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AHHOTanMsi: VccrenoBaHo BIMSHUE TPAaHCMEMOPAaHHBIX MApaMETPOB DIIEKTPO-
MEeMOPaHHOIO Npolecca pa3leleHHuss Ha OCHOBHBIE KHHETHYECKHE XapaKTePUCTHUKH
MeMOpan MI'A-95I1, OIIM-K u OIIMH-K npu ouncTke TEXHOJIOTUIECKUX BOJA METaJI-
J000pabaTHIBAIOIIEr0 MPOU3BOACTBA. JlaH aHamM3 BIUSHUS TPAaHCMEMOpPAHHBIX IMapa-
METPOB Ha KMHETHYECKUE 3aBUCHMOCTH KOd((HIMEHTa PABHOBECHOTO PACIpEe/ICHUs
u ko3 punmenra sekTpoaudHy3HOHHON MPOHUIAEMOCTH MEMOpaH aleTaTHeNIFII03-
HOTO ¥ IOJIMaMHJIHOTO BHJOB. [loiydeHbl anmpoKCUMallMOHHBIC BBIPKEHHS ISl pac-
yera KO QUIMEHTa PaBHOBECHOTO paclipeaeieHus n KodpduunenTta 3nekrporuddy-
3MOHHOW NPOHHIAEMOCTH B 3aBUCHMOCTH OT (DPM3MKO-XUMHUYECKOW OCHOBBI Marepuaia
HOJIyNIPOHUIAEMON MeMOpaHbI, BEJIMYNHBI INIOTHOCTH TOKa, KOHLIICHTPALUK U TeMIIepa-
TYpPbI TEXHOJIOTHYECKOTO PACTBOpA.

BBenenne

[Ipobnema 3arpsi3HEHUSI BOJHBIX OOBEKTOB TEXHOIOTHYCCKAME PACTBOPAMH METAaJl-
J1000padaTHIBAFOIINX MPOU3BOACTB, COJACPIKAINMUX HOHBI TSHKEIBIX METAJUIOB, BBHI3BIBACT
HEOOXOAMMOCTh TTOWCKa HOBBIX U 0OoJiee 3PPEeKTUBHBIX METOJOB OYHCTKH OT HUX CTOY-
HBIX BOJ, HAIIPUMEP, COCPEAOTOUCHHBIX BEIITYCKOB U PacCPEIOTOYEHHOTO CTOKA [1 — 4].

Onaum u3 Hambonee 3(PPEKTUBHBIX METOJOB OYUCTKH SIBISETCS JJIEKTPOMEM-
OpaHHOE pa3feneHue, IPU KOTOPOM 3arps3HEHHBIE CTOKHU MPOXOISAT O] IAaBICHUEM H
BO3ZCUCTBUEM SJIEKTPHUYECKOTO MOJIS Yepe3 MOyIpoHUIIaeMble MeMOpaHsl. [Ipu aTom
MOJIY4aloT KOHLEHTPAT (peTeHTar) 1 GuiIbTpar (epMeat), HCHOoJIb3yeMblid B 3aMKHYTOM
BOJI000OPOTE.

Jist pa3pabOTKH CXeMbI OYHCTKH HEOOXOIUMBI AKCIIEPUMEHTAIbHBIE JaHHBIE 10
IpolLeccy MaccolepeHoca uepe3 MemOpany. st pacyera MacconepeHoca 4epe3 MeM-
OpaHy HEO0OXOAUMO IOYYUTh IKCIICPHUMEHTAIBHBIC JTaHHBIEC TI0 KOA(PPHUIIMECHTaM paB-
HOBECHOT'O pacIpeAeIeHust U JIeKTPOCOPOLMOHHOM criocoOHOCTH MeMOpaH, 3JIeKTpo-
T PY3HOHHOI TPOHUIIAEMOCTH MEMOpaH.

JluteparypHBIe JaHHBIE TI0 PE3ybTaTaM HCCICIOBAHUN BEIYIIHMX CIEIHATHCTOB
B 00JIaCTH TpoIlecca MacCOlepeHoca 4epe3 MeMOpaHy MOATBEPKIAIOT, YTO DIIEKTPO-
copOLMOHHAs €MKOCTh MEMOpaH W 3IeKTpoau(Qy3nOoHHAsS MPOHUIAEMOCTh 3HAYH-
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TEJIBHO BJIHSET HA MPOIECC 3JICKTPOMEMOPAHHOTO pa3jeneHus. [lepeHoc pacTBOpeHHO-
ro BEIeCTBa Yepe3 MeMOpaHy 3a CYeT JJICKTPOAM((Y3UH COMOCTABHM II0 BEITMIHHE
C IMEPEHOCOM 3a CUeT KOHBEKTHBHOTO ITOTOKA PAcTBOPUTEINS uepe3 MeMmOpaHy [5, 6].
Onekrponuddy3usi MPOUCXOAUT MPHU HATMYUU DIEKTPHUUYECKOTO MOJIsl, KOT/Ia 3apsyKeH-
HbI€ YaCTHI[bl B PAaCTBOPE IIOJIBEPralOTCs dJIEKTPUYECKUM CHJIAM M MUTPHUPYIOT B Ha-
npasiieHuH 1oiisi. B MeMOpaHe 3T0 MOXET NMPHUBECTH K HEPaBHOMEPHOMY pacripeere-
HUIO KOHIICHTPALMU BEIIECTBA, B PE3yJbTaTe M3MCHHUTCS DJICKTPUYCCKas MPOHMIIAC-
MOCTb MeM6paHI)I N CTCIICHb CCJICKTHUBHOCTH. KOHBCKTMBHbIﬁ IMEPEHOC MPOUCXOIUT
B pe3ylbTaTe ABM)KEHHMs pacTBOpa 4epe3 MeMOpaHy IMOA ACHCTBHEM BHEIIHHX CHII,
a mudY3HBIA IEPEHOC MPOUCXOIUT B PE3ybTaTe IBUKCHUS MOJICKYII BEIICCTBA H3-3a
Pa3HOCTH WX KOHIICHTPALWH B pa3HBIX TOYKAX CHUCTEMBL M3ydeHme BCeX 3THX COCTaB-
JSIOMIAX TIEPEHOCa BaXKHO JJIsi OOJiee MOTHOTO TIOHUMAaHUs IPOIIECCOB MacCOIepeHoca
gepe3 MeMOpaHbl U I pa3paboTKA HOBBIX MAaTEpHAIOB C BBHICOKOH 3((EKTHBHOCTHIO
U CEJIEKTUBHOCTBIO B PA3JIUYHbBIX PUIIOKECHUSIX, TAKUX KaK (QHUIBTPAIHS BOJIbI, OYUCTKA
ra3oB W JIPyTHX KHUIKOCTEH, a TaKKe B IPOLECcCaX Pa3IMUYHBIX BHUIIOB CEMapalluu
1 Katanmsa [6].

Llenv pabomsl — wucciaeqOBaHHE KHHETHYECKUX KOA(DOUIMEHTOB 3IeKTpOMEM-
OpaHHOI0 MeToJia B MPOLECCe OYUCTKH TEXHOJOTMYECKUX BOJ OT KATHOHOB TSKEJBIX
METaJJIOB.

Pe3yabTaThl 3KCIIEPUMEHTAJIBLHBIX HCCJI€10BAHUI

Jst uceemoBanHus AIEKTPOCOPOLIMOHHON eMKOCTH MeMOpaH MpUMEHsUH Jlabopa-
TOPHYIO YCTAaHOBKY, CXeMa KOTOPOH MpeACTaBIeHa Ha pHC. 1.

Jnst mopnepaHus HEOOXOAUMOrO TPAJHUCHTA 3JICKTPHYECKOrO MOTEHIMANa
(IJIOTHOCTH TOKA) MCHOJIB30BANICS MCTOYHUK MOCTOSHHOTO JICKTPUYECKOTO TOKA, YTO
MO3BOJISUIO TMOJICPKHUBATH MMOCTOSHHOE 3HAYEHHE TJIOTHOCTH TOKA HA MeMOpaHe B Te-
YeHHe BCEro ombITa. Mccmenyemslii pacTBop octaBisuid Ha 11 — 13 gacoB, 9TOOHBI ycTa-
HOBUTH (P (y3rnOHHOE paBHOBECHE, TO €CTh OCIE ONPEIEIICHHOTO BPEMEHH MPOHUCXO-
JIUT PABHOBECHE MEXK/Iy KOHIEHTpAIIMEH NCCIIelyeMOro BelecTBa Ha pa3HbIX CTOPOHAX
MEMOpaHBI.

Koo puumeHT paBHOBECHOTO pacIpesencHus k,, ONPEACISETCs MO CIeAYomeMy

BEIpakeHuto [7, 8]:
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Puc. 1. JIaGopaTopHasi yCTAHOBKA /IJIfl HCCJIEIOBAHUSA 3JIEKTPOCOPOIMOHHOI eMKOCTH:
1 — xopmyc; 2 — mmuIbKH; 3 — TPyOKH KOHTPOJIS YPOBHS pacTBOpa B KaMepax;
4 — nepdopupoBaHHbIE IIACTHHEL, 5 — MeMOpaHa; 6 — MPOKJIAKH YIUIOTHEHHS; / — SJIEKTPOMBI
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ky = ; 6]
Hucex

rae Cy, Cuex — KOHIIEHTPAIIMH PACTBOPEHHOTO BEIIECTBA B IOYIIPOHUIIAEMO MeMOpa-
HE U MCCIIElyeMOM PacTBOPE COOTBETCTBEHHO, KI/M™,

Ha pucyske 2 npuBeneHa cxema J1a00paTOPHOM YCTaHOBKH, IPUMEHSIEMas IS UC-
ciretoBanus eKTpoauddy3HoHHOM TPOHUIIAEMOCTH MEMOpaH.

MemOpaHbI TOMEMAIUCH B SYCHKY ISl H3MEepeHHsT KOG GUIIHMESHTA 3ICKTPOTUD-
(hy3MOHHOW MTPOHHUIIAEMOCTH M B KaMEPhI 3AJIMBAIA PACTBOP M3BECTHOW KOHIICHTPAIUH,
KOTOPBII TOJDKEH IPOXOIUTH depe3 MeMOpaHy. DJIEKTPObI, TOIKIIOUYCHHBIE K ITOCTO-
SHHOMY JJIEKTPHYECKOMY TOKY, CO3JaBajd ABIDKYIIYIO CHIIY, KOTOpas IPHBOAMIA
K TPOXOXJICHHIO PacTBOPOB depe3 MeMOpaHbl. OOpasyroniiecst pa3indus KOHIEHTpa-
IUH U3MEPSIIACH TS oTipeesieHus kKoddduunenta snekrpoaudpy3noHHON TpoHHIIae-
MOCTH MEMOpPaHEHI.

Koadunment snexrpoauddy3noHHON NPOHUIAEMOCTH Psy; pPacCUMTHIBAIN 110
crnenytomieit popmyie [9]

M
Py =—or, )
Fyti

rae M — macca IPOHUITAEMOTO BEIIECTBA, KT; [y — paboyas miomans MeMOpaHBL, M
T — BpEMSI DKCIIEPUMEHTAIBHBIX UCCIIEIOBAHUM, C; i — MJIOTHOCTh TOKA, AN,

IIpu nmpoBeneHNU SKCIEPUMEHTAIBHBIX UCCIIEOBAHUN KMHETUYECKUX XapaKTepH-
CTHK TIpoIlecca 3JIEKTPOMEMOPAHHONH OYMCTKH HCIOJb30BaJMCh OTEUECTBEHHBIC arle-
taTiesunoio3nas Mmemopana MI'A-9511 u nommamuaaeie OITM-K, OTIMH-K, npomsimi-
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Puc. 2. Cxema 2i1ekTpoaudpy3noHHOI yCTAHOBKU:
1 — xopnyc; 2 — WNWIbKK; 3 — KaMWUIAPHI; 4 — eppOpUpOBaHHBIC IJIACTUHBL, 5 — MEMOpaHa;
6 — MPOKJIAAKK; 7 — DIEKTPObI; 8 — 11 — eMKOCTH pacTBopa; /2, 13 — MarHUTHBIC MEIIAJIKH;
14 — NCTOYHUK MTOCTOSIHHOI'O TOKa; /5 — amnepMmerp; /6 — BOIBTMETP
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Tabmauma 1

OcHOBHBIE XAPaAKTCePUCTUKHU MO/IC€JILHBIX PACTBOPOB

Karnonsr metaminos /K, kr/m° | Kouuentparms, kr/m’ Temneparypa,°C
Fe’' 0,10 0,5...2,2
2t 5...20
Ni 0,02 0,3...2,0

nerHo Beinyckaemble 3A0 HTIL «Bnagumop» (r. Baagumup). Ilpu BeiOope meMOpaH
YYHUTBIBATIOCH Hanboyiee ONTHMAaIbHOE COOTHOINEHHE YISIBHON MPOM3BOAUTEIHLHOCTH
1 3aJeP)KUBAIOIIIEN CIIOCOOHOCTH, 00eCIICUNBAIOIIEH TPEOOBAHKS K Ka4eCTBY IIEpMeaTa.
B Ka4yeCTBC 06’beKTOB JUIA IPOBEACHUSA DKCIICPHUMCHTAJIbHBIX l/ICCﬂe[lOBaHI/lﬁ HCITI0JIB30-
BaHbl MOJIENbHBIE PACTBOPHI, UMUTHPYIOIINE TexHOJoruueckue pactBopbl AO «Tam-
OOBMaIIl», OCHOBHBIE XapaKTEPUCTHUKU KOTOPBIX MIPUBEACHBI B Ta0. 1.

KoathdummeHT paBHOBECHOTO pachpeeieHus HaXOAUTCS B ONPEICIICHHON 3aBH-
CUMOCTH OT MaTepHajia MeMOpaH, IIPUPOJIbI PACTBOPSHHBIX BEIIECTB W UX KOHIICHTpPA-
LIMA B UCXOJHOM pacTBOpe, IJIOTHOCTH ToKa [6, 10]. ITonydeHHBIE JaHHBIC B XOJIE€ 3KC-
MEPUMEHTATIBbHBIX HWCCIICOBAHWA TIO BIWSHUIO KOHIIGHTPAIIMM HCXOJHOTO pPacTBoOpa
Y TUIOTHOCTH TOKA Ha BETUYHMHY KOA(DDHUITMEHTa PABHOBECHOTO PaCIPEIEICHHS BOIHBIX
pPacTBOPOB JKelle3a M HUKENs MpeACcTaBlIeHbl Ha puc. 3. I'paduku 3aBucHMOCTEl CBUIE-
TCJIBCTBYIOT O TOM, YTO C POCTOM KOHLCHTpAIUX HCXOJHOI'O paCcTBOpa, YMCHBIIACTCA
COPOLIMOHHAS CIIOCOOHOCTh IMOJMMEPHBLIX MeMOpaH. DTO OOBSICHSAETCS 3al0JIHEHHEM
op COpOMPOBAaHHBIMH BELIECCTBAMH, YTO MPHUBOJUT K CHIDKCHHIO MX CEUEHUS, depes
KOTOpoe MpoxoauT Bojaa. C yMEHBIICHHEM CEYCHHSI MOJIEKYJIbI, Hanbojee MpUCcIoco0-
JICHHBIE K COPOMPOBAHHMIO, TIOJIBEPTAIOTCS 3aIIOJIHEHUIO HanboJiee Y3KUX Iop, YTO MPH-
BOJMT K ITOJTHOH OJIOKUPOBKE ITUX IOP W OTPAHHYEHUIO JOCTYITHOCTH BOJBI. JTOT ac-
MIEKT WTPACT BAKHYIO POJb B OOBSCHCHHU OTACIBHBIX KHHETHYCCKHAX XapaKTEPUCTHK
MaccorepeHoca Ik MEMOPaHHBIX Pa3JIeTUTEIbHBIX ITPOIECCOB.

Temmneparypa 3aMeTHO BIUSIET Ha MPOIECC COPOIMK BEUIECTB U3 pacTBopa. B mm-
teparype [9, 11, 12] orMedeHO, 4TO TeMIlepaTypa MOXKET KaK CIIOCOOCTBOBATh, TaK
U MPESITCTBOBATh COPOIMHU. B TaHHOM cilydae, HaOII0AaI0Ch CHIKCHUE COPOIIMOHHOM
CITIOCOOHOCTH TMOJUMEPHBIX MeMOpaH TMpH YBEIMYEHHH TEMIIEpAaTyphl PacTBOpA.
DTO CBSI3aHO C TEM, YTO NPU TOBBIIIEHHH TEMIEPATypbl PACTBOPUMOCTh BELIECTBA
B PAcTBOPE yBEIHMYMBAETCA. B COOTBETCTBUH ¢ HaHHBIMH U3 [12], aTOMEI, 00pa3yronme
MOBEPXHOCTh aJICOPOCHTA, B3aMMOJECHCTBYIOT KaK C MOJEKYJaMH PacTBOPEHHBIX Be-
IIECTB, TaK M ¢ MOJICKYJIAMHU PaCTBOPHUTES BO BpeMsl copOIuu 13 pacTBopoB. [Ipu aTom
JKCIIEPUMEHTAILHO YCTAHOBJIEHO, YTO BEINECTBA ¢ 0OJjiee BBICOKON PacTBOPUMOCTHIO
B BOJIe azcopOupyroTcs MeHee MHTeHCHBHO [11, 12]. Oxkugaercs, uto 3P eKThl B3au-
MOJICHCTBHS TPOSBATCS B PA3INYIHBIX (DU3NKO-XHUMHUYECKUX CBOWCTBAX MeMOpaH, Ha-
MIPUMeEp, B UX MMOPHUCTOCTH, 3apsaax Ha MOBEPXHOCTH (HAIIPHMEp, alleTaTICIIIIOI03HbIE
MeMOpaHbl UMEIOT OTPHUIATEILHBIN 3apsi, B TO BpeMs KakK MOJUAMHIHbIE MEMOpPaHbI —
MMOJIOKUTEIBHBIN) U T.1. [13].

Jlaaaeiii 5PpGhEeKT MOKHO OOBICHHUTH pa3IMdYueM (U3UKO-XUMUYECKHUX CBOMCTB
MeMOpaH, X TIOPUCTOCTH | 3aPsIOBBIX XapaKTePUCTHK MOBEPXHOCTEH, 4TO OBLIO 3aMe-
YeHO B paHee MPOBEAEHHBIX HccienoBanusx [13].

i pacuera PaBHOBECHBIX KOA(DGDHUIIMEHTOB PaCIPEIe/ICHUS] HCIIOJIb30BaHO all-
MIPOKCUMALIMOHHOE ypaBHEeHue Buja [14]

n-1 TO "
kp =bC — 1, 3)
T
rae C — KOHIIEHTpaIHs pacTBOpa, KF/M3; To, T — penepHas (293 K) u pabodas temmepa-
TYPBI COOTBETCTBEHHO; b, 1, M — DKCIIEPUMEHTAJIbHbIE KOAPPUIIHEHTHI.
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kp —— 293K —a— 303K P
0,0100 —&— 310K ——— 318K 0,0100
0,0080 0,0080
0,0060
0,0060
0,0040
0,0040 - . . " 10,0020 - . . |
0,5 1 15
' ' 0,5 1 15
Cm:xs Kr/! M3 C”CX’ Kr/M%
a) 6)
kp
0,0140 P, —e— 293k —m— 303K 0,0140 —— 293K — = 303K
' —a— 310K e 318K —&— 310K ———— 318K
0,0120 0,0120
0,0100 0,0100
0,0080 0,0080
0,0060 0,0060
0,0040 - . . , 0,0040 - : . .
0,5 1 1,5
os ! o CHCX’ KI%M3 Cucxa KI‘/I\/%3
8) 2)
k
P
kp
. 0,0140
0,000 0,0090
0,0040 - ' ' " 0,0040
0,5 1 1,5 2
Cucxa Kr/ae 0,5 1 15 Cncx’ KF/I\%S
0) 0)

Puc. 3. 3aBucumoctu kod3(ppuieHTa paBHOBECHOT0 pacnpenejennss memopan MI'A-9511
(a, 6), OTIM-K (s, 2), OIIMH-K (0, ¢) npu i=5,2 A/m* 1uist pacTBopa:
a, 6, 0 — HUKEIIA; 0, 2, e — )Kelie3a

3HaYeHUS SMITMPHUUECKUX KOAPPHUIIMESHTOB ISl BhIpaKeHus (3) mpuBeneHbI B Ta0. 2.
PacxoxkeHne 3KCIIepUMEHTaIbHBIX M PAacCYMTaHHBIX 10 (opmyiie (3) 3Ha4YeHUH He
IMMPEBLIIAOT 15 %, 4YTO ABJACTCA JOCTATOYHBIM I MHXKCHECPHBIX PaCc4Y€TOB.

Ha pucynkax 4 mpencTaBiieHbl pe3yibTaThl SKCIEPUMEHTAIBHBIX HCCIIEOBAHUIMA
ko3¢ punnenra anexTpoauddy3nOHHON TPOHUIIAEMOCTH UL BCEX HCCIEeyeMbIX pac-
TBOpPOB ¥ MeMOpaH. IIpu paccMOTpeHHM 3aBUCHMOCTH W3MEHEHHs K03((HINEHTOB
anekTpoar(dy3HOHHON NPOHUIAEMOCTH OT KOHLEHTPALMH HCCIIEAYyEMbIX BEIIECTB
MOXHO OTMETHTh UX YMEHbBIICHHE C YBEIUUCHUEM KOHICHTPAIIMH PACTBOPEHHBIX Be-
HIECTB, KOTOPOE XapaKTepHO JJIsi BCEX HCCIEIYEMbIX BEINECTB W THIIOB MeMOpaH.
OO0BscHeHHEM TakoW peakuuu ko3 duimenTta 3mekTpoandhy3HoHHON TPOHUIIAEMOCTH
Ha YBEJIMYEHHE KOHIIEHTPALMH PACTBOPEHHBIX BEILECTB SBJSIETCS] YTBEPIKICHUE O TOM,
YTO TPU COPOLMH PACTBOPEHHBIX BEIIECTB B MEMOpaHE IPOUCXOJUT yMEHbBIICHUES
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Tabiuma 2

3HauyeHus IMIUPUYECKUX KOIPPUIIHEHTOB 1J1s1 BbIpa:keHust (3)

PactBop MembOpana b m n
Ni** MI'A-95T11 0,0198 0,445 1,32
OIIM-K 0,0187 0,455 3,24
OIIMH-K 0,0253 0,444 4,32
Fe** MIA-95T1 0,0215 0,492 2,51
OIIM-K 0,0118 0,772 2,31
OIIMH-K 0,0377 0,468 4,02
P, 10 106
KAy arame —a— 120 A/m2 KF/;(lA'C)

—— 0,42 A/M2 —8— 1,20 A/m2

—a— 2,72 A/M2 —— 5,25 A/m2

4 4 —a— 2,72 A/M2  —— 525 A/m2
3
3
2
2 1 . . .
0,5 1 15 2 0,5 1 15
C, xr/m3 C, kr/m3
a) 0)
106
P;J/lo P,10°
Kr/(Ac) ——0,42A/M2 —=— 120A/m2 Kr/(A-c) 0,42 A/m2 _— 120 A/M2
5 —&— 272 A/M2  ——525 A/m2 5
. —a—2,72 A2 ——5,25 A/m2
4 4
3 3
2 - T T |
2 T T \
0,5 1 1,5 2
C, xr/m? 05 ! L5 C, %(r/M3
6) 2)
P, 106 P, 106
Kr/(A-c) 0,42 A/m2 120 Afm2 Kr/(Ac)  —e—042A/M2 —8—120A/M2
—&—272 A/M2  ——525 A/m2
4 —&—272 A/M2  ——525 A/m2 " "
4
3 3
2 , , X 2 + T T \
05 1 15 2 0,5 1 L5 2
C, xr/m3 C, xr/m3
0) e)

Puc. 4. 3aBucumoctu ko3punuenta 3iexkrpoauddy3noHHONH NPOHNIAEMOCTH MeMOpaH
MTI'A-9511 (a, 6), OIIM-K (¢, 2), OIIMH-K (0, e) npu 7=293 K nja pacrBopa:
a, 6, 0 — HUKEJ, 0, 2, e — KeJe3a
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Tabmmma 3
3HaveHUs SMIUPHYECKUX KO3PPHIHEeHTOB 1UIs1 BbhIpaxkeHus (4)

PactBop Memb6pana k-10° n m g A
Ni** MI'A-9511 14,622 -0,454 0,0532 0,0056 -162,1
OIIM-K 15,876 -0,422 0,0757 0,0042 —-163,2
OIIMH-K 7,326 0,123 0,0812 | —0,0356 -161,6
Fe** MI'A-9511 20,624 -0,642 0,1425 0,0348 -172,4
OIIM-K 14,234 -0,373 0,0764 0,0042 —-183,2
OIIMH-K 5,642 0,131 0,1694 | —0,0456 —47,2

CBOOOJTHOTO CEYEHHUS TOP M, KaK Pe3yNIbTaT, YMEHBIICHUE TPAHCIIOpTa MOHOB uepes3
MOpOBOE MpocTpaHcTBo [15, 16].

Crnemyer Takke OTMETHTH, YTO HApACTaHUE TNIOTHOCTH TOKa CIIOCOOCTBYET YBEJIH-
YeHUI0 KOA(PPUITUEHTA IICKTPOAN(PPY3NOHHON MPOHUIIAEMOCTH, TaK KaK JJIEKTpUYe-
CKO€ TIOJIE UTPAET POJIb IBIKYIICH CHIIBI, KOTOPas CIOCOOCTBYET MEPEHOCY MOHOB Ue-
pe3 meMOpany. Dnektpoauddy3nOHHBIH MacCONEePEeHOC JIMHEHHO 3aBUCUT OT HAIpsDKe-
HUS, TIPY YCIIOBHH COXPAHEHUS CTPYKTYPHBIX CBOHCTB MEMOpPaH M CBOHCTB PacTBOPOB.
ITosToMy, Tpu pocTe MIOTHOCTH TOKA, YBEIMYMBACTCS CHIIA, ACUCTBYIOMIAs HA MOHEHI,
U YCKOPSIETCs TPOIIECC MepeHoca Yepe3 MeMOpaHbl. ITH pe3ysIbTaThl MOTYT OBITH I10-
JIE3HBI JUISl ONTUMH3aLMK pabOThl AJIEKTPOMEMOPAHHBIX YCTPOMCTB M MOBBILICHUS A(-
(hEeKTUBHOCTH MIPOIECCOB PaA3CICHHS U OYUCTKU pacTBOpoB [14 — 18].

CpaBHEM BEJIWYHHBI KOA(POHUIUEHTOB 3IeKTPpoauh(Hy3MOHHOW TPOHUIIACMOCTH,
MOJIYYCHHBIC IS BCEX HMCCIICIYEMBIX MEMOpaH U PaCTBOPECHHBIX BEHICCTB (CM. pHC. 4).
Mem6pana OIIMH-K nmeeT HanOoJIbIIHE BEIMYUHBI KOAPPUITUEHTA dICKTPOTUP Y-
3MOHHON MPOHUIIAEMOCTH, TOT/Ia KaK MUHHMAJIbHBIC 3HAUCHHs HAONIOMAIOTCS B CIydae
ncnojbp30BaHus MeMOpansl MI'A-95T1. TIpuunHaMu SBISIOTCS Pa3iIMyusl B MaTepHasax,
W3 KOTOPBIX W3TOTOBJIEHBI AKTHWBHBIC CIOM MeMOpaH, a TakKe Pa3INYHbIC TTOPHCTOCTH
1 TIOBEPXHOCTHBIE TIOTEHIIATBI MEMOpPaH.

IIpoBeaeHHBIN aHAIN3 3aBUCUMOCTEH H3MEHEHUs Kodddumnmenta siekrpoauddy-
3MOHHOHM IPOHULAEMOCTH U JIMTEPATYPHBIX JAHHBIX APYTHUX aBTOPOB MCCIEAOBAaHUN
MO3BOJIMJI MPEATIOKUTD CIIEAYIOIIee BIpaKeHHUE AJI MaTeMaTH4decKoro onucanus [15]:

Py, = k( ")(im )exp(Cg)exp ; , 4

rae C — KOHIICHTpANUs PACTBOPCHHBIX BEIICCTB, KF/M3; a, m, n, k, g — SMIupUIecKue
KO3 UITMEHTHI.

PacxokIeHHsT 3KCIIEPUMEHTAIBHBIX M PACYETHBIX 3HAYEHUH KO3 PHIIEHTa 3JIeK-
Tpoau(Py3UOHHOI MPOHHUIIAEMOCTH MeMOpaH COBIMAJAIOT JTOCTATOYHO XOPOIIO U HE
npeBbIaioT 15 %.

3akjouenue

JIJIsT OYHMCTKU TEXHOJIOTHYECKUX PACTBOPOB OT MOHOB TSDKEJIBIX METAJIJIOB BBHIOpaH
METOJI PIEKTPOMEMOPAHHOTO Pa3/IeiCHUs, KaKk Han0oJIee SKOHOMHYCCKH U 3KOJOTHYC-
cku 3 dexkTuBHBINA. Pe3ynbTaToM MPOBEACHHBIX IKCIEPUMEHTAIBHBIX HCCIICIOBAHMIMA
SIBIISICTCS TIOJTyYSHUE OPUTHHAIBHBIX JaHHBIX 10 KO3 QHIMEHTaM PaBHOBECHOTO pac-
npeaeneHuss W Kod(hduimenTtaM eKTpoau(Py3nOHHON TPOHUIIAEMOCTH MeMOpaH
MI'A-95I1, OIIM-K, OTIMH-K mo pacTBopaM HHKeNs U jkelie3a B 3aBUCHMOCTH OT W3-
MEHEHHsI OCHOBHBIX ITapaMETPOB MPOBEICHHUs mpoliecca paszeneHus. [IpoaHanu3upo-
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BaHBI 3aBUCHMOCTH KO3((HUIMIEHTa PABHOBECHOTO DPacIpeeiieHUs] U Kod(phHUIHeHTa
9IEeKTPOIU(PPY3NOHHON MPOHMUIIAEMOCTH OT KOHIIEHTPALMH PACTBOPEHHBIX BCILECTB
JUISL BCEX MCCIIEAYEeMbIX MeMOpaH, W BBISABICHBI (akTOpbl BIMSHUSI. OOBICHEHO BIIHSI-
HHE TEeMIIEPaTyphl paCTBOPa Ha M3MEHEHHE KOd((HUIMEHTa PABHOBECHOTO pacmpeesie-
HUS U IUIOTHOCTH TOKa Ha M3MEHeHHe Kod(pduimenTa anekTpoauddy3noHHON TPOHH-
[Ia€MOCTH MEMOpaH.

B pesynbpTate aHamM3a MOMYYEHHBIX 3aBUCUMOCTEH M JIUTEPATYPHBIX TaHHBIX JPY-
THX UCCIICJOBATENICH MPEAI0KCHBI BRIPAKEHUS JIISI MATEMaTHUECKOTO OMUCAHUS KO3 (-
(unpenTa paBHOBECHOTO pacmpeneicHuss U Koddduimenta 3aeKTpoaudy3noHHOM
MIPOHHUIIAEMOCTH MEeMOpaH CO 3HAYCHHUSMU SMITUPUICCKUX KOIPPHUIIMESHTOB TS UCCIIe-
JyeMBIX pacTBOPOB M MeMOpaH. [IpemioskeHo UCTIONh30BaTh MONTYICHHBIC Pe3yIIbTaThI
UCCIIC/IOBAaHHI B TPOCKTUPOBAHUH JaO0OPATOPHBIX, MIJIOTHBIX M IPOMBIIUICHHBIX YC-
TAHOBOK, HCIIOJBb3YEMbIX B TPOU3BOJCTBEHHBIX MPOIECCAX pa3jeieHHs, OYHCTKH
¥ KOHIICHTPUPOBAHHSI TEXHOJIOTHYECKUX U CTOYHBIX BOJI.

Paboma evinonnena 6 pamkax npogedenus uccie008anus o 20Cy0apCmeeHHOMY
3adanuro, npoexm Ne FEMU-2024-0011.
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Efficiency of Electromembrane Purification of Process Solutions
from Heavy Metal Cations

G. M. Kiyasoval, V. A. Lomakinaz, 0. A. Abonosimovz, Yu. T. Selivanovz,
N. V. Shel’, K. V. Bryankin®

Department of Transport and Technology (1), West Kazakhstan Innovation
and Technology University, Uralsk, Republic of Kazakhstan,
Department of Mechanics and Engineering Graphics (2), mig@tstu.ru;
Department of Chemistry and Chemical Technology (3), TSTU, Tambov, Russia

Keywords: kinetic characteristics; membrane; technological solutions; electric
membrane apparatus.

Abstract: In this paper, the kinetic coefficients of the electromembrane method
were studied in the process of purifying process waters from heavy metal cations.
The objects of research are technological solutions containing iron and nickel cations
and semi-permeable cellulose and polymer acetate membranes with various selectively
permeable characteristics. The influence of transmembrane parameters of the
electromembrane separation process on the main kinetic characteristics of MGA-95P,
OPM-K and OPMN-K membranes during the purification of process waters in
metalworking production was studied. An analysis of the influence of transmembrane
parameters on the kinetic dependences of the equilibrium distribution coefficient and
the coefficient of electrodiffusion permeability of cellulose acetate and polyamide
membranes is given. Approximation expressions are obtained for the theoretical
calculation of the equilibrium distribution coefficient and the electrodiffusion
permeability coefficient depending on the physicochemical basis of the semipermeable
membrane material, the current density, the concentration and temperature of the
process solution. Numerical values of empirical coefficients have been determined that
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make it possible to calculate and predict the values of the equilibrium distribution
coefficient and the electrodiffusion permeability coefficient, which can be used in the
design of laboratory, pilot and industrial installations used in production processes for
the separation, purification and concentration of technological and waste waters.
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Untersuchung der kinetischen Koeffizienten des Prozesses
der Elektromembranreinigung von technologischen
Losungen aus Schwermetall-Kationen

Zusammenfassung: Es ist der Einfluss von Transmembranparametern des
Elektromembran-Trennprozesses auf die wichtigsten kinetischen Eigenschaften von
MGA-95P-, OPM-K- und OPMN-K-Membranen wihrend der Reinigung von
Prozesswissern in der metallverarbeitenden Produktion untersucht. Es ist die Analyse
des Einflusses von Transmembranparametern auf die kinetischen Abhingigkeiten des
Gleichgewichtsverteilungskoeffizienten und des Elektrodiffusionspermeabilitéts-
koeffizienten von Acetat-Cellulose- und Polyamid-Membranen vorgestellt. Es sind
Néherungsausdriicke zur Berechnung des Gleichgewichtsverteilungskoeffizienten und
des Elektrodiffusionspermeabilititskoeffizienten in Abhédngigkeit von der physikalisch-
chemischen Basis des semipermeablen Membranmaterials, der Stromdichte, der
Konzentration und der Temperatur der Prozesslosung erhalten.

Etude des coefficients cinétiques du procédé de nettoyage
électromembranaire des solutions de cations de métaux lourds

Résumé: Est étudiée l'influence des paramétres transmembranaires du processus
de la séparation électromembranaire sur les principales caractéristiques cinétiques des
membranes MGA-95P, OPM-K et OPMN-K dans le nettoyage des eaux de traitement
de la production de métaux. Est analysée l'influence des paramétres transmembranaires
sur les dépendances cinétiques du coefficient de répartition a I'équilibre et du coefficient
de perméabilité a 1'¢lectrodiffusion des membranes des especes d'acé-tatcellulose et de
polyamide. Sont obtenues des expressions d'approximation pour calculer le coefficient
de la distribution d'équilibre et le coefficient de perméabilité a I'électrodiffusion en
fonction de la base physico-chimique du matériau de la membrane semi-perméable, de
la densité de courant, de la concentration et de la température de la solution.
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