§ 10.4. accusnriii MeMGpanaBIil TpaHcIopT

Paccmorperne MeMOpaHHOTO TPAHCIOPTA €CTECTBEHHO HAYATH ©
TepMOJHHAMAKRI, He KacasACh MOJEKYJIADHOH CTPYKTYypm MeMOpamsl
U MexaHHN3Ma TpaHcmopra. TepMOANHAMHKA HE CTOILKO OOGBACHAET
duspueckue ABJIEHNA, CKONBKO OPTaHI3yeT HAIMH 3HAHHS, yCTaHaB-
JAWBAag CBA3b MeKAYy (PUIMUECKHMH SBICHHUAMH
¥ HX 3aBHCHMOCTH OT IIapaMeTPOB CHCTEeMBI. 1 ?

B gammoMm ciygae TepMoImHaMMKa BBIABIA- ey % g—
T B34BMCHMOCTb TPAHCIOPTHHIX HIOTOKOB OT —_—

yCpeoHEHHBIX XaparTepPMCTHK PAaCTBOPOB H —t— 11—
MeMOpaHBbI. alin 2 s
PaccMorpuM IIpocTeiimIyio MOJ€db — IOMOTeHHYIO
MeMOpaly, COIPHKACalOUIYIOCA € [BYMA DAacTBOPAMI o z=4»
(pume. 10.5). DyHEOWI0 ANCCUIIAIUY BHYTPH 3JieMEHTa
dx MeMOpaHbl MOKIIO 3aNUCAaTh B BH/E Puc. 10.5. K paccmor-
— R AT peHnio  MeMOPaHHOTO
To 2 sz ( By (10.0 TpaHCcIOpTa
1

106 Jj— BeKTOPHEI [OTOK i-To BEIECTBA CKBO3L MeMOpaHy, |; — XuMBUecKuii
norennuai, IIpOMHTErpUPOBAB BTO BHIPAREHHE II0 TOJIIMNE MeMOpaHbI, HMeeM

Ax
¥ = | oTde =27 [1; 0 —p; A0)] = 37 An; (10.2)
5 i i

Ecan mMmeercs o110 pacTBOpeHHOe BemlecTBo (S) W OQUH DacTBOPHTEND (BOJa,
W), TO
¥ = JAps + JwApw. (10.3)

Pacger moKaseIBaeT, UTO 9Ta IPOMHTETpUpoBanuasg QYHKOIA TUCCHIARHI MOKET
SLiTL DCPCHECALA B BEIC

W = JAp - JpAm, (10.4)

e Ap — pasHocTh Aasunednit mo ofe cropount MeMmOpans!, At — pasHocTh 0CMO-
THICCKNX NaBJIeHU, Jy — HOMHBH 00BeMUBIi HOTOK

Jo = IVs 4+ IaVas (10.5)

Vs m Vw — napumansusle Mojasgpubie 00BbeMH, Jp — HOTOK PACTBOPEHHOrO Belle-
CTBa OTHOCHUTEJBIO BOJHE:

Jp & vg— vy (10.6)

Vs W Uy — CKOPOCTH HepeHoca depe3 MemOpany. Ilpu 6oibmIoM madniTEE pacTso-

purens
Iy & Uy, (10.7)

TaxuMm o6pa3oM, Myl mepemin K 0600menEsiM HoToKaM Jyv, Jp B K 0606men-
HbIM caiaM Ap, Az, B6ninsu pasnosecus mveeMm {cM. § 9.3)

Jv = LpAp + LypAm, Jp = LppAp -+ LpAm. (10.8)

Ilotoxkm Jy, Jp coupsmxenst. Kospduument L, XapakTephAsyeT Mezanuueckyio
PuabTPAYUOHKYI0 eMEOCTD MEMODAHH, T. €. CKOPOCTD JRIJIKOCTI, (PHXOIAILYIOCH
Ha eJUHULY PA3HOCTH JaBJeHMii; Lp BHPAaKaeT CKOPOCTD JKUJIKOCTH HA eIHHOIY
Pa3HOCTH OCMOTHUeCKUX maBieuuil; Lpp = (Jv)ap=o/AT — wospduyuenr ocmoru-
uecrxozo noroxa. A uEealbHOH MOJTYIPOHMIaEMOft MeMOpPaNb, HE HpOMyCKa0-
meii pacTBopeEHOe BemecTBO, Js = 0 m Jv = —Jp. OTcooma caenyer

(Lp + Lpp)Ap + (Lpp -+ Lp)An = 0
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"
—Lpp = Ly = Lp, An = Ap.

Has nenmeanbHoi MeMOPanbt Mepa €€ CeqeKTUEHOCTU

L J vy, — U,
pD D w S
w22 (2D =)<t 10.9
Lp (Jv )An:o ( v ) << B ( »

i

/

Ap
"= (H)Jv=o’ (10.10p

® Ha3biBaeTCA koaPduyuenromn orpaxcenus, Nas memOGpaHsl DPUTPODATA Te—
JoBeKa x == 0,62 10 OTHOUIEHHIO K MOYEBHUIIE,

DenomeHosorAyeckue KoaggumuenTs Ly, Lp ¥ Lyp MOTYT GBITH BHIParKelks
9epe3 KOdp(UIMEHTH TPewud BOAbLI 1 PAcTBOPEHHOro BeleCTBa 0 MemOpany W
PAcTBOPERHOr0 BelecTBa O BOIY.

Ecan pacrBopemHoe BeIECTBO COCTOHT H3 3apAMEHHBIX HOHOE
(ansa Gmomormum ocoGemnmo masgusl mompl K*, Na+*, Ca®*, Mg**), To
BMECTO XUMHYECKOI'0 IOTeHIHANA HYKHO pPacCMaTpPUBATL J4EKETDO-
ZUMUYeCKUIL nOTeHyual

o= i+ 27, (10.11)

rie 1 — BIEKTPHYeCKHil mHoTeHINIax MeMOpaHsl, 2; — BAJEHTHOCTI
sapamenHond vactunpi, ¥ — unmciao Papames. Ilpu pasmosecunm AByx
pacrsopos, 1 un 2, pasfemenupix MeMGpaHoii, X 3JIeKTPOXUMIYECKHE
TMOTEHN ALl PABHBI

pit =p (10.12)
nim

Au; = RT 1n :“ = — z;F AV, (10.13)
a

e

2
e a(il), a(i ) aKTHBHOCTH, 3aMeHsAeMble B CIyJyae HAeaJbHBIX pacTBO-

por Komnentpanmamm ¢§”, ¢i*.

@enomenonornyeckasd HepaBHOBECHas TEPMOANHAMHKA Aafd nac-
CUGHL020 UONH0ZO TPAHCNOPTE CTPOHTCH MO AHAJOCHH € OLICAHHEM
rpancmopra Heirpanbubix Mosekya. DenomeHomorudeckue woddPHu-
MHEHTsI TaKKe BhipaKaloTeda wepes Kosdduinuentn: tpenmns. Curya-
OUA 37ech YCIOKHEHA, TAK KAK MHCIO 9THX KoapdunmenTos Bemu-
Ko — naa pacrsopa NaCl B Bome mx mects. Pacderst yupoigalorcs,
ecanm MemMOpaHa CHUIBHO 3apsyReHa, H II0DTOMY KouneHrpanus (Qus-
CHPOBAHHHIX HPOTHBOUOHOB B MeMOpaHe MHOro Goiblle KOHI@HTpa-
nAn HeATpaasHON comm.

HepasunoBecnas TepMoguHaMHuKa faer (QU3NTUECKH OCMBICJIOHHOE
onmcanue TaccHBHoro Ttpaucmopra., Oipefendiorcs KHHeTHILCKHE
XapaxTepucTHKHE MeMObpanpl (HAmpHMep, %), KOTOPbe MOMKHO N3Me-
puTH Ha ombiTe. ML BAIMM, YTO TPAKTOBKA HPOHII{aeMOCTH MeMOpan
TpebyeT W3yUeHNA HEPABHOBECHHIX IIOTOKOB BemiecTBa. [unaMuka
TPaHCUOPTa CBA3HIBAETCH €O CBOIiCTBAME MeMOpaHbl, Y CTAHOBICHHAR
Ha OTbITe JAHefiHaA 3aBHCHMOCTH MOTOKOB OT 0GOGIIEHHBIX CHI

(rpasuenToB W B W) AAA pHAfa HacCHBHBIX HCKYCCTBEHHBIX I (moio+
342



TaveckuXx MmeMmOpan oaHagaeT OJMBOCTD K DABHOBECHI0 PACCMATPH~
BA@MBIX COIIPHKOHHDIX IIPOIECCOB.

O6paruMcn Temeps K MOJEKY/IApHOIl Kaprmue.

HluBpie KIGTKH XapaKTepH3VIOTCA TeM, UTO BHYTPW HHX KOH-
Tenrpanng monos K* momer Goite B 10—20 pas seime, wem B0
pHemmeil cpeje. Jlig monos Na*™ HabmiogaloTCs IpajHenHTsl TOrO KO
TOPAKA, HO NPOTHBOIONOKHOrO HampasieHusa, OmplTel ¢ MEYeHEIMH

e M1 ¢ M H
Na* 720 77/"’ Na* 42 Na* 460 2 Na® q0
K* 28 K* 740 KY K m
Puec. 106. Kommenrparmsa Crzze //Z/ (ri+4 C1” 541 / €l 40-700-
HOHOB (MMOJB/I) M pas- Hszmuonam”™ 270
WOCTH TOTEHIIAATIOB Me- Acnagprai” 75
Ay IBYMA CTOPOHAMII Kie- 7
TOYHOIl MeMOpanb / 7
L_ﬁ ﬁ
~90mB8 =60n5
VA Arcon Kenatpa

ATOMAMI IIOKA3LIBAIOT, YTO MOHBI IUTOIIA3MEI OOMEHHBAIOTCA C
HOoHAMH BHemHell cpeds, T. €. Kmetounas MemMOpana HpoHHmaeMa
onsn K* m Na*. C maamunmeM rpaJiueHTOB KOHI@HTPaluil HOHOB CBA-
sana HabmaogaeMas Ha ONBITE PA3HOCTH MOTEHIHAIOB MEKIY IIHTO-
maasMoil 1 okpy:awomeli cpegoit mopaara 50—70 mB. Ha puc. 10.6
II0KA3aHBl 3TH COOTHOIICHMA JJIA MBININHI JAAFYUIKM M AKCOHA Kalb-
Mapa.

Howemy Na*™ usromslerca m3 wietk:, a K* B Hefi ocraerca B
nabpiTouHolt Kouumentpamuun? Jro Bompoc dsogionmonusiii. Ilepsrie
KIeTKH BO3HHKAIH, HO-BHAMOMY, B MOpCKoit moge (cm. § 17.1) =
COCTaB ME;KKIeTOUHON cpejbl, HANPHMEp NJasMbl KpOBH, OAU30K K
cocTaBy Mopckoit Bognl. s cO3JaHUA BIEKTPOXMMHYECKOr0 IOTEeH-
nEaza Ha KieTouHoil meMOpane, neobxogmmoro mif pAga OGmomaorm-
veckux Qymrnuit 3a cuer n3bsitka Na* BHyTpm KierKnm morpebosa-
ancr 651 woumenrpamun Nat B KieTKe IIOPAAKA HECKOJIBKHX MOJeit
na 1 1. HaoGopor, Komuwecreo K+ B cpeme, B Mopckoil Boge, Ha-
CTOMBKO MaJIo, UTO He0OXOJUMEIH NMOTeHIHAN IOJydaeTcs IPH BHYT-
PUKIETOYHBIX KOHIEHTPANUAX, HA JIOPATOK MEHBIIHX.

OmnwiTEl TIOKA3LIBAIOT, uTo B akcormasme m K*, m Nat masmxmyrca
npakraieckn csobomno. Tem caMpIM TpafmeHThl HX KOHOEHTpanmil
oupeeasoTca He cmenu(uKod MHTOMIA3MSBI, a 0cOoBHIMHE CBOiCTBAME
membpanst. Ilorenuman mokos, T. e. Pa3HOCTH NOTEHIHAJIOB JJA He-
Bo36ysennoil MemOpanpl, XapaKTepH3yeT HEKOTOPHIH HepaBHOBEC-
‘HBIA CTAMOHAPHBIN IIPOTECC.

PaceMOTpUM CHaYaJa MOHHOE DABHOBECHEe MeRAY PaCTBOpPaMA,
pasgenenanivn MemOpanoit. Cramem, maA pacrsopa NaCl nmeem

Hri\la 4 H(ill = Hre;la + Hf}l
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(i — BuyTpeunss, e — BHEINHAA CTOPOHA MeMmOpambr) win

ApNa = WNa — M:iva = — (MEI — M(ill) = — Apcr.

Tar rar Ap jgorapuMHYECKH 3aBUCHT OT OTHOHIIEHHA ARTHUBHOCTEH
(cp. (10.13)), o

axa/aka = at1/aéy. (10.14)

I10 Aommanosckoe pasnosecue. OTHOUIEHMe ARTHBHOCTEH MOMHO
npuGIMAeHHO 3aMEeHNTh OTHOLIeHNEeM KOHIeHTparui.

Ecan nponumaemMocts MeMGpanst A 060MX HOHOB OIIPeJIeIseTCSs
AWML HX NOABHMAKHOCTHI}, TO IIPH pPABHOCTH KOHIEHTpamui 1o obe
ee cropodbr posamraer auddysmonHpiii MOTeHIMUAN, ONpee AeM Lk
6oapmel nogsmxnocteio nonos Cl~- mo cpasmenmio ¢ Na*., ITooTomy
6onmee pasBeJeHHLIII PAacTBOpP CTAHET SJOKTPOOTPHIATEILHLIM [O OT-
HOIIeHNI0 K 06ogee KOHIMEHTPUPOBAHHOMY. PasHocTs IoTeHmuamorn
pasaa (cp. (10.13))

Ap = FEINa Tty b (10.15)

riae Us, = 9,2, ug =17,9 (mrm/c) (cm/B)— nogsumuoctn wonos. Ec-
JIM OTHOLIeHHe KOHIEHTpamuii Mo o6e croponst MmeMmGpaunt c¢i/c, =
=10, 1o Ay=—12 MB. Ecau memGpana IpouuiaeMa TOIBKO AJIHA
Na*, 10 uq =0 u mu nonyuaem ypasuenue Hepncra, cosnagaomee
¢ (10.13):
[4
Ap="T10 2, (10.16).

2

o-]

Ilpn ¢,/c, = 10 pasznocts nmorenpguamor Ay = 60 MB.

B Guosornm Mu WMeeM JeJ0 ¢ 6ojee CA0MHOH cHCTeMoil — Heob-
XOAHMO Y4€CThH Hajmune 10 KpailHeit mepe Tpex copros umomos: K*,
Na*, Cl™.

Cunras sieKTpAYECKOe I0Je MOCTOAHHEIM M OJHOPOAHBIM IO BCeil
ronumune memOpaunn, Xomsxun u HKarm (1949) Boienn dopmyny
Ja8 Ay — DoTeHmuaZa HOKOA, paccMaTpHBaeMoro Kar pauddysuon-
Aol ooremnuan. Toku ofHOBamTeHTHHIX HOHOB uepes MeMOpany

paBHEI

$

Ig = —RTuK% —CKUK?Z_‘fv
Ina = —RTuy, d;‘ L eNalinaF Z—;pg (10.17)
I = RTUC]% — e Z—z
Jlast 0HOpOHOro moNsA M OJHOPOMHOH MeMOpaHk
v _ _Av (10.18)

dx Az’

rie Arx — tommnna membpans. Hoacramoska (10.18) B hieproe ypas-

-
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menne (10.17) u nnTerpupoBanme OT Ck A0 Ck AaeT

ug FAP o — ck exp (— FAPY/RT)
Ix =—7%3 1— exp (— Z AY/RT) ° (10.19)
Koapdunuent nponnnaemoctu MemGpannr aaa monos K* pasen
Py = uxRT/(AxF). (10.20)
Wz (10.19) = (10.20) caemyer
_ PgFAY ¢ — ck exp(— FAY/RT) ,
Ix =—g7 1—exp (— FAYRT) (10.21)

O6muit Tox paBen cymMe Tpex TOKOB Ix, Ixa, lci:

PRAVF? 4y _y exp (—F AY/RT) (10.22)

1= RT  1—exp(— FAY/RT)?

e
P P, i s P,
Na & rar i 1 Cl e
w =k T B CNa T by y=ck + CNa T B €le
Py K

IIpu owenn mamoM monnoM Toke I, T. e. mpu GOJBIIOM COIPOTHBIE-
num membpansr, [ ~ 0, w = yexp(—F AY/RT), otryna
RT
A\P == “‘_ y ,;

nim

T, P ek -+ Pyl - Poyet
Alp R K ? Na I;Ia Cl ?1 ] _ (10‘23)
PKCK 4 PxaNa+ Poict

Mot monyuuma gopmyay Xodmwura — [Katya. Ona Xopomo corda-
CyeTcsl ¢ OIBITOM TIpH GOMBIINX Cx WIM MaJHX Ck. llpu ymedsmenun
Cx WM yBeJWYeHIM Cg Belmuyuua A\ CTpeMHTCA K HeKOTOPOMY mpe-
nexy. Ilpoussemennme Pgcx Bejier ce6a Kak HOCTOAHHAA BenUIMHA;
YBeqMUeHIe MOTeHLHMANA IOKOA A\ HPHBOJANT K yMEeHBINEHHIO Kodd-
dupuenra npomunaemocta Px. Jna oOpacmenna stnx ¢PaxroB Io-
CTPOBHHl TEOPETHYECKNE MOMENH, yUMTHBAKMUEe Heo6X0AUMOCTh IIpe-
OOJIeHHA AKTHBARHOHHBIX GaphepoB HOHAMH, NPOXOAAINMMU CKBO3b
Mem6pany. Mmu Bepaemcst ® atuM Bonpocam B § 10.6 m 11.3.

§ 10.5. AxruBHbiii MeMOpaHHbBIL TPaHCIOPT

Tlosrimennas ronnmentpanyusa moHOB K m monmmkenmas KoHIEHT-
panua noHoB Nat BHYTpPH KIETKM ONpefessAloTcd aKTHBHBIM MeM-
OpanHBIM TPAHCIOPTOM, NPOHCXOAAINHM B HANPABIEHHH, IPOTHBO-
TOJOMHOM HANPABICHNIO HaJeHns IeKTPOXMMHUYECKOIO IOoTeHHHaa.

AXTupHBI TpaHcmOpT — OfHA U3 BAKHENIINX ocobeHHOCTEH MKu3-
HeHHHX nponeccoB. OH paspermaer ITPOTEBOpeYMe MEKIY COXpaHe-
HHEM IPOCTpAaHCTBeHHOH reTeporeHHOCTH M MeTabonusMoM — 06MeHOM
BeIlleCcTBOM M dHEprmeil ¢ oKpysKamomeit cpeyoi. )
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