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PEAJIM3ALIUA AKYCTOJJIEKTPUYECKOI'O ITPEOBPA3OBATEJIA.
2. JJIEKTPOKHUHETUYECKHUE XAPAKTEPUCTUKU
MUKPOOUJTBTPAIMOHHBIX MEMBPAH

[TpuBeneHb METOANKN M3MEPEHHS yJIENBHOM SJIEKTPOIPOBOAHOCTH MeMOpaH, MOTEHIINAIOB TEYECHHUSI U CTPYKTYp-
HBIX MapamMeTpoB (00BEMHON MOPUCTOCTH M KOAPPHUIMEHTOB CTPYKTYPHOTO CONPOTHUBIICHHS) MUKpO(MIbTpoB. Bo-
MPOCHI, CBSI3aHHBIC C YBENU4YeHHEM dP(PEKTUBHOCTH aKyCTOIJIEKTPHIECKOTO MPeoOpa3oBaHus B ANEKTPOIUTAX, pac-
CMOTPEHBI C HCIOJIb30BAaHUEM PE3YJIbTATOB HM3MEPEHHH XapaKTEePHUCTHK MHKPO(QHIBTPOB M3 OOPOCHIMKATHOTO
crexinoBonokaa (Whatman GF/A) B pactBopax NaCl. [lomyueHHBIE pe3yibTaThl MPU3BAHBI YBEIUYNUTH YyBCTBH-
TEJILHOCTH THAPO(OHA, OCHOBAHHOTO Ha MPUMEHEHNH 3JIEKTPOKHMHETHIECKUX d(PheKToB.

Kn. cn.: motenuan TedeHus, 13eTa-MOTEHIMAN, JEKTPOKUHETUYECKUH paiyC, TBOMHOM JIEKTpUUYECKHUH ClOii,
MepEeKpPBIBAHUE TBOMHBIX JICKTPUUECKUX CIOEB, YyBCTBUTEIBHOCTH aKyCTORIEKTPUIECKOTO MPeodpa3oBaHus

BBEJEHUE

B nepBoit wactu Hactosmiei padboTsr [1] ObuH pac-
CMOTpPEHBl OCOOCHHOCTH MPOTEKAHUS 3JIEKTPOKUHE-
TUYECKUX SIBJICHUN B YCIIOBUSX HAJIOKCHUSI HA MEM-
OpanHyto cucteMy (MOpHCTas HEperopojka, pasfie-
JSIOIAs J[BA PACTBOpa D3JIEKTPOJHMTA OJWHAKOBOTO
XMMHYECKOT0 COCTaBa) BHELIHErO IABJICHUS, B TOM
YHCiIe BIMSHUE IApaMeTpoB CHCTEMBl — pa3mepa
MOPOBBIX KaHAJIOB, KOHLEHTPALMU U THIIA 3JIEKTPOIIH-
Ta — Ha U3MEPSAEMbIC IKCIIEPUMEHTAIBHO BEIMYHHEI
MOTEHIUAIOB TedeHus. s mpoBeleHHs SKCIepH-
MEHTAIBHBIX HMCCIIEIOBaHUI MOTCHLMAIOB TEUCHHUS
B MEMOpaHHBIX CHCTEeMax ObIIM BBIOpaHBI MHKPO-
¢unpTpel Mapkun Whatman GF/A [2], u3mepeHus
AIIEKTPOKMHETHYECKUX XapaKTEPUCTHK KOTOPBIX MPO-
BOJWJIN B pacTBOpax XJOpuAa HaTpusl B MHTEpBaie
xounenTpauuit 10°-10" M. Jlns pacuera 3HaueHuit
JIEKTPOKMHETHYECKUX TOTEHIMAJIOB HEO00XO0ANMO
OBUI0, KPOME M3MEPEHUs MOTECHIINAJIOB TEYEHHUS, IPO-
BECTH TaKXKe H3MEPEHHUs YACIBHOW 3JICKTPONPOBO/I-
HOCTH MeMOpaH. PaccMoTpuM HMCHOJB30BaHHBIE Me-
TOJIUKY U3MEPEHUH U MOTyUYeHHBIC PEe3yJIbTaThI.

METOJIMKA U3SMEPEHUM YJIEJTBHOM
3JEKTPOITPOBOJHOCTU MEMBPAH

Haubonee yacto UCmonp3yeMbIM METOZOM SIBIISIET-
Cs Pa3HOCTHBIA METOJ W3MEpEeHHUs] MPOBOIUMOCTH
memOpansl [3, c. 113—-124], cxema KoTOpOro mpen-
CTaByieHa Ha pHc. 1.

Syeiika HaXOAUTCS B PAaBHOBECHOM TEPMOCTaTHU-
pyeMoM pactBope, uzmepenus nposomwu mpu 20 °C
Ha gactote 1 k't (RCL u3mepurens E-7-11). Craua-
Jla U3MepsieTcs CONPOTHUBIICHUE siueiiku O0e3 meMOpa-

HbI Rﬂ , U3 BCJIMYUHBI KOTOPOTrO MOKHO HAWUTH IIJ10-
1aab, 4€pe3 KOTOPYIO UACT TOK!
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Puc. 1. Cxema siueiiku 11 U3MEPEHUST DJIEKTPOIPOBOI-
HOCTH MEMOpaH.

1 — memOpaHa, 2 — JHUCKOBBIE JIEKTPOAbL, d, — pac-
CTOSIHUE MEXIY JIEKTPOAaMH, dj — TOJNIINHA MeMOpa-
uel, ['en. — reneparop 1 xI'1, II — RCL n3mepurens E-
7-11
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A=d,/R,0, (1)

rne d., — paccTOSHHE MEXIY JIEKTPOJaMH. 3aTeM
3

MGM6paHa, IMPUBCACHHAA B PAaBHOBECHUC C paCTBOPOM,
IMOMEMACTCA MEXKAY JJICKTpOAaMU U HU3MEPACTCA CO-

NPOTHUBIICHUE sUeiiku ¢ MeMmOpaHoil R, , KOTOpoe

SBIIIETCS. CYMMOW COIPOTHBIIGHHUH CIIOEB pacTBOpa
MEXy MeMOpaHoO# u 3iekTpogamMu R' W coOmpoTHB-
nenust MeMOpanbsl R,,. B ToM ciydae, Korya npu BHe-
CEHUHM MEMOpaHBbI B MEXIJICKTPOAHOE MPOCTPAHCTBO
COITPOTHUBJICHUE STYEHKN MEHSETCSI MEHee YeM Ha II0-
PSAIOK, MOKHO CUMTATh, YTO IUIONIA/b, Yepe3 KOTO-
pPyHO HACT TOK, MPAKTHYCCKH IOCTOSAHHA, W TOrJa
MOKHO HAWTH YJIENBbHYIO 3JEKTPOIPOBOJHOCTH MEM-
OpaHbl 0, IO CIEIYIOIEMY YPaBHEHHUIO [4]:

oy )_1 =Ry — Ry )di +(oy )_1 > 2

M

rae d,, — ToNuHa MeMOPaHBL.

Jlist cimabo 3apspKeHHBIX MeMOpaH MOYKHO CUUTATh,
gyto B 0.1 M pactBope uHIU(DGEPEHTHOTO IIEKTPOIIH-
Ta, B KayecTBe KOTOporo oObMHO mcnoib3yoT NaCl,
3JIEKTPONPOBOIHOCTh PACTBOPAa B MeMOpaHe NpaKTH-
YEeCKH COBMAJACT C TaKOBOW B CBOOOJHOM pPacTBOpE
(a=1), m U3 U3MepeHUi B ATOM PacTBOPE MOXKHO
HalTH KOA(pHUUHUEHT CTPYKTYPHOI'O CONPOTUBICHUS,

MOKA3BIBAIOIINM  BKJIaJ HEMPOBOISIIIETO CKeleTa
MeM6paHLI B €€ IPOBOAUMOCTD:
,B:GV/GM |c:0.1M‘ (3)

W3mepenust 30eKTPONPOBOJHOCTH MeMOpaH Ipu
¢ < 0.1 M ucrons3yIoT sl HaXoXIeHus Ko3ddumm-
eHTOB 3((EKTUBHOCTH, HEOOXOIUMBIX ISl KOPPEKT-
HOT0 pacyeTa JICKTPOKHHETHYCCKUX ITOTCHI[HAIOB:

a=0/o,=0,p/0,. 4)

OTMmeTrM, YTO TPU WCHOJIB30BAaHWH YpPaBHEHHS
(4) npeanonaraercs, 4TO CTPYKTypa MeMOpaHBI OCTa-
€TCsd HEM3MEHHOW B HCCICIYyEeMOM [HaNa3OHE KOH-
LEHTpaLHI 37IEKTPOIUTA.

METO/IUKA U3MEPEHU IIOTEHIIUAJIOB
TEYEHUA

[Tpy HaNOKCHUH HA KaNUJUIIPHO-TIOPUCTYIO CHC-
TEeMy BHEIIHETO JAaBJICHHUS MOYHO M3MEPSTh JHO0 TOK
TeYCHUsI, MO0 TMOTEHIMA TeYCHHs. B M3MepuTesh-
HOM CXeMe B YCJIOBUSIX CTAl[HOHAPHOTO COCTOSIHUS
I =1,=1,, tne I, — ToK, nuymuii uepes U3MepH-
TENBHBIN MPUOOD.

Eciu Mbl XOTUM U3MEPHUTH TIOTEHIMA TCUYCHHUS, TO
HEOOXOIMMO HCIOJIb30BaTh BOJBTMETP C OOJBLINM
BXOJIHBIM CONPOTHUBIICHUEM, KOTOPOE JOJDKHO OBITh

Ha HECKOJIbKO IOPSIKOB OOJbINE, YeM COIMPOTHBIIC-
HUE MeMOpaHHOW cucTeMbl. Torma mpu mapajielib-

HOM TOJKIIOYEHHH BOJBTMETPa TOK uepe3 Hero [,
OyZIeT MpakTHYeCKH PaBeH HYJIO, M MBI OyaeM mu3Me-
pATh Pa3HOCTh MOTeHIMana TedeHus Ay, . Msmepu-

TEJbHBIE JIIEKTPOJBl MOXKHO pacIojiaraTb Ha pac-
CTOSIHUU HECKOJIBKMX CM OT MEMOpaHBI.

st m3MepeHust Toka TeUSHUST HY)KHO TTOCIIeIOBa-
TEJIBHO K MEMOPaHHOHN CHCTEME MOAKIIOYaTh rajabBa-
HOMETP C OUCHb HHU3KHNM BXOJHBIM CONPOTUBJIICHUCM,
KOTOpPO€ HAMHOTO MEHBIIIE, YeM CONPOTUBICHUE MEM-
OpaHbl, IpUYEM H3MEPHUTENbHBIC MIEKTPOIBI (MX Je-
JaoT 1epPOpUPOBAaHHBIMHU, YTOOBI OHM HE MEIlald
MOTOKY >KHUJKOCTH) HAKJIAJBIBAIOTCA MPSMO HA MEM-
Opany. B sTom ciydae 0OBEMHBIN OMHYECKHH TOK
OyJIeT HAMHOTO MEHBIIIE TIOBEPXHOCTHOTO, U TallbBa-

HOMETp Oy/ieT U3MepsITh TOK TeueHust /.

Kak mpaBuio, u3mMepsaioT pa3HOCTh MOTEHIMAaa
TEYECHHA, YTO METOJMYECKA HAaMHOTO TpOIIe, U, KPo-
M€ TOTO0, IIPHU pacyeTe IEKTPOKUHETHIECKOTO MOTEH-
nuana no ypasHeHuio [1, (2)] meobxommmo 3HATH
wiomanas (A), yepe3 KOTOPYIO UAET TOK, YTO B peajib-
HBIX CHCTEMaX CO3/1a€T JAOMOIHUTEIbHBIE CIOKHOCTH.

Pa3zHocTh MOTEHIMATIOB TEUYEHUS] MUKPOQHIBTpa-
IUOHHBIX MeMOpaH H3Mepsulach B JHMara3oHe BHEII-
Hux gasieHuil 5-30 cm pT. cT. PaBHOBECHBIE pacTBO-
pel ¢ koHneHtpauusmMu 0.01 u 0.001 M mpensapu-
TEIbHO (MIBTPOBAIHM Yepe3 TaKoW ke (QHiIbTp AJs
yaaneHus: MuKkpodactun. MemOpana (auck) momenia-
eTcsl Ha nepHOpUPOBAHHYIO HEMTPOBOSIIYO TTOAIOXK-
Ky, KOTOpasi CJIY>XUT AJsl CO3JaHMA MEXaHW4ECKOU
MPOYHOCTH (PUIBTPYIOUIETO 3JIEMEHTa, €ClIi MeMOpa-
Ha He JKECTKasl, TO CBEpXy OHa MOKPBIBACTCS IIAAKUM
nephOpUpOBaHHBIM METAJUIMYECKUM JIUCTOM C 0OJIb-
ION TUIOIIAJbI0 OTBEpCTUil. [l mpenoTBpalieHus
OOKOBOTO 00TEKaHHs PACTBOPA MO KOHTYPY ANCKOB Ha
COOpaHHBIM TPEXCIOWHBIA (PUIBTPYIOMIUN AIEMEHT
Ha/leBaeTcs 3aIlMTHOE Pe3uHOBoe Koublo. CoOpan-
HBIH 3JeMeHT (uKcupyercs B oOolime. B kauectBe
N3MEPUTENBHBIX 3JIEKTPOIOB B PAacTBOpax XJIOPHIOB
UCIIONIB3YIOTCA OOpaTHMBIE XJIOp-CepeOpsiHbIe 3JICK-
TPOJBI, TTOTEHITHAI ACHMMETPUU KOTOPHIX HE TPEBHI-
maet 1 MB.

N3MEPEHUSA IIAPAMETPOB
MHUKPOOPNIBTPOB WHATMAN GF/A

QunprpoBanbHas  Oymara w3 MHKpoQuOpHI
Whatman wusrotosiena u3 100% O6opocuanMkaTHOTO
CTEKJIOBOJIOKHA.

ITacniopTHbIE 3HAUEHUS:

— pasmep nop 1.6 Mkm;

— ckopocth ¢umpTparmum — 62 Herzberg(s)
(1 Herzberg(s) — »t1o mpomyckanue 100 mMa Boasl
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B 1 ¢ mpu 20 °C uepe3 10 cM® (HIbTpa IPH JaBICHHH
5 ¢M BOJHOTO CTOJI0A).

Tommuna cyxoro ¢punbTpa 260 MM (0.26 Mm).

W3mepeHust 37eKTPONPOBOTHOCTH M IOTEHLIUAJIOB
TEYeHHs MPOBOJAMIINCH Ha TIAKETE U3 YeThIpeX (PUIIbT-
POB, U caMbIM TPYAHO OIpEACISIEMbIM IapamMeTpoM
oKazajach TOJIIUHA MAKEeTa, IIOCKOJIBKY IPU KOHTAKTe
¢ ANEeKTpoIuTOM MeMOpaHa Habyxaer. Ecim memOpa-
Hbl HaxXxOJWJIMCh B KOHTakKTe C PacTBOPOM IMOpsAKa
CYTOK, TO MakeT u3 4 HaOyXmux MeMOpaH MMeJ TOJI-
nmHy okono 2.30 mm (obpasery 1). [Taker u3 4 mem-
OpaH, Ha KOTOPOM H3MEpPSUIH yAEIbHYIO 3JIEKTPOIIPO-
BOJHOCTh MaTepuaia B pactBopax NaCl, Haxoamics
B KOHTAKT€ C AJIEKTPOJIMTOM 2 4 M HMEN TOJIIUHY
1.78 mm (00pasist 2—4).

[Tockosbky mpu pacdere yAENbHOW 3JIEKTPOIPO-
BOJHOCTH MeMOpaH 3HATh TONIHUHY MeMOpaHbI HE00-
XOAMMO, a TaKXe Uil MOHMMaHHS TOTO, HACKOJBKO
CaMH H3MEPEHUs 3JICKTPOIPOBOJHOCTH JAIOT aJIeK-
BaTHbIE Pe3yJbTaThl, U MaKeTa MeMOpaH BECOBBIM
METO/I0M ObLIa OlleHeHa 0OBEeMHasi TIOPUCTOCTE W —
OTHOIIIEHHE o0BeMa Top K obmeMy oO0beMy HalOyx-
nreli MeMOpaHsbl:

W= I/nop — Vnop — Vnop —
VM S M dM VI‘IOp + VMaTep
_ (Men B Mcyx ) (5)
(MBn _Mcyx)+(Mcyxpsnl /pmf)
tne V> Vis Vi — 00BEMBI mOp, MeMOpaHbl
B IICJIOM, MaTr€puajia, U3 KOTOPOro U3roToBj€Ha MEM-
6paHa, COOTBCTCTBCHHO, SM — IIJIo1aab 06pasua

MeMOpaHbl; M,

HaCBIIICHHOI'O 06p3.31_IOB COOTBCTCTBCHHO,

u M, — Macchl cyxoro M BIaro-

psal B
IIJIOTHOCTBh pacTBOpa, pmf — IINIOTHOCTH MaTcpuaia

¢unpTpa. Cymka akKypaTHO BBIHYTBIX W3 pacTBopa
obpasros mposoamwiack npu 100 °C. TlorpemHocTs
onpeaencHus 3HaueHu W He npespimaet 2%.
Omnpenenenne 0OBEMHOHM MOPUCTOCTH MeMOpaH-
HBIX MaTEpPHajIOB IPH aHAIN3E MX TPAHCHOPTHBIX Xa-
PaAKTEPUCTUK NPOBOAAT €LIe U MOTOMY, 4YTO JTOT

mapaMmeTp CBs3aH ¢ KOA(DPHUITMEHTOM CTPYKTYpPHOTO
compoTtuBieHusi. OOBEMHasi MOPUCTOCTh OTPaKaeT
MPOCTPAHCTBO B MeMOpaHe, TOCTYIHOE Ui QHUIbTpa-
UM U TPOXOXKJCHHS TOKa, a KOIQUIMEHT CTpyK-
TYpHOTO COIPOTHBIICHUSI ONPENENSETCS TOM 4YacThio
o0bemMa MeMOpaHbl, KOTOpasi HEJOCTYIHA I TpaHC-
nopra. Ecnu npuaep’uBaTbes MPOCTEHIIEH MOJIEIU
MeMOpaHbl — WIMHIPUYECKHE KalWLIIPBl OAMHA-
KOBOT'O pajlyca, paclioyIOKEHHbIE HOPMAaJbHO K II0-
BEPXHOCTH, TO JIETKO II0Ka3aTh, YTO B TOM CIy4YaerT,
KOTJa XHIKOCTh M 3JCKTPHUECKHHA TOK IMPOTEKAIOT
MO OJHWUM U TE€M e TopaM (M JIEKTPOIPOBOJHOCTU
pactBopa B MeMOpaHe W BHE €€ OJUHAKOBHI, T.C.
a=1), fW = 1. Ecau nopsl pacroioXeHbl HAKIIOHHO
K TIOBEPXHOCTH MeMOpaHbl — JJIMHA TOPHI / OOIbIIIe,
4eM TONIIHHA MeMOpaHbl d,;, TO MOXHO BBECTH
(opmManbHBIHT K03 pueHT M3BUIIUCTOCTH
K=1/d,,. Ins takux nop BW = K*. Tlostomy co-
BMECTHOE omnpenenenue Benuund f§ u W, ¢ oxHo#

CTOPOHBI, JaeT JIOTOJHHUTENBbHYI0 HH(OpMANNIO
0 CTPYKTYpe QUIIbTpa, a ¢ APYrol CTOPOHEI, SBIISETCS
MPOBEPKON TMPAaBUJIBHOCTH HCHOJIB30BAHHBIX METO-
JIMK, TIOCKOJIbKY W He MOXeT ObITh MeHbIIe 1.

Omnpenenenne BenUunH W mpoBenu JUisi TMakKeTa
MOJTHOCTBHIO HAOyXmux MeMOpaH (oOpaser 1), makera
MeMmOpaH, koHTakTHpoBaBmero ¢ 0.1 M pactBopom
NaCl 2 u (o6pazen 2), u 115 TaKeTOB MeMOpaH 1mociie
n3Mepenuit nmorenuuanoB teuenusd B 0.01 u 0.001 M
pactBopax NaCl (oOpasubr 3-a u 4-a COOTBETCTBEH-
HO). IlockonbKy W3MepeHHs TOTCHLUANOB TCYCHHUS
MIPOBOAWIIM TIpH AaBiieHusiX 10 30 cM pT. CT., TO TOJ-
IIMHA TIaKeTa MeMOpaH, KOTOPBI HaxXOAMJICA MOJ
JaBlicHHeM B OOIIeld CIOXHOCTH JIO TMoJydaca,
YMEHBIIANACh U COCTaBIsUIa Cpa3y IOCIE CIMBa pac-
tBOpa 1.0-1.2 Mm.

Ucnonw3ys ypaBHenne (5), MOXXHO TOJIYYHUTh, YTO
JUTst O0paslioB i U j pa3HOW TOJIIIMHBI TPU MOCTOSH-
HBIX II0IIaau S 1 o6beMe MaTepuana Qunptpa V,

arep *

d,_(-w)

1

d,” (=)

J

(6)

Pe3ynbrarer onpeneneHus TONIUH U MIOPUCTOCTEH
00pas3IoB MpuBeIeHBI B Ta0M. 1.

Ta6a. 1. CTpykTypHbIe HapaMeTphbl TakeTa MUKPO(UIETPOB

Howmep obpazua d, MM w S K
1 2.30 0.969 1.03 1.00
2 1.78 0.960* 1.08 1.02
3-a 1.20 0.940 - — * PAcCYMTAHO TI0 YPaBHEHHIO
(6) ¢ wucromb30BaHWEM TOJI-
4-a 1.00 0.927 — — e 1 1 2 00pasios.

HAVYYHOE [NPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 1
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Tabur. 2. YaenpHas 2JIEKTPONPOBOIHOCTh MakeTa MUKPOGUILTPOB (00pasibl 3-a u 4-a — 3T0 00pasipl 3 U 4 COOTBETCT-
BEHHO I0CJIC U3MEPEHUI MOTEHITMAIA TCUCHHUS )

01—61122432; oM pH du OM?-II:;M_I OM(ﬁ/SM"I p ¢
1 0.1 6.34 2.30 9.581-10° | 9.322-10°° 1.03 1.00
2 0.1 6.34 1.78 9.529-10° | 8.837:107 1.08 1.00
3 0.01 6.0 1.78 1.069-107° 1.045-107° (1.08) (1.06)
3-a 0.01 6.0 2.20 1.073-107° 1.141-107 | (1.03-1.08) | (1.10-1.15)
4 0.001 6.1 1.78 1.200-107* 1.468-107° (1.08) 1.32
4-a 0.001 6.1 1.00 1254107 | 2.026-107 | (1.03-1.08) | (1.66—1.74)

N3 tabn. 1 BugHO, YTO OOBEMHAs MOPUCTOCTh
BO Bcex cimyuasx npesbimaeT 90%. To, 4To u3MepeH-
HBbIE BEJIWYHMHBI TOJIIWH MeMOpaH AOCTOBEPHBI, MO-
TBEpXKIAeTCs CIEAYIONMMH cooOpaxeHusmMu. Ecmm
MBI Ui 00pa3ua 4-a paccyuTaeM ero TOJIIUHY U3 H3-
MepeHuH ToMmuHBI o0pasma 1 u mopucrocTeil obpas-
1oB 1 ¥ 4-a win U3 TONMLMHBEI 00pa3ua 3-a ¥ MOpUCTO-
cTei 00pa3noB 3-a u 4-a, TO MBI TTIOMYINM dg, = 1.0 MM,
COBMAJIAIONIEE C U3MEPEHHBIM.

PesynbTathl onpeneneHus yAEIbHBIX 3IEKTPOIPO-
BOJIHOCTEW PAacTBOPOB M MUKPOQIIETPOB MPUBEICHBI
B Ta0x1. 2. BuaHo, uyTo K03 PHIMEHTH CTPYKTYPHOTO
conpoTtuBieHus, Haimennele must 0.1 M pacTBOpa,
MMEIOT pa3yMHBIN MOPSIOK, COTTIACYIOMIUICS C BBICO-
KUMH 3HAYCHUAMH OOBEeMHOHM mopucTtocTH. Kpome
TOTO, camas BJIarOHACHIIEHHas MeMOpaHa (oOpa-
3en; 1) uMeeT KO3(PPUIMEHT U3BUIMCTOCTH, PaBHBIN
eaunuIle (Tabmn. 1), 9TO TakKe TOBOPUT B TOJB3Y ClIe-
JIAHHBIX OLEHOK BEIMYHH CTPYKTYPHBIX NapameTpoB.
YMeHbpeHne TommuHbl GuasTpa g0 1.78 MM (obpa-
3el 2) MPUBOAMUT K HEOOJBIIOMY POCTY BEIUYUH [
uk.

Ecnu cunrarh, 4TO NpH MOCTOSHHON TOJIIMHE Ma-
KeTa K03 (OUIMEHT CTPYKTYPHOT'O COTPOTHBIICHHS HE
MEHSIETCS, TO W3MEHEHHE KOHIIEHTpPAIMH pPacTBOpa
(oOpasupl 3 u 4) IPUBOAUT K HEOOJIBIIIOMY POCTY Be-
JUYUH @ ¢ pa30aBICHUEM B COOTBETCTBUU C TEOPETH-
YeCKUMH MPEACTABICHUSIMU. V3MepeHue dIIeKTpo-
NPOBOJHOCTH TakeTa (UIBTPOB TOCIE W3MEpEHHH
norenuuana tedeHust B 0.01 pactBope (oOpazen 3-a)
MPOBOJMIIM MPUMEPHO Yepe3 4ac MOocie MOMEICHHUs
nmakera B pactBop. Ero TommmHa 3a 3TO BpeMs BO3-

pocna ¢ 1.2 mm jio 2.2 mm. Usmepenue s oOpasia
4-a OBIJIO MPOBEICHO MPAKTUYECKH cpasy IOCIe IO-
MEIEHHs €ro B sYelKy (4epe3 HECKOJIbKO MHHYT
U TeMIIepaTypa, Ipu KOTOPOH MPOBOIMIN BCE OCTAJb-
HbIe U3MepeHust dnekrTponpoBogroctr, 20 °C eie He
ycrena yCTaHOBUTHCS), TIOATOMY €T0 TOJIIWHA OCTa-
Jach TOHM K€, YTO M B KOHIIE M3MEPEHUH MOTEeHIHMaa
tedernd (1.0 mm). M3 Tabn. 2 BUAHO Takxe, 4TO Be-
JIMYUHBL YAETBHBIX 3JIEKTPOIIPOBOJHOCTEH MeMOpaH
Oy U 00pa3oB TOCe 3JIEKTPOKUHETUYECKUX H3Me-
peHUI HECKOJIBbKO Bo3pacTaroT. OueHka ko3 dummeH-
TOB 3((QEKTUBHOCTH C HCIIOJIH30BAHHEM HaHJAEHHOTO
WHTEpBaa 3HauYeHUN £ (CHU3Y W CBEpXY), IPUBEICH-
Hast B Ta0i. 2, mokaseiBaet, yto B 0.01 M u 0.001 M
pactBopax NaCl BemmumHbl @ UMerOT mopsgok 1.1
u 1.7 coorBercTBeHHO. HEeoOX0aMMO OTMETHUTH, YTO
9TH 3HAYEHUs o U B B HALIEM Cllydae — YIUIOTHSIO-
muxca B Ipouecce (UIbTpPAaUH IaKeTOB MHKpO-
(GUIBTPOB — HE COOTBETCTBYIOT YCIOBHSIM H3Mepe-
HUHM MOTEHLUAJIOB TEYCHUS, IOCKOJIBKY IO Mepe yI-
JIOTHEHUSI CTPYKTYpbI QUIbTpa OyAyT pacTH Kak Ko-
3¢GULMEHT CTPYKTYPHOTO CONPOTUBIICHUS, Tak
n k03 dunurentT 3 HeKTUBHOCTH BCIEACTBUE YMEHB-
IICHHUS Pa3MePOB IOPOBBIX KaHAIOB.

Pesynpratel n3MepeHWH NOTEHLIUAIOB TEYEHUS
npuBeAeHBl B Tabn. 3. BumgHo, 9TO0 MeMOpaHbI B HC-
CJICIOBAaHHBIX PAcTBOPaxX 3apsDKEHbI OTPULATENBHO.
Amnanu3 nmonyueHHsIX B 0.1 M pacTBOpe pe3ynbpTaToB
MOKAa3bIBAET, YTO IIPH JABJIECHUIX 0KoJio 10 cM pT. CT.
npu BpeMeHH (QuibTpaiun He 6oibine 30 ¢ BETUYHHBL

Ay, /Ap mpu momade W CIyCKe IaBICHUS OIWHAKO-
Bbl, MpH 00Jee BBHICOKMX JABJICHUSIX HAOIIONACTCS

HAVYYHOE ITPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 1



PEAJIM3AIINA AKYCTOSJIEKTPUYECKOI'O ITPEOBPA3OBATEIJIA. 2. 7

crang abcomoTHbIX 3HaueHuid Ay, /Ap . CHikenue

3HA4YECHU I |Al//s /Ap| B 0.1 M pacTtBOpe COCTaBUJIO

3a BpeMs usMepeHuid 35% Ha mnogade JaBlICHUS
(2.90-10°-1.89-107%) u 45% upu crycke NaBIeHHs

(2.90-10°-1.58-107%). TIpuumHOii M3MEHEHHIT TIOTEH-
[UaJIOB TEUCHHS MPU POCTEC BHEIIHETO JaBIICHHS
B TIEPBYIO OYEPE/Ib MOXKET OBITh M3MEHEHHE CTPYKTY-
pel QUIBTpa, HO B KOHICHTPHUPOBAHHOM pPacTBOpE
3TOT (paKTOp JOIKEH OBITH HE CTOJIb 3HAUHUM.

Tadn. 3. Ilotennmansl TeueHuss MUKpPOGUIbTpoB B pactBopax NaCl (3HaueHus
Ay / Ap TipHBENEHBI B TOM IOPAIKE, B KOTOPOM MPOBOIMIA H3MEPCHHS)

Homep o, ») Ay / Ap,
06pa0311a / C,M O oar”! enpr . MB/(cm pr. ct.)
t,°C (momaua / cryck p)
9.7 (2.90-2.90)-107*
14.0 (2.90-2.00)-107>
20 (2.25-2.00)-107>
9.5 (2.42-2.42)-107*
14.8 (2.36-2.30)-107
2/23 0.1 1.015-107* 19.6 (2.30-1.94)-107
30.4 (2.14-1.61)-107>
9.7 (1.86-1.86)-107>
30.4 (1.81-1.58)-107>
14.6 (1.78-1.64)-107>
9 (1.89-1.89)-107*
9.8 (0.495-0.495)
14.2 (0.493-0.493)
21.4 (0.505-0.477)
29.4 (0.505-0.477)
9.8 (0.490-0.469)
3/23.5 0.01 1.131-107° 20 (0.475-0.459)
30 (0.490-0.469)
10 (0.477-0.477)
29.8 (0.463-0.459)
14.5 (0.441-0.441)
10 (0.450-0.450)

HAVYYHOE [NPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 1
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Taou. 3. Oxkonuanue

Howep o ) Ay, | dp,
oGpasiia / C,M Or o ext p o, MB/(cM pT. cT.)
t,°C (nonaua / cryck p)
10 (4.220-4.220)
15.1 (4.106—4.068)
19.8 (3.990-3.990)
20.0 (4.125-4.100)
30.1 (4.219-4.178)
20.0 (4.125-4.040)
20.0 (3.950-3.817)
47235 0.001 | 1.269-10°* 15.0 (4.000-3.833)
10.0 (3.922-3.863)

5.4 (4.106-4.018)

15.3 (3.856-3.758)
20.4 (3.872-3.722)
30.0 (3.900-3.867)
30.3 (3.844-3.820)
10.2 (3.784-3.784)

Bropoit mpuumHO#, Hambonee YacTo MPOSBISAIO-
miefcs Ui MUKpOQUIBTPOB, SBIAETCS HATWYME MHK-
podacTuIl B QHIBTPYEMOM PacTBOpPE, KOTOPHIE MOCTe-
NIEHHO 3a0uBalOT QUIBTP, YTO M NPUBOAUT K CHIDKE-

HUIO 3HAYEHHI |A‘//s / Ap|

[TosTomy Oonee pa3baBiieHHbIE PAcTBOPHI IEPEn
WU3MEpPEHHUSMH CHauasa (UIBTPOBAINM Yepe3 IMakeT
13 AByX (MIBTPOB, a TIOTOM YK€ HCIIONB30BAIN IS
ANEKTPOKMHETHUECKUX U3MepeHnii Ha oOpasuax 3 u 4.
AHanu3 MONYyYEeHHBIX JaHHBIX TTOKA3bIBAaeT, YTO 0Oec-
MBIJTMBAaHUE PACTBOPOB NMPUBOJAUT K TOMY, YTO HU3Me-

HEHHUE 3HAYCHUI |Al//_v / Ap| 3a BpeMs (puibTpaluu He

npeBbimaeT 9-12% Ha momadye M CIycKe JaBICHUS
COOTBETCTBEHHO. M 3TU H3MeHeHUs IEUCTBUTECILHO
MOTYT OBITH CBSI3aHBI C M3MEHEHUSIMHU CTPYKTYDHI I1a-
KeTa MUKPO(UIBTPOB IMOJ JABICHUEM — YMEHBIIIC-
HUE pa3MEpOB IMOPOBHIX KaHAJOB MPHUBOIUT B 3aps-

JKEHHOW CHUCTEME K U3MEHEHHUAM 3JIEKTPOIPOBOJIHO-
CTU TOPOBOM KHUIKOCTHU: €€ POCTY, YTO BBI3BIBAET

YMEHBUIEHUE U3MEPSIEMON BETUUHHBI |Al//s / Ap| .
Pesynbrarel pacuera BEIMYHUH BIIEKTPOKHHETHYE-

CKHX MMOTCHIIMANIOB MPUBEACHHI Ha puc. 2. s pacue-
Ta  HCIIOJb30BaIU MAaKCHMAJIbHBIE 3HAYECHUS

|A(//S / Ap
[IMAJIOB TEUYCHUS, U WHTEPBaJ BEIUYNH (, TPUBEICH-
HBIX B Tabn. 2 mns obpasno 3-a u 4-a. Bugno, yto
3aBUCUMOCTh  DIICKTPOKMHETUYCCKUX IOTCHIIMAIOB
¢ 0t, HaliIeHHBIX C Y4ETOM IOBEPXHOCTHOU TMPOBO-

AUMOCTH, IMPAKTUYCCKHU JUHEHHA W YAOBJICTBOPU-
TCJIBHO COMIACyCTCA C TCOPCTUUCCKHUMU IIPEACTaBIIC-
HUAMHU O CTPYKTYpC ,Z[BOﬁHOFO SJICKTPHUICCKOIo CJIOs,

, IOJIYUYCHHBIC B HaYaJi€ I/I3M€pCHI/Iﬁ IIOTCH-

XOTSI BEJIUYMHBI ‘4’ Oa‘ B 0.001 M pactBOpe MOryT

OBITh ¥ HECKOJIBKO 3aHUKCHHBIMU.

HAVYYHOE ITPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 1
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Puc. 2. 3aBHUCUMOCTB 3JI€KTPOKMHETHYECKOT0 OTeHIMaMa MUKpodmisTpoB Whatman GF/A

oT KoHIeHTpatuu pactBopoB NaCl

PEKOMEHJIALINHA

MO YBEJIMYEHHIO DPOPEKTUBHOCTH
AKYCTODJIEKTPHYECKOI' O

MMPEOBPA30OBAHMS B DJIEKTPOJINTAX

[Tockonpky mokazarenaeM 3QGEeKTHBHOCTH aKyCTO-
3JIEKTPUYECKOro Mpeodpa3oBatelis sIBISETCS, B 4acT-
HOCTH, €ro 4yBCTBUTEIBHOCTH, OINpeJesieMas IpH
JIOMHHHUPOBAaHUU OOBEMHOW IPOBOJAMMOCTH BBIpaxe-
HueM [1, (4)], a mpu HEBO3MOKHOCTH UTHOPHUPOBAHUS
MMOBEPXHOCTHOW MPOBOAUMOCTH — BBIpaXXeHHEM [1,
(14)], To ¢dopManbHO MOXHO IOJIb30BATHCS ITUMU
3aBUCHMOCTSIMU TIPH ONPEJICICHUN XapaKTePUCTUK
MeMOpaH M 3JIeKTponuToB. Tak, u3 BeIpaxkeHus |[1,
(4)] BUIHO, 9TO YYBCTBHTEIHHOCTH IpeoOpa3oBarems
MpsIMO  TIPOTIOPIIMOHANIFHA OTHOCHUTENEHOM JTHAJIEK-
TPUYECKOH MPOHHWIIAEMOCTH pAacTBOpa, BEIUYHHE
{-TIoTeHIaNa 1 00paTHO MPOTIOPIHOHAFHA JHHAMH-
YEeCKOH BSI3KOCTH # U YIEIbHOI MPOBOJIUMOCTH 0 pac-
TBOpa. B ciyuae Hanmuuusi MOBEPXHOCTHOW MPOBOJIH-
MoctH (BeipakeHue [1, (14)]) 3aBHCUMOCTD YCIIOXKHS-
€TCsl, HO B LIEJIOM OCTaeTCs MOXO0XKEH.

Kpome TOro, aHanu3 WMEIOMMXCS B KOJUIOWUTHO-
XMMHUYECKOW JIUTEpPaType TEOPETHUECKUX U DKCIEPH-
MEHTAIBHBIX PE3yJIbTaTOB MOKA3bIBAET, YTO JIS JIOC-
TH)KEHHSI MAaKCUMAaJIbHBIX BEJIMYMH H3MEPSEMBIX s

HAVYYHOE [NPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 1

3apSAKCHHBIX MCM6paHHI>IX CHUCTCM B BOJHBLIX PAaCTBO-

pax 3JEKTPOIMTOB MMOTCHIIUAIOB TCUCHHS |Al//s / Ap

9

HEOOXOJMMO YUUTHIBaTh cieaytomue (akropsl. [Ipu
HAJIO)KCHUH BHEUIHETO JABJICHUS MaTephal MeMOpa-
HBI HE JTOJDKeH aedopMupoBathes (cxumathbes). Cka-
THE TPHUBOAMT K YMEHBIICHHIO Pa3MEPOB TOPOBBIX
KaHaJOB (COMMXEHUIO MOJUMEPHBIX LeNeH A 1o-
JUMEPHBIX MEMOpPAHHBIX MAaTEpHUanoB), YTO MOXKET
MPUBOANTh K YMEHBIIEHUIO aOCONIOTHBIX 3HAYEHUH
MOTEHIUAIOB Te4eHUsl. Ecnu moBepXHOCTHBIN 3apsin
MeMOpaHHOTO MaTepuajia HE 3aBHCHUT OT COCTaBa
KUIKOHU (ha3pl (MaTepHaibl, 3apsii KOTOPHIX Omperne-
JIeTCsl HAIMYMEM Ha MOBEPXHOCTH MOPOBBIX KaHAJIOB
NPAaKTUYECKH BCETAa AMCCOLMMPOBAHHBIX I'PYMII, Ha-
npuMmep cysb(Oorpymni), TO U3MEPEHUs CileqyeT Mpo-
BOJIUTH B pacTBOpax WHAN(DPEPEHTHOTO AIEKTPOIHTA,
HMOHBI KOTOPOTO B3aUMOJICHCTBYIOT C MOBEPXHOCTHIO
TOJIBKO 32 CYeT KYJIOHOBCKMX cHil. B mepByio ouepenp
910 1:1-3apsiAHbIE 3JEKTPONMTHL, W VI JOCTAaTOYHO
HIMPOKOTO KPyra OOBEKTOB B KayecTBE TAKOTO 3JIEK-
TpOJINTa MOXKET OBITH BBIOpaH Xxiopua Harpus. Eciu
JIUCIIEPCHBIA MaTepHuall, U3 KOTOpPOoro copMupoBaHa
MOpUCTasi CHUCTEMa, TIPENCTaBIsET COOOW WMOHHEIN
KpPHUCTAJUI, TOBEPXHOCTHBIN 3apsa] KOTOPOTo ofpeje-
JIIETCSl YCTIOBUSIMU CHHTE3a, TO B KadecTBe HHIubde-
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PEHTHBIX 3JIEKTPOJIMTOB MOTYT OBITH HCIIOJIB30BaHEI
1:1-3apsiqHBIC DJIEKTPOJUTEHI, HE COJEPKAIIUE HOHOB,
BXOZSIINX B COCTaB KPUCTAUIMYECKOIN peleTky (Win
nzoMophHBIX ¢ HUMH). [IprucyTcTBHE B pacTBope crie-
MU(UIECKH COPONPYIOMHNXCS TPOTHUBOMOHOB (MHOTO-
3apsiTHBIE MOHBI, IIOBEPXHOCTHO-aKTHBHBIE HOHBI) BCE-
T2 BBI3BIBACT MPEUMYIIECTBEHHOE (TI0 CPaBHEHHUIO
¢ uHAU(QQEPEHTHBIM 3JEKTPOJIUTOM) 3alloJIHEHHE
IITEPHOBCKOTO  CJIOS,, TPUBOJAIIEE K CHHKEHHIO

|§|-HOT€HL{I/I3J'IOB ", CJICAOBATCIIBHO, K YMCHBIICHUIO

3HaAYeHUMN |Al//l\, / Ap|. Ecnu 3apsin aucniepcHoro ma-

Tepuana ONpEeAeNseTcs] HaJUudueM Ha IOBEPXHOCTH
c1abo auccounupyromux (aMm(oTepHbIX) TPYIII, TO BE-
JMYUHA 3apsja 3aBUCHT OoT pH u MOHHOHM cuibl pac-
TBOpa. B aTOM ciiyyae B pacTBopax MHIAUPPEPEHTHBIX
JIEKTPOJIUTOB TIOJOXKEHHUS TOYKH HYJIEBOTO 3apsja
(3Hayenue pH, npu KOTOPOM CyMMapHBIH IOBEPXHO-
CTHBIN 3apsij paBeH HyJ0 — pHrys) 1 m303MeKTpHde-
CKOM TOUKH (3HaueHue pH, mpu KOTOPOM 3JIEKTPOKH-
HETHYECKUH MOTEHITHAN paBeH Hyo — pHyor) mpak-
TUYECKH COBNAAAIOT, U IPOBOJUTH U3MEPEHHS CIIELYET
MPY MaKCUMAaIbHO BO3MOXKHOM cMemleHun oT pHypr.
Jnd OKCHIOHBIX CHCTEM HM3MEPEHHS MOYKHO TaKKe
MIPOBOJIUTEH U B PACTBOPAX, COAEPIKAIINX MOTEHIUAII-
OTIpeeNsIoNne MOHBL. Ecium roBoputh 00 HOHHOM
CWJIE JJIEKTPOJIUTA, TO €€ CHU)KEHUE B TEX YCIIOBUSX,
KOI'/Ia JBOMHBIEC 3JIEKTPUYECKUE CIIOM HE MEPEKPBITHI
(pa3mepsl OPOBBIX KaHAJIOB HA 2—3 MOpsAKa MPEBbI-
HIAIOT TONIIUHY TU(GPY3HOTO CII0s1), IPUBOIUT K MaK-
CHMaJIbHO BO3MOXKHBIM JUISI KOHKPETHOH (110 XUMHYe-
CKOMY COCTaBYy) TpaHHIbI pa3aena (a3 BeTMuuHaAM

|A v,/ Ap|. Tak, HarpuMep, MaKCUMaJbHbIE 3HAYCHUS
|§ | -TIOTEHIIAAJIOB (2 3HAYUT, 1 MAaKCUMaIIbHbIE 3HAYE-

HUS |A v,/ Ap| ) I MOBEPXHOCTH KBAapLEBOTO CTEKIA

HaAOIOANCE TS TUIOCKOMIapayUIeIFHOTO KaNMIIsIpa
BbICOTOH 60 MKM B 107> M pactsopax HCI [5].
[TockonbKy peanbHBIE MEMOpPAHHBIE CHCTEMBI, KaK
MIPABUJIO, MTOJHMIUCIIEPCHBI, TO BaXKHO, YTOOBI pacmpe-
JISJIEHUE TIOp 10 pa3MepaM OBLIO TOCTaTOYHO Y3KHM,
T.€. 4TOOBI BKJIAJl TOHKUX IOpP B TPAHCIOPTHBIC MPO-
Hecchl ObUT HE3HAYMTENICH. DTO BaXKHO €lle W C TOU
TOYKH 3pEHHs], YTO BIIMSHUE TTOBEPXHOCTHOW TPOBO-
JIUMOCTH Ha W3MEPSEMbIC BEJIHYMHBI IOTCHIIMATIOB
TEYEHHUS CKA3bIBACTCS TOJBKO B TOHKMX TOpax (M3Me-

pAemasi BeJIM4YMHA |A1//Ay / Ap| yMmeHBITIaeTCs B o pas),
XOTS B OY€Hb pa30aBJICHHBIX PACTBOPAX JIaXe B IIOpax

C MUKPOHHBIMH pa3MepaMH 3HadeHHs Kod(QQHuImeH-
TOB 3(pPEKTHBHOCTH 0 MOTYT COCTaBIATH 1.2—1.3.

BbIBO/JIbI

[IpuBeneHsl METOIMKHM HW3MEpPEHHA  yAEIbHON
3JIEKTPOTIPOBOAHOCTH MEMOpaH, MOTEHIIHAJIOB Tede-
HUSl U CTPYKTYPHBIX apaMETPOB MHUKPO(UIBTPOB —
00BbEMHON TIOPUCTOCTH U KO3(PQPHUIUEHTOB CTPYKTYp-
HOro comnportuienus. Ilomyuennsie 8 107°-10" M
pacTBOpax XJIOpUAA HATPUS PE3yJIbTaThl OKa3bIBAIOT,
9TO U IOJy4YeHHS! CTaOMJIbHBIX 3HAYEHHH IOTEH-
[MaJIOB TEYEHUS, a CIIeJ0BaTeNbHO, U Ui obecreue-
HUS CcTaOMIBHONW paboTBl  aKyCTORJIEKTPHUYECKHUX
npeoOpa3zoBareield B JKUAKOCTSIX, HEOOXOAWMO HC-
MOJIF30BaTh MPEIBAPUTENHHO OYWIIEHHBIE OT MUKPO-
9acTUL PacTBOPbl MHAM((EPEHTHBIX 3JIEKTPOIUTOB.
[Ipu wucmonp30BaHMM PACTBOPOB, COJEPKAIIMX IIO-
TEHIHAIONPEALNAIONINEe HOHBI, HEO0OXOAUMO HPOBO-
JUTHh U3MEPEHMsSI BJIAIH OT W303JIEKTPHUUECKOM TOUKH.
Taxxe HEOOXOAMMO HCIIONH30BAaTH MEMOpPaHBI C He-
W3MEHHOH (IIpM BO3ACHCTBHM BHEIIHETO JABJICHUS)
CTPYKTYPOU MOPOBOTO MPOCTPAHCTBA, MPUIEM C JIOC-
TaTOYHO Y3KUM paclpeiesieHUEM MOpPOBBIX KaHaJIOB
mo pasmepaM. [lomydeHHble pe3yibTaThl MPHU3BAHBI
YBEJIIMYUTh B KOHEYHOM MTOr€ YyBCTBUTEIHLHOCTD
THAPOQOHOB, OCHOBAHHBIX Ha NMPUMEHEHUHU DIIEKTPO-
KHHETUYECKHUX dPPEKTOB.

Paboma evinonnena ¢ MAIl PAH 6 pamxax ['ocyoapcm-
6enno2o 3aoanusa 075-00761-22-00 Munucmepcmea Hayxku
U 8bICUUE20 0OPA30B8ANUSL.
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IMPLEMENTATION OF AN ACOUSTO-ELECTRIC CONVERTER.
2. ELECTROKINETIC CHARACTERISTICS
OF MICROFILTRATION MEMBRANES

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 methods of measuring the specific electrical conductivity of membranes, flow potentials, and structural
parameters (volumetric porosity and structural resistance coefficients) of microfilters are presented. Issues re-
lated to increasing the efficiency of acoustoelectric conversion in electrolytes are considered using the results of
measurements of the characteristics of microfilters made of borosilicate glass fiber (Whatman GF/A) in NaCl
solutions. The results obtained are intended to increase the sensitivity of the hydrophone based on the applica-

tion of electrokinetic effects.

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

INTRODUCTION

In the first part of this work [1] the characteristics
of the electrokinetic phenomena that occur under con-
ditions of external pressure application to the mem-
brane system (a porous partition separating two elec-
trolyte solutions of the same chemical composition)
were considered, including the influence of system
parameters — the size of pore channels, concentration
and type of electrolyte — on the experimentally
measured values of the flow potentials. For experi-
mental studies of flow potentials in membrane sys-
tems, Whatman GF/A microfilters [2] were chosen,
and their electrokinetic characteristics were measured
in sodium chloride solutions in the concentration
range 10°—10"" M. To calculate the values of the elec-
trokinetic potentials, it was necessary, in addition to
measuring the flow potentials, to also measure the
specific electrical conductivity of the membranes.
Consider the measurement methods used and the re-
sults obtained.

11

METHOD FOR MEASURING THE SPECIFIC
ELECTRICAL CONDUCTIVITY OF MEMBRANES

The most commonly used method is the difference
method for measuring membrane conductivity [3,
p- 113-124], the scheme of which is shown in Fig. 1.

Fig. 1. Scheme of a cell for measuring the electrical
conductivity of membranes.

1 — membrane, 2 — disk electrodes, d, — distance
between electrodes, dj; — membrane thickness, I'en.
— generator 1 kHz, IT — RCL meter E-7-11

The cell is in an equilibrium thermostated solution,
and the measurements were carried out at 20 °C at
a frequency of 1 kHz (RCL meter E-7-11). First, the

resistance of the cell without a membrane R, is

measured, and based on this value, you can obtain the
area through which the current flows:
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A=d,/ R0, 0]

where d, is the distance between the electrodes. Then

the membrane, brought into equilibrium with the solu-
tion, is placed between the electrodes, and the resis-
tance of the cell with the membrane R,,,, is meas-
ured. This resistance is the sum of the resistances of
the solution layers between the membrane R' and the
electrodes and the membrane resistance R,,. If the

resistance of the cell changes by less than an order of
magnitude when introducing the membrane into the
interelectrode space, it can be assumed that the area
through which the current flows is practically con-
stant, and then the specific electrical conductivity of
the membrane can be found using the following equa-
tion [4]:

oy )71 =(Rg.m — R}Y)di + (GVYl > (2)

M

where d,, is the membrane thickness.

For weakly charged membranes, it can be assumed
that the electrical conductivity of the solution in the
membrane practically coincides with that in a free
solution (a = 1) in the case of using a 0.1 M solution
of an indifferent electrolyte, which is usually NaCl.
Based on measurements in this solution, we can ob-
tain the structural resistance coefficient, revealing the
contribution of the non-conductive backbone of the
membrane to its conductivity:

B=0, /04l _oium- (3)

Measurements of the electrical conductivity of
membranes at ¢ < 0.1 M are used to obtain the effi-
ciency coefficients necessary for the correct calcula-
tion of electrokinetic potentials:

a=o0l/o,=0,p/0,. “4)

Note that when using the equation (4) it is assumed
that the membrane structure remains unchanged in the
investigated range of electrolyte concentrations.

METHOD FOR MEASURING
FLOW POTENTIALS

When external pressure is applied to a capillary-
porous system, either the flow current or the flow po-
tential can be measured. In the measuring circuit un-
der steady state conditions [/ =1, =1., where . is
the current flowing through the measuring device.

If we want to measure the current potential, then it
is necessary to use a voltmeter with a large input resis-
tance, which must be several orders of magnitude
greater than the resistance of the membrane system.

When the voltmeter is connected in parallel, the cur-
rent through it /7, will be practically equal to zero,
and we will measure the potential difference of the
flow Aw,. Measuring electrodes can be placed at

a distance of several cm from the membrane.

To measure the flow current, it is necessary to
connect the membrane system in series with a galva-
nometer with a very low input resistance, that is much
less than the resistance of the membrane, and the mea-
suring electrodes (which are made perforated so that
they do not prevent the fluid flow) are superimposed
directly on the membrane. In this case, the volume
ohmic current is much less than the surface current,
and the galvanometer measures the flow current /..

As a rule, the subject to measure is the flow poten-
tial difference, which is methodically much simpler,
and, in addition, when calculating the electrokinetic
potential using the equation [1, (2)], it is necessary to
know the area (A) through which the current flows,
which creates additional difficulties in real systems.

The flow potential difference of microfiltration
membranes was measured at external pressures rang-
ing from 5-30 cm Hg. Equilibrium solutions with
concentrations of 0.01 and 0.001 M were preliminary
filtered through a similar filter to remove micropar-
ticles. The membrane (disk) is placed on a perforated
non-conductive substrate, which serves to create the
mechanical strength of the filter element. If the mem-
brane is not rigid, then it is covered on top with
a smooth perforated metal sheet with a large area of
holes. To prevent lateral flow of the solution around
the contour of the disks, a protective rubber ring is put
on the assembled three-layer filter element. The as-
sembled element is fixed in the holder. As measuring
electrodes in chloride solutions, reversible chlorine-
silver electrodes are used, the asymmetry potential of
which does not exceed 1 mV.

MEASUREMENTS
OF WHATMAN GF/A MICROFILTERS

Whatman Microfiber Filter Paper is made from
100% borosilicate glass fiber.

Passport values:

— 1.6 pm pore size;

— filtration rate: 62 Herzberg(s) (1 Herzberg(s)
equals 100 ml of water passing for 1 s at 20 °C
through a 10 cm” filter at 5 cm of water column pres-
sure.

The thickness of the dry filter is 260 pm (0.26 mm).

Measurements of electrical conductivity and flow
potentials were carried out on a package of four fil-
ters, and the thickness of the package turned out to be
the most difficult parameter to determine, since the
membrane swells upon contact with electrolyte. If the
membranes were in contact with the solution for about
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a day, then a package of 4 swollen membranes had
a thickness of about 2.30 mm (sample 1). A package
of 4 membranes, on which the electrical conductivity
of the material was measured in NaCl solutions, was
in contact with the electrolyte for 2 h and had a thick-
ness of 1.78 mm (samples 2—4).

Because membrane thickness is required when cal-
culating electrical conductivity of membranes, and
understanding the adequacy of results of electrical
conductivity measurements, the gravimetric method
was used to estimate the bulk porosity W — the ratio
of pore volume to total volume of the swollen mem-
brane — for the membrane package:

W = Vl'IOp — VHOp — VHOP —
VM SM dM Vnop + VmaTep
M, -M,)

= ) 5
(MBII _Mcyx)+(Mchp,yol/pmf) ( )

where V. Vis V.

op ey are the volumes of pores,
membrane in general, the material from which the

membrane is made, respectively; §,, is the area of the
membrane sample; M and M, are the masses of

dry and moisture-saturated samples, respectively; p,,
is the density of the solution; p,, . is the density of the

filter material. The samples, neatly removed from the
solution, were dried at 100 °C. The error in determin-
ing the values of /¥ does not exceed 2%.

The determination of the volumetric porosity of
membrane materials in the analysis of their transport
characteristics is also carried out because this parame-
ter is related to the structural resistance coefficient.
Volumetric porosity means the space in the membrane
that is available for filtration and current flow, while
the structural resistance coefficient is determined by
the part of the membrane volume that is inaccessible
for transport. When considering the simplest mem-
brane model — cylindrical capillaries of the same ra-
dius located normally to the surface — it is simple to
show that when liquid and electric current flow
through the same pores (and the electrical conductivi-
ty of the solution inside and outside the membrane is
the same, i.e. o =1) BW = 1. If the pores are inclined

to the membrane surface — the pore length / is greater
than the membrane thickness d,,, then we can intro-
duce a formal tortuosity coefficient K =1//d,,.For
such pores BW = K°. Therefore, the joint determina-
tion of values of B and W, on the one hand, pro-

vides additional information about the filter structure,
and on the other hand, it is a check of the correctness
of the methods used, since SW cannot be less than 1.
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The W values were determined for a package of
completely swollen membranes (sample 1), a package
of membranes that were in contact with a 0.1 M NaCl
solution for 2 h (sample 2), and for membrane pack-
ages after measuring the flow potentials in 0.01 and
0.001 M NacCl solutions (samples 3-a and 4-a, respec-
tively). Since the measurements of the flow potentials
were carried out at pressures up to 30 cm Hg, the
thickness of the membrane package, which was under
pressure for a total of up to half an hour, decreased
and amounted to 1.0—1.2 mm immediately after drain-
ing the solution.

Using equation (5), it can be obtained that for sam-
ples i and j of different thicknesses, while the area S

and the volume of the filter material V. are con-
stant:
d (1=-w))
S J7 (6)
d, (1-W)

J

The results of determining the thickness and poros-
ity of the samples are given in Tab. 1.

Tab. 1. Structural parameters of the microfilter pack-
age

Tab. 1 shows that the volumetric porosity in all
cases exceeds 90%. The fact that the measured values
of the membrane thicknesses are reliable is confirmed
by the following considerations. If we calculate the
thickness of sample 4-a based on measurements of the
thickness of sample 1 and the porosities of samples 1
and 4-a, or based on the thickness of sample 3-a and
the porosities of samples 3-a and 4-a, then we get
dy, = 1.0 mm, coinciding with the measured one.

The results of determining the specific electrical
conductivity of solutions and microfilters are given in
Tab. 2. It can be seen that the structural resistance
coefficients obtained for the 0.1 M solution are of rea-
sonable order, consistent with high values of volume-
tric porosity. In addition, the most moisture-saturated
membrane (sample 1) has a tortuosity coefficient
equal to 1 (Tab. 1), which also speaks in favor of the
estimates made for the values of structural parameters.
Reducing the filter thickness to 1.78 mm (sample 2)
leads to a slight increase in the values of § and K.

Tab. 2. FElectrical conductivity of the microfilter
package (samples 3-a and 4-a are samples 3 and 4,
respectively, after measurements of the flow poten-
tial)
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If we assume that the structural resistance coeffi-
cient does not change with a constant package thick-
ness, then changing the concentration of the solution
(samples 3 and 4) results in a slight increase in the
values of a with dilution in accordance with theoreti-
cal concepts. The measurement of the electrical con-
ductivity of the filter package after measuring the flow
potential in a 0.01 solution (sample 3-a) was carried
out approximately 1 h after the package was placed in
the solution. Its thickness during this time increased
from 1.2 mm to 2.2 mm. Measurements for sample 4-a
were carried out almost immediately after placing it in
the cell (in a few minutes, thus the temperature at
which all other electrical conductivity measurements
were carried out (20 °C) had not yet been established),
so its thickness remained the same as at the end of the
measurements of the flow potential (1.0 mm). Tab. 2
shows the specific electrical conductivities of the
membranes oy, for the samples slightly increase after
electrokinetic measurements. Evaluation of the effi-
ciency coefficients using the obtained range of values
of f (bottom and top), given in Tab. 2, shows that the
values of « are of the order of 1.1 and 1.7, respective-
ly, in 0.01 M and 0.001 M NaCl solutions. It should
be noted that these values of @ and S in our case —
microfilter packs getting compacted during filtration
— do not correspond to the conditions for measuring
flow potentials, since as the filter structures become
compact, both the structural resistance coefficient and
the efficiency factor will increase due to the reduction
in the size of the pore channels.

The results of the measurements of the flow poten-
tials are given in Tab. 3. It can be seen that the mem-
branes in the studied solutions are negatively charged.
For pressures of about 10 cm Hg. and a filtration time
of no more than 30 s, analysis of the results obtained
in a 0.1 M solution shows that the values Ay, /Ap

during the supply and release of pressure are the same.
At higher pressures, a decrease in absolute values of

Ay, /Ap is observed. The decrease in values of

|A v,/ Ap| in 0.1 M solution was 35% during pressure

supply (2.90-107°-1.89-10"%) and 45% during pressure
release (2.90-107°-1.58-107%).

Tab. 3. Flow potentials of microfilters in NaCl solu-
tions (values Ay /Ap are given in the order in
which measurements were taken)

The reason for changes in the flow potentials with
an increase in external pressure, first of all, may be
a change in the filter structure, but in a concentrated
solution this factor should not be so significant.

The second reason, most often manifested by mi-
crofilters, is the presence of microparticles in the fil-
tered solution, which gradually clog the filter and lead

to a decrease in the values of |wa / Ap|

Therefore, more dilute solutions were first filtered
through two filters’ bag before measurements, and
then used for electrokinetic measurements on samples
3 and 4. An analysis of the data obtained shows that
the dedusting of solutions leads to the fact that

changes in values |A v,/ Ap| during the filtration time

do not exceed 9-12% at the pressure supply and pres-
sure release, respectively. These changes can indeed
be attributed to pressure-induced changes in the struc-
ture of the microfilter package: a reduction in the size
of the pore channels in a charged system leads to
changes in the electrical conductivity of the pore fluid:
its growth, which causes a decrease in the measured

Value|A(//S / Ap| .

The results of calculating the values of electroki-
netic potentials are shown in Fig. 2. For the calcula-
tion, we used the maximum values obtained at the
beginning of the measurements of the flow potentials,
and the range of values given in Tab. 2 for samples 3-a
and 4-a. It can be seen that the dependence of the elec-

trokinetic potentials & ’a, that were obtained taking

into account the surface conductivity, is practically
linear and satisfactorily agrees with the theoretical
concepts of the electric double layer structure, al-

though the values \g Oa‘ in a 0.001 M solution can be

somewhat underestimated.

Fig. 2. Dependence of the electrokinetic potential of
Whatman GF/A microfilters on the concentration of
NaCl solutions

RECOMMENDATIONS TO INCREASE
EFFICIENCY OF ACUSTOELECTRIC
CONVERSION IN ELECTROLYTES

Since the indicator of the efficiency of an acous-
toelectric transducer is, in particular, its sensitivity,
which is determined by the expression [1, (4)] when
the bulk conductivity is dominant, and by the expres-
sion [1, (14)] when the surface conductivity cannot be
ignored, these dependences can be used formally for
the characterization of membranes and electrolytes.
So, as a result of expression [1, (4)], the sensitivity of
the transducer is directly proportional to the relative
permittivity of the solution, the value of the
{-potential and inversely proportional to the dynamic
viscosity 7 and specific conductivity ¢ of the solution.
In the case of the presence of surface conductivity
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(expression [1, (14)]), the dependence becomes more
complicated, but generally remains similar.

In addition, an analysis of the theoretical and expe-
rimental results available in the literature on colloid
chemistry shows that a number of factors must be tak-
en into account to obtain the maximum values of the

flow potentials |Al//3, / Ap|, measured for charged

membrane systems in aqueous solutions of electro-
lytes. When external pressure is applied, the mem-
brane material must not deform (compress). Compres-
sion leads to a decrease in the size of the pore chan-
nels (the convergence of polymer chains in the case of
polymeric membrane materials), which can lead to
a decrease in the absolute values of the flow poten-
tials. If the surface charge of the membrane material
does not depend on the composition of the liquid
phase (materials which charge is determined by the
presence of almost always dissociated groups on the
surface of pore channels, for example, sulfo groups),
then measurements should be carried out in solutions
of an indifferent electrolyte, in which ions interact
with the surface only due to Coulomb forces. First of
all, these are 1:1-charged electrolytes, and for a fairly
wide range of objects, sodium chloride can be chosen
as such an electrolyte. If the disperse material, from
which the porous system is formed, is an ion crystal,
the surface charge of which is determined by the syn-
thesis conditions, then 1:1-charged electrolytes that do
not contain ions that are part of the crystal lattice (or
isomorphic with them) can be used as indifferent elec-
trolytes. The presence of specifically sorbed counte-
rions (multiply charged ions, surface-active ions) in
the solution always causes predominant (when com-
pared with an indifferent electrolyte) filling of the

Stern layer, resulting in a decrease in |§’ |—p0tentials,

and, consequently, in a decrease in Values|Al//S / Ap|.

If the charge of a dispersed material is determined by
the presence on the surface of weakly dissociating
(amphoteric) groups, then the value of the charge de-
pends on the pH and ion strength of the solution. In
this case, in solutions of indifferent electrolytes, the
positions of the zero charge point (the pH value at
which the total surface charge is equal to zero —
pHrus) and the isoelectric point (the pH value at
which the electrokinetic potential is equal to zero —
pHuor) practically coincide, and measurements should
be carried out at the maximum possible bias from
pHust. For oxide systems, measurements can also be
carried out in solutions containing potential-
determining ions. If we talk about the ion strength of
the electrolyte, then its decrease under conditions
when the double electric layers are not overlapped
(the dimensions of the pore channels exceed the
thickness of the diffuse layer by 2—3 orders of magni-
tude) leads to the maximum possible values for a spe-
cific (in terms of chemical composition) phase boun-
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dary |AwY /Ap|. For example, in 10° M HCI solu-
tions [5], the maximum values of |§ |—p0tentials (and

hence the maximum values of |A v,/ Ap| ) for the sur-

face of quartz glass were observed on a plane-parallel
capillary 60 pm high.

Since real membrane systems are usually polydis-
perse, it is important that the pore size distribution be
in a sufficiently narrow range; so that the contribution
of fine pores to transport processes would be negligi-
ble. This is also important in the light of the fact that
the effect of surface conductivity on the measured
values of the flow potentials affects only thin pores

(the measured value |Al//5 /Ap| decreases a-fold),

although in heavily diluted solutions, even in pores
with micron sizes, the values of the efficiency coeffi-
cients o can be 1.2—-1.3.

CONCLUSIONS

Methods for measuring the specific electrical con-
ductivity of membranes, flow potentials, and structur-
al parameters of microfilters — volumetric porosity
and structural resistance coefficients — are presented.
The results obtained in 10°~10"" M sodium chloride
solutions show that in order to obtain stable values of
flow potentials and, consequently, to ensure the stable
operation of acoustoelectric transducers in liquids, it is
necessary to use solutions of indifferent electrolytes
previously purified from microparticles. When using
solutions containing potential-determining ions, it is
necessary to carry out measurements far from the
isoelectric point. It is also necessary to use mem-
branes with a constant (when exposed to external
pressure) structure of the pore space, and a rather nar-
row range of distribution of pore channels by size.
The results obtained are intended to ultimately in-
crease the sensitivity of hydrophones based on elec-
trokinetic effects.
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