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PEAJIM3ALIUA AKYCTOJJIEKTPUYECKOI'O ITPEOBPA3OBATEJIA.
1. BABUCUMOCTD DJIEKTPOKMHETUYECKHUX SIBJEHUH
B BOJHbBIX PACTBOPAX JJIEKTPOJIUTOB
OT CTPYKTYPbBI MEMBPAHHbBIX MATEPHUAJIOB

[TpuBeneHpl 0COOEHHOCTH MOTEHIMANA TECYSHUS! B JIEKTPOJIUTE, 3HAYMMBIC TIPH  peaM3allH KHUIKOCTHOTO aKy-
CTORJIEKTPHUYECKOT0 MpeoOpazoBatens. PaccMoTpeHa aieKTpOXUMHES MOTEHIMAa TeYSHUs B AyekTpoauTtax. Otme-
YeHa 0COOCHHOCTH IpoIlecca B PaCTBOPax AIEKTPOIMTOB, CBA3aHHAS C BIMSHUEM MOHHOI CHUJIBI JIEKTPOJINTA, U €T0
3aBHCHMOCTB OT AJIEKTPOKWHETHYECKOTO pammyca. [lokazaHo, YTO MPH MaJbIX BEMYWHAX AJIEKTPOKHHETHYECKOTO
paanyca Bo3HUKaeT d(P(GEKT MePeKPHITHS IBOWHBIX SJIEKTPHUECKUX CIOEB, BEIYIIUH K pe3KOMY YMEHBIIEHHIO abco-
JIIOTHBIX BEJIMYUH MOTEHIUANIA TEUEHMS], a CIIEAOBATENbHO, M K MPAKTHYECKON HEBO3MOXKHOCTH PEATU3alluU aKyCTO-

QJICKTPHUICCKOTO npeo6pa3OBaHH${.

Kn. cn.: moTeHIna TeUeHus, A3eTa-MOTeHINAI, JICKTPOKUHETHIECKUH pagnyC, ABOHHON 3JIEKTPUIECKUN CIIOM,
NepeKphIBaHNE ABOMHBIX AIEKTPUUECKHUX CIIOEB, YyBCTBUTEIBLHOCTD aKyCTOAIEKTPHUECKOTO Mpeodpa3zoBaHus

BBEJEHUE

Panee B cepun pabot aBTOpOB [1-3] OBUTO TIpen-
CTaBJIEHO YCHEIIHOE MCIOIb30BaHUE IIEKTPOKUHETH-
YECKOTO SIBJIICHUA "TOTCHIHMAT TedeHHS'" (MTOTCHIIHAI
NPOTEKaHUs) B BO3AYIIHOW Cpeie NpU peau3aluu
9NEKTPOKHHETHIECKOTO aKyCTOAIEKTPHIECKOTO TIpe-
obpazosarens (DAI). ns peanmzanuu DALl B yeno-
BUSAX JKUIKOW cpenbl HEOOXOIUMO IPOBEJECHHUE I0-
NOJHUTENBHBIX MCCICAOBAaHUN, YUYHUTBHIBAIOLIUX OCO-
OEHHOCTH TPOTEKAaHUS B HEW SBIIEHUS MOTEHIMAala
TeueHus. Tak, B KUJKOW cpejie, B OTIMYHE OT BO3-
TyITHOW cpefbl, BOBHUKAET BO3MOKHOCTh BapbUPOBa-
HUSI CBOMCTB ABOWHOTO anekTpudeckoro cios (I3C),
B YaCTHOCTH, C TOMOUIbIO BETUYMHBI €70 BayKHEHIIEH
XapaKTEepPUCTUKN — (-TIOTEHIIMaa, KOTopasi CyllecT-
BEHHO 3aBHCUT OT KOHLEHTPALlMU U BUAA 3JICKTPOJIH-
Ta B XKUIKOCTH. Kpome TOro, 3yeKTpOKMHETHYECKHE
MPOIECCHl CYIIECTBEHHO 3aBHUCIT OT COOTHOIIEHUS
TONLMHBI TUPQPY3HOro Clos d U XapaKTEpHOI'O pas-
Mepa Mop @ MOPUCTON CTPYKTYPBI.

Hacrosimast pabota mocBsilieHa W3YyYEHHIO 3THUX
3aBUCUMOCTEH B KOHKPETHOM Clly4ae IOPUCTOHI
CTPYKTYPBI, 3aII0JIHEHHOH JIEKTPOIUTOM.

®EHOMEH INIOTEHIINAJIA TEYEHUA

Hwxe npuBOAsSTCS HEKOTOPHIE HEOOXOIUMBIC IS
JAIBHENIIIETO U3JI0KEHUSI IOTIOJIHUTEILHBIE CBEIEHUS
0 SIBJIEHUH "TIOTEHIHAJI TeueHus'.
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[orennman TeueHust (MPOTEKaHMUs) — OAHO W3 Kilac-
CHYECKHX 3JIEKTPOKMHETUYECKUX SABJICHUH, BO3HH-
KaOIUX TIPY HAJIOKEHUH Ha 3apsSHKCHHYIO KanmuIsp-
HO-TIOPUCTYIO CHUCTEMY (3TO MOXKeT ObITh Auadparma,
MeMOpaHa, Kanmwuislp WIH CHCTEMa KaluUIspOB)
BHEIIHUX TpaaueHToB. lloTeHuman TeyeHus — 3TO
Pa3HOCTh AIEKTPUUECKUX MOTEHLMAIOB MPU HYJIEBOM
CYMMapHOM JJIEKTPHYECKOM TOKE, BBI3BaHHAsI IMPOTE-
KaHHEM 3apsKEHHOH KHMJKOCTH TOJ AeHCTBUEM Ipa-
IVeHTa BHEIIHETO NAaBICHUS W W3MepsieMas MEXAY
KOHLIaMHU KallMJUISIPOB 110 CHCTEME B LIEJIOM (CM., Ha-
mpumep [4, c. 64-68]; [5, c. 4.25-4.28]; [6, c. 221-
225]; [7, c. 45-48]; [8, c. 182-190]). Ucnons3zyembie
JUTSL U3MEPEHUH AIIEKTPOABI TOJLKHBI OBITh OJMHAKOBEI-
MH ¥ UMETh HeOOJBIION (M KelaTelbHO MOCTOSHHBIN)
MOTEHILATl aCHMMETPHH B HICCIIEyEMOM 3JIEKTPOITUTE.

OcHOBHasT TpUYMHA BO3HWKHOBEHHSI BCEX JJIEK-
TPOKMHETUYECKHUX SBJICHUM — 3TO CYyIIECTBOBaHHE
JADC nHa rpanuie paszena TUAIEKTPUK — PacTBOP
anexTponuTa. Ecnu paccmaTpuBath B KadecTBE MO-
JIETIbHOM KalWJUISIPHO-IIOPUCTOM CUCTEMBI OAMHOY-
HBI Kanwjuisip, TO HauOojee CYLIECTBEHHBIM IIPH
MIPOBEJEHUN U3MEPEHUHN SIBIIIETCS yUET COOTHOILIECHUS
paanyca Kamwuisipa a W TONIIUHB! ¢ y3HOTO CIos
0 (B DPYCCKOS3BIYHOH JHTEpaType HCHONb3yeTCs
n TepmMuH "mpuBeneHHas TtommmHa JOC", gBusio-
myiics 1Mo cMelciy Oonee TowHbM). Ha pmc. 1 —
npecTaBIeHUe TPaHUIIbI pa3aeia (a3 B paMKax Kiac-
cuuecko! monemu I'yu [7, § 1.3]: miockas »KBHIO-
TEHIMaJIbHAs TTOBEPXHOCTh, HOHBI B PACTBOPE MMEIOT
KOHEYHBIA pa3Mmep, HO UX 3apsiji OCTAETCS TOUCUHBIM.



PEAJTIM3ALINA AKYCTOSJIEKTPUYECKOI'O ITPEOBPA3OBATEJIA. 1. 21

A IT10cKOCTE HAMOOIBIIETO
NPHOTHXCHHA

Wo

FpaHHua CKOJBbAHCHHA

Y1

Puc. 1. 3aBucumocts norennuana JI9C oT paccTrosHuA
OT MOBEPXHOCTH.

Ha GeckoHeYHOM yJaieHHH OT MOBEPXHOCTH MOTEHIINAI
paBeH HyII0

B IDC paccmarpuBaroT 3 3JIEKTPUUYECKHUX TTOTECH-
1uaya: MOBEPXHOCTHBIN Yy (Ha3pIBaEMBIN Takke Tep-
MOJIMHAMHYECKAM MoTeHnuanom [8, c. 174)), v —
MOTEHIMaJl IJIOCKOCTH, B KOTOPOHM pacroiararTcs
3apsiibl TIEPBOTO, ONMKAWIIEro K MOBEPXHOCTU CIIOS
MPOTHBOMOHOB (€T0 Ha3bIBAIOT MOTEHIUAIOM IIJIOCKO-
CTH HaWOOJbIIEr0 MNPUOIMKEHHS, MOTEHIUAIOM
TUTIOTHOTO CJIOS, TTOTEHIIMAIOM IITEPHOBCKOTO CJIOA,
MOTEHIUAIOM aACOPOLMOHHOTO CJIOSI — HO CMBICI
MOHATHS B JIIOOOM cIlydae OJAWH), ¥ 3JIEKTPOKMHETH-
YeCKUH MOoTeHIHan (, COOTBETCTBYIOLIMH TIpaHHIE
CKOJIbXKEHMSI — TOM I'paHULE, 110 KOTOPOH IPOUCXO-
JIUT OTHOCHUTENBHOE MEPEMEIIEeHHE )KUAKOCTH U TBEP-
JoH (a3bl B AJIEKTPOKUHETHIECKUX SIBICHUSIX.

B pamkax 3TOif MOAenIM BelIWYMHA § — 3TO KOOP-
JMHaTa, KOTOpasi COOTBETCTBYET BENMUMHE TOTEHIIMA-

na y,/e (3mech e — umcno Dinepa). B ucxomaHoi

mozaenu JBC T'ym — YenmeHa, HE yuWTHIBAIOLIECH
pasMepa HOHOB, IpuBeneHHas Toimuua J2C — 3To
KOOpJIMHATA, KOTOpas COOTBETCTBYET BEIMYHMHE II0-

TeHuuana Y, /e YucieHHOE 3HAYCHHE BEIMYUHBI O
MO>KHO HaWTH MO BBIpaXkeHuto [9, ¢. 97]

1/2

g, RT
o= % , (1)
a ZZi c
(i)
TJ€e z; — 3aps] UOHA; ¢; — €ro KOHUEHTpauus; & —

OTHOCHUTEJbHASl JAMDJIEKTPUYECKass IPOHULAEMOCTH;
&) — DIIEKTpUYECKas IOCTOsIHHas; R — ra3oBas II0-
crogHHas; 1 — abcomoTHas Temmneparypa; F — duc-
1o Dapagest.
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Puc. 2. 3aBucumocts mnorennuana JI9C oT paccrosHus
oT HOBerHOCTI/I HpI/I paSHI/I‘IHBIX KOHHeHTpaL{I/IﬂX DJICK-

TponuTa: C; < C,

Od4eBuAHO, YTO BETUYMHA Kk, OOpaTHas BEIMYMHE
napamerpa Jlebast 6: Kk =1/6, — 310 XOpOIIO H3-
BECTHBIH M3 TEOPHH CWIIBHBIX JIIEKTPOJIUTOB Jlebast —
X1okkensi mapamerp (0OpaTHBIM paanyc MOHHOW art-
Mochepsl). BumHo Takke, 94TO POCT MOHHOW CHUTBI
pacTBopa MPHUBOAUT K YMEHBLICHUIO NPHUBEICHHOI
TOJIIMHBI, 3TOT TPOLECC HA3BIBAIOT CXKaTHEM IUQ-
¢y3noit yactu [IDC. [lpu yBenmueHNH KOHIIEHTPAITUU
UHIUPPEPEHTHBIX JIEKTPOIUTOB (B CIydyae BIJIEKTPO-
XUMHYECKH OOPaTUMBIX KOJUIOMIOB, TIPUMEPAMHU KO-
TOPBIX SIBISIIOTCSI HOHHBIE KPUCTAILIBI, 3apsi U MIOTEH-
[IAAJT TIOBEPXHOCTH OCTAIOTCS MPAKTUYECKH ITOCTOSH-
HbIMH) cxatue JJOC npuBOAUT K YMEHBIIEHUIO a0CO-
JIOTHBIX 3HAYEHUH /| U (-TOTEHITHAIIOB (pHC. 2).

Ecmn paccumrare Benmwmuwmubl 6 s (1:1)-3apsing-
Horo anektponura mpu 20 °C, TO IS pacTBOPOB
¢ koHueHTpausmu 0.0001, 0.001, 0.01 u 0.1 M onu
Ooynyt paBubl 30.4, 9.6, 3.04 wu 0.96 HM COOTBEeTCT-
BEHHO. B peaypHBIX CHCTEMax MpH BBHICOKMX KOHIICH-
Tpauuax sJaekTponura, korga [AOC cxumaercs a0
TUIOTHOTO CJIOS, DJEKTPOKWHETHYECKUH TMOTEHIIHAI
MOYeET OBIThb PaBHBIM HYJIIO (M303JIEKTpUYECKasi TOY-
Ka) MpH JII000M TIOBEPXHOCTHOM 3apsjie W MOTCHIUA-
Jie, ¥ B OTOM CITydae AJIEKTPOKMHETUYECKHE SBICHUS
HaOIr0AaThCS HE Oy IyT.

[TockonpKy mpu aHanmm3e pe3yiIbTaTOB DIEKTPOKH-
HETUUYECKUX H3MEPEHUH Bak€H y4eT COOTHOILEHHS
paauyca Kanmwusipa ¢ 1 Toamuabl auddysaoro J12C
d, TO B JIUTEpaType 4acTo MCHOIB3YIOT TEPMHH "3JICK-
TPOKMHETHYECKUN paauyc" — Oe3pa3MepHBIN napa-
Merp ak (kK =1/06). Bce kmaccuueckne ypaBHEHHS
9NEKTPOKMHETUKNA TOJYUYEeHBl O/ CUCmeM C O4eHb
OONBUUMU  INEKMPOKUHEMUHECKUMU — PAOUYCAMU,
KOTJla MOXXHO CYHUTaTh, 9YTO B CEepeAMHE Kalnuisipa
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Puc. 3. Crpykrypa JIOC B xanmiuisipax Opu pa3IHUHbIX IEKTPOKHHETHUECKUX pagycax

ANEKTPUUECKUM IOTEHLIHAJ IPAKTUYECKU PABEH HYJIIO
(mampumep, ecnmu  a=10mkm, 6 =10HM, TO
ak =1000). Ecnmu ax <100, To roBopsT 0 mepekpsl-
Baanu JI[OC B Kammyusipax, KOraa HEPAaBEHCTBO HYIIO
9JIEKTPUYECKOro TMOTEHIHaNa B LEHTPE MOpPHl HaYH-
HaC€T CKa3bIBAThCA Ha M3MEPACMBIX BCIMYUHAX IBJICK-
TPOKMHETHUECKUX HapameTpoB (puc. 3).

OBO3HAYEHUA ITPU ®OPMAJIN3AIINN
OIIMCAHUA PEHOMEHA

B pabotax, TOCBSIIEHHBIX AJIEKTPOKHHETHUECKUM
SIBIICHUSIM BOOOIIE ¥ MOTCHIMATY TCYCHUS B YaCTHO-
CTH, CylIecTByeT "pa3zHoOoit" B cucrteme 0003HaUe-
HU. DTO MOXKHO TPOCIEANTH NP OOpaIeHnd K CO-
OTBETCTBYIOIIUM pa3zjeiaMm B paborax [4-8]. 3mecw
Oynem cieoBaTh 0003HAYEHUSIM, KACAIOIINMCS SIBJIE-
HUsSl TOTCHIMANA TCUCHHS, NPUHSATBIM B KJIaCCHYe-
ckoM m3nanuu [10, c. 534, 535]. A umenno: Ap —
niepenaz 1aBJIeHus Ha TopIaxX Kamuuspa; V' — oobem
JKUIKOCTH, MPOTEKAIOMIEH Yepe3 KammULsIp B €AMHUILY
BpeMeHH; [ — cuia Toka B Kammuipe. [ns moren-
nuana tedeHus B [10] mpuHsATO 0603HaueHHe Ag.

OaHako BCJICACTBUE TOTO YTO B 3JICKTPOKMHETHYE-
CKUX SIBJICHHSIX JJICKTPUYECKHE IMOTCHIIUAJBI PUHSITO
0003HaYaTh CUMBOJIOM ¥ (CM., Harpumep, [7, c. 10]),

JUTS TIOTEHIIMAa TeYeHHs 3/1eCh OyJeT MPUHATO 000-
3HaueHne Ay . B kadecTBe KOHKPETHOTO INpHMepa
0003HaueHUH, TPHUBOIALINX K IIyTaHWIIE, MPUBEIACM

o0o3HaveHus1, IPUHATHIE, HapuMep, B [4, § 3.2]. Tak,
B (QopMyliaX, ONMCBHIBAIOIIMX MOTEHLIHAI TEYEHUs,
BMECTO aKyCTHUYECKOTO JABJICHUS p (QUIypHPYET BEIH-
ynHa P=Ap /[, rne | — njvHa Kanwuispa, BMECTO T10-

TeHnuasa tedeHns Ay ¢urypupyer Benmunna Ej.

Baxxnoe 3HavyeHume umeer otHomienue Ay /Ap

MIPUMEHUTEIIBHO K aKyCTOIJIEKTPUICCKIM Tpeodpaso-
BarelsiM. B ciyuyae akyCTHUYECKHX TOJEeH BEIHYHHY
Ap MOXHO TPaKTOBAaTh KaK aKyCTHYECKOE JIaBJICHHE

Ap = p,, a pa3HOCTb MOTEHIHMANIOB Ay paBHa 3JEK-

TpuyeckoMy Hanpspkenuto U Ha snekTponax Ha obe-
UX CTOpOHaX MeMOpaHbl. B mrore cmpaseammBo pa-
Ay, U

BEHCTBO =—
Ap - p,

B aKYCTHKE Ha3bIBaTh YYECMEUMENbHOCMbIO aKYCHO-
9eKmpuyecko20 npeobpazoeamens. ITa BeIUUYUHA
SIBJISIETCSI BaXKHEUIIIEH XapaKTepUCTUKON aKyCTO3JIeK-
TPUYECKOTO IpeoOpa3zoBaTess: MUKpO(pOHa Il aTMO-
cdepHBIX yclIoBAN M THAPO(OHA IS KUAKOH CPEIb.
Ona xapakTtepusyeT 3¢PeKTUBHOCTH IPeoOpa3oBaHUs
3BYKOBOI 3HEPTHH B AIEKTPHUUECKYIO.

Hanee Oynem mnpuaepKuBaTtbcsi 0003HAYECHUH,
npuHATHIX B [10], ¢ yueToM JaHHOTO 3aMeyaHusl.

Benmanny U/ p, mnpunsto

AHAJIMTUKA ®EHOMEHA

Ha puc. 4, 5 npeacraBiieHbl 2IEKTPUUECKUE CXEMBI
TEYEeHHA depe3 Karuuisip.

HAVYYHOE ITPUBOPOCTPOEHMUE, 2022, Tom 32, Ne 4
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Puc. 4. Cxema OTPpHULATCIBbHO 3apsS’)KCHHOI'0 Kallvjijidpa B CTAlIMOHAPHBIX YCJIIOBUSAX

IPY HAJIO)KEHUH BHEIIHETO JABJICHUA D .
Jy — 00BEMHBIH OTOK KUIKOCTH

+++++++++

»
P, +++++++++

@

+ 4+

JV;_p <—IV, IS —>

0

Puc. 5. IToteHnuan Te4eHusl B MOJOKHUTEIHHO (2) U OTPUIIATENBHO (0) 3apsHKEHHOM Kamuisipe.
Crpenkamu IoKa3aHbl HAIIPABICHHUS TOTOKOB (TIOSICHEHHUS B TEKCTE)

[Ipu TeopernyeckoM OMMCAaHUU BEIMYUHBI MTOTEH-
nuana TedeHus Ay IPUHATH CIEAyIONHe "10roBo-
peHHocTH'":

1. Iloreumnuan TeyeHUs A‘/’; CUNTAETCS TOJIOKH-
TEJBHBIM, €CJIM OH OOJIBIIIE CO CTOPOHBI 0OJIEe BBHICO-
KOT'O JaBJICHUSL.

2. Tox Teuennst I, — 3MEKTPUUECKUH TOK, BO3HH-
KA NPU JIBUKEHUU 3aPSKEHHOM JKMJIKOCTU IIPU
HaJIOKEHUHU BHEIIHETO AABJICHUS, CUATAETCS MOJIOKHU-
TEIbHBIM, €CJTH OH HallpaBlieH B CTOPOHY HHU3KOIO
nasieHusi. HampaBnenue m000T0 3NEKTPUUECKOTO
TOKa, KaK 0OBIYHO MPUHSATO B (hU3HKE, — 3TO HAIPaB-
JICHWE JBW)KEHUS KaTHOHOB.

3. OObeMHBIH TOK [, — 3IEKTPOMUTPALIMOHHBIN
AJIEKTPUYECKUH TOK, BO3HUKAIOIINH B JIEKTPUIECKOM
noJie TOTEHIMana TeYeHUs Ay, IOJ0KUTEIBHBIM

HAVYHOE [IPUBOPOCTPOEHUE, 2022, Tom 32, Ne 4

00BEMHBIN TOK TAK)KE CYUTAECTCS B TOM Cjlyda€, Koraga
OH HaIIpaBJICH B CTOPOHY HU3KOT'O JaBJICHUS.

4. B craunonapHom coctostauu [, +1 =0 (c yue-

TOM 3HAaKa).
5. IIpu Gomee BBICOKOM TABJICHWH CJIEBA OT KalTWII-
nsipa (kak Ha puc. 5) Vp <0 (cropona I1 — cropona JI).

Jist mupoxux KanwuisipoB (He nepekpriteie [19C)
BBIP@XXCHHUE JJISi TOKA TCUCHHsI B KPYTOBOM IIMJIMH]I-
PUYECKOM KalWLIspe MOXKHO TOJIYYHUTH (CM., HAIIPH-
Mep, [8, c. 184]):

I gg, AC Ap
s T] Z ’

rae A — IIoIIa/b, Yepe3 KOTOPYyI TeYeT TOK, 1 —

2)

JAUHAMHYCCKas BA3BKOCTh KHAKOCTH, Ap — Pa3HOCThb
JIaBJICHUI Ha TOpLaX Kanuuisipa.
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Jnst KpyroBoro UUJIMHAPUYECKOro Kanmwuisipa (2)
npuobpeTaeT MpoCcToi BUA:

gg,6 A
I = na’ _Og_p
n I
OObemHBII TOK /), BBI3BAaHHBIN MOTEHIIUAIOM Te-
YeHUsl, paBeH [§, c. 183]

(2a)

I =A0'AWS

14

’ 3

IIe O — YyAENbHAs 3JIEKTPOIPOBOJHOCTH PACTBOPA
B KaluJuLsipe.

JUis  TONIOKUTENBHO — 3apsDKEHHOTO  Kammuisipa
1,>0, I <0, Ay, >0 u, xak u J0KHO OBITb, I1O-
JIOXKHUTEJIBHBIA 3HAK MMOTEHIMAala TeYCHHs COBIAAAET
C TMOJIOKUTENIbHBIM 3HAaKOM 3JIEKTPOKHHETHUECKOTO
MOTEHIHaNa (TTOJIOKUTENbHBIE 3HAKH MOTEHITHAIOB
A3C ans NONOXUTENBHO 3apSKEHHOW MOBEPXHOCTH
cHeayroT u3 peuieHus: ypapHenus Ilyaccona — bosbli-
MaHa NpU CTaHAAPTHBIX TPAHWYHBIX YCJIOBHAX, CO-
CTOAIIMX B TOM, YTO MOTEHIIMAT Ha TpaHUIIE pa3zaena
¢ba3 310 ¥,, a Ha OECKOHEUHOM yJIaJICHUH OT ITOBEPX-
HoctH moTeHuuan paseH (). CoOTBETCTBEHHO, IS
OTpHLATENILHO  3apshkeHHOro kKamwwuiapa [ >0,
1, <0, Ay <0 n ¢ <0.

W3 ypasuennii (2), (3) 1 ycioBHUs CTalMOHAPHOCTH
(I, +1, =0) 00bIYHO MOTYHYAIOT HIPHBOJUMOE B JIUTE-
patrype ypaBHeHue ['enbmronbna — CMOIIyXOBCKOTO

IUIS IOTeHIrana Teaenus (cM. [4, ¢. 66]; [7, c. 10]; [8,
c. 184]u np.):

AW.\' — 880§ (4)
Ap no )

3necb 0 — YylenbHas 3JIEKTPONPOBOAHOCThH, CO-
cTosas W3 TOBEPXHOCTHOW MPOBOJAUMOCTH, O0Y-
cioBieHHo HammureM J[OC, u 00BeMHON TTPOBOAH-
MOCTH JKHJIKOCTH B KamuJuisIpHO# cucteme. U3 mo-
CJICTHETO BBIPAKCHUS TIOMYYalOT BBIPAKEHUE IS
ANEKTPOKHMHETHYECKOTO MOTCHIINATIA:

_noAy,

. 5
gg,Ap ©®)

B Tom cnywae, korma BiusiHueM w#oHOB JIOC
Ha 3JIEKTPOIIPOBOAHOCTh pacTBOpa B Kamwiuisipe (To-
BEPXHOCTHOM NPOBOJUMOCTBIO) MOXHO HpeHeOpeyb,

HHOTAAa 3alMrCbIBAIOT YpPaBHCHHUEC FCHI)MFOJII)Ha —
CMOHyXOBCKOFO B CJICAYyIOIIEM BU/C!:
éfO — r]GVAl//S (Sa)
&g,Ap

r1e O, — yIeJbHas 3JIEKTPOIPOBOJAHOCTh CBOOOIHOTO
pacTtBopa, ¢ KOTOPBIM KANWJUIAP HAXOJUTCA B paB-

HoBecuw, a § - JIEKTPOKMHETUYECKUH MMOTEHIIHA,
HaWJeHHBIA 03 ydeTa BIUSHUSA IMTOBEPXHOCTHON TIPO-
BOJMMOCTH.

IIpynunHON NOBEPXHOCTHON NPOBOAMMOCTH SIBJIS-
€TCsl OTJIMYHME COCTaBa IEKTPOIUTA B 3apSKEHHOM
Kalmuisipe oT cocTtaBa cBobomHoro pactsopa. Co-
OOZHBIH PACTBOP 3JEKTPOJIMTA 3JIEKTPOHEHTpaseH,
pacTBOp B KalMJUIAPE UMEET CyMMapHBIN 3apsij, paBs-
HBI 110 MOZYJIF0 CyMMapHOMY 3apsily CTEHOK KallMiI-
nsipa, mpryeM oOlee KOJIMYECTBO MOHOB B CAMHUIIE
o0beMa pacTBOpa B 3apsHKEHHOM KalMUIIpe Bcernaa
Oosblie, yeM B cBOOOJHOM pacTBope. Ecnu paccmat-
puBaTh MpocTelmmi ciaydai — wuHAUPQEpeHTHBIN
9JIEKTPOJIUT, TO B3aHMOJCHCTBHE HOHOB C 3apsiKEH-
HOW MOBEPXHOCTBIO CUUTAETCS TOJIBKO KYJIOHOBCKHM,
" pacnupeneneHne noHoB B JIOC ommcwiBaeTcs 00BIU-
HbIM ypaBHeHHeM bosibimMana [9, c. 95]:

¢,(x) = ¢, exp(~z,Fy (x)/ RT). (©)

3nech ¢ (X) — pacnpezeieHue KOHICHTPALMH HOHOB
i-T0 THIA; Z; — WX BaJEHTHOCTh; F — yucio Papa-
nes; R — rasosasg mnocrosHHast; I — abCONOTHas
Temneparypa; y(x) — pacmpenencHue >JeKTpuye-

CKOT'0 TMOTeHIHa’da (0Ch X HOpMalibHa TOBEPXHOCTU
TpaHMLBl TBEPAOTO Teja M PacTBOpa M HampaBiieHa
BIIIyOb pacTBoOpa).

Torma s CUMMETPUYHOTO JJICKTPOJIUTA MpPH
w(x) =0 u3 (6) cnenyer

¢, (M) +c (x)=
=c,lexp(—z, Fy(x)/ RT)+exp(z_Fy(x)/ RT)]=
=2¢,ch(zFy(x)/ RT) > 2c,. (7)

YaenvHas 3JEKTPONPOBOTHOCTH CBOOOTHOTO pac-
TBOPa MOKET OBITh 3alMcaHa CIASAYIONIMM 00pa3oM:

o, = szcl.u[, ()

)
-1 2 -1
rjae #; — MNOABUXHOCTb HoHa (OM™ cM MOJIb ).
s pacTBOpa B mopax MOXHO 3amucath (mpeHeo-

peras KOHBEKTHUBHBIM BKJIQJIOM B 3JICKTPOIPOBOJI-
HOCTB):

o=y z'¢i, )

rae ¢, U, — CpeaHHe Mo o0beMy Kalmuisipa KOH-
HEHTPAlMd M MOJBMXHOCTH HOHOB. Ecmu cpeaHsis
MOJIBIDKHOCTh HOHOB B Kamwuisipe OJM3Ka K Tako-
BOIl B CBOOOJHOM pacTBOpPE, TO 3JIEKTPOIPOBOJI-
HOCTh PacTBOpa B KamWULIPE JOJDKHA OBITH BBIIIIE,

4eMm B cBOOOIHOM pactBope. Takoi pocT yaembHOU

HAVYYHOE ITPUBOPOCTPOEHMUE, 2022, Tom 32, Ne 4
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Puc. 6. Cxema pacnpeacicHusa KOHHGHTpaIII/Iﬁ MMPOTUBO- U KOMOHOB B OTPHULATCIBHO 3apsAKEHHOM

KamAuispe.

a — IIUPOKHH Kanmuip, He nepekpoitoie J19C; 6 — BbIcOKas creneHb nepekpriBanus J19C

3JIEKTPONPOBOJIHOCTH 32 CHUET H30BITOUYHBIX HOHOB
J3C 1 Ha3pIBaIOT MOBEPXHOCTHON MPOBOIUMOCTEIO.
W3 cxemsbl, npuBeAeHHON Ha pHUC. 6, TIOHSATHO, YTO
YeM MIMpe KanuuUsip MO CPaBHEHHIO C TOJIIUHOW -
¢y3HOrO CiOs, TeM MeHblne BiusHME HOHOB J[OC
Ha 3JIEKTPOIPOBOJHOCTD M TEM OHA OJIMKE K BEIUYMHE
3JIEKTPOIIPOBOAHOCTH BHEIIHETO PAaBHOBECHOTO pac-
TBOpa. [Ipn TeopeTHueckoM ONUCAaHUHM MOBEPXHOCT-
HOW TIPOBOJMMOCTH HCIIONB3YIOT ABa crocoba. Ilep-
BBIH, NMPEIUIOKEHHBI B paboTax Kadenpbl KOJIOWI-
ot xumunm JII'Y [6, 11], mpeanonaraer ucmoianp30Ba-
HHE CJICAYIOIIEr0 YPaBHEHHS, IPUTOTHOTO ISt JTF000M
KaIlUIIPHO-TIOPUCTOM CHCTEMBI:

oc=0,+0,,

(10)

rae O, — MOBEPXHOCTHAs IPOBOAMMOCTb, YCPEIHEH-

Hasl [0 BCeMy 00bEeMy IMOPOBOrO KaHalia, KoTopas 0y-
JIET 3aBUCETh OT DIIEKTPOKMHETHYECKOTO pajHyca |,
CJIEIOBATEIbHO, MPHU TMOCTOSHHOW TEOMETPUH MOPBI,
OT TOMIMHUHEI JUQPPY3HOTO CIIOS, T.€. OT KOHIICHTpA-
MU BHEIIHETO PacTBOpa AJIEKTPONuTa. BbUl Takke
NPEJIOKEH MapamMeTp, PaBHBIH COOTHOIICHUIO JJIEK-
TPOMPOBOJHOCTEH pacTBOpa B KAMWIIISIPE M BHEIIHETO
PaBHOBECHOTO PACTBOpa, Ha3BaHHBIA KO3 UIUCH-
ToM 3 (peKTHBHOCTH:
a=0/0,,

(1)

BEITMYMHA (¢ CTPEeMHUTCS K 1 ¢ yBelIWUeHUEM paszMepa
MOp ¥ POCTOM KOHIIEHTPAIIMH JJIEKTPOIUTA.

HAVYYHOE [NIPUBOPOCTPOEHME, 2022, Tom 32, Ne 4

Bropoii crioco6 onucaHus MOBEPXHOCTHOW MPOBO-
JIUMOCTH — C HUCIOJIB30BAaHUEM MOHATHS YICITbHOU
HOBEPXHOCTHOM npoBoaumoctH K| (u30bITOYHAS

2
anexkTpornpoBogHocTh UOHOB JIOC Ham 1 cMm”™ 3aps-
JKEHHON IMOBEPXHOCTH) TpeOyeT 3HAaHUS TCOMETPUU
cuctemsl [4-7]. Tak, Hanpumep, 111 UUIMHIPUYECKO-
To Kamwmusipa

o, V. a a
K =20 S (1), 5,

’ ATIGK ’ 2

rae Vo — 00beM Kanmuiapa, Ae — IUomans 00Ko-
BOM NIOBEPXHOCTH KAWJLIAPA.

B coBpeMeHHOI aHIJIOSI3bIYHOM JIMTEpaType IpU
ONMCAaHUHU BIUSHUS TOBEPXHOCTHOH MPOBOJUMOCTH
Ha XapaKTePUCTUKH TPaHUIBI paszena (a3 HCIIONb-
3y1oT mapamerp Du, KOTOpHIA HpeacTaBisieT coOoi
0e3pa3MepHyI0 BEIHMUMHY, XapaKTePHU3YIOLIYIO BKIaj
MIOBEPXHOCTHOW IMPOBOJMMOCTH B pa3jiu4HbIC AJICK-
TPOKMHETHYECKUE U DIIEKTPOaKycTHYecKHe 3PQeKThI
(ma3Ban B uecth C.C. lyxuna) [5]:

Du=K;/ac, =(a-1)/2.

(12)

(13)

Ecnmn anammsupoBath ypaBHeHUs Thma (5), KOTO-
pBIE€ CBSI3BIBAIOT JJNEKTPOKMHETHYECKUH MOTEHIHA
C W3MepSEMBIMH BEIMYMHAMH DIIEKTPOKHMHETHIECKUX
MapaMeTpoB, B HaIIeM CIy4yae C BEJIMYUMHON MOTEH-
[aJla TeUYEHUs, WM C BEITUYNHAMH CKOPOCTH JJIEK-
TpoocMoca, 3IEKTpo(opeTHyecKoll  MOABMKHOCTH
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YaCcTHIl U T.M., TO CO3JaE€TCs BOCUATIICHUE, YTO DJICK-
TPOKMHETUYECKUM TMOTEHI[Mal 3aBUCUT OT COOTBET-
CTBYIOLLIETO  AJIEKTPOKMHETUYECKOIO  IapameTpa.
Ho snekTpokuHeTHYECKUI MOTEHIHA — 3TO PaBHO-
BECHasl XapaKTEPUCTHKA KOHKPETHOW I'paHMIIbI pa3jie-
na ¢a3, 3aBUCAIIAS TOJBKO OT MX XUMHUYECKOTO CO-
craBa. [loaTOMy T€ BJIEKTPOKUHETHUYECKHUE TMapaMeT-
PBI, KOTOPBIE MBI U3MeEpsieM (MIOTEHIANIBI U TOKH Te-
YEHUS, CKOPOCTh JJIEKTPOOCMOCA W T.I.), 3aBUCST
OT BEJMYUHBI AJIEKTPOKMHETUYECKOIO MOTEHLHaa
U JpYyrux MapaMeTpoB CHUCTEMBI, CBSI3aHHBIX C €€
CTPYKTYPOMH, T.€. C TOBEPXHOCTHOM HPOBOIUMOCTBIO
u creneHplo nepekpbiBanus [I3C. B stom cmbicie
0oJiee CTPOTO 3aMHCHIBATh YPAaBHEHHE ISl TIOTEHITHA-
Jla TEYEHUS B CJIIEYIOIIEM BUJE!

AV _ pan p g, (14)
Ap no

rne  f(ax,l,f )< — ¢yHKims, y4uTHIBaROLIAS
BiUsiHUE nepekpbiBanus JOC Ha BenuYMHY MNOTEH-
mmMana TedeHus, [ — mapamerp, BKIIOYAROLIMIL
CBOMCTBAa KOHKPETHOTO 3JIeKTposuTa [5, 12].
[TockonbKy yCIOBHEM CTallMOHAPHOCTH B PEKUME
NOTEHIUAIA TEYEHUs! SIBJISETCS PAaBEHCTBO IO abco-
JIIOTHOW BEJTMYMHE HANPABICHHBIX B MPOTHUBOIMOJIOXK-
HBIC CTOPOHBI TOBEPXHOCTHOTO TOKa I, ¥ 00BEMHOTO

TOKa IV’ TO B KOHKPETHBIX YCJIOBUAX BO3HUKACT Ta-

KOH MOTEHIIMA TSUSHUS, KOTOPBIA 00eCIIeYnBaeT 3TO
paBeHCTBO. [IpM BBICOKMX CTENEHSIX MEepPEKpPHIBAHUS
J2C KoHLEHTpalusi KOMOHOB B IIOPOBOM KaHale,
OT KOTOPOH B MIEPBYIO OYEpPEb U 3aBUCAT BO3HHUKAIO-
e TIPY HAJIOKEHUH BHEITHETO NaBJICHHUS TOKH, MO-
JKET OBITh Ha HECKOJIBKO MOPSIIKOB MEHBIIIE, YeM KOH-
HEHTpays TPOTHBOMOHOB (pHC. 6), YTO TPHUBOIUT
K YMCHBILICHUIO 3JIEKTPUYECKUX TOKOB U, CIIEIOBa-
TENbHO, W3MEpSeMBIX BeIWYMH Ay . DTta cHTyaums

B  HaHONOPHUCTBIX  CJIA003apsSHKEHHBIX  CHCTEMax
HaOmonaercss mpu koHueHtpamusx C < 0.001 M
M COTJIACYEeTCA C pe3yNbTaTaMH OIpPEICICHUS YHCel
IepeHoca HOHOB B MOPax — YHCIIO MEPEeHOca MPOTH-
BOMOHA CTAaHOBUTCSI MPAKTUYECKH PABHBIM EIMHMIIE.
CHMXeHHE BEJIMYUH MOTEHINAJIOB TEUCHHS B YCIOBH-
ax nepekpbiBanus JIOC u yuuThBaercs (QyHKUIUEH
f(ax,&,B7), xoTOpas yMeHbIIAeTCs MPH CTPEMIIe-
HUU aK K Hymo [12].

VYpaBHeHHE, KOTOpOE OOBIYHO HCIIOJB3YIOT JUIS
pacyera {-IoTeHIMaIa B 00IIEM ciIydae, 3al1chIBaIOT,
obparmas ypasuenue (14):

Ay, o
(==te T

— (15)
Ap f(aKacaﬂ )880

2 1 g

Puc. 7. 3aBHCHMOCTSD /|-TTIOTEHIIHAA OT KOHIICHTPALINH
nHAA(HEPEeHTHOTO SIEKTPOITUTA

Ecnu nst nanHO#M rpaHuubl paszaena ¢as BeTMUMHA
{-TIoTeHIMana 3TO KOHKPETHBIA YHCIEHHBIH mapa-
METp, TO MOHATHO, YTO, HAIIPUMED, TPU CYKEHHU Ka-
HNUJUISIPA, KOTOPOE MPUBEAET K POCTY MOBEPXHOCTHOM
MIPOBOJANMOCTH, T.€. BEIMYHHBI (!, U3MepsieMasl BEJIH-

ypHa Ay, J0DKHA YMEHBIIMTHCS, YTOOBI 3JIEKTPO-

KUHETHYECKUM TMOTEHIMaN OcTaics mnpexHuMm. Yem
OompIie crenenb nepekpeiBanus JID3C (deM MeHbIe
DICKTPOKMHETHUECKUHA PagNyC akK ), TEM MEHBIIC Be-

munna  f(ak,C, ), TeM, ClIeI0BaTeIbHO, MEHbIIE

u3MepsieMast BemuauHa Ay .

Ecnu BenuuuHbl (-IOTEHIMAaNa paccYUTaHbl Hpa-
BUJIBHO, TO XapakTep MX 3aBUCHUMOCTH OT KOHLIEHTpa-
i THAUGGEPEHTHOTO 3IEKTPOIUTA JOIDKEH OBITh
TaKUM JK€, KakoW mpezckasbiBaercs Teopusmu J[OC
JUIA  KOHIICHTPAIIMOHHOW 3aBUCHUMOCTH  /|-TIOTEH-
uainoB (puc. 7) — JuHelHas 3aBUCUMOCTb oT log C

npu OONBIIMX MOTEHNHManax, T.e. B 00JacTH pazbas-

JIEHHBIX PacTBOPOB, M 3aBHcUMOCTh oT C'* mpwm Ma-
JIBIX TIOTEHIMAaNaX, T.e. B 00JacTH pacTBOpOB Oosee
KOHIICHTPUPOBAHHBIX (IS C1a003apsKEHHBIX CHCTEM
0OBIYHO ATOT TMEPEXOJ TUIA 3aBUCUMOCTEH B pacTBO-
pax 1:1 snextpomutoB Habmomaercs mpu 0.01 M <
<C<0.1M).

Ha puc. 8 npuBejien npumep pacuera 3JIEKTPOKH-
HETHYECKOTO MOTCHIMANa W3 BEJIWYHMH MOTCHIMAJIOB

HAVYYHOE ITPUBOPOCTPOEHMUE, 2022, Tom 32, Ne 4
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tential — £ / mV

Electrokinetic po

Electrolyte concentration -log C/ M

Puc. 8. U3 [13]: 3aBUCUMOCTH 3JIEKTPOKMHETHYECKOTO TOTEHIIMANa MeMOpaHbl U3 MOPHCTOrO CTEKJIa B pacTBOpax

KNOs;, paccunTanHbIE IO PA3TUIHBIM YPAaBHCHUSM.

Pacuer: 1 — no ypasHenuio (5a); 2 — no ypasHenuo (5), o =0,Q; 3 — no ypasHenuio (15), pu pacyere pyHk-

muH f HCTIONB30BATH JIEKTPONPOBOIHOCTE OOBEMHOTO pacTBOpa o, ; 4 — Mo ypasHeHmio (15), mpu pacuere

(GYHKIMHY [ UCTIONB30BAJIM 3JIEKTPOIPOBOIHOCTD PACTBOpA B OPaxX O

TE4EHMs ISl IOPUCTOM CTEKISIHHONW MeMOpaHBbl, U3ro-
TOBJICHHOW W3 HaTPHEBOOOPOCHMIIMKATHOTO CTEKJa,
co cpemauM pammycom mop 16 mM [13, puc. 15,
c. 100]. BunHo, 4TO TOJIBKO yueT KaK MOBEPXHOCTHOMN
MIPOBOAMMOCTH, TaK U nepekpsiBanus 1C mo3Boser
MOJYYHUTh COTJIACYIOIIYIOCS C TE€OpPHEH 3aBUCHUMOCTb
4 (log C )

Koneuno, npu nepexojie 0T HAHOAUCHIEPCHBIX CHC-
TeM K MHKPOQWIBTPaM C pa3MepaMi IMOPOBBIX KaHa-
JI0B mopsifka 1 MKM HpoOJieMbl, CBSI3aHHBIE ¢ HE0OXO-
IUMOCThIO ydeTa mnepekpeiBanus J[OC, mepectaror
OBITh aKTyalbHBIMH, HO, KaK PABUIIO, B pa30aBICHHBIX
pacTBOpax HEOOXOOUMO NPOBEPSATH COOTHOIICHHE
YAETBHBIX AJIEKTPOIIPOBOJAHOCTEN IMOPOBOTO M BHEII-
Hero pactBopa. Kpome Toro, npu nmpoBeeHUU U3Me-
peHHMii Ha peaNbHBIX MPOMBIIUIEHHBIX 00pa3max

HAVYHOE [IPUBOPOCTPOEHUE, 2022, Tom 32, Ne 4

HEOOXOAMMO TIOHUMAaTh, HACKOIBKO U30TPOITHBI MEM-
OpaHbI, T.e. HACKOJIBKO CTPYKTYpa MeMOpaHbl OCTaeT-
CST HOCTOSIHHOM MO TOJIIIAHE.

BbIBO/IbI

B pabore mpuBeneHsl 0COOEHHOCTH TPOTEKAHUS
MPOIIECCOB, XapaKTEPU3YEMBIX MMOTEHIINAIOM TEUYEHUS
B DJIEKTPOJIUTE, B ACMEKTE Peanu3alliy >KUIKOCTHOTO
aKyCTORJIEKTPHUECKOTO TMpeobpaszoBarens. Paccmot-
peHa AIEKTPOXUMISI TTOTEHIIMAIA TEUSHHUS B DJIEKTPO-
nutax. Kpome Toro, otMeueHa 0coO€HHOCTH Mpolecca
B pacTBOpax D3JIEKTPOJIUTOB, CBSI3aHHAS C BIHSHUEM
WOHHOW CHJIBI 3JIEKTPOJIUTa, M €ro 3aBUCHMOCTb
OT ANEKTPOKMHETHIECKOT0 paauyca. [lokasano Taxxke,
YTO MPHU MaJbIX BEIMYMHAX HJIEKTPOKUHETUUECKOTO
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IMPLEMENTATION OF AN ACOUSTO-ELECTRIC CONVERTER.
1. DEPENDENCE OF ELECTROKINETIC PHENOMENA
ON THE STRUCTURE OF MEMBRANE MATERIALS
IN AQUEOUS ELECTROLYTE SOLUTIONS

L. E. Ermakoval, B. P. Sharfaretsz, S. P. Dmitrievz, V. E. Kurochkin®

'Institute of Chemistry of Saint Petersburg State University, Petergof, Russia
*Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

The features of the flow potential in the electrolyte that are significant for implementing a liquid acousto-
electric converter are presented. The electrochemistry of the flow potential in electrolytes is considered. The
peculiarities of the process in the electrolyte solutions associated with the influence of the ion strength of the
electrolyte and its dependence on the electrokinetic radius are noted. It is shown that at small values of the elec-
trokinetic radius, the effect of overlapping the electric double layer occurs, leading to a sharp decrease in the
absolute values of the flow potential and, consequently, to the practical impossibility of implementing the
acoustoelectric transformation. The results obtained can find wide practical application.

Keywords: flow potential, zeta potential, electrokinetic radius, electric double layer, electric double layers overlap,
sensitivity of acoustoelectric, transformation of electrokinetic effects

INTRODUCTION

Previously, in a series of papers by the authors [1—
3], the successful use of the electrokinetic phenome-
non "flow potential" in air was presented with regard
to the implementation of an electrokinetic acoustoe-
lectric transducer (EAT). To implement the EAT in a
liquid medium, it is necessary to conduct additional
studies that take into account the peculiarities of the
flow potential phenomenon in it. Thus, in a liquid me-
dium, in contrast to an air medium, it becomes possi-
ble to vary the properties of the electric double layer
(EDL), in particular, with the help of the value of its

most important characteristic — ¢ - potential, which

significantly depends on the concentration and type of
electrolyte in the liquid. In addition, electrokinetic
processes significantly depend on the ratio of the dif-
fuse layer thickness J and the characteristic pore size
a of the porous structure.

The present work is devoted to the study of these
dependences in the specific case of a porous structure
filled with an electrolyte.

FLOW POTENTIAL PHENOMENON
IN ELECTROLYTE

Some additional information about the phenome-
non of flow potential in an electrolyte, necessary for
further presentation, is given below.

The flow potential is one of the classic electroki-
netic phenomena that occur when external gradients
are applied to a charged capillary-porous system (it
can be a diaphragm, membrane, capillary, or system

29

of capillaries). The flow potential is the difference in
electric potentials at zero total electric current, caused
by the flow of a charged liquid under the action of an
external pressure gradient and measured between the
ends of the capillaries in the system as a whole (see,
for example, [4, pp. 64-68]; [5, pp. 4.25-4.28], [6,
pp- 221-225], [7, pp. 45-48], [8, pp. 182-190]). The
electrodes used for measurements should be identical
and have a small (and preferably constant) asymmetry
potential in the electrolyte under study.

The main reason for the occurrence of all electro-
kinetic phenomena is the existence of an EDL at the
dielectric — electrolyte solution interface. If we con-
sider a single capillary as a model capillary-porous
system, then the most important thing in carrying out
measurements is to take into account the ratio of the
capillary radius a and the diffuse layer thickness o (in
the Russian-language literature, the term "reduced
EDL thickness" is also used, which is more accurate
in meaning). Fig. 1 shows the phase boundary in the
framework of the classical Gouy model [7, § 1.3]: flat
equipotential surface, ions in solution have a finite
size, but their charge remains point.

Fig. 1. Dependence of the EDL potential on the dis-
tance from the surface.

At an infinite distance from the surface, the potential
is zero

In regard to EDL, 3 electric potentials are consi-
dered: the surface potential y, (also called the ther-
modynamic potential [8, p. 174]), ; is the potential
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of the plane in which the charges of the first counte-
rion layer closest to the surface are located (it is called
the potential of the plane of closest approximation /the
potential of the dense layer / the potential of the Stern
layer / the potential of the adsorption layer — but the
meaning of the concept is the same in any case), and
the electrokinetic potential { corresponding to the slip
boundary, i.e., the boundary along which the relative
movement of the liquid and the solid phase occurs in
electrokinetic phenomena.

Within this model, the value of ¢ is the coordinate
that corresponds to the value of the potential v, /e

(here e is the Euler number). In the original Gouy —
Chapman EDL model, which does not take into ac-
count the size of ions, the reduced thickness of EDL is
a coordinate that corresponds to the potential value

v,/ e. The numerical value of J can be found by the
expression [9, p. 97]
1/2
eg RT
e 1
F ZZzl?ci )

(@)

o=

where z; is the ion charge; ¢; is its concentration; ¢ is
the relative permittivity; & is the electrical constant; R
is the gas constant; 7 is the absolute temperature; F is
the Faraday number.

Obviously, the value «, reciprocal of the Debye
parameter 6: x=1/0, is a well-known parameter
from the Debye — Hiickel theory of strong electrolytes
(the reciprocal radius of the ion atmosphere). It can
also be seen that an increase in the ion strength of the
solution leads to a decrease in the reduced thickness;
this process is called compression of the diffuse part
of the EDL. With an increase in the concentration of
indifferent electrolytes (in the case of electrochemical-
ly reversible colloids, examples of which are ion crys-
tals, the charge and surface potential remain practical-
ly constant), the compression of the EDL leads to a
decrease in the absolute values of w; and {-potentials

(Fig. 2).

Fig. 2. Dependence of the EDL potential on the dis-
tance from the surface at various electrolyte concen-

trations: ¢, <c¢,

If we calculate the values of ¢ for a (1:1)-charged
electrolyte at 20 °C, then for solutions with concentra-
tions of 0.0001, 0.001, 0.01, and 0.1 M, they will be
30.4, 9.6, 3.04, and 0.96 nm, respectively. In real sys-
tems at high electrolyte concentrations, when the EDL
is compressed to a dense layer, the electrokinetic po-
tential can be zero (isoelectric point) for any surface

charge and potential, and in this case, electrokinetic
phenomena can not be observed.

Since, it is important to take into account the ratio
of the capillary radius a and the diffuse EDL thickness
0 when analyzing the results of electrokinetic mea-
surements, the term “electrokinetic radius” — a di-
mensionless parameter ax (x =1/0 ) — is often used
in the literature. All classical equations of electroki-
netics are obtained for systems with very large elec-
trokinetic radii, when we can assume that in the mid-
dle of the capillary the electric potential is practically
zero (for example, if a=10 pm, 6 =10 nm, then
ax =1000). If ax <100, then one speaks of the over-
lapping of the EDL in capillaries, when the inequality
of electric potential at the center of the pore to zero
begins to affect the measured values of the electroki-
netic parameters (Fig. 3).

Fig. 3. EDL structure in capillaries at different elec-
trokinetic radii.

a — non-overlapped EDLs at large ax

6 — overlapped EDLs at low ax

NOTATION FOR FORMALIZED
DESCRIPTION OF THE PHENOMENON

In works devoted to electrokinetic phenomena in
general and to the flow potential in particular, there is
a "discrepancy” in the system of notation. This can be
traced when referring to the relevant chapters in [4-8].
Here we follow the notation concerning the phenome-
non of the flow potential adopted in the classical edi-
tion [10, pp. 534, 535]. Spesifically: Ap— pressure
drop at the ends of the capillary; ¥ — the volume of
liquid flowing through the capillary per unit time; / —
is the current strength in the capillary. For the flow
potential the designation Ag. is given in [10]. How-

ever, due to the fact that electric potentials are usually
denoted by a symbol v (see, for example, [7, p. 10])
in electrokinetic phenomena, the designation Ay, for

the flow potential is adopted here. As an example of
notation that leads to confusion, we can mention the
notation used, for example, in [4, § 3.2]. So, in the
formulas describing the flow potential, instead of the
acoustic pressure p, the value P=Ap/l appears
where / is the length of the capillary, and instead of
the flow potential Ay, the value E;.appears.

The ratio Ay, / Ap is of great importance with re-

gard to acoustoelectric transducers. In the case of
acoustic fields, the value Ap can be interpreted as
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acoustic pressure Ap=p_ , and the potential differ-

ence Ay, is equal to the electrical voltage U on the
electrodes on both sides of the membrane. As a result,

A Uu . .
V. 2 1s true. In acoustics the value

P
U/ p, is usually called the sensitivity of the acous-

toelectric transducer. This value is the most important
characteristic of an acoustoelectric transducer, such as
a microphone for atmospheric conditions or a hydro-
phone for a liquid medium. It demonsrates the effi-
ciency of converting sound energy into electrical
energy.

Further, we will adhere to the notation adopted in
[10], taking into account this remark.

equality

ANALYSIS OF THE PHENOMENON

Figs. 4 and 5 show electrical diagrams of the flow
through the capillary.

Fig. 4. Scheme of a negatively charged capillary in
stationary conditions with the application of external
pressure p.

Jy 1is the bulk liquid flow

Fig. 5. Flow potential in a positively (a) and negative-
ly (6) charged capillary.

The arrows show the directions of the flows (explana-
tions in the text)

In the course of the theoretical description of the
value of the flow potential Ay, the following "ar-
rangements" are adopted.

1. The flow potential Ay, is considered positive if
it is greater on the side of higher pressure.

2. Flow current /_is an electric current that occurs

when a charged liquid moves and external pressure is
applied, is considered positive if it is directed towards
low pressure. The direction of any electric current, as
is usually accepted in physics, is the direction of the
movement of cations.

3. Bulk current /, is an electromigration electric
current arising in the electric field of the flow poten-
tial Awy,,bulk current is also considered positive
when it is directed towards low pressure.

4. I, +1 =0 in a stationary state (taking into ac-
count the sign).
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5. At a higher pressure to the left of the capillary
(asin Fig. 5) Vp <0 (side right — side left).

For wide capillaries (not overlapped by EDL), the
expression for the flow current in a circular cylindrical
capillary can be obtained (see, for example, [8,
p. 184)):

; _E&Ac Ap
K] 77 Z >
where 4 is the area through which the current flows,
n is the dynamic viscosity of the liquid; Ap is the

pressure difference at the ends of the capillary.
For a circular cylindrical capillary (2) it takes
a simple form:

)

I = Ta’ %ﬂ
n I
The bulk current /,, caused by the flow potential
is [8, p. 183]

(2a)

Ay
I, =Aoc ZS, (3)

where o is the specific electrical conductivity of the
solution in a capillary.

For a positively charged capillary 7, >0, I <0,
Ay >0 and, as it should be, the positive sign of the
flow potential coincides with a positive sign of the
electrokinetic potential (the positive signs of the EDL
potentials for a positively charged surface follow from
the solution of the Poisson-Boltzmann equation under
standard boundary conditions, which consist in the

fact that the potential at the interface is v, and at an
infinite distance from the surface the potential is equal
to 0). Accordingly, 7/ >0, [,<0, Ay, <0 and
¢ <0 for a negatively charged capillary.

Equations (2), (3) and the stationarity conditions
(I,+1,=0) wusually give the Helmholtz -

Smoluchowski equation for the flow potential (see [4,
p. 66]; [7, p. 10]; [8, p. 184] and others):

Ay, &gl
Vs 2% 4)

Ap no
Here o is the electrical conductivity, consisting of the
surface conductivity due to the presence of EDL, and
the bulk conductivity of the liquid in the capillary sys-

tem. From the last expression we can obtain an ex-
pression for the electrokinetic potential:

_no Ay,

5
&g, Ap )
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In the case when the influence of EDL ions on the
electrical conductivity of the solution in the capillary
(surface conductivity) can be neglected, the Helm-
holtz — Smoluchowski equation is sometimes written
in the following form:

0 — nGVAl//s (Sa)
gg,Ap ’

where o, is the specific electrical conductivity of the
free solution with which the capillary is in equili-

brium, and § ® s the electrokinetic potential found
without taking into account the effect of surface con-
ductivity.

The cause of surface conductivity is the difference
between the composition of the electrolyte in
a charged capillary and the composition of a free solu-
tion. A free electrolyte solution is electrically neutral,
the solution in the capillary has a total charge equal in
absolute value to the total charge of the capillary
walls, and the total number of ions per unit volume of
the solution in a charged capillary is always greater
than in a free solution. If we consider the simplest
case — an indifferent electrolyte, then the interaction
of ions with a charged surface is considered to be only
Coulomb, and the distribution of ions in the EDL is
described by the usual Boltzmann equation [9, p. 95]:

¢;(x)=c,,; exp(-z,Fy(x)/ RT). (6)

Here c¢;(x) is the distribution of the concentration of

ions of the i-th type; z, is their valency; F is the Fara-

day number; R is the gas constant; 7 is the absolute
temperature; y(x) is the distribution of the electric

potential (the x axis is normal to the surface of the
interface between the solid and the solution and is di-
rected deep into the solution).

Then it follows for a symmetric electrolyte from

(6), if w(x)#0,

c,(x)+c (x)=

=c,lexp(—z, Fy(x)/ RT)+exp(z_Fy(x)/ RT)]=
=2¢,ch(zFy(x)/ RT) > 2c,. (7)

The electrical conductivity of a free solution can be
written as follows:

Oy = z Zizciui’ 3
()
where u, is the ion mobility (Q 'cm’mol ™).

For a solution in pores, we can write (neglecting
the convective contribution to the electrical conductiv-

ity):
o=y z'¢i, )

where ¢,, #, are the concentrations and mobility of

ions averaged over the volume of the capillary. If the
average mobility of ions in the capillary is close to
that in the free solution, then the electrical conductivi-
ty of the solution in the capillary should be higher
than in the free solution. Such an increase in the spe-
cific electrical conductivity due to excess EDL ions is
called surface conductivity.

Fig. 6. Scheme of distribution of concentrations of
counter- and coions in a negatively charged capillary.
a —wide capillary, not blocked by EDL; 6 — case of
high degree of overlapping EDL

The diagram in Fig. 6 shows that it is clear that the
wider the capillary compared to the thickness of the
diffuse layer, the less the effect of EDL ions on the
electrical conductivity and the closer the latter is to
the value of the electrical conductivity of the external
equilibrium solution. In the theoretical description of
surface conductivity, two methods are used. The first,
proposed in the works of Leningrad State University's
Department of Colloidal Chemistry [6, 11], involves
the use of the following equation, which is applicable
to any capillary-porous system:

(10)

where o, is the surface conductivity averaged over

the entire volume of the pore channel, which will de-
pend on the electrokinetic radius and, therefore, at
a constant pore geometry, on the thickness of the dif-
fuse layer, i.e., on the concentration of the external
electrolyte solution. A parameter was also proposed,
equal to the ratio of the electrical conductivities of the
solution in the capillary and the external equilibrium
solution, called the efficiency factor:

o=0,+0,,

a=0c/0,.

(11)

As the pore size increases and the electrolyte con-
centration increases, the value of o tends to 1.

The second way to describe surface conductivity
implies the concept of specific surface conductivity
K, (excessive electrical conductivity of EDL ions

over 1 cm? of a charged surface), requires knowledge
of the geometry of the system [4—7]. So, for example,
for a cylindrical capillary

K :O-S.V"“ =0 g=(0£—1)<7V%,

' 14]161( ' 2
where V,, is the volume of the capillary, A,g is the
area of the lateral surface of the capillary.

In modern English-language literature, when de-
scribing the effect of surface conductivity on the cha-

(12)
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racteristics of the phase boundary, a parameter Du is
used that is a dimensionless value characterizing the
contribution of surface conductivity to various elec-
trokinetic and electroacoustic effects (named after
S.S. Duhin) [5]:
Du=K;/ac, =(a—-1)/2. (13)
If we analyze equations of type (5), which relate
the electrokinetic potential with the measured values
of electrokinetic parameters, in our case — with the
value of the flow potential, or with the values of the
electroosmosis velocity, electrophoretic mobility of
particles, etc., then it seems that the electrokinetic po-
tential depends on the corresponding electrokinetic
parameter. But the electrokinetic potential is an equi-
librium characteristic of a particular phase boundary,
depending only on phase chemical composition.
Therefore, the electrokinetic parameters that we
measure (potentials and flow currents, electroosmosis
rate, etc.) depend on the magnitude of the electroki-
netic potential and other system parameters related to
its structure, i.e., surface conductivity and degree of
EDL overlap. It is more rigorous to write the equation
for the flow potential in the following form:

&g,
no

%#(mc,a:,ﬁ*) ¢, (14)
\p

where f(ax,C,B)<I is a function that takes into
account the effect of EDL overlap on the value of the

flow potential, ﬁ* is a parameter that includes the

properties of a particular electrolyte [5, 12].

Since the condition of stationarity in the regime of
the flow potential is the equality in absolute value of
the surface current /_ and bulk current /,, directed

in opposite directions, then, under specific conditions,
a flow potential arises that ensures this equality. At
high degrees of EDL overlap, the concentration of
coions in the pore channel, on which the currents aris-
ing upon application of external pressure primarily
depend, can be several orders of magnitude lower than
the concentration of counterions (Fig. 6), which leads
to a decrease in electric currents and, consequently,

measured values Ay . This situation in nanoporous

weakly charged systems is observed at concentrations
C < 0.001 M and is consistent with the results of de-
termining the transport numbers of ions in pores —
the transport number of the counterion becomes al-
most equal to 1. The decrease in the values of the flow
potentials under the conditions of the overlapping of
the EDL is taken into account by the function

f(ax,&, B), which decreases as it tends to zero [12].

The equation that is usually used to calculate the ¢
potential in the general case is written by inverting
equation (14):
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‘= Ay, no
Ap f(aK,C,ﬂ*)ggo '

If, for a given phase boundary, the value of the (-
potential is a specific numerical parameter, then it is
clear that, for example, when the capillary narrows,
which will lead to an increase in surface conductivity,
i.e., value, the measured value must decrease so that
the electro-kinetic potential remains the same. The
greater the degree of overlap of the EDL (the smaller
the electrokinetic radius ), the smaller the value, there-
fore, the smaller the measured value.

If the values of the {-potential are calculated cor-
rectly, then the nature of their dependence on the con-
centration of an indifferent electrolyte should be the
same as that predicted by EDL theories for the con-
centration dependence of w-potentials (Fig. 7) —
a linear dependence on logC at high potentials, i.e.,
in the region of dilute solutions, and a dependence on
C'? at low potentials, i.e. in the region of more con-
centrated solutions (for weakly charged systems, this

dependence type transition in 1:1 solutions of electro-
lytes is usually observed at 0.01 M < C < 0.1 M).

(15)

Fig. 7. Dependence of the y,-potential on the concen-
tration of an indifferent electrolyte

Fig. 8 shows an example of calculating the electro-
kinetic potential based on the values of the flow po-
tentials for a porous glass membrane made of soda-
borosilicate glass, with an average pore radius of
16 nm [13, Fig. 15, p. 100].

Fig. 8. From [13]: Dependences of the electrokinetic
potential of a porous glass membrane in KNO; solu-
tions, calculated using various equations.

Calculation: 1 — according to equation (5a); 2 —
according to equation (5) o =0,a;; 3 — according
to equation (15), when calculating the function f,
the electrical conductivity of the bulk solution o ;
was used; 4 — according to equation (15), when cal-
culating the function f, the electrical conductivity of
the solution in pores o was used

It can be seen that only taking into account both
the surface conductivity and the EDL overlap makes it

possible to obtain a dependence ¢ (log C ) consistent

with the theory.

Of course, in the transition from nanodispersed
systems to microfilters with pore channel sizes of
about 1 um, the problems associated with the need to
take into account the overlapping of EDL cease to be
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relevant, but, as a rule, in dilute solutions, it is neces-
sary to check the ratio of the specific electrical con-
ductivities of the pore and external solution. In addi-
tion, when carrying out measurements on real indus-
trial samples, it is necessary to understand how iso-
tropic membranes are, i.e., the extent to which the
structure of the membrane remains constant in thick-
ness.

CONCLUSIONS

The paper presents the features of the processes,
characterized by the flow potential in the electrolyte,
in the context of the implementation of a liquid acous-
toelectric transducer. The electrochemistry of the flow
potential in electrolytes is considered. In addition, a
feature of the process in electrolyte solutions, asso-
ciated with the influence of the ion strength of the
electrolyte and its dependence on the electrokinetic
radius. It is also shown that at small values of the elec-
trokinetic radius, the effect of the overlapping of
double electric layers arises, leading to a sharp de-
crease in the absolute values of the flow potential,
and, consequently, to the practical impossibility of
implementing acoustoelectric conversion.
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