbI B IEpMeare.
Cuuteie KOMMIO3UIIMOHHBIE MeMOpaHbl Ha mojioxke YIIM-20 (ITBC-MK/YIIM-20 u
[MBC-MK-IIJI ®127 (3 macc. %)/YIIM-20) neMOHCTPUPYIOT MEHbBINYIO yACIbHYIO
MPOU3BOIUTEIBHOCTD, YEM CIIMTHIE KOMITO3UIIMOHHBIE MeMOpaHbl Ha moasoxke [TA-17
(IIBC-MK/TIA-17 u TIBC-MK-IIJI ®127 (3 macc. %)/I1A-17). C apyroii CTOpOHBI,
cojiep>KaHKe BOJBI B TiepMeaTe Jijisi MeMOpaH, HaHeceHHbIX Ha YIIM-20, coctaBuio 99,9
macc. %. Jlnsa oboux TtumoB memOpaH Ha momioxkax YIIM-20 u ITA-17 BBenenue
[Imroponuka @127 B wmarpuny I[IBC npuBoawsio K  yBEIWYEHUIO YJIEIbHOMU
MPOU3BOJUTEIBLHOCTY W KOA(D(PUIIMEHTOB KOHIIEHTPUPOBAHUS 110 CPABHEHUIO C
memOpanamu u3 guctoro [IBC (Tabmuma 12), 94To0 MOKET OBITH CBSI3aHO C YBEIIMYCHUEM
rUIPOPUIBHOCTH MOBEPXHOCTH MEMOpaHbl B Mpoiiecce Moaudukanuu. Takum oO6pazom,
XUMHYECKU CIINTash KOMIO3WIIMOHHAs MeMOpaHa u3 TOHKOro cenektuBHoro [IBC-ITJI
@127 (3 macc. %) cnosi, HaneceHHoro Ha nopuctyto I1A-17 momnoxky (IIBC-MK-ITJI
®127 (3 macc. %)/I1A-17), umena onTUMalbHBIE TPAHCIIOPTHHIC XapaKTEPUCTHKH B
npolecce nepBanopalroHHoro pasaenenus azeorponnoi cMecu Boga/MIIC (12/88 mace.
%) mpu 22 °C: HauOONBLIYIO YAEIbHYO TPOM3BOAUTENLHOCTE 0,1 Kr/(M? 9), 98,8 Macc. %
BOJIBI B TiepMeare U HanOombpImid ko3 dumment kornentTpupoaaus 100,96%.

CrabunbHOoCcTh paspaboranHoit xkommnoszuimonHoi [IBC-MK-ITJI ®127 (3 macc.
%)/TTA-17 memOpaHa Obli1a U3ydeHa B IIpoliecce nepparnopauonnon neruaparamuu UIIC
B IIMPOKOM jauamna3zoHe koHueHTpanuid no 80 macc. % Boasl (PucyHox 25) u mpu
JUTUTEITLHOM pasnenieHuu azeorpornHoii cmecu Boaa/UIIC (12/88 mace.%) (PucyHok 26)

AJI1 OOCHKHU IICPCIICKTUBHOCTH IIPOMBINIJICHHOI'O IIPUMCHCHU.
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Pucynoxk 25. 3aBucumocts (A) yaenbHO#N MPOU3BOIUTEILHOCTH U COACPIKAHUS BOJIBI B
nepmeare u (b) koaduirenTa KOHIEHTPUPOBAHUS OT COAECPKAHUS BOJIBI B UICXOAHON
cmecu (12-80 macc. %) B mporiecce nepBanoparmonHon neruaparaiuu UIIC ¢

ucnosib3oBarueM [IBC-MK-ITJT ®127 (3 macc. %)/TTA-17 memOpansi [238].

Ha Pucynke 25 mnoka3aHo, 4YTO COJAEp>KaHHE BOJAbI B MepMmeaTe, YJelbHas
MPOU3BOAUTEIBHOCTD U KO3 dunnuent konuerntpuposanus [IBC-MK-ITJI ®127 (3 macc.
%)/TIA-17 memOpaHbl 3aBHCAT OT COCTaBa UCXOJHON cMecH. [Ipu BEICOKOM copep:kaHun
BOJIBI B MCXOJHON cMecH MeMOpaHa HaOyXaeT, YTO BBI3BIBACT YBEIWYCHHE CBOOOTHOTO
o0beMa Mex 1y NOJIMMepHbIMU LensiMu. ClieI0BaTeNNbHO, yAeIbHas POU3BOIUTEIILHOCTD
MeMOpaHbl YBETMYMBACTCS C YBEIHMUYECHUEM COJACP)KaHUS BOJABI B MCXOJHOW CMECH, HO
coJiep>KaHKe BOJBI B MepMeare yMeHbllaetcs. Tem He MeHee, MeMOpaHa MO-TIPEeKHEMY
o0raiaeT BEICOKUM YPOBHEM CEJIEKTUBHOCTH IO OTHOLIEHMIO K BOJIE (COAepKaHUEe BOJbI
B mepmeare yMeHblmiochk ¢ 98,8 mo 84,6 macc. %) M MOXET HPUMEHATHCS JUIS
KOHIICHTPUPOBAHMS HW30MPOINAHOJNIAa M3 €ro BOAHBIX PacTBOpPOB (K03 duumeHTs!

KoHleHTpupoBanusi 6omnee 100,48%).
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Pucynok 26. 3aBHCHMOCTD yI€TLHOM MPOU3BOAUTEILHOCTH U COACPKAHUS BOJIBI B
nepmeare it [IBC-MK-TIUJI @127 (3 macc. %)/ITA-17 memOpaHbl OT BpeMeHH Tpoliecca
MEPBANOPAIMOHHOTO pa3jieNieHus azeoTpornHoi cmecu Bojga/UIIC (12/88 macc. %) (B

TedeHue nsaTh auen) [238].

VY nenbHast POM3BOAUTENLHOCTh pa3paboTaHHONW MeMOpanbl yBenuuuiach ¢ 0,1 10
0,157 xr/(M? 4), a coepskaHKeE BOIBI B IIepMeaTe yMEHbIMIOCh ¢ 98,8 no 94,1 macc. %
(Pucynok 26). Ognako, [IBC-MK-TIJI ®127 (3 macc.%)/ITA-17 memOpana ctabuibHa IpU
JUTUTEITLHOM TIE€PBAMOPAIIMOHHOM JdKCIIEpUMEHTE (TISATh JIHEl), a Ha0yxaHue MeMOpaHbl
00yCIIOBITMBAET HE3HAYUTEIIPHOE U3MCHECHHUE TPAHCTIOPTHBIX CBOMCTB.

CpaBuenue kommnoszurioHHoM [IBC-MK-TTJI @127 (3 macc.%)/TTIA-17 memOpanbl
¢ wmemOpanamu u3 [IBC, pa3paboTtaHHbIMH B  JAPYrHX  HCCIEJOBAHUAX
[77,87,95,203,254,255], B mporiecce nepBanopanuornoit neruapatanuu UTIC B ycrnoBusx,
ONMM3KKMX K HacTosIeH paboTe, mokas3ano, yto kommosunuonnas [IBC-MK-ITJI ®127 (3
macc. %)/I1A-17 wmemOpaHa wuMena OTHOCHUTENbHO O0o0Jiee BBICOKYIO YACIbHYIO
MPOU3BOJIUTEIBHOCT ¥ (AaKTOp pas3feliecHus B MpoIecce NepBaroparuoOHHON
nerunpataruu UI1C (12 u 10 mace. % BOJbI) 1O CpaBHEHUIO ¢ MeMOpaHaMu, ONTMCAaHHBIMU

B paborax [77,87,255]. Omnako, pa3paboTaHHas MeMOpaHa JIEMOHCTpUpPYeT Ooiiee
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BBICOKYIO y/I€TIbHYIO IPOU3BOIUTENIBHOCTD C O0JIe€ HU3KUM (DAaKTOPOM paszzaeneHus npu 22
°C mo cpaBHennro c¢ xuro3ad (X3)-IIBC/momuBuammuaendropun (IIBAD) wu
[NIBC/noavBUHUITHUPPOTUIOH (IIBIT)-pochomonubaeHoBas KHCJIOTa (®PMK)
memOpanamu [95,254]. A mem6pana [IBC-MK-TIJI @127 (3 macc. %)/I1A-17 umeer Gomnee
BBICOKYIO yJIE€JbHYIO NPOU3BOIUTENBHOCTh W/WIM (AaKTOp Pas3AeieHMs M0 CPABHEHHUIO C
memOpanamu Ha ocHoBe I[IBC, onmcannbsiMu B pabote [203], mpu mepBamopaioHHOM
nerunpatanuu 80 macc. % WUIIC B Boxe npu 22 °C. Takum 00pazoM, B JaHHOU pabote
Ob1a paspaborana cmutas komnosuimonnas [IBC-MK-ITJI @127 (3 mace. %)/T1A-17
MeMOpaHa C YJIy4yIIEHHbIMH M CTa0WJIbHBIMHU TPAHCHOPTHBIMM CBOMCTBAMHU st
nepBanopanuonHoi neruaparamuu UTIC.

MexanusMm «pacTBopeHue-IuPPy3Hs» MOKET ObITh UCIIOIB30BaH ISl OObICHEHUS
NEPBANOPALMOHHOIO Ppa3JIeNeHus KOMIIOHEHTOB 4Yepe3 HEeNOpUCTble MeMOpaHbl, B
KOTOPBIX BAKHYIO POJIb UTPAIOT CTPYKTypa U Mopdonorus. UtoOsl onpeaenuTs BIUSIHNAC
moaudukamuu Ilmoponnkom ®127 u xuMuueckoro cmimBaHus ¢ momouiplo MK,
CTPYKTYPY U (PU3UKO-XUMHUECKHUE XaPAKTEPUCTHUKU MEMOPAaH UCCIEA0BAIN C TOMOIIBIO
meronoB WK cnekrpockonuu, ckaHupyromieil s1aekTpoHHOM Mukpockonuu (COM),

I/ISMepeHI/Iﬁ YIJI0B CMa4YMBaHUA U SKCIICPUMCHTOB I10 Ha6yxaHm0.

3.4.2. U3yueHue CTPYKTYpPHI

Hccneoosanue cmpykmypvl Memooom uH@paKpacHoii cCneKmpockonuu

Metonom UK 6bina uccnenoBana crpykrypa auddysunonnsix memopan uz [IBC
c/6e3 xumudeckod muBKH, MomupunmpoBaHHbx [Lmoponnkom ®127. UK-cmektpsi
nopoiuka [Tmoponuka @127 u I[1BC, TIBC-TIJT @127 (3 macc. %), [IBC-MK, I[I1BC-MK-

[JI 127 (3 macc. %) memOpan nipencraBieHbl Ha Pucynke 27.
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Pucynoxk 27. UK cniekrpst nopomka [Imopornka @127 u [IBC, [IBC-TJI ®127 (3 macc.
%), IIBC-MK, IIBC-MK-I1JI ®127 (3 macc. %) memOpan [238].

Jns cmexrpa uucroro IIBC, mmpokas momoca mpu 3278 cm coorsercTByeT
BAJIEHTHOMY Kosiebanuio ruapokcunbHoi rpymmsl (OH), u momoca mpu 2911 cmt
OTHOCHMTCA K BajleHTHOMY KoneGanuto CH; rpymmer [256,257]. Tuxu npu 1710 cm?
OTHOCATCSI K BaJICHTHBIM KonieObanusiMm C=0 OCTaTOYHBIX areraTHbIX rpymnm [257-259].

IMonoca mornomenus npu 1413 cM! moarsepsknaeT HaaMuMe CUMMETPUYHOTO M3ruba
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CHa. ITuxk npu 1324 cm? otnocures k CH u OH [257]. TTuk npu 916 cm™ coorBercTByer

xonebanusM CHy, a muk npu 843 cm?

C YMEpPEHHBIM MOIJIOIIEHUEM COOTBETCTBYET
konebanusaM C-C miIockoi 3ur3arooopa3Hoil yriaepoIHoM Iemnu.

[Muxu mpu 3278, 2911, 1710, 1324, 916 u 843 cM™! HECKONBKO CABHHYIIHMCH IIOCIIE
BBeJieHus [Imoponuka @127 B marpuiry [IBC. Kpome Toro, yBenuuuiach MHTEHCUBHOCTD
nuka pu 1537 emt. DTr HE3HAUMTENBHBIE U3MEHEHHS O0BACHSIIOTCS HAIOKEHUEM ITUKOB
[1BC u Ilnmtoponuka @127 u HU3KUM coJiep:kaHueM Mou(UKaTopa B MaTpuLie MEMOpaHHbI.

st cnextpa [IBC-MK memOpanbl HaOMI0JaI0TCS U3MEHEHUS IUKOB B JIMAIa30He
800-2000 cm?t. Ha npucyrctBue cnoxnospupHoii rpymnsl (-CO-O-) ykaswbiBaer
NPUCYTCTBUE MHTEHCHBHOM I10JIOCHI BaJE€HTHBIX KoneOGanuii mpu 1710 cm [253,260].
[MIBC u MK B3auMoelicTBYIOT ¢ 00pa3oBaHueM HeHachimeHHoro ¢upa (-CO-CH=CH-),
YTO NOATBEPKIAAETCA MMKOM IIOIJIOmIEHUs mpu 1641 cM™! ¥ NpUBOAMT K CHIMBaHUIO
nojuMepHbIx 1ernei [253]. CHkeHne HHTEHCMBHOCTH M CIBUT TuKa rnpu 3282 1o 3267
cm! BezBano Mogudukanmei IIBC 3 macc. % Ilmoponuka @127 m ykaselBaeT Ha
crIMBaHue noymMepHsIx meneit. Memopana [IBC-MK-ITJI @127 (3 macc. %) Takxe nmeer
nuky npu 1710 u 1633 cM?, cooTBeTCTByIOIME KapOOHWIY CIIONKHOrO >QHpa H
pactsokernio -CO-CH=CH-, coorBercTtBenHo. MK crnekTpbl MOATBEpAWIM CIIMBAHHE
memoOpan [IBC-MK wu IIBC-MK-IIJI ®127, dro 3HaYWTENbHO TOBJIHIO Ha
XapaKTepUCTUKU MeMOpaHbI B Mpoliecce NnepBanoparuu.

Hccneooeanue cmpykmypol MemoooM CKAHUPYIOwiell 31eKmpoHHOI MUKPOCKONUU

Mopdonorus guddyzuonnsix [I1BC u [IBC-MK membOpaH, MoauduiupoBaHHbIX
[Tmopornnkom @127, Oblma wuccienoBaHa ¢ nomoieio Metonma COM. COM

MuKpodoTorpaduu nonepeyHoro ckoa npeacrapieHsl Ha Pucynke 28.

IBC IIBC-MK
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1 pm

MBC-IIJI ®127 (1 mace. %) IIBC-MK-IIJI @127 (1 macc. %)

MBC-IIJI ®127 (2 mace. %) IIBC-MK-IIJI @127 (2 macc. %)

MNBC-I1JI @127 (3 macc. %) NBC-MK-I1JI @127 (3 macc. %)
Pucynok 28. COM mukpodoTorpaduu nonepedHoro ckona AuQQy3noHHBIX MEMOpPaH U3
[IBC c¢/6e3 xumuyeckoro cuiBaHus ¢ momotnbio MK, MmonuduiimpoBaHHbIX pa3IudyHbIM

coaepskanuem ITmoponnka @127 (1, 2, 3 macc. %) [238].

Ha Pucynke 28 noka3zano, yto mopdomorus yuctoii [IBC memOpansl paBHOMepHas
u oaHoponHasi. JloGaenenue Ilmoponuka @127 (1 macc. %) B maTpuily MPHUBEIO K
o0OpazoBaHni0 HEKOTOpbIX nosiocteil. C yBenudyeHuem cojepkanus [Inmroponnka @127 B
MeMOpaHe KOJIMYECTBO MOJIOCTEN YMEHBIIAIOCh, HO UX pa3Mmep yBenuuuBaics. CTpykTypa
HOMEPEYHOT0 CKoJia XUMUYecku ciuToil MemoOpanbl (ITIBC-MK) Oblia 1iepoxoBaToi 1mo
cpaBaennio ¢ ucxomguou I[IBC memOpanoit (Pucynok 28). Xumudeckoe CIIMBaHHE
MeMOpaH u3 kommno3utoB [IBC-ITJI @127 (1, 2, 3 macc. %) ¢ nomoursto MK mpuBeno
YMEHBIIECHUIO KOJIMYECTBAa U pa3MepoB obOpasyrommxcs nojocreil. MK neiictByer kak
CIIMBAIOIINI areHT U HuBenupyeT 3 dekt [Imoponuka @127. 310 00BACHIET HEOOIBIIIOE
CHIDKEHHE YJEIbHOM MPOU3BOAUTEIBHOCTH CIIMTHIX MEMOpaH II0 CpPaBHEHHUIO C

HecmuThiMu MeMOpanamu u3 [IBC (Ta6muma 10).
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3.4.3. UccnenoBanue GU3NKO-XUMHYECKHX CBOICTB

H3yuenue y2noe cmauueanus

[ToBepxXHOCTHBIE CBOMCTBA MEMOpPAH OBLIN UCCIAEIOBAHBI TyTEM U3MEPEHUS YIJIOB
CMaYMBaHUS BOJIOH JJIsl OIIEHKA N3MEHEHUW TIOBEPXHOCTH MEMOPAHEI 3a CUET 00aBIICHUS
[Tmroponuka @127 u XuMHUeCKOW CIIMBKU. YTiIbl cMaunBanus Bogoil s [IBC u I[1BC-
MK mem6pan, monuduupoBanusix [Imopornkom @127 (1, 2, 3 macce. %), npeacTaBieHbl

B TaOmure 13.

Ta6numa 13. Yron cmauuBanus Bojaou s [IBC memOpan.

MewmOpaHna Vroa cMmaunBanusa BoaoH, ©
I[IBC 66
[MBC-TJI 127 (1 macc. %) 41
I[MBC-ITJT @127 (2 macc. %) 32
[MBC-TTJI 127 (3 macc. %) 29
I[IBC-MK 68
[MBC-MK-TIJI @127 (1 macc. %) 45
[MBC-MK-ITJI @127 (2 macc. %) 39
[MBC-MK-ITJI @127 (3 macc. %) 35

VYron cMauuBaHus BOJIOM 3HAUUTENBHO YMEHBIIAJCS C YBEIMUYEHUEM COAEPKAHUS
[Tmoponuka @127 B TIBC u [IBC-MK wmatpumax. OT0 yka3bplBaeT Ha MOBBIIICHHE
rUIPOPMIBHOCTH TOBEPXHOCTH MeMOpaHbl 3a cuer goOaBieHus I[Lmoponuka D127.
[Tmroporuk ®127 cocTtout U3 OJIOKOB THAPOPWIHHOTO TMOTHITUICHTIUKOIS U OJIOKOB
ruipodoOHOro noaunponuieHraukons. I'napodobusie 6110ku Berpoensl B uenu [1BC u
OCTaIOTCSl 3aKPEIJICHHBIMH B MEMOpPaHHOM MaTpuile, B TO BpeMs Kak TUAPOQHUIbHBIC
OJIOKM BBICBOOOXKIAIOTCSI Ha MOBEPXHOCTU MeMOpanbl. [loBepxHOCTh MeMOpaH crana
Oonee THUIPOGUIBHOM 3a CUET YBEJIMYEHUS KOJMYECTBA THAPOPUIBHBIX TPYIII
noyTIIeHr Ko [Imroponnka @127 Ha moBepxHOCTH MeMmOpaHbl. Takxke ciemyer
OTMETHUTb, YTO MeMOpaHbl, ciuThie ¢ momolnbto MK, nMenu OGojiee BBICOKHE YTJIbI
CMa4yMBaHUs BOJIOH MO CPAaBHEHUIO C HECIIUTHIMU MEMOpaHaMU. DTO MOXKET OBbITh CBA3aHO
¢ Huenupyromum aercteueM MK Ha Ilntoponux @127, 4to npUBOAUT K CHUKEHUIO

rUAPO(GUIBHOCTH TOBEPXHOCTH.
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H3yuenue cmenenu Hadyxanua memopan
[Tockonpky copOLMsI KOMIIOHEHTOB SIBJISIETCSI TMEPBOM CTaguell MexaHu3Ma
nepBanopaiuu «pacrsopenne-auddysus», Obl1a H3MEepeHa CTeleHb HabyxaHus MeMOpaH
u3 [IBC u ero xommnosutoB c Ilmoponunkom @127 c/6e3 XUMHUYECKON CIIUBKHA B

pasaensemoii cmecu UIIC/Boma ( 88/12 macc. %) (Tabmuma 14).

Tabmuua 14. Crenens HaOyxanusi MemOpan u3 [IBC B paznensiemoii a3e0TpomHON

cmecu Boaa/UTIC (12/88 macc. %).

MenGpana Crenenp HaOyxaHHS B BOJIa-
HIIC (12/88 macc. %) cmecu, %

[1BC 14
[MBC-TIJI @127 (1 macc. %) 15
[MBC-TUI @127 (2 macc. %) 19
[MBC-TJI @127 (3 macc. %) 20
I[MIBC-MK 12
[MBC-MK-IIJI @127 (1 macc. %) 13
[NIBC-MK-IIJI ®127 (2 macc. %) 15
[MBC-MK-IIJI ®127 (3 macc. %) 16

Jlannble, mnpexacraBieHHble B TaOmuue 14, mnokaspiBalOT, 4YTO J00aBieHUE
[Tmroponuka ®127 B I[IBC u IIBC-MK maTpuibl NpuBOJWIO K YBEIMYEHUIO CTENEHU
HaOyxaHus u3-3a am¢udmibHOW Tpupoabl [lmroponnka @127 (6moxku ruapodoOHOTO
TOJUIPONIJICHTIINKONS U TUAPOPUIBHOTO MONUATHICHTINKOI). CTeneHh HaOyXaHUs
MeMOpaH, CIIUTHIX ¢ momotIsio MK, HIDKe, 4eM y HEeCHIUTHIX MeMOpaH Hu3-3a CHIMBAHUS
NOJMMEPHBIX IIeTIel, YTO yMEHbIIaeT HabyXxaHue B BOJIE U CHIDKaeT BiusHue [lmopoHnka

®127. 3Tu aHHBIE COTIACYIOTCA C JAHHBIMU 10 yriam cMauuBanus (Tabnuma 13).

3akirouenne k pasaeny 3.4 riaaBbl 3

bviiu  pazpabomanvr  Hogble  Oughgyzuonuwvle U KOMHOZUYUOHHbLE
nepganopayuortvle memopansvt uz komnosuma IIBC-Ilntoponux @127 ¢ ynywwennvimu
MPancnopmuuiMu ceoticmeamu. Bausnue esedenus Inoponuxa @127 6 mampuyy I1BC na
CMpPYKmMypy, PUUKO-XUMUYECKUE CBOUCMBA U MPAHCHOPMHbBLE XAPAKMEPUCMUKU U3YYAIU

memooamu UK, COM, uzmepenuem yenos cmauusanusi, cmenenu Habyxanus, nposeoeHuem
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nepeanopayuoHHo2o pasdeieHus aszeomponuou cmecu 600a/UIIC (12/88 macc. %).
Moouguxayuss IIBC membpanwvr Ilnroponuxom @127 npusena k ¢popmuposanuro 6onee
Wepoxoeamotrl GHympeHHell CmpyKmypul ¢ HOLOCMAMU, UOPOPUIUIAYUU NOBEPXHOCU U
no8bIUEeHHOU cmenenu Habyxanus 8 cmecu 600a/UIIC, ymo cnocobcmeosano yayuuenuio
MPAHCNOPMHBIX ~ CBOUCME  MOOUPUYUPOBAHHBIX MembOpaH. Beedenue 3 macc. %
Imoponuxka @127 6 ouggysuonnyto I[IBC membpany yseauuuno yoenvHy
npouzeooumenvrocmo 00 0,017 ka/(M*> 4) u Kodhpuyuenm xonyenmpuposanus 0o
100,16% c cooeporcanuem 600vt 8 nepmeame 99,9 macc. %, a cuusanue IIBC-I1J1 @127
(3 macc. %) membpanvr ¢ nomowwro MK He3HaAUUmMENbHO CHU3UNO YOEIbHYIO
npouseooumenvrocmo 00 0,015 xe/(M* u) u xospuyuenm xonyenmpupoéanus 0o
100,14% u nosvicunra cmabuILHOCMb MEMOPAHbBL 8 BOOHOM PACMBOpPE.

Tpancnopmmusie xapakmepucmuxu cuiumoti ouggyzuonnou [IBC-MK-I1JI @127 (3
macc. %) membpanvl ObLIU YIyUULeHbl 3a cuem CO30aHUsL KOMNOZUYUOHHOU MeMOPaHbl C
ucnoav3osanuem yiompaguivmpayuonroi nopucmotul 1A (onucannou 6 pazoene 3.2) u
kommepueckou YIIM-20 membpan 6 kauecmee noonoxcex. Ha xapaxmepucmuxu
KOMNO3UYUoHHulx Membpan Ha I[IA noonoocke enusna nopucmocms IIA membpan
(6apvuposanue  rkonyenmpayuu  Gopmosounoco pacmeopa I14). Onmumanvvie
MPAHCNOPMHbLE XAPAKMEPUCMUKU ObLIU NOLYYeHbL 01 cuiumou komnozuyuonnou I11BC-
MK-IIJI @127 (3 macc.%) membpansi, Hanecennou Ha yrvmpagunvmpayuouuyro 114 (17
mace. %) noonoxcky: yoeavnas npoussooumenvrocms 0,1 ke/(m?u), 98,8 macc. % 600vl 6
nepmeame, 100,96% rxo3pduyuenm xKonyeHmpuposanus 8 npoyecce nepeanopayuoHHoU
Ooezudpamayuu uzonponauona (12 macc. % 600wt). Cuumas xomnosuyuonnas I1BC-MK-
I @127 (3 macc. %) membpana na noonodcke VIIM-20 umena 6 3 paza menvutyro
yoenvbHyto npouszgooumenvrocmo, yem IHIBC-MK-ITJI @127 (3 macc. %)/T1A-11 membpana.

Jna  nepcnekmueHo20  NPOMBIULIEHHO20 — NPUMEHeHUs,  CMAOUIbHOCMb
paspabomannou komnosuyuonnou IIBC-MK-I1JI @127 (3 macc. %)/I1A-11 membpanv
OviIa noomeepaicoena 6 npoyecce nepsanopayuoruou oecuopamayuu UIIC 6 wiupokom
ouanazone KoHyeHmpayuu 0o 80 macc. % 600bl U npu OIUMENLHOM pasoeseHuu
azeomponnoil cmecu 600alUIIC (12/88 macc.%). Cpasnenue paspabomannou I1BC-MK-
Il @127 (3 macc. %)/1IA-17 membpanvr ¢ membpanamu I[IBC, onucannvivu 8
aumepamype [77,87,95,203,254,255], npu udenmuunvix ycrosusx nposedeHs.

nepsanopayuu noxkasauno, 4mo pa3pa60maHHaﬂ M€M6paHa umeem oOonee 6bICOK)I0
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VOEIbHYI0  NpOU3BOOUMENbHOCMb — W/UIU  (akmop  pazoeleHus 6  npoyecce
nepeanopayuontot oecuopamayuu UIIC (12 u 20 macc.% 600wt) oaxce npu KOMHAMHOU

memnepamype (22 °C).
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OCHOBHBIE BbIBO/IbI

[Ipennoxens! ciocoObl Moaudukanuu [Inmoponnkom @127 nonumepHbIx MeMOpaH
U3 NOJu-M-(peHWIeHn30(pTalaMyua U TOJMBUHWIOBOIO CHHUPTA Pa3IMYHBIX KIACCOB
(ymeTpadmIIbTpallMOHHBIX, HAHOQWIBTPAIIMOHHBIX W IIEPBANOPAMOHHBIX),  YTO
NO3BOJIMJIO TOBBICUTH CTENEHb pa3fefieHUs] U KOHLUEHTPUPOBAHUS TSDKEIBIX METaJIOB,
OBIYBETO  CBIBOPOTOYHOTO  albOYMHHA, CMAa304HO-OXJIQXKJAIOMIEH KUAKOCTH U
OpraHMYeCKUX PacTBOPUTENIEH, TaKMX KakK H3O0IMPOMAHON M TOIYyOJ, B MEMOpaHHBIX
IPOILECCAX , UCIOIB3YIOMIUXCS B MPOOOIOATOTOBKE BOJHBIX U OPraHUYECKUX CMECEH.

1) VYcranoBneHo, uyto  MoauduKanus  NOdU-M-heHuwIeHn3opTaIaMuIa
[Tmoponrikom @127 mnpuBOAUT K  YIYUUIEHHIO TPAHCHOPTHBIX XapaKTEPUCTUK
pa3pabOTaHHBIX MEPBANOPANMOHHBIX AU(PPY3HOHHBIX MEMOpaH sl pa3AeieHHs] CMECH
METAHOJI/TOJIyOJl. YBEJINYEHHE YAEIbHOW INPOU3BOJUTENBHOCTH U CEIEKTHUBHOCTH IO
OTHOIIIEHUIO K METAaHOIY MOAN(DHUIIMPOBAHHBIX MEMOPaH ObLII0 00YCIOBIEHO H3MEHEHHEM
CTPYKTYpBI (MIOATBEPKAEHO 00pa3zoBaHue BoopoaHbIX cBs3elr metogoMm UK) u gusuko-
XUMHYECKUX CBOMCTB B mporecce Moaudukanuu ILmoponukom D127, a umeHHo,
CHM)KEHHEM KpHUCTaJTMuecko (as3bl (moATBepkaeHo naHHbiMU SAMP), yBennueHuem
IIEPOXOBATOCTH BHYTPEHHEH CTPYKTYpbhl MeMOpaH (MOATBepXkaAeHO AaHHbIMHU COM),
ruApOGUIBLHOCTH (MTOATBEPKICHO JAHHBIMH YTJIOB CMauMBaHUs) M CTENICHH HaOyXaHHs B
MeTaHole (IMOATBEPXKIACHO JAHHBIMM 10 cTerneHu HaOyxanus). bonee 3Haunmble
W3MEHEHUS XapaKTEPUCTUK OBLTH MOTydeHBI TS AU Py3nOHHON MEMOpaHbI U3 MOJIA-M-
dbenunennzodranamuaa, coxepxkamein 10 wmacc.% I[lmoponuka @127, npm
TIEPBANIOPAIIMOHHOM pa3jeiIiCHUH a3e0TPOITHOM cMecH MeTaHou/Tonyod (72/28 mace. %):
HOpMaJIM30BaHHas yJelbHas MPOU3BOJUTEIHLHOCTh B 2 pa3a BhIlIe, Ha 5 Macc. % crano
Oonblie cojepkaHue MeTaHojia B mepmeate W Ha 3,3 % Bo3poc KOIPPHUIMEHT
KOHIICHTPUPOBAHMUS TIO CpaBHEHHIO C AUPPY3HOHHOW MEMOpaHOH U3 MOJU-M-
dbennneHn3odTagamMua.

2)  YcranoBneHo, 4Yro  Momaudpukanusa  noau-M-(peHmIeHn3odranmamuga
[Imroponnkom @127 npuBOAWT K YIAYYIICHHIO TPAaHCHOPTHBIX XAPAaKTEPHUCTHUK
pa3pabOTaHHBIX yIbTPAPUIBTPALMOHHBIX MeMOpaH. bonee 3HaumMmble H3MEHEHHS
TPAHCIOPTHBIX ~ XAPAaKTEPUCTUK ObUIM  IOJIy4E€Hbl s I[OPUCTOW  MeMOpaHBbI,

npuUroToBieHHoM u3 17 macc.% pacTtBopa nonu-m-GpeHuIeHn30TaaamMmIa, coaepsKamen
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10 macc.% Ilmoponuka D127, npu yabTpaduiabTpanui OBIYHETO CBHIBOPOTOYHOTO
anbOyMHHA ¥ CMa304HO-OXJIAKJAOMIEHN KUIKOCTH:

- IOTOK B 2 pa3a Bbllle, Ha 7,7% Bbillie KO3QPUIUEHT KOHIEHTpUpoBaHus 1 Ha 21%
BBIIIIE€ CTENIEHb BOCCTAHOBJIEHHUS ITOTOKA 10 CPABHEHUIO C IOPUCTOW MEMOPAHOM U3 MOJIH-
M-beHuwIeHn3opTaaMuia B Mpolecce  yIbTpaQuIbTpaluu  pacTBopa  OBIYBETO
CBIBOPOTOYHOI'O aJIbOYMHUHA;

- oTOK B 1,5 pa3a Belmie u Ha 5% BBIIIE CTENEHb BOCCTAHOBJIEHUS MOTOKA IIPU
COXpaHEHMM  BBICOKMX 3HaueHuWd kodpdummenrta 3axepxkanus (99,9%) wu
koHueHTpupoBanus (101,9%) B mpouecce ynbTpaduibTpallud SMYJILCUU CMa304HO-
OXJIAXKJAIOMIEH >KUJIKOCTH IO CPAaBHEHUIO C TMOPUCTOM MeMOpaHOW U3 MOJHU-M-
bennnennzodranamuaa.

VY ayunieHue TpaHCIOPTHBIX XapaKTePUCTUK MOIUPUIIMPOBAHHON MeMOpaHbl ObLIO
00yCIIOBIIEHO YBEITMUEHUEM pa3Mepa Mop (MaKpOIyCTOT) U KOJIMYECTBA ITOP CETCKTUBHOTO
ciosi (moaTBepxkaeHO aaHHbIMHM COM), a Takke YBEIMYCHHEM THAPOGUIBHOCTH
MOBEPXHOCTH MeMOpaH (MOATBEPKIEHO JAHHBIMU YTJIOB CMauyMBaHUS) 3a CUET JCHCTBUS
[Imoponuka @127 xak mnopooOpazoBarenss H ero aM@UPUIBHOW CTPYKTYpbI
(rumpodoOHBIC OJOKM 3aKperieHbl B MeMOpaHHON Martpuile, a THAPOPUIbHBIE OJIOKHU
BBICBOOOXK/TAFOTCS HA TIOBEPXHOCTH MEMOPAHBI).

3) VYcraHoBiIeHO, YTO MOAM(MUKAIUS MOPHCTBIX MEMOpaH U3  IOJIU-M-
bennnern3odranamuna, moauduimpoBanaoro [Lmroponukom @127 (10 u 15 mace.%),
NyTeM HAHECEHMUsS] TOHKOI'O CEJEKTUBHOIO CJOSI M3 MOJUATWICHUMHMHA TNPUBOIUT K
YIIyYIICHUIO TPOHUIIAEMOCTH U KO3(PPUITUEHTOB 3a/Iep:KaHus TPU HAHOPIIBTPAITUOHHOM
KOHIIEHTPMPOBAHMM MOHOB Tskenbix Metamto (Cd?*, Pb?*, Cu?'). Vnyumenue
TPAHCIIOPTHBIX XapaKTEPUCTUK MOIU(PUIMPOBAHHBIX MeMOpaH ObLJIO 00YyCIOBIECHO
neiicteueM Ilmopornka @127 kak mopooOpas3yromero areHTa, KOTOPHIN YBEIHMYUBAT
pasMep M KOJMYECTBO IOp MOPUCTOM MeMOpaHbl (MOATBEpKIAeHO AaHHbIMH COM),
CIOCOOCTBYSI POCTYy 3HAYEHUH MPOHHUIIAEMOCTH MeMOpaH, M yBEIMYCHHUEM aJIcOpOIuu
MOHOB METAJIJIOB HAa BBICOKOTUAPO(UILHOM KATHOHHOM CJIO€ W3 MOJUATHICHUMMHA,
CrocoOCTBYSl yBEIMYEHHIO KOA((UIMEHTOB 3ajepX aHus. 3HAYUMbIE H3MEHEHUS
TPAHCHOPTHBIX XapaKTEPUCTUK ObUIM TMOJYYEHBI ISl KOMIIO3UIIMOHHBIX MeMOpaHbl B

npoLecce HaHO(QUILTPALUK PACTBOPA HOHOB TsKeNbIX MeTamios (Cd?*, Pb?*, Cu?):
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- JUIsl KOMIIO3UIIMOHHOM MeMOpaHbl C TOHKHUM CEJIEKTHUBHBIM CJIOEM U3
NOJIMATUICHUMHHA,  HAHECEHHBIM  Ha  MOPHUCTYI0O  MeMOpaHy M3  MOJH-M-
dbenunennzodranamuna, moaudpuuuposanHoro I[lmoponukom @127 (10 macc.%),
NPOHUIIAEMOCTh B 4 pa3a BBIIIE C HAWBHICIIUMHU KOA(P(OUIIUEHTAMU 3a/Iep>KaHusl HOHOB
Tskenslx MetamioB (54% misa Cd?*, 95% ma Pb?*, 100% mns Cu?*) mo cpaBHEHHMIO C
MOPUCTON MeMOpPaHO# U3 MOIH-M-(peHIIEHN30PTaTaMIIa,

- 08 KOMIIO3MIIMOHHOM MeMOpaHbl C TOHKHM CEJIEKTHUBHBIM CIIOEM U3
NOJUATUICHUMUHA,  HAHECEHHbIM Ha  TOPUCTYI0  MeMOpaHy U3  IOJIU-M-
dbennnennzodranamuaa, moauduuupoBannoro Ilmoponukom @127 (15 wmacc.%),
IPOHUIAEMOCTh B 6 pa3a BHIIIE C yBEAMYECHHBIME Kod(duumenTamu 3anepxanus Cd?" u
Cu?* (49% nnsa Cd?*, 42% mma Pb?, 100% mns Cu?*) mo CpaBHEHHIO C NOPUCTOM
MeMOpaHO# U3 Moau-M-peHuaeHn3opTaraMmuaa.

BbI10 yCTaHOBIIEHO, YTO B 3aBUCUMOCTH OT 3aJa4d KOHLIEHTPUPOBAHMSI MOKHO
UCIIOIb30BaTh Ty WJIM HHYIO pa3pa0oTaHHyI0O MeMOpaHy [JJisi  TOBBIIICHHS
POU3BOAUTEIBHOCTH WM CEIEKTUBHOCTH HAHO(PMIBTPALUU HOHOB TSKEJIIX METAJIOB C
LEJIbI0 CHIDKEHUS TPeIesIoB 0OHAPYKEHUS N3yYaeMbIX aHAJIUTOB.

4) YcTaHOBIIEHO, YTO MOAU(UKAIMS TTOTUBUHIIOBOTO criupTa [moponukom ®127
OPUBOJUT K  YJAYYIIEHHIO  TPAaHCHOPTHBIX  XapaKTEPUCTUK  pa3paOdOTaHHBIX
nepBanopanuoHHbIX TU(G(Y3MOHHBIX U KOMIO3UIIMOHHBIX MEeMOpaH i JAeTUapaTaiuu
u3onpomnanona. Jlnsg MCHoiap30BaHHMA MEMOpaH B TNIpoLEcce IepBaopalvy CMecu
BOJA/M30MPONAHOJl Ha BCEM JAHMana3oHe KOHLEHTpaluil Obla MpoBeAeHa XUMHUYECKas
CIIMBKa MeMOpaH MyTeM J00aBJIeHHsI MaJeMHOBOM KHUCIIOTHI W mporpeBa mpu 110° B
tedeHre 120 MUHYT. YIydllleHHE TPAaHCIOPTHBIX XapaKTEPUCTUK MOAUPUIIMPOBAHHBIX
MeMOpaH 66110 00yciioBieHo BiaustHueM [Lmoponnka 127 Ha cTpyKTypy (IIOATBEPKIEHO
naaaeiMu MK) u pusuko-xuMuueckne cBolicTBa MeMOpaH: mob0aBiieHne MOAN(pUKATOpa
YBEJIMYUBAET TUAPODUIBLHOCTh MOBEPXHOCTH MeMOpaH (MOATBEPKACHO TAaHHBIMHU IO
yrilaM CMa4MBaHUs BOJOM), CTEIIEHh HAOyXaHUs B pa3/iesiieMoil cMmecu (IOATBEPKICHO
JTAHHBIMU 110 CTENEHU HaO0yXaHusl) U ACHCTBYET KaK MopooOpa3yIouuil areHT, NpuBoas K
00pa3oBaHUIO TMOJOCTEH B CTPYKType MeMOpaH (MOATBEpKIAeHO naHHbIMH COM), 4TO
MPUBOJIUT K YBEJIMYEHHUIO MPOHUIIAEMOCTH MEMOPAHBI PU COXPAHEHUU BBICOKOTO YPOBHS
CEJIGKTUBHOCTH. XHMHYECKOE CIIMBAHWE MAaJCHMHOBOM KHCIOTOW MOIU(PHUIIMPOBAHHBIX

MeMOpaH He3HauuTelnbHO HuBenupyer s3¢dekr Ilmoponuka @127, npuBoas K
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HEOOJIBILIOMY CHMKEHHIO YJEJIbHOM IPOU3BOJUTENBHOCTH CIIUTBIX MEMOpaH 1o
CPaBHEHHUIO C HECHIMTHIMH MeMOpaHamu. bojee 3HaunMMble M3MEHEHHS XapaKTEPHCTUK
OBUTM TIOJIYYEHBI I KOMIIO3UIIMOHHOW MEMOpaHBI C CIIUTHIM TOHKHM CEICKTHBHBIM
CJIOEM W3 TOJMBHHWIOBOTO crupra, MoauduuupoBanHoro ILmoponukom @127 (3
Macc.%), HAHECEHHOTO0 Ha MPUTOTOBIEHHYI0 TMOPUCTYI0 TOMJIOXKKY U3 IOJH-M-
denmnennzopTanamMua, MpH TMEPBANOPAIMOHHOM pa3ZeieHuH a3e0TPOIHOM CMecH
Boaa/m3onponanoi (12/88 macc. %): yaenbHas Ipou3BOIUTEIHHOCTS Bo3pocia B 12,5 pa3
IpU COXPAaHEHWH BBICOKMX 3HaueHUW kodddunuenta xkoHueHtpupoanus (100,96%) u
cojep>kanusi BoJibl B iepmeare (98,8 macc.%) mo cpaBHeHuto ¢ AupPpy3uoHHON HECIIUTON

MeM6paHOfI N3 ITOJIMBUHUJIOBOI'O CIIMPTA.
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INTRODUCTION

Depending on the physicochemical properties of the components of the mixture
separated, the separation can be carried out using various conventional methods of
separation and concentrating, for example, extraction, distillation, precipitation,
coprecipitation, chromatographic, electrochemical methods, etc. Recently, membrane
processes achieved profound development for the separation and concentration of liquid
and gas mixtures. Their rapid development is related to their advantages compared to
conventional separation techniques: low power consumption, environmental friendliness
(no requirement for the addition of an intermediate reagent), simplicity to manage and
automatize, and compact equipment.

In the dissertation work three membrane processes, pervaporation, nanofiltration,
and ultrafiltration are presented. These three differ in both driving force and structure of
the membrane material used (non-porous membranes for pervaporation and nanofiltration;
porous for ultrafiltration). It allows to estimate/study in detail the contribution of
membrane modification on the transport properties of membranes with various structures,
as well as to solve a wide range of separation tasks.

Effective separation of mixtures in a membrane process requires the development
of membrane materials with tailored transport characteristics. The creation of mixed matrix
membranes (MMM) is one of the most widely used methods for improving the properties
of polymeric membrane materials. Modification of polymers of different nature with
Pluronic F127 (a block copolymer of polyethylene glycol and polypropylene glycol) is one
of the promising ways to improve the properties of polymeric membrane materials, due to
Pluronic F127’s amphiphilic nature and optimal hydrophilic-hydrophobic balance.

The relevance of the work is determined by the requirement to develop novel
polymeric membranes containing Pluronic F127 with improved transport properties to
optimize analytical methods of sample preparation for concentrating heavy metals,
proteins, organic solvents, and other analytes.

The development degree of the research topic. The creation of mixed matrix
membranes (MMM) is a promising direction for obtaining membranes with tailored
characteristics in connection with the advantages of combining two different components

(polymer and modifier). In recent years, Pluronic F127 has generated considerable interest
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for its application as a membrane modifier and pore former. Pluronic F127 is considered a
promising modifier for the production of high-performance membranes since its addition
to the membrane matrix increases the hydrophilicity of the membrane surface, which
provides improved antifouling properties (resistance to pollution) of ultrafiltration and
nanofiltration membranes, and also leads to an increase in the permeation flux of
pervaporation membranes. Hydrophobic fragments in the structure of Pluronic F127
contribute to its strong fixation in the polymer matrix. Hydrophilic fragments endow the
membrane surface with a high degree of hydrophilicity. Due to the combination of
hydrophilic and hydrophobic fragments in the structure of Pluronic F127, it exhibits the
properties of a hydrophilic nonionic surfactant and is water-soluble. According to the
literature review, the use of Pluronic F127 as an additive for polymeric membranes leads
to significant changes in their mechanical, physicochemical, and transport characteristics.
Thus, effective separation of mixtures requires the development of novel membranes
containing Pluronic F127 with tailored transport characteristics.
This study was supported by the Russian Foundation for Basic Research, grant
No. 17-58-04067 "Novel membrane materials for dehydration and water treatment" (2017-
2019).
The aim of the dissertation work was the development of novel polymeric
membranes modified with Pluronic F127, which can significantly increase the degree of
separation and concentration of analytes (heavy metals, bovine serum albumin, coolant
lubricant, and organic solvents such as isopropanol and toluene) in the pervaporation,
nanofiltration, and ultrafiltration.
Research objectives
e To develop the approaches for the modification of known membrane materials (poly-
m-phenylene isophthalamide and polyvinyl alcohol) with Pluronic F127.

e To prepare non-porous (dense and/or supported membranes) and porous
(ultrafiltration) membranes from the developed composites.

e To investigate the structural and physicochemical characteristics of the resulting
composites and membranes based on them.

e To study the transport characteristics of the developed mixed matrix pervaporation
dense and supported membranes in the separation of industrially significant binary

mixtures; to determine the optimal composition and structure of the membranes.
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To study the transport characteristics of the developed mixed matrix nanofiltration
supported membranes in the concentration of heavy metals, to determine the optimal
composition and structure of the membranes.
To study the transport characteristics of the developed mixed matrix ultrafiltration
membranes in the concentration of bovine serum albumin solution and coolant
lubricant emulsion, to determine the optimal composition and structure of the
membranes.
To find the rejection and concentration coefficients of the indicated analytes when
using the developed membranes.

Scientific novelty of the research
For the first time, dense, supported, and ultrafiltration membranes based on composites
"poly-m-phenylene isophthalamide-Pluronic F127" and "polyvinyl alcohol-Pluronic
F127" were developed, which have improved transport properties in the pervaporation,
nanofiltration, and ultrafiltration.
For the first time, the effect of the addition of Pluronic F127 into poly-m-phenylene
isophthalamide and polyvinyl alcohol on the structure of membranes, as well as on
their physicochemical and transport characteristics, was established.
For the first time, optimal compositions were proposed for polymer/Pluronic F127
composites, providing the most efficient separation of analyte mixtures.
For the first time, rejection and concentration coefficients for developed membranes
were measured with heavy metals, bovine serum albumin, coolant lubricant and
organic solvents such as isopropanol and toluene as examples.

The practical significance of the work
A novel pervaporation membrane based on poly-m-phenylene
isophthalamide/Pluronic F127(10%) composite with improved permeation flux and
selectivity to methanol for the separation of an azeotropic methanol/toluene mixture
(72/28 wt. %) was developed.
A novel ultrafiltration membrane based on poly-m-phenylene isophthalamide/Pluronic
F127(10%) composite with improved permeation flux and antifouling properties for
ultrafiltration of bovine serum albumin solution and coolant lubricant emulsion was

developed.
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e A novel pervaporation supported membrane with a thin selective layer made of
polyvinyl alcohol/Pluronic F127(3%) composite, cross-linked with maleic acid and
deposited onto a porous poly-m-phenylene isophthalamide substrate, with a high
permeation flux in the isopropanol dehydration was developed.

e Novel nanofiltration supported membranes with a thin selective layer made of
polyethyleneimine deposited onto a developed porous membrane based on poly-m-
phenylene isophthalamide/Pluronic F127 (10%, 15%) composite with improved
characteristics in the concentrating heavy metals from water were developed.

Research methods

To study the properties of the developed composites and membranes based on them,
the following research methods were used: scanning electron microscopy, atomic force
microscopy, infrared spectroscopy, solid-state nuclear magnetic resonance, gas
chromatography, stripping voltammetry, immersion method for measuring equilibrium
swelling, sessile drop method for measuring contact angles, pervaporation, nanofiltration,
and ultrafiltration.

Statements to be defended

A set of methods for optimizing the concentration processes of various analytes

(organic solvents, heavy metals, bovine serum albumin solution, and coolant lubricant

emulsion) using pervaporation, nanofiltration, and ultrafiltration methods by improving the

transport characteristics of membranes based on poly-m-phenylene isophthalamide and

polyvinyl alcohol, namely:

e Increase in performance of dense pervaporation membranes due to their
modification by Pluronic F127, namely:

o Modification of poly-m-phenylene isophthalamide membranes with 10 wt.%

Pluronic F127 leads to a two times increase in the normalized permeation flux,

5 wt. % increase in methanol content in the permeate and a 3.3 % increase in the

concentration coefficient compared to the pristine poly-m-phenylene

isophthalamide membrane in the pervaporation separation of the
methanol/toluene azeotropic mixture.

o Modification of cross-linked with maleic acid polyvinyl alcohol membranes

with Pluronic F127 (3 wt.%) leads to 2 times increase in permeation flux,

maintaining high water content in the permeate (99.9 wt.%) and a concentration



148

coefficient (100.1%) compared to the pristine polyvinyl alcohol membrane in
the pervaporation separation of the isopropanol/water azeotropic mixture.
¢ Increasing the performance of ultrafiltration membranes due to their modification
by Pluronic F127, namely:

o Moadification of poly-m-phenylene isophthalamide membranes with 10 wt. %
Pluronic F127 improves transport characteristics compared to the pristine poly-
m-phenylene isophthalamide membrane in ultrafiltration of bovine serum
albumin solution and coolant lubricant emulsion:

- 2 times increased permeation flux, 7.7 % enhanced concentration coefficient,
and improved flux recovery ratio (97%) in ultrafiltration of bovine serum
albumin solution;
- 1.5 times increased permeation flux, maintaining high values of the rejection
coefficient (99.9%) and concentration coefficient (101.9%) and improved the
flux recovery ratio (67%) in ultrafiltration of the coolant lubricant emulsion.

¢ Increasing the performance of membranes by creating supported membranes with

selective layers, namely:

o Modification of cross-linked with maleic acid polyvinyl alcohol selective layer
by Pluronic F127 (3 wt.%), deposited on the prepared porous substrate based on
poly-m-phenylene isophthalamide, leads to 12.5 times increase in permeation
flux compared to the dense polyvinyl alcohol membrane in the pervaporation
separation of isopropanol/water azeotropic mixture.

o The casting of a thin selective layer from polyethyleneimine on the developed
porous poly-m-phenylene isophthalamide membrane modified with Pluronic
F127 (10 and 15 wt.%) improves the transport characteristics of the membrane
(permeability, rejection coefficient, and/or concentration coefficient) compared
to the porous poly-m-phenylene isophthalamide membrane in nanofiltration
concentration of heavy metals from water.

Work approbation

The results of this work were reported at:

e 14" International Saint Petersburg Conference of Young Scientists “MODERN
PROBLEMS OF POLYMER SCIENCE”, 12-14th November 2018, St. Petersburg:
Zolotarev A.A., Penkova A.V., Atta R., Plisko T.V. “Development of novel
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pervaporation and ultrafiltration membranes based on poly(phenylene isophthalamide)

modified by Pluronic F-127".

e XI International Conference on Chemistry for Young Scientists “Mendeleev 20197, 9-
13th September 2019, St. Petersburg: Atta R.R., Penkova A.V., Dmitrenko M.E.,
Zolotarev A.A. “Improvement of the transport properties of ultrafiltration and
pervaporation membrane based on polyvinyl alcohol by Pluronic F127 modification™.

e 15" International Saint Petersburg Conference of Young Scientists “MODERN
PROBLEMS OF POLYMER SCIENCE”, 28-31st October 2019, St. Petersburg: Atta
R.R., Penkova A.V., Zolotarev A.A., Dmitrenko M.E. “Study of the influence of
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CHAPTER 1. LITERATURE REVIEW
1.1. Separation and concentration methods in analytical chemistry

In analytical chemistry (analytical separation), the separation of mixtures can be
achieved by various methods (sorption, precipitation and co-precipitation,
chromatography, extraction, electrochemical methods, distillation, crystallization, flotation
and membrane separation methods).

Membrane separation processes have found application in various fields of science
and technology, in particular analytical chemistry, due to their advantages over traditional
separation methods. Membrane processes consume less energy, are easier to operate, more
cost effective and have a high preconcentration level with good selectivity. Separation of
the components occurs through a semi-permeable membrane by different mechanisms
depending on the type of membrane material (porous, non-porous).

The membrane is a selective barrier material that can be made from a synthetic or
natural material. To perform effective separation, the membrane must meet the following
criteria: the membrane must have a sufficiently large surface area, high selectivity with
respect to certain components, and high mechanical strength. The membrane must also
have reproducible transport characteristics and be cost-effective using in production.

Classification of the membranes

Membranes are classified according to several criteria.

» According to the nature of origin, membranes are divided into biological (natural) and
synthetic membranes.
» According to morphology (or structure), membranes are divided into:

e Porous membranes: it is a semi-permeable material containing defined pores ranging in

diameter from 2 nm to 20 mm [1]. The separation using a porous membrane primarily
depends on the pore size of the selective membrane layer and the size of the molecules
to be separated [2]. The efficiency of porous membranes depends on such parameters
as crystallinity of the polymeric membrane material, pore size and structure, surface
roughness, surface charge, and hydrophilic-hydrophobic balance of the membrane
surface. Typically, the model used to describe mass transfer through a porous

membrane is a hydrodynamic model. The separation of the various components occurs
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based on the size of the pores of the membrane: larger molecules are retained, those
that are smaller pass through.

e Dense (non-porous) membranes: these are membranes with a dense structure without

visible pores, the mass transfer of low molecular weight components is carried out due
to the free volume between the polymer chains. Dense membranes are mainly used to
separate components that are similar in size but differ in chemical properties. The
generally accepted model describing the mass transfer of a liquid or gas through a
dense membrane is the "solubility-diffusion™ model, in which the sorption (dissolution)
of the component in the membrane material first, then its diffusion and desorption from
the reverse side of the membrane occur.

» According to the symmetry factor, membrane structures can be divided into two types:

e The symmetric membrane has a uniform structure and composition throughout the

cross-section. Such membranes are also referred to as homogeneous membranes.

e The asymmetrical membrane consists of a thin selective layer supported by a

microporous layer that acts as a mechanical support. Selective surface layer
responsible for separation and permeation of penetrants through the membrane [1].
Different organic (polymers) or inorganic (ceramics, metals) substances can be used
as materials for the preparation of membranes. Inorganic materials generally have higher
thermal, mechanical and chemical stability than polymeric materials. However, their main
disadvantages are high cost, rigidity, low structure reproducibility and brittleness.
In the dissertation work, three membrane processes were chosen as separation and

concentration methods: ultrafiltration, nanofiltration and pervaporation.

1.2. Pervaporation as a method for separation and concentration of liquid mixtures

The pervaporation is one of the most modern technologies for the separation of low
molecular weight substances. It is not a new concept, and the origins of pervaporation are
ancient. Kober (1917) [3] first mentioned the term pervaporation in his work reporting on
the selective permeation of water from aqueous solutions of albumin and toluene through
collodion (cellulose nitrate) films. Farber in 1935 confirmed the relevance of pervaporation
for concentration and separation. Heisler et al. (1956) presented the first pervaporation
separation of water/ethanol mixtures using a cellulose membrane. Binning et al. (1958,

1961, 1962) explained and demonstrated the concepts of pervaporation. Despite numerous
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studies and patents, the permeation flux of the membranes was too low to be economically
viable. In the early 1980s, significant progress was achieved, when Gesellschaft fiir
Trenntechnik (GFT) Co. constructed a supported membrane consisting of a thin layer from
cross-linked polyvinyl alcohol (PVA) deposited onto porous polyacrylonitrile (PAN)
substrate. Then the pervaporation was used to dehydrate ethanol in industry. Since this,
significant efforts have been made to expand the scope of research into the separation of
many liquid mixtures and various membranes.

Pervaporation is a method for separating liquid mixtures by selective evaporation
of low molecular weight components through a non-porous membrane [4]. The mass
transport in the pervaporation follows according to the “solubility-diffusion” mechanism
as noted earlier. Lonsdale, Merten, and Riley [5] first published the “solubility-diffusion”
model and applied it to describe an extensive range of systems with considerable success.
The following stages can explain the “solubility-diffusion” mechanism through the
membrane:

1. Sorption of the component of the feed onto the membrane surface;
2. Diffusion of the sorbed component through the membrane;
3. Desorption (evaporation) of the component at the membrane backside.

The pervaporation is typically used to separate different liquid mixtures [6]:
azeotropic and isomeric mixtures [7], close-boiling or thermally unstable substances.

This method among various types of membrane processes is one of the most
promising methods for the separation of liquid mixtures of low molecular weight
substances. This is due to the fact that pervaporation has the following advantages over
other technologies: low cost of production, environmental friendliness, energy efficiency,
ease of preparation and organization of the separation process, high selectivity and no need
to add other reagents.

The following types of pervaporation are distinguished:

v" Hydrophilic pervaporation

Isolation of water from a water-organic mixture
Applications: dehydration of multicomponent mixtures, destruction of azeotropes in
mixtures.

v" Hydrophobic pervaporation

The organic compound is isolated from a water-organic mixture
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Applications: removal of organic traces from ground and drinking water, separation
of compounds from fermentation broth in biotechnology, removal of alcohol from
beer and wine, wastewater treatment, removal of aromatic compounds in food
technology.

v" Qrganic-organic pervaporation

An organic compound is isolated from a mixture of organic substances
Applications: separation of benzene from cyclohexane, separation of methanol from
methyl-tert-butyl ether, separation of ethanol from ethyl-tert-butyl ether and etc.
The performance of the pervaporation can be assessed using the following
parameters: the permeation flux (J), and the separation factor (3).
The permeation flux (J) in the pervaporation can be calculated by the following
equation [8]:
mn 1)

A-t
where m is a mass of permeate (kg), 4 is the membrane effective surface area (m?), t is a
time of permeate collection (h).
Separation factor () is defined as the concentration ratio of components in the

permeate and feed [8], as shown in the following equation:
ALy 2
XA/XB’

where (y4, yg) and (x,, xg) are the mass fractions of components A and B in the permeate

B

and feed, respectively. Component A is the more permeable component.

1.2.1. Membranes for pervaporation

The efficiency of the pervaporation, as well as other membrane processes, depends
on the correctly selected membrane material.

Polymeric membranes are commonly used in membrane processes due to the ability
to form various shapes, the selection of a specific polymer for a specific task, and
commercial availability. The main disadvantages of using polymeric membranes in
membrane processes are their low permeability or low selectivity and, in some cases, poor
chemical and/or thermal stability. However, the advantages of polymer membranes are

more significant than their disadvantages.
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Inorganic membranes exhibit high selectivity or high permeability. According to
these indicators, they, as a rule, can exceed polymer membranes by several times, and also
have chemical resistance and thermal stability. However, the production and application
processes for inorganic membranes are more complex than for polymer membranes. In this
connection, inorganic membranes have low reproducibility of their properties, poor
mechanical stability, and high cost due to complex production steps [9-12].

Mixed matrix membranes (MMM), which are obtained by dispersing
inorganic/organic fillers in a polymer matrix, provide an optimal balance between the
performance and selectivity of membranes, combining the advantages of the used
components. The procedure for preparing MMM is close to that for polymeric membranes.
However, compatibility and adhesion of fillers/polymers and uniform dispersion of fillers

are important aspects in the preparation of MMM.

1.2.2. Pervaporation membranes based on poly-m-phenylene isophthalamide

Rigid chain structure, high thermal stability, high chemical resistance to organic
solvents, good film-forming, economic availability of aromatic polyamides make them
attractive for use as membrane materials [13,14].

Polyphenylene isophthalamide (PA) is one of the most commonly applied aromatic
polyamides in various application areas such as in bio-construction [15], creation of air
filters [16], lithium-ion batteries [17,18], and fire retardant [19]. Also, PA is a promising
membrane material for pervaporation [20,21]. There are few studies of the investigation of
polyphenylene isophthalamide material for preparing dense (non-porous) membranes for
pervaporation [22—-24]. The improvement of pervaporation properties of polyphenylene
isophthalamide was achieved by the addition of detonation nanodiamond (ND) particles
[22] and carbon particles (fullerene (Ceo) and multi-walled carbon nanotube (MWCNT))
[23-25]. Avagimova et  al. [20] prepared dense polyphenylene
isophthalamide/montmorillonite (1, 3, and 5 wt. %) composite membranes. The influence
of the filler montmorillonite (MMT) on the change in the structure of membranes, sorption
characteristics, and transport properties was studied during the pervaporation separation of
a methanol/toluene mixture (70/30 wt.%). The addition of MMT into the PA matrix led to
loosening of the structure and an increase in the free volume of the polymer film. PA/IMMT

membranes showed higher permeation flux and separation factor than unmodified PA
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membranes. It was found that the improvement of physicochemical and transport
properties occured by adding up to 3 wt. % MMT into PA matrix: permeation flux of 112
g/(m? h) and 99.2 wt. % methanol in the permeate during the pervaporation separation of
a methanol/toluene mixture (70/30 wt.%). PA/MMT (5 wt. %) membrane has worse
selectivity than pure PA membrane.

Penkova A.V. et al. [21] obtained dense polyphenylene isophtalamide membranes
containing 2 and 5 wt. % carbon nanotubes (CNT) to evaluate the pervaporative separation
of methanol (MeOH) and methyl tert-butyl ether (MTBE) mixture. All membranes showed
high selectivity towards methanol. The highest permeability and selectivity with respect to
methanol was obtained for a PA membrane containing 2 wt. % CNTs compared to PA
membranes and membranes containing 5 wt. % CNT.

Avagimova N.V. et al. [22] modified dense membranes from polyphenylene
isophthalamide (PA) with nanodiamond (ND) particles (1, 3, and 5 wt %). The transport
properties of membranes were studied in the separation of methanol/methyl acetate (18/82
wt. %) mixture. It was found that the introduction of ND particles into the PA matrix
improved the transport characteristics of the membranes: the highest permeation flux and
separation factor were achieved for a membrane containing 3 wt. % nanodiamond
(permeation flux of 220 g/(m? h), 74 wt. % methanol in permeate and 13 separation factor).
The transport characteristics worsened at a higher content of ND in the membrane (PA-5
wt.% ND), due to the formation of defects in the polymer matrix.

In the work [23], the dense membranes based on PA-MWCNT Taunit® composite
were developed and analyzed in the pervaporation separation of the azeotropic
methanol/methyl-tert-butyl ether (MTBE) (14.3/85.7 wt. %) mixture. The best separation
factor (= 112.5) was obtained for the PA-MWCNT (2 wt. %) membrane. The membranes
with 5 and 10 wt. % MWCNT were less selective (=62.5 and =40, respectively) than those
of the pure PA membrane. This can be due to two reasons: the occurrence of defects in the
polymer matrix, as well as an increase in methanol sorption, leading to a decrease in
selective properties because of an increase in the number of transport channels.

Dense membranes based on PA-Cg composites, containing up to 10 wt. %
fullerene, were developed in [24]. The interaction between PA and Ceo molecules in
composites was analyzed by Raman spectroscopy. It was also shown that the introduction

of fullerene led to a decrease in intrinsic viscosity and an increase in the glass transition
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temperature, which was due to the more compact structure of polymer chains after
modification. Dense membranes based on pure PA and its composites, containing 2, 5, and
10 wt. % Ceo, were studied during the pervaporation separation of a methanol/cyclohexane
mixture (37.2/62.8 wt. %). It was found that the optimal concentration of fullerene in the
membrane was 5 wt. % due to the fact that a large concentration caused inhomogeneity
and defectiveness of the membrane structure because of the agglomeration of carbon
nanoparticles in the membrane matrix, which led to a deterioration in transport
characteristics.

In the work [25] novel dense membranes based on polyphenylene isophthalamide
(PA) were developed by incorporating Ceo into the membrane matrix and tested during the
pervaporation separation of a methanol/cyclohexane mixture (37.2/62.8 wt. %). It was
found that the introduction of Ceo molecules into the PA matrix (up to 5 wt. %) led to an
increase in the efficiency of the pervaporation separation of a methanol/cyclohexane
mixture: to increase the permeability and selectivity of fullerene-containing membranes.

Based on the literature review, Table 1 presents the transport characteristics of the

developed pervaporation PA membranes when separating of binary mixtures.
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It was found that the developed PA membranes were used not only for organic
pervaporation, but also for the dehydration of various solvents (for example, ethanol,
isopropanol, ethylene glycol, tetrahydrofuran, etc.). It has also been demonstrated that PA
membranes are being actively developed in various forms: flat (dense and supported) and
hollow fiber. It should be noted that thin-film composite PA membranes prepared by
interfacial polymerization have the highest values of permeation flux due to the formation

of a thinner selective PA layer on a porous substrate.

1.2.3. Pervaporation membranes based on polyvinyl alcohol

For the first time, hydrophilic polymers such as polyacrylic acid (PAA), chitosan
and polyvinyl alcohol (PVA) were used to obtain pervaporation membranes [46-49].
However, membranes made from such polymers have been found to swell excessively
during pervaporation dehydration. Cross-linking and blending of polymers are used to
reduce the degree of swelling [50-54]. However, these approaches tend to result in
performance decrease due to a reduction in membrane free volume.

Polyvinyl alcohol (PVA) is one of the most common water-soluble vinyl polymers
obtained by partial or complete hydrolysis of polyvinyl acetate. This hydrophilic polymer
is widely used as a membrane material due to its high water selectivity [7,55], good film-
forming ability [56,57], and economic availability. PVA is already actively used for the
production of various industrial membranes [58]. However, PVA membranes generally
have low mechanical strength, low permeability and poor stability in aqueous solutions
due to its swelling. As a result, the separation efficiency is greatly reduced, and poor long-
term stability occurs. Improving the properties of PVA membranes remains an urgent task
[59-62].

To solve this problem, various methods for modifying PVA membranes were used
[63-67]. Modification of PVA membranes with various chemical reagents is possible due
to the presence of a large number of hydroxyl groups (—OH) in the polymer chain. Among
these methods cross-linking is a convenient and efficient method that can be carried out by
chemical cross-linking [68-70], irradiation [71], freezing [72], etc. With the help of
chemical cross-linking, using different concentrations of the cross-linking agent and cross-
linking times, it is possible to change the physicochemical properties of membranes and,

accordingly, the efficiency of their separation [73]. Cross-linking of polymer chains
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significantly increases the stability of PVA membranes in water and organic solvents and
has a significant effect on various polymer properties, such as elasticity, tensile strength,
solubility, diffusion coefficient of low molecular weight components, etc. Cross-linking of
polymeric membranes with a reagent results in a networked and more compact membrane
structure, causing limited movement (less mobility) of the polymer chains, less free
volume, and less swelling. Due to the increase in the rigidity of polymer chains, the
solubility of the membrane in the liquid mixture and the diffusion coefficient of low
molecular weight substances decrease, leading to a decrease in permeability, but, at the
same time, to an increase in selectivity. The cross-linkers widely used to improve the
performance of polyvinyl alcohol membranes are glutaraldehyde [74—76], citric acid and
maleic acid [77].

Membranes from PVA cross-linked with different content of glutaraldehyde (GA)
were prepared for pervaporation separation of an acetic acid/water mixture [74]. It was
found that both permeation flux and separation factor reduced considerably when GA
content increased until 10 vol. %. The best separation characteristics were demonstrated
by a membrane cross-linked with 5 vol. % GA: separation factor of 120-420 and
permeation flux of 29-263 g/(m? h) in pervaporation 70-90 wt. % acetic acid/water mixture
at 35-50 °C. 4,4’-oxydiphthalic anhydride (ODPA), 3,3°,4,4’-benzophenone
tetracarboxylic dianhydride (BTDA), and pyromellitic dianhydride (PMDA) were used for
the cross-linking of PVA membranes for ethanol dehydration by pervaporation [78]. Due
to the increased fractional free volume and decreased hydrophilicity caused by cross-
linking of PVA, all cross-linked membranes exhibited more significant permeation fluxes
but lower separation factors compared to the pristine PVA membrane. The increase of
PMDA content from 0.01 to 0.04 mol/(kg PVA) led to an increase in the permeation flux
from 120.2 to 190.8 g/(m? h), but the separation factor decreased from 306 to 58 in
pervaporation separation of a water/ethanol mixture (85/15 wt.%) at 40 °C.

Luying Wang et al. [79] prepared PVA/PAA membranes cross-linked with
glutaraldehyde for the pervaporation separation of methanol (MeOH) from dimethyl
carbonate (DMC). It was found that the membranes had good selectivity (the content of
MeOH in the permeate was more than 98.6 wt. %), but a reduced permeation flux in the
separation of mixtures, containing 40—70 wt. % MeOH, at 50-70 °C. A further increase in

the concentration of GA for membrane cross-linking led to an increase in the separation
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factor and permeation flux. The GA cross-linked PVA membrane with a cross-linking
factor = 6 demonstrated a separation factor of 37 and a permeation flux of 248 g/(m? h) in
the separation of a MeOH/water mixture (50/50 wt. %) at 70°C.

PVA/sodium alginate (SA) dense membranes were prepared for the pervaporation
separation of acetic acid/water mixtures [80]. It was shown that the membrane had a high
separation factor of 21.5 and a permeation water flux of 0.049 kg/(m? h) during dehydration
of 90 wt. % acetic acid.

Creating a mixed matrix membrane (MMM), where an inorganic/organic phase is
added to the polymer matrix, would be promising strategy to enhance membrane efficiency
[81]. Currently, there are many works devoted to the preparation of nanocomposite
membranes [80,82]. A blend of inorganic materials and organic polymers at the nanoscale
has the following advantages: good moldability, lightweight, high strength, flexibility, and
chemical and thermal stability [83]. In this context, various inorganic fillers, such as silica,
zeolites, carbon molecular sieves (CMS), TiO2 and graphite have been incorporated into
PV A membranes to create mixed matrix membranes to improve its transport performance.
However, there are still some problems associated with the dispersion of modifiers and
their effect on mass transfer. The addition of modifiers into the polymer matrix, as a rule,
leads to the following changes:

» Water selectivity is improved, but permeation flux for some PVA MMM drops
dramatically [84,85];

» Permeation flux is improved for some PVA MMM, but there is still low water selectivity
[86-88];

» Permeation flux and selectivity are improved for PVA MMM, but membranes still lack
water selectivity [68,89-91].

Mixed matrix pervaporation PVA/ZIF-8 membranes were prepared for the
pervaporation separation of isopropanol (IPA)/water (90/10 wt. %) [81]. It was found that
the separation factor decreased from 163 to 132 with an increase in permeation flux from
135 to 868 g/(m? h), when the ZIF-8 content was increased from 0 to 5 wt. %.

Mixed matrix pervaporation PVA/ZSM-5 membranes were also prepared for the
pervaporation separation of isopropanol/water [92]. It was shown that the membrane with
6 wt. % zeolite had a maximum separation factor of 216 and permeation flux of 32 kg/(m?

h) in the separation of the feed containing 10 wt. % water at 30 °C. The increase in the
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selectivity of the membrane with respect to water was explained by a decrease in free
volume caused by an increase in the content of zeolite in the membrane.

A PVA/polyvinyl amine (PVA-PVAmM) membrane with polydopamine
(PDA)/halloysite nanotubes (HNTS) incorporation was developed for the pervaporation
dehydration of isopropanol [93]. It was found that using various PDA/HNT concentrations
in the membranes, the permeation flux rose from 0.19 to 0.39 kg/(m?h), and the separation
factor reduced from 479 to 63 in the separation of IPA/water (80/20 wt. %) mixture at 40
°C. The membrane with the inclusion of 5 wt. % PDA/GNT showed the best transport
characteristics: the permeation flux of IPA and water increased from 0.063 to 1.44 g/(m?
h) and from 0.062 to 0.13 kg/(m? h), respectively, with an increase in temperature from 40
to 70 °C in pervaporation of IPA/water (85/15 wt. %) mixture.

In Table 2, the transport characteristics of polymeric membranes based on PVA

during the pervaporation separation of binary mixtures are presented.
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It was found that PVA membranes are not only actively used for the dehydration of
various solvents (alcohols, esters, acetic acid, etc.), but also for organic pervaporation to
separate mixtures such as benzene-cyclohexane, MTBE-MeOH, dimethyl carbonate-
MeOH. Also, it is worth noting that PVA MMM modified with various fillers (for example,
carbon nanoparticles, zeolites, ceramics, etc.) demonstrate improved pervaporation

separation performance due to a combination of membrane component properties.

1.3. Ultrafiltration as a method for separation and concentration of liquid mixtures

Ultrafiltration is used to purify solutions from pollutants, which are typically with
high molecular weight, because small particles and components (relatively less than the
molecular weight cut-off (MWCOQO)) pass through the membrane. The most commonly used
ultrafiltration membranes have a nominal MWCO ranging from 3 to 100 kDa, depending
on the compounds to be concentrated (separated).

The application of ultrafiltration compared to other conventional concentration and
separation processes (thermal processes, chromatography, filtration, decantation,
centrifugation, etc.) is more attractive for the industry due to the following three key
benefits [118,119]:

1. The improvement of food quality. This is due to the safety and variety of food
products that can be obtained using this technology. Consumer demands for quality
food are satisfied. This technology includes the development of new food products
and intermediate products by isolating (obtaining) fractions and their initial
products.

2. Competitiveness and economy. The preparation of consumed foods using the
ultrafiltration process helps to simplify the technological process (the reduction of
some processing steps), improve manufacturing processes (the removal of unwanted
additives such as food contaminants that have a harmful effect on product quality),
maximize the appeal of the final product in texture and consistency and increase its
shelf life. In addition, due to the moderate temperature of the process, thermally
unstable products and taste qualities are not destroyed, which leads to an
improvement in the quality of products. And also, ultrafiltration processes are
simple, easy to implement, and modular systems in nature (which are compact yet

have great flexibility with good automation).
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3. Environmental friendliness. The ultrafiltration removes unwanted components,
such as for clarification of wines, fruit juices, beer, etc., improving product quality,
which has a positive effect on human health and the environment.

There are two operation modes of ultrafiltration , which are applied in different
areas:

Dead-end filtration: the direction of the liquid flow (feed) is perpendicular to the

surface of the membrane, to obtain a permeate (Figure 1). But in this mode of ultrafiltration
the retentate accumulates on the membrane surface, reducing the filtration capacity due to
pore-clogging. Thus, periodic cleaning of the membrane is required. Dead-end mode is
simple in design, but not in industrial operation. This mode is widely used in scientific
laboratories.

Cross-flow filtration: the direction of liquid flow (feed) is parallel to the membrane

surface (Figure 1), retentate is removed from the same side of the membrane, while the
permeate stream is collected from the other side of the membrane. This reduces the fouling
of the membrane surface or accumulating solids on the membrane surface. This is more
energy intensive, and therefore more costly, but the greater efficiency balances these

disadvantages.

Retentate

Membrane g S —

Membrane

permeate

Dead end filtration Cross-flow filtration

Figure 1. Scheme of the dead-end and cross-flow filtration using flat membranes.

At present, ultrafiltration industrial application is increasingly being noticed.
Ultrafiltration is used for pollution control in industrial wastes, biological macromolecules,
oil emulsions, medical therapeutics, wastewater treatment, and colloidal paint suspensions
[120,121].
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The serious problem in the ultrafiltration is the contamination of the membrane (its
surface and clogging of pores) [122]. Membrane fouling cannot be completely prevented,
but there are a number of strategies that can significantly reduce fouling: properly selected
module configuration, membrane material, functionalization of the membrane surface in
order to increase its hydrophilicity. Membrane purification processes can be divided into
physical, chemical, and biological ones [123,124].

The most reliable approach for creating membranes resistant to contamination is
their modification to increase the hydrophilicity of the membrane surface [125]. For
example, the hydrophilicity of a polyacrylonitrile (PAN) ultrafiltration membrane was
increased by polyethylene glycol (PEG) grafting. Such membranes had low bovine serum
albumin (BSA) adsorption, higher protein solution flux, improved flux recovery ratio, and
reduced membrane fouling during protein ultrafiltration [126]. A study of the effect of
grafting on the ultrafiltration characteristics of membranes was also performed for other
polymer materials such as polyethersulfone (PES) [127,128], polysulfone (PS) [129], and
polyvinylidene fluoride (PVDF) [130].

In addition to surface graft polymerization, multiple techniques such as coating
[131,132], chemical modification, and photo-modification [133] have been proposed to
reduce ultrafiltration membrane fouling during protein separation. Polyethersulfone
membrane was modified with 2-methacryloyloxyethylphosphorylcholine (MPC) [134]. In
contrast to the unmodified PES membrane, BSA adsorption level was significantly
decreased on the MPC-modified PES membranes. Amphiphilic Pluronic F127 (PL F127),
as a surface modifier and pore-forming agent, was added in polyethersulfone membranes
[135]. With an increase in the Pluronic F127 content, the hydrophilicity of the surface of
the PES membranes improved, and the overall flux and pollution decreased significantly.
After flushing, these membranes were found to have a good flux recovery ratio.

Currently, there are many works on improving the antifouling properties of
ultrafiltration membranes, including the use of modifiers — photocatalytic particles such as
titanium oxide [136], zinc oxide, and silver nanoparticles to minimize biological pollution
[137]. Also in recent years, membranes with a charged surface have attracted considerable
interest. The separation process using charged membranes involves separation by size and
charge, not just size. For charged membranes improved separation characteristics (high

selectivity and permeability) were obtained compared to uncharged membranes. By



175

changing the degree of electrostatic interaction between charged proteins and the charged
membrane surface, one can purposefully increase the selectivity of the separation process,
in particular, for proteins [138-141].

The ultrafiltration separation is schematically represented in Figure 2.

AP

= >

Feed mixture

l

Membrane

—

Permeate)

e Wit

Figure 2. Scheme of separation in the ultrafiltration.

The solution (feed) is supplied to the surface of the semi-permeable membrane
under the action of a driving force - pressure. Solvent and molecules that are smaller than
the pore size of the membrane pass through the membrane, while larger molecules are
retained and concentrated in the retentate. The efficiency of ultrafiltration is characterized
by the following parameters: flux, rejection coefficient, and flux recovery ratio.

The flux (J) for membranes is calculated according to the following equation:

4 ©3)
=1
where V is the permeate volume (1), A4 is the effective area (m?), and ¢ the filtration time

interval (h).
Rejection coefficient (R) characterizes the selective properties of the membrane and

is calculated by the equation:

c 4
R=<1——f>.100%, 4)
Cp

where ¢ is the feed solution concentration and c,, is the permeate concentration.

The flux recovery ratio (FRR) allows evaluate the antifouling properties of

membranes (resistance to pollution) and is calculated by the equation:
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R

FRR = (=).100%, ()
()

w

where J,, is the pure water flux before the ultrafiltration experiment, 5 is the pure water

flux of the membrane after the ultrafiltration experiment.

1.3.1. Membrane for ultrafiltration

In membrane processes achieving high permeability with high solute retention and
minimum operating costs is a critical issue. Asymmetric membranes are often used as
ultrafiltration membranes. There are several studies aimed at improving the efficiency of
membranes: improving antifouling properties, increasing mechanical strength and
resistance to chemicals. Some mineral or ceramic materials have been used to prepare
porous or microporous membranes. However, polymeric membranes are mainly used
[142,143]. Since Reid and Breton developed the first cellulosic and non-cellulosic
membrane material in late 1959 [144], various materials have been produced to improve
membrane filtration performance. However, there are only a few membranes that can be
used commercially [145-148]. Only a few materials have the chemical properties and
structure to be used in industrial membrane processes. Various polymeric materials are
used as matrices for the development of ultrafiltration membranes:

1) Hydrophilic polymers such as polyethylene oxide (PEO), polyvinyl butyral

(PVB), polyvinyl chloride (PVC), polyacrylic acid (PAA), polyacrylonitrile
(PAN), polyvinyl acetate (PVAC), polyamide (PA), polyvinyl alcohol (PVA),
poly-p-hydroxystyrene (PHS), cellulose and its derivatives (carboxymethyl
cellulose (CMC), cellulose triacetate (CTA), cellulose acetate propionate (CAP),
cellulose acetate butyrate (CAB), cellulose nitrate (CN), cellulose propionate
(CP), ethylcellulose (EC)).

2) Hydrophobic polymers such as polysulfone (PSF), polyethersulfone (PES),

polyvinylidene fluoride (PVDF), polycarbonate (PC), polypropylene (PP),
polymethyl  methacrylate (PMMA), polyphenylene sulfide (PPS),
polytetrafluoroethylene (PTFE), silicone, polyethylene (PE), polyphenylene
oxide (PPO), polystyrene (PS).
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1.3.2. Ultrafiltration membranes based on poly-m-phenylene isophthalamide

Polyamide-based membranes are extremely efficient and productive for
ultrafiltration of protein solutions among many hydrophilic polymers [149,150]. Poly-m-
phenylene isophthalamide (PA) has outstanding mechanical properties and remarkable
thermal stability [151]. The glass transition temperature of polyamide (Tg) is up to 558 K,
which provides the high chain stiffness required for highly porous membranes.

However, polyphenylene isophthalamide membranes have low antifouling stability
in ultrafiltration [152,153]. Therefore, various modification methods are used to improve
the transport and antifouling properties of PA membranes. For example, the effect of
graphene oxide (GO) on the performance of PA membrane for ultrafiltration of bovine
serum albumin (BSA) was studied [154]. As a result, the rejection coefficient of the
membrane with respect to BSA decreased from 95.79 % (for pure PA membrane) to 93.51
% (for PA membrane modified with 0.1 wt. % GO), since the introduction of GO led to an
increase in the number and size of pores on the surface of the PA membrane. Further
increase in the content of GO to 0.15 and 0.20 wt. % led to an increase in the rejection
coefficient to 94.16 and 94.83 %, respectively, due to an increase in the hydrophilic groups
of GO on the membrane surface. It was also noted an increase in the flux of pure water and
the coefficients of of reversible and irreversible fouling with the introduction of up to 0.1
wt. % GO, while a further increase in GO led to a decrease in these transport characteristics.
Thus, the PA membrane modified with 0.1 wt. % GO had the optimal transport
characteristics: BSA rejection coefficient of 93.5%, flux recovery ratio of 88.9%, and pure
water flux of 323.3 I/(m?h).

In the work [155] 0.5-3 wt. % polyethylene glycol (PEG) and 4 wt. % lithium
chloride (LiCl) were introduced into the PA matrix, and the transport properties of the
developed membranes were studied during ultrafiltration of an aqueous solution of bovine
serum albumin (BSA). It was found that the rejection coefficient of BSA for the membrane
decreased from 93 to 81 % with an increase in the PEG content from 0 to 2 wt. % in PA
matrix. In addition, the pure water flux for membrane based on PA without PEG was equal
to 213.8 1/(m?h). Increasing the PEG concentration in the membrane matrix from 0.5 to 2

wt. % led to an increase in the flux from 223.7 to 276.3 L/(m?h), respectively. A further
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increase in the PEG content (2.5 and 3 wt. %) led to a decrease in the flux to 266.4 and
233.5 I/(m?h), respectively.

In the work [156] phase inversion method was used to create ultrafiltration PA
membranes with different pore radius (6.58 nm, 6.84 nm, and 9.28 nm). 12 g of PA was
dissolved in 8 g of the solvent mixture (dimethylacetamide
(DMA)/dimethylformamide(DMF)/glycerin - 1/1/0.8 wt.%) for 6 h at 80 °C. Then, this
solution was cast on a glass film and immersed into a precipitation bath at 30, 50 and 70
°C. The performance of membranes was studied in the ultrafiltration of BSA. It was found
that the permeability increased from 2:10° to 4-10° m/(s Pa) as the temperature of the

precipitation bath increased from 30 °C to 70 °C.

1.4. Nanofiltration as a method for separation and concentration of liquid mixtures

Nanofiltration is a pressure-driven membrane method used to remove various ions,
as well as molecules with a molecular weight of 200-1000 g/mol. The pore size in
nanofiltration membranes is typically 1-10 nm, which is smaller than the pores in
ultrafiltration membranes and slightly larger than those in reverse osmosis membranes.
Nanofiltration is widely used in various industries, including water and wastewater
treatment, biotechnological, pharmaceutical, food industries, etc.

The use of nanofiltration in wastewater treatment has grown significantly in recent
years [157]. In industry, heavy metals are the main source of pollution. Lead (Pb?*), nickel
(Ni%*), zinc (Zn?*), copper (Cu?*), iron (Fe?*), and manganese (Mn?*) are among the most
harmful heavy metal ions in wastewaters that are extremely poisonous even at low
concentrations [158]. The literature describes works in which nanofiltration has been used
to remove heavy metal ions such as lead and nickel from wastewater [159-167].

Mohammad P. et al. [168] developed a nanofiltration membrane with a positively
charged surface for the retention of heavy metals. An asymmetric polyethersulfone (PES)
membrane was developed, on the surface of which multiwalled carbon nanotubes grafted
with ethylenediamine (ED) (ED-g-MWCNT) were deposited. For the developed
membrane, high rejection coefficients were obtained: Zn (96.7 %) > Mg (95.01 %) > Cd
(92.4 %) > Cu (91.9 %) > Ca (91.3 %) > Ni (90.7 %) > Pb (90.5 %). Additionally, the pure
water flux of the developed membranes increased by 122%, resulting in an output of 80.5

I/(m? h), compared to the pure PES membrane. In the work [169] Samaneh B. et al.
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developed nanofiltration membranes based on polyetherimide (PEIm) by phase inversion
method. The effect of modified graphene oxide (mGO) and functionalized graphene oxide
(GO) nanoplates on separation performance and antifouling property of the membranes
was investigated. Comparing to pure PEIm and PEIm/GO membranes, the blended
PEImM/mGO membranes demonstrated significantly improved separation performance and
antifouling qualities. The MMM with 0.001 wt.% of mGO had the greatest pure water flux
(74.77 1/(m? h)), whereas the PEIM/GO membrane - 51.06 1/(m? h) and the pristine
membrane - 17.63 1/(m? h) at 4.5 bar. To remove Cu(ll) and Pb(ll) from an aqueous
solution, Minh Trang Hoang et al. [170] prepared nanofiltration membranes via interfacial
polymerization between polyethyleneimine (PEI) and trimesoyl chloride (TMC) with the
incorporation of cellulose nanoparticles. Compared to a pristine membrane, the water
permeance of the membranes rose by 70 % adding 5.5 pg/cm? cellulose nanoparticles. The
membranes also showed high efficiency in the removal of heavy metal ions (rejection
coefficient of CuSQO498.0%, CuCl> 96.5% and PbCl> 90.8% ).

The efficiency of nanofiltration is characterized by the following parameters:
permeation flux, permeability, rejection and concentration coefficients.

The permeation flux (]) is defined by the following equation:
J = m (6)
A-t

where m is the mass of permeate (kg), 4 is the membrane surface area (m?) and t is time
(h).

Permeability (L, kg/(m? h atm)) is calculated by the following equation [171]:
_J__m ()

AP A-t -AP

where 4P is pressure (atm), A is an effective membrane surface area (m?), m is the permeate

L

mass (kg), t is time of the permeate collection (h).
The rejection coefficient (R) is calculated by the following equation:

C 8
R=<1——”>-100%, (®)
Cr

where C, is the concentration of the permeate and Cgis the concentration of the feed.

The concentration coefficient (K) is calculated by the following equation:
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C 9
K=< conc) - 100%, ()
Cr

where C,, is the concentration of the concentrate and, C; is the concentration of the feed.

1.4.1. Membrane for nanofiltration

Both uncharged and charged membranes are used in nanofiltration. But for efficient
removal of heavy metal ions, charged membranes are desirable, since the membrane
surface can more effectively participate in the rejection of charged substances [172].
Polymeric nanofiltration membranes are widely used in industry to purify water from
heavy metal ions due to their high permeability and selectivity [173]. The following
polymeric materials are commonly used for nanofiltration membranes: cellulose,
polysulfone (PSF), polyethersulfone (PES), polyamide (PA), polyvinyl alcohol (PVA),
polyvinylidene fluoride (PVDF), chitosan or chitin, polyethersulfone ketone (PESK).
Available commercial nanofiltration membranes include SelRO MPF-34 (Koch), N30F
(Microdyn-Nadir), G-5 (GE) (Osmonics), NTR-7470 (Nitto-Denko) and GR95PP (DSS),
etc. [174].

For the production of a nanofiltration membrane with high separation performance,
a novel piperazine-ethylenediamine (PIP-EDA) was used as a membrane material in the
wotk of Qin et al. [175]. The developed nanofiltration PIP-EDA membrane demonstrated
excellent rejection coefficient (>94 %) of 1-naphthylamine-3,6,8-trisulfonic acid (T-acid),
but low rejection coefficient (only 36 %) of ammonium sulfate ((NH4)2SOs).

Polyamine membranes were created by interfacial polymerization of
polyethyleneimine (PEI) and cyanuric chloride on porous PES substrates by Lee et al.
[176]. The pH stability of the developed thin-film composite membranes was higher than
that of PA membranes prepared from PEI and trimesoyl chloride (TMC). A significant
change in the salt rejection coefficient was caused by the hydrolysis of PA membranes at
high pH values. The stable salt rejection and molecular weight cut-off (MWCO) after five
weeks of membrane treatment at pH=1 and 13 confirmed the high resistance of the
membranes to pH-induced nucleophilic attack. Compared with the PA membrane, the
polyamine membrane had 5 times reduced permeability, but the rejection coefficint of
sodium chloride (NaCl) was 65 %, which was higher than that of the polyamine membrane
(10 %).
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1.4.2. Nanofiltration membranes based on poly-m-phenylene isophthalamide

Polyamide nanofiltration membranes are widely used for the separation of small
organic compounds and polyvalent ions. Typically, a nanofiltration PA membrane consists
of a porous support and a thin selective layer from PA, which is usually obtained by
interfacial polymerization of an amine monomer and an acyl chloride. A thin layer of PA
provides selectivity and water permeability. However, the lack of highly permeable
membranes with effective rejection hinders the widespread introduction of PA
nanofiltration membranes. Various approaches have been used to improve the transport
characteristics of PA membranes [26,177-193].

Baoleerhu B. et. al [194] improved the properties of nanofiltration PA membrane
by the addition of Beta () zeolite. It was reported that the pure water flux of the modified
membrane reached 81.22 1/(m? h) at 0.2 MPa, which was increased by more than twice
compared to the original membrane. In the work of Hongli Z. [195], a interfacial
polymerization was used to create PA nanofiltration membrane. It was shown that the PA
membrane was very effective in removing bivalent metals (such as Ca(ll), Mg(ll), Cd(ll),
Ni(Il), Cu(ll), and Pb(I1)) from severely polluted water. Cd(l1) rejection coefficient of 100
% and Pb(I1) of 99.9 % were achieved.

A lot of work is being done right now to develop polyamide nanofiltration
membranes that are positively charged. By interfacial polymerization, polyethyleneimine
(PEI) was chosen by Chiang et. al [196] as the polyamine monomer to create positively
charged polyamide nanofiltration membranes. 80 % of the MgCl> was retained by the
membranes at the pure water flux of 9.4 1/(m? h bar). In order to significantly improve the
separation performance of positively charged polyamide nanofiltration membranes based
on PEI, poly(dopamine) modified multiwall carbon nanotubes were implanted in the
membrane matrix [197]. A total pure water flux of 15.3 I/(m? h bar) and rejection
coefficient of 91.5 % for MgCl, were achieved in this study. Polyamide nanofiltration
membranes with a positive charge were also produced by altering the organic solvent
during the interfacial polymerization process. Due to the increased solubility of piperazine
(PIP) in n-hexane, the CaCl, rejection coefficient for the membrane increased to

approximately 95.1% at a pure water flux of 12.7 1/(m? h bar) [198].
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Another successful way for fabricating positively charged polyamide nanofiltration
membranes is surface modification [199]. For example, using poly(amidoamine)
dendrimer grafted on m-phenylenediamine/trimesoyl chloride hollow fiber membranes,
Zhu et al. [200] created positively charged polyamide nanofiltration membranes for heavy
metal ion removal. The membranes were found to have rejection coefficient of up to 99 %

with a pure water flux of 3.6 I/(m? h bar) for most divalent cations.

1.5. Mixed matrix membranes *‘polymer/Pluronic F127"

The development of a hybrid membrane by blending two or more completely
compatible polymers in various concentration ratios has become a promising way to
improve the characteristics of the polymer membrane [201,202]. This method of
modification allows the membrane to reveal its tailored properties, depending on the
polymer mixture [203—-205].

One of the most attractive polymers used to design MMM is a block copolymer of
polypropylene glycol and polyethylene glycol (Pluronic, Poloxamer, Tetronic) owing to
the different affinity of the polyethylene and polypropylene to water (it means due to its
amphiphilic nature). And this leads to good dispersion of block copolymer in different
membrane matrices and enhancement of membrane hydrophilicity [206].

Based on hydrophilic-lipophilic balance and high molecular weight, Pluronic F127
IS the most common polymer of such copolymers. Pluronic F127 is a non-ionic surfactant,
a symmetric triblock copolymer, consisting of a central hydrophobic block of
polypropylene oxide (PPO) flanked by two hydrophilic blocks of polyethylene oxide
(PEO) (Figure 3), which makes it hydrophilic [207,208]. Pluronic F127 is prepared by
condensation of propylene oxide and ethylene oxide. Pluronic F127 is more soluble in cold
water than in hot water as a consequence of increased solvation and hydrogen binding at
lower temperatures [209]. The structure allows Pluronic F127 to interact with hydrophobic
surfaces and biological membranes [210]. The hydrophobic polypropylene oxide (PPO)
segments in Pluronic F127 provide copolymers tightly attached to the polymer matrix. In
contrast, the hydrophilic polyethylene oxide (PEO) segments in Pluronic F127 increase the

hydrophilicity of the membrane surface.
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Figure 3. Chemical structure of Pluronic F127 (ethylene oxide (a), propylene oxide (b)).

Pluronic can also be a pore former introduced into a polymer in a sufficiently
significant amount to increase the pores of the resulting membranes and their porosity
[135,211]. For example, as Pluronic F127 concentration was increased from 3.6 to 18 wit.
% in the polymer matrix of polyethersulfone, pores and water flux of subsequent
membranes increased, whereas irreversible fouling as a result of protein adsorption was
significantly reduced [135]. Pluronic dual functions as pore former and surface modifier

make it desirable for membrane development.
1.5.1. Pervaporation membranes

A polymer blend is a combination of at least two polymers (are not covalently
bonded) to produce a new composite with enhanced properties. Polymer blends can be
classified into three distinct groups [212]:

(1) A homogeneous blend: it is a blend in which two (or more) polymers with analogous

chemical structures are miscible on a molecular scale for all ratios, resulting in one
glass transition temperature blend with a single-phase structure;

(2) A heterogeneous blend: it is a blend in which two (or more) constituent polymers are

not miscible and exist in separate phases, and two different glass transition
temperatures are observed,;

(3) A compatible blend: it is a blend in which two (or more) components exhibit

macroscopically homogeneous physical properties due to strong enough interaction
between the components of the polymers.

Homogeneous blends are primarily considered as possible materials for the
preparation of pervaporation membranes. The use of PES-Pluronic PL F127 membranes
for removal of thiophene from n-octane by pervaporation is a realistic illustration of this
type of modification. The hydrophobic segments polypropylene oxide (PPO) in Pluronic
F127 provide copolymers to be tightly attached in the polymer matrix, while the
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hydrophilic segments polyethylene oxide (PEO) in Pluronic F127 increase the
hydrophilicity of the membrane surface.

In comparison to the several studies, in which Pluronic was used to modify the
performance of the ultrafiltration membranes (porous), only a few studies reported the
investigation of pervaporation membranes (non-porous) modified by Pluronic F127. The
review of the literature reveals that only two studies used Pluronic F127 to enhance the
performance of non-porous (dense) membranes in the pervaporation [204,213].

Li et al. modified dense membrane based on polyethersulfone [213] by adding
Pluronic F127 additive into the casting solution to prepare the pervaporation membranes.
The effect of Pluronic F127 concentration in membrane matrix on the performance of PES-
PL F127 membranes was investigated in the pervaporation for the separation of thiophene
from n-octane, depending on their solubility difference in the water. It was shown that PES-
PL F127 membranes containing 60 wt. % Pluronic F127 with a thickness of about 200 pm
had the maximum permeation flux (3.10 kg/(m? h)) and separation factor (3.50) in
pervaporation of a mixture with 500 mg/L sulfur content at 30 °C, comparing to permeation
flux of about 0.3 kg/(m? h) and separation factor of 1 for unmodified PES membrane. This
was due to the fact that the hydrophilic segments (PEO) in the upper layer prevented the
penetration of octane through the membrane. Furthermore, the more compact and defect-

free structure of an unmodified membrane made it less permeable and selective.

1.5.2. Ultrafiltration membranes

Pluronic F127 was used for the development of porous materials as a pore-forming
agent and hydrophilic surface modifier of polymers in a variety of studies. Polymers such
as polysulfone (PSF) [214], cellulose acetate (AC) [215], polyamide imide (PAI) [216],
polyvinyl chloride (PVC) [217,218], polyethylenimine (PEI) [219], polyethersulfone
(PES) [135,220-223], etc. were modified by Pluronic F127. The properties of hybrid
membranes based on these composites were dramatically improved (enhanced
hydrophilicity, antifouling properties, uniform pore distribution, higher selectivity, and
permeability).

Typically, the modification by Pluronic F127 of the polymer membrane is made by
introduction an additive into the casting solution [206,215,217,224-230]. The introduction

of Pluronic into the casting solution and the creation of membranes from it leads to an
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increase in hydrophilicity, membrane performance and improves antifouling stability of
polymeric porous membranes based on polyetherimide (PEI), polyethersulfone (PES),
cellulose acetate (AC), polysulfone (PSF), polyvinyl butyral, polyvinylchloride (PVC),
polyvinylidene fluoride (PVDF), polyacrylonitrile (PAN) [206,215,217,225-228].

The effect of Pluronic F127 on PSF and sulfonated polyetheretherketone membrane
characteristics have been studied in the work [229]. It was shown that the addition of 5.5
wt. % Pluronic F127 in PSF membrane led to an increase in the pure water flux from 340
I/(m?h) to 540 I/(m?h) and increased flux recovery ratio from 55 % to 75 % [229]. Venault
A. et al. noted that the PSF-Pluronic F108 membranes prepared by the vapor-induced phase
separation (VIPS) technique [224] varied in structure and efficiency from those prepared
by the non-solvent induced phase separation (NIPS) technique. But, regardless of the
preparation method and the way of Pluronic F108 addition into the casting solution, the

contact angle dropped below 60 °C.

1.5.3. Nanofiltration membranes

Hydrophobic nanofiltration membranes are more susceptible to fouling owing to the
increased binding affinity of hydrophobic molecules such as acids, furans, and
monosaccharides in lignocellulosic hydrolysate [231], which causes clogging of membrane
pores. The increase of the hydrophilicity of membranes is an effective strategy for
improving membrane performance. Therefore, many surface modification strategies have
been developed to enhance the nanofiltration membranes hydrophilicity and hence its
antifouling capabilities. Examples of these methods include blending, additive cross-
linking, grafting, coating, UV irradiation, and membrane functionalization [232,233]. The
fouling of nanofiltration membranes may be reduced by using polymer membrane
modified by Pluronic F127, which is distinguished from other copolymers (PVVP and PEG).
The exceptional pore-forming and surfactant properties of Pluronic F127 make it
promising for improving membrane performance [211].

Faneer et al. [234] studied the addition effect of 5 % silicon dioxide nanoparticles
(Si02) and 1.7 % Pluronic F127 into PES membrane in the nanofiltration of a xylitol mixed
solution. Compared to pure PES membrane, modification provided the maximum xylitol
flux and superior fouling resistance. The flux increased from 24.56 to 59.14 1/(m? h) for

PES/SiO, membrane at 4 bar. For PES/Pluronic F127 membrane, flux increased from
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24.56 to 70.3 I/(m? h). The rejection coefficients for the pure PES, PES/Pluronic F127, and
PES/SiO2 membranes was 87.9%, 80.6%, and 79.8%, respectively.

Nanofiltration membranes based on a Pluronic F127/polyethersulfone (PES) were
developed and tested [235]. The addition of Pluronic F127 into the PES membrane matrix
was shown to significantly reduce membrane shrinkage during the drying treatment.
Furthermore, all of the developed nanofiltration membranes from Pluronic F127/PES could
totally reject alcian blue, which has a molecular weight of 1299 g/mole. In addition, the
nanofiltration Pluronic F127/PES membrane had water permeance of 176.2 1/(m?h MPa)
at 2.88 wt. % Pluronic F127 content. Also, the nanofiltration Pluronic F127/PES
membranes demonstrated the retention of alcian blue rejection coefficient at a high level
(more than 95.7%) after prolonged immersion in a sodium hypochlorite solution.

Conclusion to chapter 1

Based on the data presented in the literature review, it can be concluded that the
modification of various polymeric materials with Pluronic F127 is effective and relevant
due to the fact that it can be used both as a modifier and a pore-forming agent, leading to
obtaining an adjusted structure and functionalization of the membrane surface (setting a
certain hydrophilic-hydrophobic balance of the surface). Pluronic modification of known
membrane materials based on polyvinyl alcohol and polyphenyleisophthalamide is
relevant due to the improvement of their physicochemical and transport characteristics in
order to increase the efficiency and productivity of membrane processes (pervaporation,
nanofiltration and ultrafiltration), which are alternative and relevant methods of

separation and concentration of various analytes at present.
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CHAPTER 2. EXPERIMENTAL
2.1. Used reagents and materials

Poly-m-phenylene isophthalamide (PA, commercial sample Fenylon C2, a lot.
12/2018, UNIPLAST Ltd., Vladimir, Russia) and polyvinyl alcohol (PVA, My = 141 kDa,
certificate of analysis Ne 553041-3013, ZAO LenReaktiv, St. Petersburg, Russia) were
used as membrane materials. Pluronic F127 triblock copolymer polyethylene glycol-
polypropylene glycol-polyethylene glycol (PEG-PPG-PEG) (PL F127, My = 12.6 kDa,
PEG to PPG ratio of 70:30, Sigma-Aldrich, St. Louis, MO, USA) was chosen as a modifier
for membrane preparation due to its amphiphilic nature and as a pore-forming agent.
Lavsan (polyester non-woven fabric, ZAO LenReaktiv, St. Petersburg, Russia) was used
as mechanical support for the prepared porous PA membranes (substrates). Commercial
ultrafiltration membrane from aromatic polysulfone amide (UPM-20, pore size 200 A,
“Vladipor”, Vladimir, Russia) was applied as a porous substrate for the preparation of
supported membranes with thin selective layer based on PVA. Polyethyleneimine (PEI,
Mw = 25 kDa, 1.030 g/ml, Sigma-Aldrich, St. Louis, MO, USA) was used to cast on the
ultrafiltration PA membranes to create positively charged nanofiltration membranes.
Bovine serum albumin (BSA, My = 68 kDa, Ne A2244,0050: Albumin fraction V (pH 5.2),
“PanReac AppliChem”, Moscow, Russia) and coolant lubricant (Wittol 297, density less
than 920 kg/m? at 20 °C, SERVOVIT, Minsk, Belarus) were used as foulants in the
ultrafiltration experiments to investigate the performance and antifouling properties of the
porous PA membranes. N, N-dimethylacetamide (DMA) (as PA solvent), LiCl (for PA
solution stabilization), maleic acid (MA) (as cross-linking agent), methanol, toluene, and
isopropanol (IPA) were obtained from “Vecton” (Saint Petersburg, Russia) and used

without any additional treatment.
2.2. Method of preparation of composites and membranes based on them
2.2.1. Poly-m-phenylene isophthalamide/Pluronic F127 for ultrafiltration

Ultrafiltration porous membranes based on PA were prepared by the following: PA
was dissolved in cooled DMA containing ~0.7 wt. % LiCl to obtain 12, 15, 17 and 20 wt.

% polymer solutions and left for 4 days at —5 °C. The porous membranes were developed
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by non-solvent induced phase separation (NIPS): the PA solution was cast onto a glass
plate (with fixed lavsan in case of the substrate preparation for pervaporation membranes),
and immersed in a precipitation bath with distilled water at 25 °C, where the membrane
formation has occurred. After the porous membranes (without lavsan) were left for 12 h in
distilled water for complete DMA extraction. The introduction of Pluronic F127 into PA
membranes was carried out by the addition of 5-20 wt. % Pluronic F127 with respect to
polymer weight in the casting solutions with continuous stirring for 30 min at ambient
temperature and ultrasonic treatment for 20 min. The maximum content of Pluronic F127
in the casting solution was 20 wt. % as further increase of its concentration led to poor
mechanical strength of membranes and low dispersion of Pluronic F127 in the membrane

matrix.

2.2.2. Poly-m-phenylene isophthalamide/Pluronic F127 for pervaporation

Pervaporation dense membranes based on PA were prepared as follows: PA was
dissolved in cooled DMA containing ~0.7 wt. % LiCl to obtain 8 wt. % polymer solution
and left for 4 days at —5 °C. The preparation of PA-PL F127 composites was carried out
by the addition of the calculated amount of Pluronic F127 powder (5-20 wt. % with respect
to polymer weight) into PA solution under stirring for 30 min at ambient temperature
followed with ultrasonic treatment for 20 min. Dense membranes based on PA and PA-PL
F127 composites were formed by a solution casting method on Petri dishes with solvent
evaporation in an air thermostat at 60 °C for 24 h. The membrane thickness measured by

micrometer was 40 + 10 pum.

2.2.3. Polyvinyl alcohol/Pluronic F127 for pervaporation

Pervaporation dense membranes based on PVA and PVA-PL F127 composite with
a thickness of 40 um were developed according to the following procedure: 2 wt. % PVA
solution obtained by dissolution at 90 °C for 5 h in water with/without 35 wt. % MA (with
respect to the PVA weight) and Pluronic F127 (1-3 wt. % with respect to the PVA weight)
was casted on a Petri dish with solvent evaporation in an air thermostat at 40 °C for 24 h.
The obtained PVA-based membranes with MA were subjected to the heat treatment at 110
°C for 120 min for the chemical cross-linking of polymer chains. The Pluronic F127

concentration was limited to 3 wt.% in membrane matrix, since the higher modifier
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concentration led to a deterioration in mechanical properties of membranes and poor
dispersion of modifier.

Pervaporation supported membranes with thin selective layer based on PVA and
PVA-PL F127 composite were prepared by casting of 2 wt. % PVA aqueous solution
with/without 35 wt. % MA (with respect to the PVA weight) and Pluronic F127 (3 wt. %
with respect to the PVA weight) onto the surface of the porous ultrafiltration membranes
(PA prepared with the use of lavsan and UPM-20) used as substrates with the following
solvent evaporation at ambient temperature for 24 h. The supported membranes containing
MA were also subjected to thermal treatment at 110 °C for 120 min. The thickness of a
thin selective layer of supported membranes was determined by scanning electron

microscopy (SEM) and equal to 1.5 £ 0.3 um.

2.2.3. Nanofiltration membranes

Nanofiltration membranes were prepared by the casting of 7 wt. % PEI aqueous
solution onto a porous ultrafiltration PA membrane prepared as above mentioned in the
section 2.2.1 from 17 wt. % PA solution without/with Pluronic F127 (10 and 15 wt. % with
respect to PA weight) by the following solvent evaporation at ambient temperature for 24
h.

2.3. Research methods
2.3.1. Fourier-transform infrared spectroscopy

FTIR spectroscopy was used to determine the interaction of polymers with Pluronic
F127 and study the structural features of the sample. FTIR spectra of membranes based on
PA and PVA, modified with Pluronic F127, were obtained at ambient temperature (22 °C)
using an IR-Fourier spectrometer Bruker Tensor 27 (“Bruker Daltonics”, Bremen,

Germany) in the range 500-4000 cm™* with a resolution of 0.5 cm™.

2.3.2. Nuclear magnetic resonance

A Bruker Avance Il 400 WB NMR spectrometer (“Bruker Daltonics”, Bremen,
Germany) with a 4-mm CP/MAS probe and 9.4 T magnetic field was used to record the
membrane structural changes. For the nuclei *H and 3C analysis, the Larmor frequency

was 400.23 and 100.64 MHz, respectively. Liquid tetramethylsilane was applied as an
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external reference for *C nucleus. The membrane samples were loaded into 4 mm rotor
from a zirconium oxide, which was spun at 12.5 kHz. {*H}*3C CP/MAS NMR spectra were
recorded with 2048 scans, 10 ms contact time and 2 s relaxation. The membranes based on
PA and PA-Pluronic F127 composite were dissolved in deuterated N,N-
dimethylformamide for the *H NMR-analysis. *H spectra were obtained in standard 5 mm
tubes. The proton spectra were acquired using a relaxation delay of 7 s, a pulse angle of
90, 16 scans, and an acquisition time of 6.5 s. Chemical shifts in the proton spectra were

referenced to N,N-dimethylformamide signal (6 = 2.93 ppm).

2.3.3. Scanning electron microscopy

A Zeiss Merlin SEM microscope (“Carl Zeiss SMT”, Oberhochen, Germany) was
used at 1 kV accelerating voltage and 100 pA beam current to investigate the inner and
surface morphology of the developed nonporous (dense and supported) and porous
membranes. For the investigation of cross-sectional structure, membranes were immersed

for five minutes in liquid nitrogen and then fractured perpendicular to the surface.

2.3.4. Investigation of contact angles

To study the surface property changes of developed membranes during their
modification [236], contact angles of water were measured by the sessile drop method for
the nonporous (dense and supported membranes) with a Goniometer LK-1 instrument (Ltd.
NPK Open Science, Krasnogorsk, Russia) and the DropShape software (Ltd. NPK Open
Science, Krasnogorsk, Russia) to analyze results obtained. Before the measurements,

membranes were dried in a vacuum oven for 7 days at 60 °C to remove the residual solvent.

2.3.5. Atomic force microscopy

“NT-MDT” NTegra Maximus atomic force microscope (“NT-MDT Spectrum
Instruments”, Moscow, Russia) in tapping mode and with standard silicon cantilevers with
the rigidity of 15 Nm™ was used to analyze the surface topography of the developed

membranes.
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2.3.6. Study of equilibrium membrane swelling

The degree of swelling of dense membranes based on PA and PVA, and their
composites with Pluronic F127 was studied by the gravimetric method at 22 °C. The films
of known weight were immersed in a solvent (methanol, toluene) or a mixture (separated
water/IPA mixture) and weighed daily until the constant weight. After, the membranes
were dried on an air thermostat at 40 °C for 24 hours, then their weight was determined to
evaluate the residual solvent in the matrix. A high degree of residual solvent DMA was
observed in membranes based on PA [237]. The degree of equilibrium swelling (S) was
calculated according to the following equation:

S=5y+ S, (10)
where Sy is a relative amount of the residual solvent diffused out from the polymer film
and S, is the change in the weight of membrane immersed in the solvent. S; and S, were

calculated by the following equation [237]:

m—-—m 11
Sy = (—").100%, 1
my,

my— m 12
Sp = (M)wo%, (12)
my,

where m is the weight of the sample after swelling, m, is the initial weight of the dry

sample, m,, is the weight of the sample after the swelling experiment and drying.
2.3.7. Pervaporation experiment

Transport properties of the developed nonporous (dense and supported) membranes
based on PVA and PA were investigated in pervaporation separation of water/isopropanol
and methanol/toluene mixtures, respectively, in a steady-state regime at ambient
temperature (22 °C) using a laboratory cell with an effective membrane area of 9.61 cm?,
under stirring and at downstream pressure of <10"* mmHg (Figure 4). The permeate was
collected and condensed in a glass trap cooled by liquid nitrogen. Pervaporation

experiments under the same conditions were repeated at least three times and averaged.
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Figure 4. The scheme of the pervaporation setup [238].

The pervaporation performance was presented in terms of such parameters as the
permeation flux (J), the separation factor (f), calculated by the equations (1, 2) presented
in section 1.2.1, component content in the permeate and concentration coefficient (K)

calculated using equation (9) in section 1.4.1.

2.3.8. Ultrafiltration experiment

The transport properties of porous membranes based on PA were evaluated in
ultrafiltration using a custom made stirred filtration system with the effective membrane
area of 28.26 cm? at ambient temperature (22 °C) and at the transmembrane pressure of 1
bar (Figure 5). Membranes were firstly pre-conditioned in ultrafiltration by passing
distilled water at 1 bar for 1 h. The performance of the ultrafiltration membranes (transport
and antifouling properties) was determined in terms of pure water flux (Jw), foulant flux
(J), rejection coefficient (R), and flux recovery ratio (FRR), calculated by the equations (3-
5) presented in the section 1.3.1 and concentration coefficient (K) calculated using equation
(9) in section 1.4.1. Bovine serum albumin (BSA), prepared as 0.5 wt. % solution in
phosphate buffer (pH = 7), and coolant lubricant emulsion in water (5 wt. %) were used as
foulants in ultrafiltration to estimate the antifouling properties of the developed porous
membranes.
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Figure 5. The scheme of the filtration set-up [238].

2.3.9. Nanofiltration experiment

The transport properties of the developed nanofiltration membranes were
investigated in the nanofiltration of model heavy metals (Cu?*, Pb%*, Cd?*) solution using
stirred laboratory dead-end cell with an effective membrane area of 103 m? at pressure
applied to the membrane up to 20 atm and ambient temperature (22 °C) (Figure 6). The
permeate was collected during various time to obtain the minimum volume of 5 mL. For
the preparation of the feed mixture for nanofiltration experiments, soluble in water nitrates
of heavy metal ions (Cu(NOz)2, Pb(NO3)2, Cd(NO3)2) were chosen. They were prepared

by dissolving of 50 mg/L of each salt in water with constant stirring.

Pressure gauge

Nanofiltration cell

- >

ermeate collection
linder

Helium cylinder— nyaonetic stirrer

plate

Figure 6. The scheme of the nanofiltration setup.
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The nanofiltration membrane performance was determined in terms of the
permeability (L), the rejection coefficient (R) and the concentration coefficient (K) using
the equations (7-9) presented in section 1.4.1. For the accuracy of all transport

characteristics, data were recoeded in triplicate and averaged for presentation.

2.3.10. Gas chromatography analysis

The feed and permeate composition were analyzed by gas chromatography using a
Chromatek Crystal 5000.2 chromatograph (“Chromatec”, Nizhny Novgorod, Russia) with
a thermal conductivity detector (katharometer) and a “Hayesep R” and 15% SE-30 columns
(“Chromatec”, Nizhny Novgorod, Russia). Helium was used as the carrier gas.
Chromatograms were taken 3-5 times during the analysis, then the obtained values were

averaged.

2.3.11. Spectrophotometric analysis

The content of BSA and coolant lubricant in the feed and permeate was analyzed
by spectrophotometry using a Spectrophotometer PE-5400UV at 280 and 500 nm
wavelength, respectively. For coolant lubricant, the 500 nm wavelength was
experimentally selected by the investigation of the solutions with various CL

concentrations at different wavelengths from 190 to 1000 nm.

2.3.12. Stripping voltammetry

The content of metal ions (Cu?*, Pb?*, Cd?*) in the feed, permeate and conentrate
was studied by stripping voltammetry using a TA-4 voltammetric analyzer with the
reference and auxiliary silver chloride electrodes and a working mercury film electrode.
Simultaneously, at least 3 parallel measurements were carried out with one permeate

sample.
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CHAPTER 3. RESULTS AND DISCUSSION

3.1. Study of pervaporation membranes based on poly-m-phenylene isophthalamide
modified with Pluronic F127

Polyphenylene isophthalamide (PA) (Figure 7) is good membrane material due to
its high chemical resistance to a significant number of organic solvents, good mechanical,
high thermal stability, rigid structure, dielectric properties, the film-forming ability, and

economical accessibility [239].

Figure 7. Poly-m-phenylene isophthalamide structure

However, despite the above-mentioned PA advantages, these are not sufficient for
the effective liquid mixture separation in industrial processes. Therefore, in this study, to
improve the transport and physicochemical properties of membranes based on PA, Pluronic

F127 was used as a modifier.

3.1.1. Transport characteristics

The developed dense PA and PA-PL F127 membranes were evaluated in the
pervaporation separation of the azetropic toluene/methanol (28/72 wt. %) mixture at
ambient temperature. Methanol is widely used in the petroleum industry and as a solvent
in the toluene extraction process. However, methanol separation from its mixture with
toluene by traditional separation methods (extraction, distillation, crystallization,
adsorption, etc.) is complicated due to its azeotrope with toluene (72 wt. % methanol, 28
wt. % toluene). This problem may be easily solved by pervaporation separation using PA
membranes, which are selective to methanol. Transport properties in terms of methanol
content in the permeate, separation factor, normalized permeation flux and concentration
coefficient of the obtained PA and PA-PL F127 (5-20 wt.%) membranes during
pervaporation separation of the azetropic toluene/methanol (28/72 wt. %) mixture are

presented in Figures 8 and 9.
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content in PA matrix during the pervaporation separation of azeotropic methanol/toluene
(72/28 wt. %) mixture [239].

It was demonstrated that all membranes were highly selective to methanol (over 92
wt.% in the permeate) ( Figure 8 (A)). The methanol content in the permeate increased
from 92 to 97 wt. % with the rise of the Pluronic F127 content in the membrane matrix to
15 wt. %. This may be due to the hydrogen bond formation between the Pluronic F127 and
PA, resulting to the denser packaging of polymer chains of the modified membranes and
improving the membrane methanol selectivity. Based on the data of component
concentration in the permeate, the separation factor () was also calculated ( Figure 8 (A)).
It was demonstrated that an increase in the content of Pluronic F127 in the membrane
matrix up to 15 wt. % led to an increase in the separation factor to 11.8, while 20 wt. %
Pluronic F127 in the membrane led to a slight decrease in the separation factor to 8.4.
Figure 8 (B) shows the dependence of the normalized flux and concentration coefficient
on the Pluronic F127 content in the PA matrix in the pervaporation. The normalized
permeation flux decreased for the PA membranes with Pluronic F127 over 10 wt. %. This
was due to an increase in the crystallinity of the modified membranes (according to the
NMR data). An increase in the content of Pluronic F127 in the membrane matrix up to 10
wt. % led to the rise of the concentration cofficient to 105.5%, while the introduction of 15
and 20 wt. % Pluronic F127 in PA membranes resulted to slightly decrease of it. From the
obtained transport data, the PA-PL F127 (10 wt. %) membrane has optimal transport

U, WL, 8Y XNy pazieuLioN
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properties in the pervaporation separation of the azeotropic methanol/toluene mixture: 2
times increased normalized flux, 5 wt. % increased methanol content in the permeate and
3.3 % increased concentration cofficient compared to the pristine PA membrane.

To assess the PA-PL F127 (10 wt. %) membrane stability, the pervaporation
separation of the azeotropic methanol/toluene mixture was carried out for 7 days (Figure
9).
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Figure 9. The dependence of methanol content in the permeate and normalized
permeation flux of the PA-PL F127 (10 wt. %) membrane on the time of pervaporation

separation of the methanol/toluene (72/28 wt. %) mixture [239].

It was obtained that after long-term pervaporation for 7 days the PA-PL F127 (10
wt. %) membrane was still stable with 11.7% increased normalized permeation flux, but
with a slight decrease in methanol content in the permeate (by 1.3 %). This effect may be
explained by the membrane swelling in the separated mixture, leading to an increase in the
free volume between the polymer chains. However, it should be noted that this modified
membrane demonstrated high level of selectivity and permeation flux. Thus, the
incorporation of a small amount (only 10 wt. %) of Pluronic F127 in the PA matrix allowed
to improve significantly the transport properties of resultant membranes (the normalized
flux and methanol content in the permeate), in spite of the fact that PA is a high permeable

polymer.
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3.1.2. Study of structure

Study of structure by IR spectroscopy

FTIR spectroscopy has been used to study the interactive nature between the PA
and Pluronic F127. Figure 10 presents the FTIR spectra of Pluronic F127 powder, PA, and
PA-PL F127 (5-20 wt. %) membranes.
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A broad absorption band in the range of 3000-3500 cm mainly associated with
stretching vibrations of N-H groups in PA structure was found in the spectra of PA and
PA-PL F127 membranes, which slightly changed the contour depending on the
composition of the membrane. The intensity of absorption bands at 2900 cm™
corresponded to the stretching vibrations of the CH-group in the Pluronic F127 molecule
increased with the rise of the modifier concentration in the membrane matrix. The broad
peak in the region of 1100-1070 cm™ is assumed to the stretching vibrations of C-O groups
of Pluronic F127 as the stretching vibration band at 3200-3300 cm™* corresponded to OH-
groups are not changed with the introduction of Pluronic F127 [240]. The peak at 1645
cm* corresponded to C=0 groups of PA became more pronounced after the addition of
Pluronic F127 in the polymer matrix. The peak at 1604 cm™ belonged to the benzene rings
of PA. The frequencies of the peaks at 1480-1240 cm™, related to the deformation
vibrations of C-H bonds in PA, did not shift with the rise of Pluronic F127 content [240].
The peaks at 1533 cm™ are mainly associated with deformational vibrations of the N-H
group in PA, and have become more resolved with the introduction of Pluronic F127. There
was the second pronounced peak at 1511-1513 cm* appeared due to the hydrogen bond
formation between the oxygen of Pluronic F127 molecule and the hydrogen of the amide
group of the PA. Based on the spectral data collected it can be concluded that the
introduction of Pluronic F127 into the PA matrix has resulted in the creation of a hydrogen
bonding, which leads to structuring of the PA chains.

Study of structure by the nuclear magnetic resonance

Additionally, NMR spectroscopy has been used to study the structure of PA and
PA-PL F127 membranes. The *C CP/MAS NMR spectra of the Pluronic F127 powder,
PA and PA-PL F127 (5-20 wt. %) membranes are presented in Figure 11.
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Figure 11. 13C CP/MAS NMR spectra of Pluronic F127 powder, PA, and PA-PL F127 (5-

20 wt. %) membranes [239].

The peaks in the range 20-40 ppm, 60-90 ppm, and 100-180 ppm correspond to
DMA, Pluronic F127, and PA, respectively. It is observed that the intensity of the PA
membrane's spectral lines in the range of 60-80 ppm increased with the rise of the Pluronic
F127 content in the membrane matrix. There was no change during modification related to
the lines in the range of 100-150 ppm corresponding to aromatic carbon atoms. But a slight
change in the lines located in the range of 155-180 ppm was found. They correspond to
the carbon atoms of the amide group. Two spectral lines located in the range of 155-180
ppm can be explained by the presence of amorphous and crystalline phases in the
membranes [240]. To examine the quantitative changes in these phases, these lines were
decomposed into two components, and their percentage ratio was calculated. Figure 12
demonstrates the dependence of the crystalline phase content on the Pluronic F127 content

in the PA membranes.
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Figure 12. The dependence of the crystalline phase content on the Pluronic F127 content

in the PA membrane (the mean uncertainty was £1%) [239].

It was shown that the fraction of the crystalline phase falls with a rise of Pluronic
F127 concentration in the membrane up to 10 wt. %. This can be explained by the influence
of Pluronic F127, which prevent the formation of large crystal domains [241]. But the
fraction of the crystalline phase begins to increase again with an increase in the Pluronic
F127 concentration more than 10 wt. % due to the increasing quantities of crystalline
polyethylene oxide segments of Pluronic F127 in the membrane matrix [204]. The
investigation of the ratio of crystalline and amorphous phases of membranes is considered
as one of the essential parameters in the pervaporation, since the crystalline phase resists
the component transport through the membrane and, consequently, reduces its
permeability.
Study of structure by scanning electron microscopy

The inner morphology of the PA and PA-PL F127 membranes was studied by
scanning electron microscopy (SEM). The cross-sectional SEM microphotographs of the
PA and PA-PL F127 (5-20 wt. %) membranes at different magnifications are presented in
Figure 13.
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Figure 13. Cross-sectional SEM microphotographs of (a) PA, (b) PA-PL F127 (5%), (c)

PA-PL F127 (10%), (d) PA-PL F127 (15%), and (e) PA-PL F127 (20%) membranes at
different magnifications [239].
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It can be seen from the SEM microphotographs that pristine PA membrane has two
types of white lines: rounded white lines correspond to plastic deformations, and sharp
white lines - to brittle fractures. However, the addition of Pluronic F127 into the PA matrix
has been seen to increase the membrane cross-sectional heterogeneity. The introduction of
5 wt. % Pluronic F127 into the PA membrane led to a relative leveling of the cross-sectional
structure (no rounded lines) with small uniformly distributed nonuniformities compared to
the unmodified membrane (Figure 13 (a, b)). The increase of Pluronic F127 content to 10,
15, and 20 wt. % in the PA matrix caused the reappearance of rounded lines (Figure 13 (d,
c, €)). This may be related to the increase of plastic deformations with the rise of Pluronic

F127 concentration in the membrane.

3.1.3. Investigation of physicochemical properties

Study of the contact angles
To evaluate the changes in the surface properties, water contact angles of the dense

PA and PA-PL F127 membranes were measured by the sessile drop method (Figure 14).
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Figure 14. The dependence of the water contact angle value on the Pluronic F127 content
in the PA membrane [239].
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It was demonstrated that the surface hydrophilicity of the PA membrane
dramatically increased with the addition of Pluronic F127: the value of the contact angle
of water decreased from 56° to 39° due to the addition of 20 wt. % Pluronic F127,
confirming a significant improvement in the surface hydrophilicity of the modified
membranes. This was due to the fact that Pluronic F127 contains hydrophilic polyethylene
glycol groups, which results to the membrane surface hydrophilization. The structural
changes arising from the addition of Pluronic F127 into PA matrix significantly affect
membranes' physicochemical properties and pervaporation performance.

Study of the swelling degree of membrane

The “solubility-diffusion” mechanism explains the mass transfer in the
pervaporation. According to this mechanism, one of the components preferably sorbed
onto the membrane surface, then diffuse through the membrane, and desorbed from the
opposite side of the membrane. Therefore, swelling degree of the dense PA and PA-PL
F127 (5-20 wt. %) membranes was measured in methanol and toluene by the gravimetric

method to explain the mass transfer of the components of the separated mixture (Table 3).

Table 3. The swelling degree of PA and PA-PL F127 membranes in methanol
[239].

Swelling degree in
Membrane
methanol, %
PA 20+ 3
PA-PL F127 (5%) 26+2
PA-PL F127 (10%) 31+2
PA-PL F127 (15%) 390+ 1
PA-PL F127 (20%) 43 +2

Swelling degree in toluene for all tested membranes was less than 3 wt. %. The
data in Table 3 demonstrate that the swelling degree of the membranes in methanol
increased from 20 % to 43 % with the increase of Pluronic F127 content to 20 wt. % in the
membrane. This means that the inclusion of Pluronic F127 in the PA matrix increases the
polarity and the hydrophilicity of the membrane surface and increases the sorption of
methanol on the membrane surface. This is due to the amphiphilic nature of Pluronic F127,

which contains hydrophilic polyethylene glycol blocks (remain on the membrane surface)
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and hydrophobic (PPG) blocks (are fixed in the membrane matrix). These results are
compatible with contact angle measurements (Figure 14). In addition, the polarity of
toluene is significantly smaller than that of methanol, which is why toluene was much
lower adsorbed on the surface of the membrane. Therefore, the different sorption of
methanol and toluene on the membrane's surface can significantly affect the membrane

performance in the pervaporation separation of a toluene/methanol mixture.
Conclusion to section 3.1 of chapter 3

Novel pervaporation membranes based on polyphenylene isophthalamide, modified
with Pluronic F127, were developed. The introduction of Pluronic F127 into the PA matrix
was demonstrated to significantly affect the structure, physicochemical, and transport
characteristics of the membranes. The changes of structure and physicochemical
properties of the PA and PA-PL F127 membranes were investigated by various methods:
FTIR, SEM, NMR, contact angle and swelling measurements. The transport characteristics
of developed dense membranes were tested in pervaporation separation of azeotropic
toluene/methanol (28/72 wt. %) mixture. It was found that the PA membrane modified with
10 wt.% Pluronic F127 had the optimal transport properties in the separation of azeotropic
methanol/toluene mixture: 2 times increased normalized permeation flux, 5 wt. %
increased methanol content in the permeate and 3.3 % increased concentration coefficient
compared to the pristine PA membrane. The improved normalized permeation flux was
due to the decrease of crystallinity phase content and the increase of the swelling degree
in methanol, related to the increased surface hydrophilicity because of the presence of
polyethylene glycol blocks of Pluronic F127 on the membrane surface. This PA-PL F127
(10 wt. %) membrane seems to be promising for the use in industrial processes for toluene
purification from methanol and for the separation of other methanol-containing organic

mixtures.

3.2. Study of ultrafiltration membranes from poly-m-phenylene isophthalamide
modified with Pluronic F127

The ultrafiltration membranes based on PA have low antifouling properties (reduced
hydrophilicity leads to contamination during filtration). The performance of porous

membranes in ultrafiltration depends mainly on the pore size, surface roughness, and the



206

hydrophilic-hydrophobic balance of the membrane surface. Therfore, in this work, to solve
these problems and to optimize the PA membrane characteristics, two strategies were

applied: the variation of PA membrane porosity and the modification with Pluronic F127.

3.2.1. Transport characteristics

Porous PA membranes were prepared from the casting solutions with various
polymer concentrations (12, 15, 17, 20 wt. %) to study the influence on the ultrafiltration
performance. Permeability of the PA membranes and their antifouling resistance were
estimated in the ultrafiltration of pure water and bovine serum albumin (BSA) solution
with a concentration of 0.5 g/L in phosphate buffer (pH = 7.0-7.2) and real process fluid -
Wittol 297 emulsion (5 wt.% in water).

Table 4 shows the transport properties of porous PA membranes during

ultrafiltration of pure water and bovine serum albumin solution.

Table 4. Transport properties of porous PA membranes in the ultrafiltration of pure

water and bovine serum albumin solution [238].

Flux
Pure water | Flux of BSA | Rejection | Concentration
o o recovery
Membrane flux (J,,), ), coefficient coefficient _
ratio (FRR),

L/(m? h) L/(m? h) (R), % (K), % y

0

PA-12 580 276 33 58 58
PA-15 392 123 82 102 70
PA-17 233 76 99 112 76
PA-20 63 59 99 109 87

In accordance with the data in Table 4, the pure water flux (J,,) and the BSA flux
(J) of the PA membranes decrease as the polymer content in the casting solution increases
(from 12 to 20 wt. %), but the rejection coefficient (R) and flux recovery ratio (FRR) values
increase. Membrane porosity has a significant effect on the membrane's permeability and
rejection [242]: the higher porosity results to higher membrane permeability and less
rejection. Therefore, increasing the polymer concentration in the casting solution led to a

decrease in the total porosity (less pore size of macrovoids of the porous membrane). This
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can be explained by the polymer solution viscosity, which increases with increasing
polymer concentration and then leads to a thicker and denser skin layer, resulting in less
permeable but more selective (with more rejection coefficient) asymmetric porous
membranes [243]. The polymer chains begin to interact at high concentrations of polymer
solution, while the interaction between polymer chains in a dilute polymer solution
decreases [244,245]. Consequently, the pore size decreases with the increase of the
concentration of casting polymer solution. The increase of flux recovery ratio (FRR) values
for PA membranes with the increase of polymer concentration in the casting solution may
be due to a decrease of pore sizes of skin membrane selective layer, which are less
susceptible to protein contamination and cause improved antifouling resistance in
ultrafiltration. As well as the decreasing of surface roughness of PA membranes (confirmed
by AFM) contributes to less contamination of the PA membrane surface with BSA and
washing off proteins quickly from the membrane surface after the filtration.

Based on the transport properties, the PA membrane prepared from 12 wt. % casting
solution (PA-12) has the highest fluxes, while the PA membrane prepared from 17 wt. %
(PA-17) has the optimal transport properties: the optimal balance between permeability,
rejection coefficient, antifouling resistance (FRR) and the highest concentration
coefficient. Thus, these porous PA-12 and PA-17 membranes were further modified with
Pluronic F127. In order to study the effects of modification on the ultrafiltration
performance of the porous PA membranes, different concentrations of Pluronic F127 (5,
10, 15, and 20 wt. % with respect to the PA weight) were introduced into PA-12 and PA-
17 membranes. The transport properties of these PA and PA-PL F127 membranes were
also tested in ultrafiltration of pure water and 0.5 wt. % BSA aqueous solution in phosphate
buffer (pH = 7.0-7.2) (Table 5). These data for the pristine PA-12 and PA-17 membranes

were presented for comparison with the modified membranes.
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Table 5. Transport properties of porous PA (PA-12 and PA-17) and PA-PL F127

membranes in the ultrafiltration of pure water and bovine serum albumin solution.

Filtration of BSA
Pure water
Flux of
Membrane flux (J,,), FRR, %
BSA ()), R, % K, %
L/(m? h)
L/(m? h)

PA-12 580 276 33 58 58
PA-12-PL F127 (5%) 636 328 41 85 67
PA-12-PL F127 (10%) 806 406 39 108 63
PA-12-PL F127 (15%) 910 424 34 102 59
PA-12-PL F127 (20%) 1188 434 32 100 55

PA-17 233 76 99 112 76
PA-17-PL F127 (5%) 255 149 94 123 95
PA-17-PL F127 (10%) 265 149 92 120 97
PA-17-PL F127 (15%) 344 102 92 110 89
PA-17-PL F127 (20%) 259 102 82 98 85

The data in Table 5 show that the rejection coefficient improved slightly to 41% for
PA membrane modified with 5 wt. % Pluronic F127 (PA-12-PL F127 (5%)) compared to
the pure PA-12 membrane. This was due to the addition of 5 wt. % Pluronic F127 into the
PA-12 casting solution leading to a decrease in the pore size in the skin layer but an increase
in their number (confirmed by SEM). The introduction of 10, 15, and 20 wt. % Pluronic
F127 into the PA-12 membrane led to a reduction of the rejection coefficient values
compared to the PA-12-PL F127 (5%) membrane. This indicates that the pore size and the
number of pores on the modified membrane surface increased with a further increase in the
Pluronic F127 concentration. And an increase in the flux of the pure water and BSA
solution for these modified membranes compared to the PA-12 membrane confirms this
fact (Table 5). The Pluronic F127 changed the structure of the casting solution due to the
interaction of it and PA (hydrogen bonding), caused the change of the viscosity and
tolerance to the non-solvent of the casting solution. Pluronic F127 tends to form micelles

and acts as a pore-forming agent [206]. All of this led to the changes in the mechanism and
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kinetics of phase inversion, resulting the change in the structure of the pores in the skin
selective layer of the membranes.

For membranes based on PA-17 other trends were observed. The data in Table 5
show that pure water flux increases from 233 to 344 L/(m? h) and rejection coefficient
decreases from 99 to 92% with a rise in the concentration of Pluronic F127 to 15 wt. % in
the PA-17 membrane. This was due to to an increase in pore quantity and size of the skin
selective layer during modification of PA-17 membrane (confirmed by SEM). A further
increase in the concentration of Pluronic F127 in the membrane matrix led to an increase
in the viscosity of the casting PA solution and decreases the rate of solvent-non-solvent
exchange (according to McKelvey) [246]. The addition of 20 wt. % Pluronic F127 into
PA-17 membrane led to a decrease in the pure water flux to 259 L/(m? h), which may be
due to the agglomeration of Pluronic F127 in membrane matrix and the increased viscosity
of the casting solution with the addition of high modifier concentration. The modification
with Pluronic F127 of the PA-17 membrane led to a significant increase in BSA flux: from
76 to 149 L/(m? h) for PA-17-PL F127 (5%) and PA-17-PL F127 (10%) membranes, and
to 102 L/(m? h) for PA-17-PL F127 (15%) and PA-17-PL F127 (20%) membranes, since
the addition of Pluronic F127 promoted the formation of pores (macrovoids ) and their size
increase in the bulk.

The increase in the concentration coefficient (Table 5) was noted with the
introduction of Pluronic F127 in the PA matrix (12 and 17 wt.%), except of PA-17-PL
F127 (20%) membrane, which is associated with an increase in the flux of BSA
maintaining high values of rejection coefficients. The highest concentration coefficients
were noted for PA-12-PL F127 (10%) and PA-17-PL F127 (5%) membranes: 108 and
123%, respectivelly.

FRR values of developed membranes allow to evaluate the antifouling properties of
membrane and depend on surface roughness and pore size of the skin membrane layer.
Membranes with larger pores are considered to be more exposed to fouling due to the entry
of foulant molecules into the pores and their blocking. The surface roughness is one of the
most important factors affecting FRR since a higher roughness increases the deposition
and adsorption of foulant molecules on the membrane surface. FRR values increase with
the addition of Pluronic F127 into casting solution compared to the pristine PA membranes
(Table 5), except for PA-12-PL F127 (20%) membrane. This may be due to the following
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reasons: (i) an increase in surface hydrophilicity of membrane as a result of the introduction
of the the Pluronic F127 with hydrophilic polyethylene oxide segments, which leads to a
decrease in the adsorption of foulants on the surface of the membrane; (ii) a decrease in
surface pore size and an increase in their number, which leads to a decrease in the ingress
of foulants into the pores and their blocking.

Based on the data of ultrafiltration of water and BSA solution (Table 5), it was
demonstrated that the PA-17-PL F127 (10%) membrane had the optimal transport
characteristics and improved antifouling properties.

This developed membrane was also tested in ultrafiltration of real technological
fluid - a coolant lubricant (cutting fluid) Wittol 297 emulsion (5 wt.% in water). The PA-
17 and PA-17-PL F127 (15%) membranes were also tested for the comparison. The results

obtained are presented in Table 6.

Table 6. Transport properties of the PA-17 and PA-PL F127 (10 and 15 wt.%)

membranes in the ultrafiltration of a coolant lubricant Wittol 297 emulsion.

Filtration of Wittol 297
Pure water flux :
Membrane Flux of Wittol FRR, %
(), LI(m? h) R, % K, %
297 (J), L/((m? h)
PA-17 233 9 99.9 101.4 62
PA-17-PL F127 (10%) 265 12 99.9 101.9 67
PA-17-PL F127 (15%) 344 13 99.9 102.0 64

The data presented in Table 6 demonstrate that the Wittol 297 flux increases with
the increase of Pluronic F127 content in the membrane matrix maintaining high level of
rejection and concentration coefficients. This is due to the fact that Pluronic F127 acts as a
pore-forming agent and increases the macrovoid size and number of surface pores of the
modified membrane. In addition, FRR increases from 62 to 67 with the addition of 10 wt.
% Pluronic F127 into the membrane. This may be due to the increase in surface
hydrophilicity as a result of the introduction of Pluronic F127 with hydrophilic
polyethylene oxide segments, which leads to a decrease in the adsorption of foulants on
the membrane surface. The decease of FRR value to 64% for PA-17-PL F127 (15%)
membrane can be explained by the rise of pore size in the membrane surface with the
increase of Pluronic F127 content.
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3.2.2. Study of structure

Study of structure by scanning electron microscopy

The inner morphology of porous PA membranes prepared from casting solutions of
different PA concentrations (12-20 wt. %) was investigated by SEM (Figure 15).
(a) PA-12 (b) PA-15 (c) PA-17 (d) PA-20

X1

X2

X3

Figure 15. The cross-sectional SEM microphotographs of the porous PA membranes
prepared from casting solutions of different PA concentrations: (a) 12 wt. %, (b) 15 wt.
%, (c) 17 wt. %, and (d) 20 wt. % at different magnification (X1=1.00 K, X2=25.00 K,

and X3=50.00 K) [238].

It is shown in Figure 15 that the pore number and size of the PA membranes
significantly decrease with increasing casting solution concentration. In addition, the upper
membrane layer became thicker and denser. To understand the pore formation mechanism
on the membrane's surface, the following steps are considered: when the support with the
deposited polymer solution is submerged in a coagulation bath containing non-solvent
(water), which spreads into the polymer solution, the solvent of the casting polymer
solution spreads out into the coagulation bath [247]. The increase of concentration of
casting PA solution leads to the rise of the viscosity of the polymer solution. Sequentially,

the exchange rate between non-solvent (water) and the solvent (DMA) decreases
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throughout the phase inversion process, resulted in slower precipitation of the PA and cased
the formation of smaller pore quantity and size [246]. As a result, the membrane's
permeability decreases, and the rejection coefficient increases with increasing the
concentration of the PA casting solution (Table 4).

The cross-section and surface of the porous PA-12 and PA-12-PL F127 (5-20 wt.

%) membranes were studied by SEM and presented in Figure 16.
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Figure 16. Cross-sectional and surface SEM microphotographs of (a) PA-12, (b) PA-12-
PL F127 (5%), (c) PA-12-PL F127 (10%), (d) PA-12-PL F127 (15%) and (e) PA-12-PL
F127 (20%) membranes [239].

The addition of 5 wt. % Pluronic F127 into the PA-12 membrane led to a decrease
in the pore size, but at the same time to an increase in the number of pores on the surface
of the skin selective membrane layer. The introduction of 10, 15, and 20 wt. % Pluronic
F127 into PA-12 membrane led to an increase in the size of macrovoids and the surface
pore size as well as surface roughness (confirmed by AFM). At the high concentration of
Pluronic F127 micelles in the casting solution become larger because Pluronic F127
agglomerates and is washed out during the phase inversion process, leading to an increase
in pore size. In addition, the washout of these large agglomerates of Pluronic F127
molecules may be the reason for the increased membrane surface roughness.

Cross-sectional SEM microphotographs of the porous PA-17 and PA-17-PL F127

(5-20 wt. %) membranes are illustrated in Figure 17.
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PA-17-PL F127 (5%), (c) PA-17-PL F127 (10%), (d) PA-17-PL F127 (15%) and (e) PA-
17-PL F127 (20%) membranes.

The obtained SEM microphotographs indicate that the increase of Pluronic F127
content to 15 wt. % in 17 wt. % PA casting solution leads to a rise in membrane pore size
(macrovoids) and the number of pores in the membrane surface [206]. On the other hand,
the addition of 20 wt. % Pluronic F127 into the PA-17 membrane leads to a decrease in the
number of pores and an increase in the density and thickness of the upper selective layer.
It is attributed to the rise of the viscosity of the casting solution, caused the decrease of the
membrane flux (Table 5).

Study of structure by atomic force microscopy

The surface topography of the porous PA membranes was studied by AFM. AFM

images with a scan size of 15x15 um of PA membranes prepared from casting solution

with various PA concentration (12, 15, 17, and 20 wt. %) are shown in Figure 18.
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Figure 18. AFM images with a scan size of 15x15 um of the porous PA membranes
prepared from the casting solution with different PA concentrations: (a) 12 wt. %, (b) 15
wt. %, (c) 17 wt. %, and (d) 20 wt. % [238].

Based on AFM images, the surface roughness parameters of PA membranes were

calculated in terms of root-mean-squared (Rq) and average roughness (Ra) (Table 7).
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Table 7. Surface roughness parameters of PA membranes prepared from a casting
solution with different PA concentrations (12, 15, 17, and 20 wt. %) [238].

Surface roughness parameters
Membrane
Ra, nm Rg, nm
PA-12 30.3 37.9
PA-15 24.0 30.2
PA-17 18.7 24.0
PA-20 4.20 5.30

The surface roughness parameters (Ra and Rq) decrease with the increase of the PA
concentration in the casting solution. This is due to the increase of the viscosity of the
casting solution causing the formation of denser PA membrane structure.

The AFM images with a scan size of 10x10 pm of the porous membranes prepared
from 12 and 17 wt. % PA casting solutions and modified with Pluronic F127 are shown in
Figure 19.
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Figure 19. AFM images with a scan size of 10x10 um of the porous membranes prepared
from 12 and 17 wt. % PA casting solution and modified with Pluronic F127: (a) 0 wt. %,
(b) 5 wt. %, (c) 10 wt. %, (d) 15 wt. % and (e) 20 wt. %.

The surface roughness parameters (Ra and Rq) calculated based on AFM images of
the porous membranes prepared from 12 and 17 wt. % PA casting solution and modified
with Pluronic F127 (5-20 wt. %) are presented in Table 8.
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Table 8. Surface parameters of the porous membranes prepared from 12 and 17 wit.
% PA casting solutions and modified with Pluronic F127 (5-20 wt. %).

Surface roughness parameters
Membrane

Ra, nm Rq, nm
PA-12 7.4 9.4
PA-12-PL F127 (5%) 8.1 11.5
PA-12-PL F127 (10%) 9.4 13.6
PA-12-PL F127 (15%) 10.1 15.3
PA-12-PL F127 (20%) 12.6 23.8
PA-17 4.6 7.1
PA-17-PL F127 (5%) 4.6 7.1
PA-17-PL F127 (10%) 4.5 7.0
PA-17-PL F127 (15%) 3.6 45
PA-17-PL F127 (20%) 3.5 45

The modification with Pluronic F127 of PA membranes prepared from 12 and 17
wt. % PA casting solutions affects the surface roughness in different ways. For PA-12
membrane the increase of Pluronic F127 content in the matrix led to the increase of Ra and
Rq values. While the introduction of Pluronic F127 to 10 wt.% into PA-17 membrane
matrix did not change the surface roughness, and further increase of Pluronic F127
concentration (15 and 20 wt. %) led to the insignificant decrease of Ra and Rq values. This
may be due to the fact that an increased concentration of PA solution (17 wt.%) already
leads to a denser porous surface structure of the membrane with less pore size due to an
increase in the viscosity of the casting solution, and the addition of Pluronic F127 in this

situation does not significantly affect on the surface roughness.

Conclusion to section 3.2 of chapter 3

Novel ultrafiltration membranes based on polyphenylene isophthalamide-Pluronic
F127 composite were developed. The structure of the developed porous membranes were
studied by SEM and AFM methods. Transport properties of membranes were evaluated in

ultrafiltration of pure water, bovine serum albumin solution and cutting fluid emulsion.
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The porous membranes were prepared from casting solutions of different PA
concentrations (12-20 wt. %) to determine the optimal preparation conditions and to study
the influence on the ultrafiltration performance. Based on data of the ultrafiltration of
bovine serum albumin solution, it was demonstrated that the PA and PA-Pluronic F127
membranes prepared from 12 wt. % casting solution had the highest permeability, while
the PA and PA-Pluronic F127 membranes prepared from 17 wt. % casting solution had
the optimal balance between permeability, rejection coefficient, antifouling resistance
(FRR) and the concentration coefficient. The PA membrane prepared from 17 wt. %
casting solution and modified with 10 wt.% Pluronic F127 (PA-17-PL F127 (10%)) had
the optimal transport characteristics: 2 times improved BSA flux with an increase of 7.7%
in the concentration coeffient and an improvement in the degree of flux recovery ratio
(97%). This developed membrane was also tested in ultrafiltration of real technological
fluid - Wittol 297 cutting fluid emulsion (5 wt.% in water) and demonstrated 1.5 times
increased flux maintaining high values of the retention (99.9%) and concentration
(101.9%) coefficients as well as improved flux recovery ratio (67%). The improvement of
transport characteristics was due to effect of Pluronic F127 modification, which led to the
increase of macrovoid size, number of pores in the skin selective membrane layer, the

surface hydrophilicity maintaining the surface roughness at the same level.

3.3. Study of nanofiltration membranes with a thin selective layer based on
polyethyleneimine deposited on a porous poly-m-phenylene

isophthalamide/Pluronic F127 membrane

Monitoring the heavy metals content in environmental objects is an important eco-
analytical task. The aplication of widely used physical and chemical methods does not
always provide a direct solution to this problem because of the low concentrations of the
elements being determined and influence of the sample matrix on the results. But the
problem of heavy metals concentration may be easily solved by nanofiltration. To enhance
the nanofiltration membranes for this, several attempts have been made to form thin
selective layer of membranes such as applying dynamic pressure [248], layer-by-layer
techique [249], and utilizing a variety of crosslinkers, resulted in better layer assembly and
reduced swelling of polyelectrolyte [250]. PA-based membranes are widely used in

nanofiltration due to their high permeability. However, the surface of these membranes are
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negatively charged due to the large number of carboxyl groups, which reduces their
effectiveness in rejecting heavy metal ions. To improve cation rejection of the PA
membrane, one of the perspective approaches is to change the charge membrane surface.
It may be easily carried out by the deposition of a cationic polyelectrolyte layer onto a
porous PA membrane, thereby creating a supported membrane. In this study, the developed
porous PA and PA-Pluronic F127 membranes were improved for selective and efficient
nanofiltration concentration of heavy metals by the casting of the PEI polyelectrolyte on

the membrane surface.

3.3.1. Transport characteristics

The nanofiltration of heavy metal ions (Cd?*, Pb?*, Cu?*) solution in water was
examined using PA-17, PEI/PA-17 and PEI/PA-17-PL F127 (10 and 15 wt. %)
membranes. Figure 20 shows the permeability and rejection coefficient of unmodified PA-

17 and modified membranes at 20 atm in the nanofiltration of heavy metal ions solution.
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Figure 20. Transport properties (permeability and rejection coefficient) of
unmodified PA-17 and PEI-modified membranes in nanofiltration of heavy metal ions
(Cd?*, Pb?*, Cu?*) solution.

The data presented in Figure 20 demonstrate that the deposition of PEI layer on the
PA-17 membrane led to the 3.6 times decrease of permeability (1 kg/(m? h atm)), due to

the formation of the dense (non-porous) selective layer based on PEI onto the porous
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membrane. This led to the hindered mass transfer through the membrane, as well as the
porous structure of the PA-17 membrane was also affected. The addition of 10 and 15 wt.
% Pluronic F127 to the PA-17 membrane and the deposition of PEI layer increased the
permeability to 14 and 23 kg/(m?h atm), respectively. This is due to the fact that Pluronic
F127 acts as a pore-forming agent increasing the pore size and number of the PA membrane
[206], contributing to an increase in membrane permeability.

The rejection coefficient values of the unmodified PA-17 membrane increase in the
following way: Pb?* > Cu?" > Cd?". The deposition of PEI onto porous PA-based
membranes led to the significant increase (till 100%) in the rejection coefficient of Cu?*
due to greater adsorption of Cu?* ions at the high hydrophilic cationic PEI layer [251]. The
rejection coefficients of other metals (Pb?* and Cd?*) for PEI-modified membranes also
increase compared to the pristine PA-17 membrane, except for R (Pb?*) for PEI/PA-17-PL
F127 (15%) membrane. However, they are lower compared to the copper rejection
coefficient. This can be attributed to the Donnan effect and steric hindrance. The decrease
of rejection coefficients of Pb?* and Cd?* for the PEI/PA-17-PL F127 (15%) membrane
compared to the PEI/PA-17-PL F127 (10%) membrane may be due to slight leakage of
PEI into the larger pores of the PA membrane.

The rejection of heavy metal ions by the membranes and the passage of water
through them during nanofiltration leads to the concentration of heavy metal ions in the
feed. Thus, it is possible to reduce analyte detection limits without the need for extra
reagents and operations using the nanofiltration technique. Figure 21 shows the
concentration factor of the unmodified PA-17 and PEI-modified membranes in the

nanofiltration of aqueous solution heavy metal ions (Cd?*, Pb?*, Cu?*) at 20 atm.
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Figure 21. The concentration coefficient of the unmodified PA-17 and PEI-modified

membranes in nanofiltration of heavy metal ions (Cd?*, Pb?*, Cu?*) solution.

The data presented in Figure 21 demonstrate that the PA-17 membrane has the
lowest concentration factors compared to all membranes. While the deposition of PEI layer
and modification with Pluronic F127 of the PA-17 membrane led to their increase. The
highest concentration factors for the PEI/PA-17 and PEI/PA-17-PL F127 (10 and 15 wt.%)
were considered for Cu?* (100, 104, 107%, respectively). As well the PEI/PA-17 and
PEI/PA-17-PL F127 (10 wt.%) had the concentration factor for Pb?* at high enough level
(80 and 99 %, respectively). Therefore, these developed membranes are promising for the
concentration of Cu?* and Pb?* ions from a mixture of heavy metal ions.

It was demonstrated that the PEI/PA-17-PL F127 (10 wt.%) membrane possessed
the highest heavy metal ions rejection ability maintaining increased permeability level in
nanofiltration of heavy metal ions (Cd?*, Pb%*, Cu?*) solution, while the PEI/PA-17-PL
F127 (15 wt.%) membrane had the highest permeability with a slight decrease in rejection
coefficient of Cd?* and Pb?* ions. Thus, depending on the task of concentration, it is
possible to use one or another developed membrane to increase the productivity or

selectivity in the nanofiltration of heavy metal ions (Cd?*, Pb?*, Cu?*).
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3.3.2. Study of structure

The developed PEI-modified nanofiltration membranes were studied by SEM and
AFM methods to evaluate the changes in membrane structure during modification.
Study of structure by scanning electron microscopy

Cross-sectional SEM micrographs of the PEI/PA-17, PEI/PA-17-PL F127 (10 wt.
%) and PEI/PA-17-PL F127 (15 wt. %) membranes are shown in Figure 22.

(@) (b)

(©)
Figure 22. Cross-sectional SEM micrographs of the (a) PEI/PA-17, (b) PEI/PA-17-PL
F127 (10 wt. %) and (c) PEI/PA-17-PL F127 (15 wt. %) membranes.

SEM micrographs show the existence of two regions: (1) the porous PA-based
membrane, and (2) a thin dense selective layer based on PEI with the thickness of 1.6 £0.4
um. Continuous and homogeneous adhesion of the dense PEI layers to the surface of the
porous PA-based membrane is also observed. The addition of Pluronic F127 (10 and 15
wt. %) into the PA matrix increased the macrovoids size and their numbers due to the pore-

forming effect of the modifier. This changes led to the increase of the membrane
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permeability, while the PEI layer resulted to the improvement of the membrane rejection
of heavy metals.
Study of structure by atomic force microscopy

AFM images of of the PEI/PA-17, PEI/PA-17-PL F127 (10 wt. %) and PEI/PA-17-
PL F127 (15 wt. %) membranes are shown in Figure 23.
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Figure 23. AFM images of the (a) PEI/PA-17, (b) PEI/PA-17-PL F127 (10 wt. %) and (c)
PEI/PA-17-PL F127 (15 wt. %) membranes.

Based on AFM images, the roughness parameters in terms of root-mean-squared
(Rq) and average (Ra) roughness of the PEI-modified membranes were calculated (Table
9).

Table 9. Surface roughness parameters of the PEI-modified membranes.

Membrane Ra, nm Rg, nm

PEI/PA-17 0.10 0.14
PEI/PA-17-PL F127(10 wt. %) 0.13 0.17
PEI/PA-17-PL F127 (15 wt. %) 0.16 0.22

The calculated roughness parameters (Ra and Rq) increase with the the rise of
Pluronic F127 content in the PA porous membrane. The agglomeration and washout of
Pluronic F127 molecules may be the reason for the increase in the membrane surface

roughness. And the PEI layer preserved this rough surface PA structure.

Conclusion to section 3.3 of chapter 3

Novel supported membranes consisiting of the thin dense layer based on PEI
deposited on the porous PA-based membranes, modified with Pluronic F127 (10 and 15
wt.%), were developed for nanofiltration of heavy metal ions. The structure of membranes
was studied by AFM and SEM. Transport roperties of PEI-modified membranes were

evaluated in nanofiltration of heavy metal ions (Cd?*, Pb®*, Cu?*) solution. It was
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demonstrated that the deposition of the PEI onto the porous PA-based membranes led to
the improvement of the concentration factors and rejection coefficients of membranes in
nanofiltration of heavy metal ions (Cd?*, Pb?*, Cu?*) solution due to the formation of thin
dense layer (with the thickness of ~1.6 um confirmed by SEM) with greater adsorption of
metal ions because of high hydrophilicity and positively charged nature of polyelectrolyte.
The modification of the PA porous layer in the supported PEI-based membranes led to the
improvement of the permeability due to the increase of the pore size and number during
modification, which facilitated the mass transport of components through the membrane.
The PEI/PA-17-PL F127 (10 wt.%) membrane possessed the highest heavy metals
rejection coefficients and high concentration coefficients maintaining increased
permeability (14 kg/(m? h atm)), while the PEI/PA-17-PL F127 (15 wt.%) membrane had
the highest permeability (23 kg/(m?h atm)) with a slight decrease in rejection coefficents
of Cd?* and Pb?* ions. Thus, depending on the task of concentration, it is perspective to
use one or another developed membrane to increase the productivity or selectivity in the

nanofiltration of heavy metal ions (Cd?*, Pb?*, Cu?").

3.4. Study of pervaporation membranes based on polyvinyl alcohol modified with
Pluronic F127

Polyvinyl alcohol (PVA) (Figure 24) is a well-known synthetic polymer, which
characterized by high selectivity to water, pH stability, film-forming ability, and chemical
and thermal resistance. Due to its advantages, this polymer is actively and successfully

applied as a membrane material for pervaporation dehydration.

OH |
\)\H
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Figure 24. Polyvinyl alcohol structure.

However, membranes based on PVA typically have low permeability and

mechanical strength, and poor stability in aqueous solutions due to immoderate swelling.
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As a result, the separation performance of these membranes is significantly decreased,
especially, during long-term operations. To improve the transport properties of the PVA
membrane, its modification with Pluronic F127 and cross-linking with maleic acid (MA)
was carried out. In addition, supported membranes with a thin selective layer based on
PVA and its composites with Pluronic F127 were also developed for the perspective

industrial application.

3.4.1. Transport characteristics

Transport properties of dense PVA membranes with various concentrations of
Pluronic F127 (1-3 wt. %) and without/with chemical cross-linking by MA were evaluated
in the pervaporation separation of an azeotropic water/isopropanol (IPA) (12/88 wt. %)

mixture at an ambient temperature (22 °C) (Table 10).

Table 10. Transport properties of untreated and chemically cross-linked PVA and
PVA-PL F127 membranes in pervaporation separation of the azeotropic mixture water/IPA
(12/88 wt. %) at 22 ° C.

) Water content in Concentration
Permeation flux, o
Membranes the permeate, wit. coefficient, %
kg/(m?h)
%
PVA 0.008 99.9 100.08
PVA-PL F127 (1 wt. %) 0.013 99.9 100.13
PVA-PL F127 (2 wt. %) 0.016 99.9 100.15
PVA-PL F127 (3 wt. %) 0.017 99.9 100.16
PVA-MA 0.007 99.9 100.07
PVA-MA-PL F127 (3 wt.
0.015 99.9 100.14
%)

As can be seen from the presented data, the permeation flux of untreated membranes
increases with the rise of Pluronic F127 content in the matrix. Pluronic F127 increases the
surface hydrophilicity of the PVA membrane (confirmed by contact angles data) and acts
as a pore-forming agent (confirmed by SEM), resulting in increase membrane

permeability. In addition, all membranes were selective with respect to water (99.9 wt. %)
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due to the high affinity degree of PVA to water because of hydrophilic functional OH
groups [252]. It should be highlighted that the PVA membrane with 3 wt. % Pluronic F127
(PVA-PL F127 (3 wt. %)) had the best transport properties: the highest permeation flux of
0.017 kg/(m? h), 99.9 % water content in the permeate and 100.16% concentration
coefficient. The increase in the concentration coefficient value of the modified membrane
was due to the increased permeation flux maintaining high selectivity to water.

To improve the stability and to have the possibility of industrial use of the modified
membrane, PVA-PL F127 (3 wt. %) membrane was chemically cross-linked with MA
[253]. The cross-linking of the PVA membrane was also carried out to compare transport
characteristics with the modified membrane. Chemically cross-linked membranes (PVA-
MA and PVA-MA-PL F127 (3 wt. %)) were also tested in pervaporation of the azeotropic
water/IPA (12/88 wt. %) mixture at 22 °C (Table 10). It was demonstrated that MA cross-
linking of dense PVA and PVA-PL F127 (3 wt. %) membranes results in a slight reduction
in permeation flux (from 0.008 to 0.007 kg/(m? h) and from 0.017 to 0.015 kg/(m? h)) and
concentration coefficient (from 100.08 to 100.07% and from 100.16 to 100.14%) for
membranes based on PVA and its composite, respectively. The cross-linking of PVA by
MA led to converting the extensive hydrogen bonding in polyvinyl alcohol to covalent
bonds, resulting to changes in the membrane's inner structure (the decrease of free volume
between polymer chains) [100]. As a result of the chemical cross-linking of membranes,
the size and number of cavities in the membrane's cross-sectional morphology were
reduced (confirmed by SEM). In addition, it led to an increase in the membrane resistance
water (confirmed by contact angle data). Thus, despite a slight decrease in permeation flux,
the chemically cross-linked PVA-MA-PL F127 (3 wt. %) membrane had the optimal
transport characteristics for the separation of the azeotropic water/IPA (12/88 wt. %)
mixture. However, for promising application in industry, it is necessary to develop a
supported membrane with a thin selective layer based on PVA-MA-PL F127 (3 wt. %)
composite on a porous substrate.

The developed ultrafiltration porous PA membranes prepared from various
concentrations of casting solution (PA-12, PA-15, PA-17, and PA-20) (described in section
3.2) were used as a substrate for the preparation of supported untreated PVA membrane to
determine the optimal conditions for further improving of the performance of developed

dense membranes. The transport properties of untreated supported PVA membranes on
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various PA substrates were studied in the pervaporation separation of azeotropic water/IPA
(12/88 wt. %) mixture at 22 °C (Table 11).

Table 11. Transport properties of untreated supported PVA/PA membranes in the

pervaporation separation of azeotropic water/IPA (12/88 wt. %) mixture at 22 °C.

Permeation Water content in the Concentration
Membrane flux, permeate, coefficient, %
kg/(m2h) wt. %

PVA 0.008 99.9 100.08
PVA/PA-12 0.160 91.2 101.41
PVA/PA-15 0.083 94.7 100.76
PVA/PA-17 0.040 96.9 100.37
PVA/PA-20 0.015 97.8 100.14

Data in Table 11 show that the application of porous PA-12 membrane as the
substrate led to the increase of permeation flux (0.160 kg/(m?h)), but the decrease of
selectivity (91.2 wt.% water content in the permeate) and slight increase of the
concentration coefficient (101.41%). Further increase of the concentration of casting PA
solution for porous substrates results to increase of water selectivity but simultaneously
decrease of membrane permeation flux and concentration coefficient. The supported
membrane based on PVA deposited on a PA-17 substrate (PVA/PA-17) has the optimal
transport characteristics: a permeation flux of 0.040 kg/(m?h), 96.9 wt. % water content in
the permeate and the concentration coefficient of 100.37% (Table 11). Thus, the
ultrafiltration porous PA-17 membrane was selected as the optimal substrate for the
preparation of MA cross-linked supported membranes based on PVA and PVA-PL F127
composite. For the comparison of pervaporation performance, the commercial porous
UPM-20 membrane (substrate) was also used as a substrate for the development of
supported membranes with thin selective layer based on PVA and PVA-PL F127
composite. The transport properties of cross-linked supported membranes based on PVA
and PVA-PL F127 (3 wt. %) composite on PA-17 and UPM-20 substrates were evaluated
in the pervaporation separation of azeotropic water/IPA (12/88 wt. %) mixture at an

ambient temperature (22 °C) and presented in Table 12. The pervaporation data for the
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dense PVA and untreated supported PVA membranes on PA-17 and UPM-20 substrates

were also presented for the comparisan with modified membranes.

Table 12. Transport properties of untreated and chemically cross-linked supported
PVA and PVA-PL F127 (3 wt. %) membranes on PA-17 and UPM-20 substrates in the

pervaporation separation of the azeotropic mixture water/IPA (12/88 wt. %) at 22 °C.

Permeation | Water content in )
Concentration
Membranes flux (J), the permeate, o
coefficient, %
kg/(m?h) wt. %
PVA 0.008 99.9 100.08
PVA/UPM-20 0.021 98.7 100.20
PVA-MA/UPM-20 0.018 99.9 100.17
PVA-MA-PL F127 (3 wt. %)/UPM-20 0.032 99.9 100.31
PVA/PA-17 0.040 96.9 100.37
PVA-MA/PA-17 0.038 97.8 100.36
PVA-MA-PL F127 (3 wt. %)/PA-17 0.100 98.8 100.96

Data presented in Table 12 demonstrate that the use of the porous UPM-20 and PA-
17 substrates led to an increase in permeation flux from 0.008 kg/(m? h) of unmodified
dense PVA membrane to 0.021 kg/(m?h) for supported PVA/UPM-20 membrane and to
0.040 kg/(m?h) for supported PVA/PA-17 membrane, maintaining high selectivity with
respect to water (98.7 and 96.9 wt. % in the permeate, respectively). An increase in the
concentration coefficients to 100.20% for supported PVA/UPM-20 membrane and to
100.37% for supported PVA/PA-17 membrane was also noted. The chemical cross-linking
with MA of both type of supported membranes (PVA/UPM-20 and PVA/PA-17) also led
to the slight decrease in permeation flux and concentration coefficients with the increase
of water content in the permeate. It can also be seen that cross-linked supported membranes
on UPM-20 substrate (PVA-MA/UPM-20 and PVA-MA-PL F127 (3 wt. %)/UPM-20)
have less permeation flux than those cross-linked supported membranes on PA-17
substrate (PVA-MA/PA-17 and PVA-MA-PL F127 (3 wt. %)/PA-17). On the other hand,
the water content in the permeate for supported on UPM-20 membranes was 99.9 wt. %.

For both types of membranes on UPM-20 and PA-17 substrates, the incorporation of
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Pluronic F127 into PVA matrix led to the increase of permeation flux and concentration
coefficients compared to membranes based on pristine PVA (Table 12), which could be
due to the increase of the membrane's surface hydrophilicity during modification. Thus,
chemically cross-linked with MA supported membrane with thin selective layer based on
PVA-PL F127 (3 wt. %) deposited on porous PA-17 substrate (PVA-MA-PL F127 (3 wt.
%)/PA-17) had the optimal transport properties in the pervaporation separation of the
azeotropic mixture water/IPA (12/88 wt. %) at 22 °C: the highest permeation flux of 0.1
kg/(m? h), 98.8 wt. % water content in the permeate and the highest concentration
coefficient of 100.96%.

For the perspective industrial application, the stability of the developed supported
PVA-MA-PL F127 (3 wt. %)/PA-17 membrane was studied in pervaporation dehydration
of IPA in wide concentration range up to 80 wt. % water (Figure 25) and during long-term

separation of the azeotropic mixture of water-1PA (12/88 wt.%) (Figure 26).
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Figure 25. The dependence of (A) permeation flux and water content in the permeate and
(B) concentration coefficient on the water content in the feed (12-80 wt.%) in
pervaporation dehydration of IPA using supported PVA-MA-PL F127 (3 wt.%)/PA-17

membrane [238].

Figure 25 demonstrates that the water content in the permeate, permeation flux and
concentration coefficient of PVA-MA-PL (3 wt.%)/PA-17 membrane both vary with the
feed composition. At high water content in the feed, the membrane tends to swell, which
causes the increased free volume between polymer chains. Consequentially, the permeation
flux of the membrane rises as the water content in the feed increases, but the water content

in the permeate decreases. Nevertheless, the membrane still possesses a high level of water
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selectivity (the water content in the permeate decreased from 98.8 to 84.6 wt. %) and can
be used to concentrate isopropanol from its aqueous solutions (concentration coefficient
over 100.48%).
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Figure 26. The dependence of the permeation flux and water content in the permeate on
time during pervaporation separation of the azeotropic mixture of water-1PA (12/88
wt.%) for five days using the PVA-MA-PL F 127 (3 wt.%)/PA-17 membrane [238].

The permeation flux of the developed membrane increased from 0.1 to 0.157
kg/(m?h), while the water content in the permeate decreased from 98.8 to 94.1 wt. %
(Figure 26). However, the PVA-MA-PL (3 wt.%)/PA-17 membrane maintains a high level
of stability during long-term pervaporation experiment (five days), and the membrane
swelling is responsible for the slight change of transport properties.

The comparison under close conditions to the present work of the supported PVA-
MA-PL F127 (3 wt.%)/PA-17 membrane in pervaporation dehydration of IPA with PVA-
based membranes developed in other studies [77,87,95,203,254,255] demonstrated that the
supported PVA-MA-PL (3 wt.%)/PA-17 membrane exhibited a relatively higher
permeation flux and separation factor in pervaporation dehydration of IPA (12 and 10 wt.%

water) compared to the membranes described in the works [77,87,255]. However, the



233

developed membrane has higher permeation flux with lower separation factor at 22 °C
compared to chitosan (CS)-PVA/polyvinylidene fluoride (PVDF) and PVA/polyvinyl
pyrrolidone (PVP)-phosphomolybdic acid (PMA) membranes [95,254]. And the PVA-
MA-PL F127 (3 wt.%)/PA-17 membrane has a higher permeation flux and/or separation
factor compared to the described PVA-based membranes in the work [203] in
pervaporation dehydration of 80 wt.% IPA aqueous solution at 22 °C. Thus, in this work
the cross-linked supported PVA-MA-PL F127 (3 wt.%)/PA-17 membrane with improved
stability and transport properties for pervaporation dehydration of IPA was successfully
developed.

The “solubility-diffusion” mechanism may be used to explain the pervaporation
separation of constituents through nonporous membranes, in which the structure and
morphology play an important role. To determine the influence of Pluronic F127
modification and chemical cross-linking with MA, the membrane structure and
physicochemical characteristics were studied by Fourier-transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), contact angle measurement, and swelling

experiments.

3.4.2 Study of structure

Study of structure by IR spectroscopy

The structure of dense PVVA-based membranes with/without chemical treatment and
modified by Pluronic F127 was studied by FTIR. The FTIR spectra of Pluronic F127
powder, PVA, PVA-PL F127 (3 wt. %), PVA-MA, PVA-MA-PL F127 (3 wt. %)

membranes are presented in Figure 27.
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For the spectrum of pristine PVA, the broad band at 3278 cm™ corresponds to the
stretching vibration of the hydroxyl group (OH), and the band at 2911 cm™ relates to the
CH; stretching [256,257]. The peaks at 1710 cm™ is attributed to stretching vibration of
C=0 of the residual acetate groups [257—-259]. The absorption band at 1413 cm™ confirms
the presence of CH. bending in a symmetric fashion. The peak at 1324 cm™ relates to the
CH and OH modes [257]. The peak at 916 cm™ assigned to CH> rocking, while the peak
at 843 cm™ assigned to C-C vibrations of the moderate absorption planar zigzag carbon
backbone.

The peaks at 3278, 2911, 1710, 1324, 916, and 843 cm slightly shifted after the
introduction of Pluronic F127 into the PVA matrix. In addition, the peak intensity at 1537
cmincreased. The superimposition of PVA and Pluronic F127 peaks and the low content
of modifier in the membrane matrix explain these slight changes.

For the spectrum of the PVA-MA membrane, there are alterations in the peaks in the
range 800-2000 cm™. The presence of the ester group (-CO-0O-) is indicated by the presence
of an intense stretching absorption vibration band at 1710 cm [253,260]. PVA and
unsaturated MA interact forming an unsaturated ester (-CO-CH=CH- ), which is confirmed
by the absorption peak at 1641 cm™ and resulted to the cross-linking of polymer chains
[253]. A decrease in intensity and a shift in the peak at 3282 to 3267 cm™ was caused by
the modification of PVA with 3 wt. % Pluronic F127 and indicating the cross-linking of
polymer chains. The PVA-MA-PL F127 (3 wt.%) membrane also has peaks at 1710 and
1633 cm™, corresponding to an ester carbonyl and -CO-CH=CH- stretching, respectively.
FTIR spectra confirmed the cross-linking of PVA-MA and PVA-MA-PL F127
membranes, which significantly affected the membrane pervaporation performance.
Study of structure by scanning electron microscopy

SEM was used to examine the morphology of PVA and PVA-MA membranes
modified with Pluronic F127. The obtained SEM cross-sectional micrographs are shown

in Figure 28.
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PVA PVA-MA

PVA-PL F127 (1 wt. %) PVA-MA-PL F127 (1 wt. %)

PVA-PL F127 (2 wt. %) PVA-MA-PL F127 (2 wt. %)

PVA-PL F127 (3 wt. %) PVA-MA-PL F127 (3 wt. %)

Figure 28. SEM cross-sectional micrographs of dense membranes based on PVA

with/without chemical MA cross-linking and modified by various content of Pluronic
F127 (1, 2, 3 wt. %) [238].

Figure 28 illustrates that the morphology of the pristine PVA membrane is smooth
and flat. The incorporation of Pluronic F127 (1 wt. %) into the matrix resulted in the
creation of some cavities in the membrane. Increasing the Pluronic F127 content in the
membrane decreased the number of cavities, but their size became larger. Compared to the

pristine PVA membrane, the chemically cross-linked membrane (PVA-MA) exhibited a
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rough cross-sectional structure (Figure 28). The cross-linking of PVA-PL F127 (1, 2, and
3 wt %) membranes with MA reduced the number and size of the formed cavities. MA acts
as a cross-linking agent and is leveling the Pluronic F127 effect. This is explained by the
slightly decreased permeation flux of cross-linked membranes compared to untreated
PV A-based membranes (Table 10).

3.4.3. Investigation of physicochemical properties
Study of the contact angles

The surface properties of membranes were investigated by measuring the water
contact angle to estimate the modification changes in the membrane surface due to the
addition of Pluronic F127 and the chemical cross-linking. Contact angles of water for PVA
and PVA-MA membranes modified by Pluronic F127 (1, 2, 3 wt. %) are presented in Table
13.

Table 13. The contact angle of water for PVA-based membranes.

Membrane Water contact angle, °
PVA 66
PVA-PL F127 (1 wt. %) 41
PVA-PL F127 (2 wt. %) 32
PVA-PL F127 (3 wt. %) 29
PVA-MA 68
PVA-MA-PL F127 (1 wt. %) 45
PVA-MA-PL F127 (2 wt. %) 39
PVA-MA-PL F127 (3 wt. %) 35

The contact angle of water significantly decreases as the amount of Pluronic F127
in PVA and PVA-MA matrices increases. This indicated the effective enhancement of
hydrophilicity of the membrane surface by Pluronic F127 addition. Pluronic F127 consists
of hydrophilic polyethylene glycol blocks and hydrophobic polypropylene glycol blocks.
Hydrophobic blocks are incorporated into PVA chains and remain fixed in the membrane
matrix, while hydrophilic blocks are released on the membrane surface. Therefore, the
membrane’s surface became more hydrophilic due to the increased number of hydrophilic
groups of polyethylene glycol of Pluronic F127 on the membrane surface. Also, it should

be noted that the cross-linked with MA membranes had higher water contact angle values
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compared to the untreated membranes. This might be due to MA levelling action on

Pluronic F127, which results in a decrease in surface hydrophilicity.

Study of the swelling degree of membrane

As the component sorption is the first stage of the “solubility-diffusion” mechanism
for pervaporation, the swelling of membranes based on PVA and its composites with
Pluronic F127 with/without chemical cross-linking was measured in the separated mixture
- IPA/water (88/12 wt. %) (Table 14).

Table 14. Swelling degree of PVA-based membranes in the separated azeotropic
water/IPA (12/88 wt. %) mixture.

Swelling degree in the
Membranes water/IPA (12/88 wt. %)
mixture, %
PVA 14
PVA-PL F127 (1 wt. %) 15
PVA-PL F127 (2 wt. %) 19
PVA-PL F127 (3 wt. %) 20
PVA-MA 12
PVA-MA-PL F127 (1 wt. %) 13
PVA-MA-PL F127 (2 wt. %) 15
PVA-MA-PL F127 (3 wt. %) 16

Data in Table 14 show that the introduction of Pluronic F127 into PVA and PVA-
MA matrices led to the increase of the swelling due to the amphiphilic nature of Pluronic
F127 (hydrophobic polypropylene glycol and hydrophilic polyethylene glycol blocks). The
swelling degree of MA cross-linked membranes is lower than that of untreated membranes
because of the cross-linking of polymer chains, which suppresses the swelling in water and
the effect of Pluronic F127. These data are consistent with the contact angle data (Table
13).
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Conclusion to section 3.4 of chapter 3

Novel pervaporation dense and supported membranes based on PVA-Pluronic
F127 composite with improved transport properties were developed. The effect of Pluronic
F127 introduction into the PVA matrix on structure, physicochemical properties and
transport characteristics was studied by FTIR, SEM, contact angle measurements, swelling
experiments, pervaporation separation of the azeotropic water/IPA (12/88 wt. %) mixture.
The modification of PVA membrane with Pluronic F127 led to the formation of rougher
inner structure with cavities, surface hydrophilization, and increased swelling in
water/IPA mixture, which resulted to the improvement of transport properties of modified
membranes. The introduction of 3 wt.% Pluronic F127 into dense PVA membrane
increased the permeation flux to 0.017 kg/(m?h) and concentration coefficient to 100.16%
maintaining 99.9 wt.% water in the permeate, while the cross-linking of the PVA-PL F127
(3 wt.%) membrane with MA slightly decreased the permeation flux to 0.015 kg/(m?h) and
concentration coefficient to 100.14% and increased the membrane stability in an agueous
solution.

The transport characteristics of the cross-linked dense PVA-MA-PL F127 (3 wt.%)
membrane was improved by the development of supported membrane using the
ultrafiltration porous PA membrane (created in section 3.2) and commercial UPM-20
membrane as substrates. The performance of supported membranes on PA substrate was
influenced by the porosity of PA membrane's (the concentration of the PA casting solution).
The optimal transport characteristics were obtained for the cross-linked supported PVA-
MA-PL F127 (3 wt.%) membrane onto an ultrafiltration PA (17 wt.%) substrate: 0.1
kg/(m?h) permeation flux, 98.8 wt.% water content in the permeate, 100.96% concentration
coefficient in pervaporation dehydration of isopropanol (12 wt.% water). The cross-linked
supported membrane PVA-MA-PL F127 (3 wt. %) on UPM-20 substrate had 3 times less
permeation flux than the PVA-MA-PL F127 (3 wt. %)/PA-17 membrane.

For the perspective industrial application, the stability of the developed supported
PVA-MA-PL F127 (3 wt. %)/PA-17 membrane was confirmed in pervaporation
dehydration of IPA in wide concentration range up to 80 wt. % water and during long-
term separation of the azeotropic mixture of water-1PA (12/88 wt.%). The comparison of
the developed PVA-MA-PL F127 (3 wt. %)/PA-17 membrane with the PVA-based
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membranes described in the literature [77,87,95,203,254,255] under identical
pervaporation conditions demonstrated that this membrane had a higher permeation flux
and/or separation factor in pervaporation dehydration of IPA (12 and 20 wt.% water) even

at ambient temperature (22 °C).
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PRIMARY CONCLUSIONS

Modification methods for polymer membranes from poly-m-phenylene
isophthalamide and polyvinyl alcohol of various classes (ultrafiltration, nanofiltration, and
pervaporation) by Pluronic F127 were proposed. It made it possible to increase the degree
of separation and concentration of heavy metals, bovine serum albumin, cutting fluid, and
organic solvents such as isopropanol and toluene in membrane processes applied in the
sample preparation of aqueous and organic mixtures.

1) The modification of poly-m-phenylene isophthalamide by Pluronic F127 was
found to improve the transport characteristics of the developed pervaporation dense
membranes for the separation of a methanol/toluene mixture. The increase in the
permeation flux and selectivity towards methanol of the modified membranes was related
to a change in the structure (the formation of hydrogen bonds confirmed by the FTIR) and
physicochemical properties during modification by Pluronic F127: namely, a decrease in
the crystalline phase (confirmed by NMR), an increase in the roughness of the internal
membrane structure (confirmed by SEM), hydrophilicity (confirmed by contact angle data)
and the swelling degree in methanol (confirmed by swelling data). More significant
changes in characteristics were obtained for a dense membrane based on poly-m-phenylene
isophthalamide, containing 10 wt.% Pluronic F127, in pervaporation separation of an
azeotropic methanol/toluene mixture (72/28 wt.%): 2 times increased normalized
permeation flux, 5 wt. % increased methanol content in the permeate and 3.3 % increased
concentration coefficient, compared to the dense membrane based on poly-m-phenylene
isophthalamide. For promising industrial use to purify toluene from methanol and separate
other methanol-containing organic mixtures, the stability of the developed membrane was
confirmed in the long-term pervaporation separation of an azeotropic methanol/toluene
mixture.

2) It was found that the modification of poly-m-phenylene isophthalamide by
Pluronic F127 improved the transport characteristics of the developed ultrafiltration
membranes. More significant changes in transport characteristics were obtained for a
porous membrane prepared from a 17 wt.% poly-m-phenylene isophthalamide solution,
containing 10 wt.% Pluronic F127, in ultrafiltration of bovine serum albumin and cutting
fluid:
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- 2 times improved flux, 7.7% increased concentration coefficient and 21%
increased flux recovery ratio in ultrafiltration of a bovine serum albumin solution compared
to a porous membrane based on poly-m-phenylene isophthalamide;

- 1.5 times increased flux and 5% increased flux recovery ratio, maintaining high
values of the rejection (99.9%) and concentration (101.9%) coefficients in ultrafiltration of
a cutting fluid emulsion compared to a porous membrane based on poly-m-phenylene
isophthalamide.

The improvement in the transport characteristics of the modified membrane was
related to an increase in the pore size (macrovoids) and the number of pores of the selective
layer (confirmed by SEM) and an increase in the hydrophilicity of the membrane surface
(confirmed by contact angle data) due to the effect of Pluronic F127 as a pore-former and
its amphiphilic structure (hydrophobic blocks were fixed in membrane matrix; hydrophilic
blocks were released on the membrane surface).

3) It was found that the modification of porous membranes based on poly-m-
phenylene isophthalamide, modified with Pluronic F127 (10 and 15 wt.%) by depositing a
thin selective layer of polyethyleneimine improved permeability and rejection coefficients
during nanofiltration concentration of heavy metal ions (Cd?*, Pb?", and Cu?*). The
Improvement in the transport characteristics of the modified membranes was related to the
action of Pluronic F127 as a pore-forming agent, which increased the size and number of
pores of the porous membrane (confirmed by SEM), contributing to an increase in
membrane permeability, and an increase in the adsorption of metal ions on a highly
hydrophilic cationic layer of polyethyleneimine, contributing to an increase in the rejection
coefficients. Significant changes in transport characteristics were obtained for supported
membranes during nanofiltration of a solution of heavy metal ions (Cd?*, Pb?*, and Cu?*):

- 4 times higher permeability with the highest rejection coefficient of heavy metal
ions (54% for Cd?*, 95% for Pb?*, 100% for Cu?*) for a supported membrane with a thin
selective layer of polyethyleneimine deposited on a porous membrane based on poly-m-
phenylene isophthalamide, modified with Pluronic F127 (10 wt.%), compared to porous
membrane based on poly-m-phenylene isophthalamide;

- 6 times higher permeability with increased rejection coefficients of Cd?* and Cu?*
(49% for Cd?*, 42 % for Pb?*, 100% for Cu?*) for a supported membrane with a thin

selective layer of polyethyleneimine deposited on a porous membrane based on poly-m-
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phenylene isophthalamide, modified with Pluronic F127 (15 wt.%), compared to porous
membrane based on poly-m-phenylene isophthalamide.

It was found that each developed membrane could be implemented depending on
the task of concentration to increase the productivity or selectivity of nanofiltration of
heavy metal ions, reducing the limits of detection of the studied analytes.

4) The modification of polyvinyl alcohol by Pluronic F127 was found to improve
the transport characteristics of the developed pervaporation dense and supported
membranes for the dehydration of isopropanol. To use the membranes in the pervaporation
of the water/isopropanol mixture over the wide concentration range, chemical cross-linking
of the membranes was carried out by adding maleic acid and heating at 110°C for 120
minutes. The improvement of the transport characteristics of the modified membranes was
related to the effect of Pluronic F127 on the structure (confirmed by FTIR) and the
physicochemical properties of the membranes: the addition of a modifier increased the
hydrophilicity of the membrane surface (confirmed by contact angle data), the swelling
degree in the feed (confirmed by the swelling data) and acted as a pore-forming agent,
causing the formation of cavities in the membrane structure (confirmed by SEM), which
increased membrane permeability, maintaining a high level of selectivity. Chemical cross-
linking of the modified membranes with maleic acid slightly levels out the effect of
Pluronic F127, resulting in a slight decrease in the permeation flux of cross-linked
membranes compared to untreated membranes. More significant changes in characteristics
were obtained for a supported membrane with a cross-linked thin selective layer of
polyvinyl alcohol, modified by Pluronic F127 (3 wt.%) and deposited on a prepared porous
substrate based on poly-m-phenylene isophthalamide, during pervaporation separation of
an azeotropic water/isopropanol mixture (12/88 wt. %): 12.5 times increased permeation
flux, maintaining high values of the concentration coefficient (100.96%) and water content
in the permeate (98.8 wt.%) compared to a dense untreated membrane based on polyvinyl
alcohol. For the perspective industrial application, the stability of the developed membrane
was confirmed during long-term pervaporation separation of azeotropic water-isopropanol
mixture and dehydration of isopropanol in a wide concentration range (up to 80 wt. %

water).
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