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Summary

In order to characterize processes proceeded iceotration boundary layers (CBLSs), divided
by neutral and horizontally mounted membrane, teet®motive force (EMF) during and after
turning off mechanical stirring of aqueous KCI dmnos was measured. The EMF was
measured by means of Ag|AgCI electrodes and eleeter connected with a microcomputer.
Aqueous solutions of KCI with fixed and lower contation G=10° moll* was over the
membrane, while KCI concentration under the membr&i>C, was changed. Such
configuration of membrane system caused stablenstawtion of CBLs after turning off
mechanical stirring of solutions in electrochemicell.

On the basis of time dependencies of EMF the auration dependencies were
performed and it was stated that dependencies df EM(C/C)) are nonlinear. It was found
that maximal value of EMF, equal to 175 mV, wasesbsd during mechanical stirring of
solutions for JC, = 400.

In order to interpret experimental results, the eloof EMF changes in time after
turning off mechanical stirring was elaborated ¢ tasis of Kedem-Katchalsky model
equations for transport of electrolytes throughrfembrane. The transport number of i&ns
(t.), appointed for the membrane, depended nonlineamlyG/C, and for G/C, = 50 was
maximal and amounted te,tx= 0.7. Besides, concentration dependence of rétaexéime of
CBLs reconstruction after turning off mechanicalkrstg was appointed. For <500,
increase of @C, caused considerable decrease of relaxation tinhde vior G/C>500 the
relaxation time was small and did not change camalaly with increase of {iC, in this range.

Key words: membrane transport, diffusion, concentration lofaup layers, thickness of
concentration boundary layers, electromotive fodt#ision membrane potential




Badanie sity elektromotorycznej w komorce elektrocemicznej z

membrana polimerowa zorientowanej horyzontalnie

Streszczenie

W celu scharakteryzowania procesOw zachogzh w s¢zeniowych warstwach
granicznych (CBL), rozdzielanych przez odioy i horyzontalnie ustawiona membegan
zmierzono si elektromotorycza (EMF) podczas i po wygEzeniu mieszania
mechanicznego wodnych roztworow KCI. ¢Sielektromotorycza zmierzono przy
pomocy elektrodAg|AgCl pohczonych z mikrokomputerem. Wodne roztwory KCI z
ustalonym i niszym stzeniem C,=10° molI* byly nad membrag podczas gdy stenia KCI
pod membram C>C, zmieniano. Taka konfiguracja ukladu membranowggaodowata
stabilm rekonstrukg CBL po wyhczeniu mechanicznego mieszania roztworow w komérce
elektrochemiczne;.

Na podstawie czasowych zatesci EMF sporadzono stzeniowe zalenosci |
stwierdzono, ze zataosci EMF = f(G/C)) s nieliniowe. Wykazanoze maksymala wartasé¢
EMF rowm 175 mV zaobserwowano podczas mieszania mechagezoetworow dla gC =
400.

W celu interpretaciji wynikow dwviadczalnych, opracowano na bazie rowiaedem-
Katchalsky’'ego dla roztworow elektrolitow, modelasbwych zmian EMF po watzeniu
mieszania mechanicznego roztworéw. Liczba przemoaz@néw K (t.), wyznaczona dla
membrany jest nieliniowo zatea od G/C; i dla G/C, = 50 jest maksymalna i wynosiqtx=
0.7. Ponadto wyznaczono ¢gtniowa zaleznos¢é czasu relaksacji rekonstrukcji CBL po
wytaczeniu mieszania mechanicznego roztworéw. Dlg/C€500, wzrost wart@i C/C
powoduje znacice zmniejszenie czasu relaksacji, podczas gdy dlg>500 czas relaksacji
byt krotki i nie zmieniat sj istotnie ze wzroster@/C; w badanym zakresiecgen.

Stowa kluczowe: transport membranowy, dyfuzja,¢gtniowe warstwy graniczne,
grubas¢ siezeniowych warstw granicznych, sita elektromotoryczmguzyjny potencjat
membranowy




INTRODUCTION

Transport of ions through membranes, both neatndlion-exchange, is dependent on
solute concentrations at membrane-solution surfatejcture of membrane and
conditions on the membrane such as gradients sEpre or electrical potential [1,2].
One of the main physical phenomena connected watmionane transport and occurring
in the area near membrane is concentration potemgdeading to formation at both
sides of the membrane concentration boundary lay@Bls) [3-7]. CBLs insert
additional hydraulic and/or diffusion resistancenidishing ions and water transport
through the membrane [8,9], so CBLs can be treategseudomembranes connected
with a real membrane in series [6]. In order tordase the influence of concentration
polarization on ions transport through the membraeehanical stirring of solutions is
used [10]. The rate of CBLs creation depends ofemiht physical effects such as
temperature, kinematic viscosity and type of sqlatel external fields imposed on the
membrane — electrical and/or gravitational. In dase of ion-exchange membranes,
concentration polarization considerably manifetdsli by achieving limiting values of
both solute flux through the membrane during inseeaf electrochemical force on the
membrane as well as ions current intensity throilighmembrane during increase of
applied voltage [11].

The theoretical modeling of membrane transport &nig based on the Nernst-
Plank equations [11,12], while the processes puten CBLs are described by
equations of diffusion, mass and momentum balanSelutions of those equations
foresee phenomena generated in the layer of splati@anged in a specified manner in
relation to gravitational field in conditions of aglients of temperature, solute
concentration and electrical potential existencd.[In the case of neutral membrane,

volume, solute and current flows may be interprétgdhe Kedem-Katchalsky model-



equations, related to stationary states and destihly phenomenological coefficients
of the membrane, such as: hydraulic permeabilgflection, diffusion permeability,
electroosmotic, electrical conductance or transpomber of ions [14].

Electrical phenomena in membrane systems has beeied by means of different
methods, one of which is chronopotentiometry, ofisad to study electrical properties
of ion-exchange membranes. This is an electrocr@mmeethod that allows the
monitoring of time changes of electrode potentraldpiced by a forced current through
membrane with a fixed value, in other words in aroptic conditions. This technique
has frequently been used to investigate kinetieot$f such as adsorption and transport
phenomena near electrode surface [15] and trangpordesses both through ion-
exchange membrane as well through layers of solutidoe in contact with membrane.
The resultant potential-time data give importanfoimation regarding polarization
phenomena, heterogeneity, the values of transferemonber of an ion-exchange
membrane [16-18] and determination of pore sizengmbrane under investigation
[19,20]. Compared to other methods, in chronopaiergtry more detailed information
can be obtained because the dynamic voltage resporisne can be analyzed, so this
method is used to investigate transport processeligolar [21] and monopolar
membranes [22].

One of the type of chronopotentiometry is the measent of electromotive force
in a single-membrane electrochemical cell (EMF)caonditions of free current flow
caused by gradient of concentration or in conditimithout current flow:1=0. The
measured values of: EMF, current through the mengba membrane potential in a
single-membrane electrochemical cell are dependsnt physical properties of

membranes, solutions used and CBLs arisen near mamlj23]. From the above it



results that time dependencies of EMF measured tafteing off mechanical stirring
are the reflection of concentration changes in CBLs

As was earlier elaborated [8], the CBLs near memdbiae important in describing
the influence of gravitational field on transport solutes and water through the
membrane and on membrane potential. In the membsgstem with membrane in
horizontal plane, gradient of solute concentrat{and density gradient) is created
perpendicularly to the membrane [24,25]. The camfigon of membrane system, with
membrane in horizontal plane and with solution vidtver density over the membrane,
can be less sensitive to instability caused by igratbecause in that case gradient of
density occurring in CBLs is directed as gravitgtee [8,10]. So, in the configurations
of the membrane system with membrane in horizqitaie, the case in which growing
in time density gradient, parallel to gravity vaotan cause, in some cases, stabilization
of CBLs [24,26].

Reversible electrodes, which have been used to ureeadectrical properties of
electrochemical membrane system, can be connecittd selution by salt-bridges
(electrodes in saturated KCI) or placed directhsahution. The measurements of EMF
by means of Ag|AgCI electrodes in saturated KClsohs, connected by bridges with
solutions in electrolytic cell enable measuring rbeane potential, weakly connected
with concentration changes directly in CBLs. Logatof electrodes reversible for Cl
ions in CBLs at both sides of the membrane camwaitefficiently determine influence
of concentration changes in CBLs on EMF generateglectrochemical cell, specially
when oscillatory time changes of concentration BLE appear. So time dependencies
of EMF are the reflection of processes occurringBLs. As an initial condition, the

homogeneous distribution of solutions in chambédrglectrolytic cell was assumed,



fulfilled in the case of mechanical stirring of stbns. Turning off mechanical stirring
causes CBLs reconstruction in time, which is ilattd by EMF changes.

The aim of this article is to study time evolutiohEMF after disturbing solution
homogeneity in electrochemical cell by CBLs creatiofThe chamber over the
membrane in horizontal plane contained aqueouss€(ition with fixed concentration
Ci, and the chamber under the membrane KCI concemir&, greater than CThe
measurements of EMF were carried out by means @|AdCl electrodes, located
directly in CBLs area. In order to ensure homoggnef solute concentration both
solutions were intensively stirred. The investigatiof time evolution of EMF was
performed in two stages. During the first stageEMF measurement, solutions were
stirred until steady state was reached. Duringséend stage, time characteristics of
EMF after turning off mechanical stirring were maasl. In order to characterize
processes proceeded in CBLs the relaxation tine dedined and determined on the
basis of temporal characteristics of EMF, receivedondition of lack of mechanical
stirring of solutions. Besides, on the groundshef Kedem-Katchalsky model equations
for neutral membrane, the model of EMF changegs &ftming off mechanical stirring

has been elaborated and fitted to experimental data

THEORY

Turning off stirring of solutions (aqueous KCI stduns) in the membrane system
causes thickness of CBLs to increase in time aadlohvs of solutes and water through
the membrane and CBLs decrease in time [11]. Tlaegd of solute concentrations at

the surface of the membrane can be observed. Thefawors influencing the rate of



change of concentrations in the membrane systemddference of concentration of
solutes at the membrane surfaces, membrane orgeniadrsus gravitational field and
the kind of solutes and membrane in the membrastersy The electrodes Ag|AgCl are
placed near membrane, so the electromotive forcelasftrolytic cell (EMF) can be
measured. This EMF depends on thicknesses of C&lissentrations of solute at the
surfaces of the membrane and near electrodes. Mie f&r diluted solutions can be

written as [23]

Ay 2RTjtoll n(C,) (1)

where Ay,, is the electromotive forceRT is the product of gas constant and

thermodynamic temperaturé, is the Faraday constartt, is the apparent transport
number of K ions,Cs is the solute concentration, borders of integrafiand 2 are near
electrodes. Stirring of solutions causes bordersmtegration to be connected with the
membrane surface, because the solutions in charaletsomogeneous. Assuming that

transport number connected with the membranis constant and solutions are stirred,

the equation 1 describing EMF can be presenteckiffoitm

A =27t (g) @

where Ay,, is the EMF,C, andC, are the concentrations in chambers, indéesih

are suitable for lower and higher concentrationsadiite, t, is the apparent transport

number of K ions in the membrane. Different mobility of iomsthe membrane causes

that the diffusion membrane potential appearsaitloe written as [1]

RT « §; C
AYy,=——> LtIn -
wD F j ZJ (Cej

3)



where Ay, is the diffusion membrane potential; and C. are concentrations near
membrane surfaces. Assuming that during stirohdpinary solutions, concentrations
near membrane ar€=C, and C=C;, and connecting equations (2) and (3) and
t, +t_ =1 we arrive at

o . RT (C
Ayp =-Dyy +?|n(?hj

|
(4)
Where Ay; is the diffusion membrane potential during stigriof solutions. In the case

when stirring is turned off the CBLs appear armgluédion 1) for EMF can be written in

the form

_2RT

Ay, j t,dIn(C,) + jf+d|n(cj)+ J't+d In(C,) (5)

CBL, CBL,

The first and third components of equation (5) avenected with CBL (k=I, h) the
second with the membrane (M). The first and thirthponents of equation (5) can be
neglected during mechanical stirring, which ensim@mogeneous solutions in

chambers. If we assume the constant values ofpgoansaumbers in the membrange

and in solutiort, , integration of equation (5) gives

Ay, = 2|F:2T{(f+ —tJIn(?] +1, In(gﬂ (6)

e e

wheret, is the transport number of Kons in the soluteG; andC, are concentrations of
solutes near membrane surfaced, and C. are concentrations of solutes near

electrodes and fulfill conditiorC, >C; >C,>C,>C_>C,. Equation (6) connects EMF

with quotient of concentrations at the surfacehef membrane. The transport number of



ions K for the membranei() as a function of quotient of concentrations near
membrane can be calculated from equation (2).

In order to calculate the quotient of concentratiod /C, and C /C_, the
following considerations will be taken into accoumtansport of solutes through the
membrane and diffusion of solute near membraneesaappearance of gradient of
solute concentration near membrane (CBL). Stirdmgnogenizes solutions in the
chambers and thickness of CBL is small duringistitrTurning off stirringof solutions
causes that the thickness of CBLs increase in tirheekness of CBL §.) depends on
transport processes of ions in membrane and nearbnaee. It can be assumed that
after turning off mechanical stirring of solutiotige thickness of CBL increases in time

in agreement with formula [11]

3 = Axt®+4, (7
wheret is time after turning off mechanical stirring oflstions, A = (7D)°° is the
parameter determining the rate of CBL thicknessease, subscrigt= h or |. We

assume that during stirring the CBLs thicknegs# . Besides, the parametéy in

reality can be different fronp7D) % [3] .

In the case of high resistance of electrometer areassume that electrical current
through the membrane equals zero. Assuming alst fitla low concentration
differences between external phases and no apmless$ure difference, the volume flux
across the membrane can be neglected. Therefdusidif fluxes through the CBL over
the membrane, through the membrane M and through @Rler the membrane are

suitably denoted asJy(t ,) J,,(t), Jg(t). Taking into consideration condition
Jg(t) =3, (t) =4 (t) fulfilled in a steady-state, and second Kedem-Kalgky

equation we can write [14]



D' - = - :& -
<H(C.=C) =RT(C, ~C,) == (€, =C)

| h
(8)

where w — solute permeability coefficient of the membramg, D, — diffusion

coefficients in CBLs. Assuming th&t, = D, = D and taking into consideration Eq. (8)

we get conditions on concentrations near membrariaces

C =[RTa(3C, +6,C,)+DC,[[D+(5 +6,)RTa)]™ (9a)
C. :ich +C, _ici
o, o
(9b)

Equations (9a) and (9b) allow to count time chargjegiotient of solute concentrations

near membran€,C," and can be used for calculation of EMF by meansqufation
(6) in the case when the electrodes are far awamy fthe membraneQ =C;, and
C.=C). When the electrodes are near membrane, in te@a af CBLs, the
concentrationsC, and C_ in equation (4) also depend on time. Let us asstirae

solute concentrations near electrodgs and C, are changing in time similarly to

concentration€, andC; andfulfill these same equations. This can be done Umxthe

points at membrane surface and suitable electrodeim these same CBLs. The
modification for concentration€  and C_ can be done by parameter connected with
thickness of CBL. There has to be taken into casiibn the fact that the initial
moment of change of concentratio@s and C_ is not at the moment of turning off

mechanical stirring but is shifted in time ty which is schematically shown in Figure
1. Time after turning off mechanical stirring faragh 1 is lower than for graph 2, so it

causes that thickness of CBL after tita€J, (t,)) is lower than thickness of CBL after

10



timet; (J,(t,)). If t1 < t, < t2 then J,(t)) <d <d (t, ), where d is the distance of the
electrode (B from the surface of the membrane. The proposedifroation has the
form: if t < t, thenC; =C, and C, =C, and fort > t, C; and C; fulfill equations (9a)
and (9b) with modified parameter connected witkkkhess of CBL

F=At-t) if t=t,
(10)
where A® andk are the parameters determining the rate of chahg®ncentrations
near electrodes,= h orl, t, is the time after turning off mechanical stirringhen the

concentrations near electrodes begin to changehe CBL reaches the area near

electrode.

EXPERIMENTAL SYSTEM

Studies of the EMF in single-membrane electrochahuell were carried out by means
of an experimental setup presented in Figure 2eBExents were performed with a flat-
sheet neutral cellulose membrane, which thickness&8d@m and hydraulic membrane
permeability L,=0.8510"* m*(NE)* [8]. The membrane was housed between two
Plexiglas vessels (I and h), each a volume 200with 7.1+0.2 cnf of available
membrane area. Vesdedf the membrane system in all experiments contbatgieous
KCI solution with fixed concentratiof; = 10° mollI*. Vesseh contained aqueous KCI
solutions at variuos concentratiorGY in the range from 2:8.0° to 10" mol@*. The

cell was thermostated and enclosed in a Faraday d¢ag minimize electrical

interference.
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In order to measure the EMF, electrodes Ag|AgClewesed. Electrodes Bnd E
were placed on both sides of the membrane, 2 mm tlee membrane surface. The
electrodes were selected so that membrane voltagbdse same concentrations in the
chambers was lower than 5 mV. The difference otpixdls between electrodes was
measured by means of electrometer connected witlonaputer. The accuracy of
electrometer wast0.1 mV. The temperature of solutions was Z83 K. At the
beginning of each experiment the chambers of thelngne system were filled with
solutions with given concentrations of solutes.uB8ohs were stirred by magnetic
stirrers in order to lower the thickness of CBLameembrane. Stirring of solutions
lasted as long as the EMF was settled — no loringer 34 minutes. The rate of solution
stirring was 500 rpm. After turning off stirring @lutions the EMF was measured
every 4 seconds during six hours after turning méchanical stirring and next was

monitoring through 24 hours.

RESULTS AND DISCUSSION

The EMF was measured in the membrane system wiihdmbally oriented membrane
and with solutions of KCI with greater concentrati@nd greater density) under the
membrane. The highest EMF in the membrane systema @eserved during stirring of
solutions, while turning off mechanical stirringusad decrease of EMF, connected
with arising of CBLs near membrane. The concemnatcharacteristic of EMF
determined during stirring of solutions is presdrteFigure 3. As results from Figure 3

the increase of concentration up to concentratbf+6)x10°moll* in the chamber
under the membrane causes increasA@f, to maximal value of about 175 mV and

next decrease of EMF with increase of solute comaton. Using data presented in
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Figure 3 and equation (2) the transport nuntbén the membrane was calculated. The

transport number for Kions as a function o€, /C, is presented in Figure 4. As results

from Figure 4 increase of KCI concentration in theamber under the membrane up to
7.5x10* molM* causes that the transport number &f iEns increases and reaches
maximal value 0.7. Further increase of concentnaitiothe upper chamber causes that
transport number for Kions decreases. The transport number in the membaa a
function of quotient of concentrations on the meanier CiCs?), calculated from
experimental data can be written as

f, = 0.00064 [In CiCsY)]* — 0.010394 [INC:CH)]® + 0.02712 [In CiCH]?

+0.138403 16,C. ) + 0.195383

(11)
The equation (11) allows taking into consideratitapendence of transport number in
the membrane on quotient of solute concentratiadnthe membrane surfaces in the
model for calculation of dynamic changes of EMFeaturning off mechanical stirring
of solutions. Using data from the concentrationrabteristic Ay,, (C,/C, ) presented
in Figure 3. and equation (4) the diffusion membergotential during mechanical

stirring of solutions QAyg) was calculated and presented as a functio€€ in

Figure 5. As results from Figure 5, for concentrat?.5<10° moll*<C,<7.5x10° moll

! the membrane potential is negative becadse f_, while for concentration

Ch<7.5x10°moll* and C,>7.5x10° moll* is positive €, <t.). Using equation
(6), describing EMF and equations (9a) and (9bkuleisg solute concentrations near
membrane, and near electrodes with modificatiorerdeghed by equation (10) and

taking into consideration the dependence of trarigmamber of K ions in membrane

on quotient of concentrations near membrane detexinby equation (11), changes in

13



time of Ay,, after turning off mechanical stirringan be counted. For calculations we
assume thatew=2.54x10"°mol[(Ns)* for cellulose membraneD=2.01x10° m*s™* and

t, =049 for KCI solutions; C=10°moll}; R=8.31 J(mdK)™; T=295K and
F=96500 @mol™. In order to fit curves counted on the basis ef todel consisted of

equations (6), (7), (9a,b), (10) and (11) to expental data, the parameters presented in

table 1 were admitted.

The electromotive force of electrolytic cell asumdtion of time after switching
off mechanical stirring for different, /C,, measured by means of Ag|AgCl electrodes,
placed in CBLs (points) and counted from the ma@elid lines) are presented in
Figure 6. From this figure results that changeddgf,, can be divided into two classes.
For concentrations lower than B)* molD*, in the first few minutes after turning off
mechanical stirring considerable decreas@gf,, can be connected with concentration
changes at membrane surfaces. Next there wasizatibih of Ay,, during time
greater than 200 minutes. After that time tAe/,, gradually decreased in time.
Increase of KCI concentration in the chamber undermembrane resulted in decrease
of Ay,, in the first few minutes after turning off mecheatistirring being greater. For

low KCI concentration in the chamber under the meme, changes of KCI
concentrations near electrodes did not influeneeBEMF for a long time after turning
off mechanical stirring. This was probably causgdsimall changes of concentrations
near electrodes. For small concentrations of smigtunder the membrane (lower than
2.5x10°moll?) those changes were neglected in the model. Focerdrations of

solutions under the membrane greater thanx1@8 moll* (C//C;>250) changes of

concentration near electrodes cause that aftet gexaease ofAy,, in the first few
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minutes, connected mainly with changes of concaatra near membrane surfaces, the
Ay, gradually and slowly decreases during time gretditan 100 minutes. This is

probably caused by the small distance of electrdoea the membrane surface and
changes of KCI concentrations near electrodes pdmxe with short time delay.

Changes of concentrations near electrodes are loweomparison with changes of

concentrations near membrane surfaces, which wamn tto consideration in the

model.

The decrease dhy,, after turning off mechanical stirring is connecteith CBLsS
reconstruction during a long lasting experimente Thain processes influencing time
changes ofAy,, after turning off mechanical stirring are: ionsdawater transport
through the membrane and ions diffusion in the aste&BL. These processes are
mutually connected and the shares of each are degemn concentrations of solute in
the chambers of the membrane system. The ions atdr viransport through the
membrane depends on concentrations of solute neabnane surfaces, while diffusion
of solute in the CBL depends on the gradient ofiteotoncentration in CBL. Both
processes lead to diminishing of concentrationed#ffices on the membrane and in
effect decrease ofAy,,, measured by means of electrodes Ag|AgCI placeat ne
membrane.

When the gradient of density is parallel and iredilon with vector of gravity field
(solution with lower density is over the membrartbg gravitational instability does not
appear. It causes reconstruction of stable CBles &ftning off mechanical stirring near
membrane and increase of CBL thickness in timebl&t€BLs cause diminishing of
membrane transport, differences of solution comeénh on both sides of the

membrane and influence on tiey,, . The EMF as a function of quotient of solute

concentrations on the membrane for steady-statz>() is presented in Figure 7. As

15



results from Figure 7 théy,; as a function of quotient of solute concentratias
maximum for concentratioB,=5x10* mollI* and amounts to about 60 mV. Increase of
solute concentratio®, over10® molll* causes steep decrease/ap; to 20 mV at
solute concentratiorC,= 2.5x10° molll*. For solute concentratio®, greater than

5x10° moll* Ay, is the same. Let us define the relaxation timgfor the membrane

system as a time from turning off mechanical stgrto the moment whedy,,

reaches the value determined by equation
o _ S
€

where: Ay, is the EMF during mechanical stirring in chambeXxg;; is the EMF for

the steady-state,= 2.71 is the base of natural logarithms. Shdeaixagion time indicate
that the main changes of concentration proceedhatbeginning after turning off
mechanical stirring, while longer relaxation timendicate, that changes of
concentrations in chambers, connected with tramspaperties of membrane and
unstirred layers, are evenly distributed in timéeTrelaxation time as a function of
quotient of solute concentrations is presentedign & As results from Figure 8, for
small solute concentration under the membrane a&lax time was great and amounts
to about 400 minutes. Increase of solute conceotrataused decrease of relaxation
time. For solute concentrations under the membgreater than %10° moll* the
relaxation time was lower than 30 minutes. Only fwncentration 1® moll*
relaxation time exceeded 50 minutes. For membrgsie® with smaller concentration
under the membrane the main process proceede@ imémbrane system is the CBLs
creation by diffusion [11], so long relaxation tini@ lower concentrations indicates
that CBLs arise slowly, while for higher concentas relaxation time is short, which

indicates that arising of CBLs proceeds quickly.
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CONCLUSIONS

Based on the investigations conducted above wéndanthat:

1. The EMF in electrochemical cell during mechahistérring depends on solute

3.

concentrations in chambers. The maximal value oFEMring mechanical stirring
is for concentration»410° mollM* and amounts t&yg, = 175 mV.

The transport number for*Kions for neutral cellulose membrane also depemds o
solute concentration and has maximal value for eotration 7,810 moll* in the
chamber under the membrane.

After turning off mechanical stirring, the EMF deases in time, quickly at the
initial moment; then for small concentrations ie thamber under the membrane do
not change during time longer than 100 minutesadted that slowly decreases. For
concentrations greater than 219°moll* the EMF evenly decreases with time
longer than 100 min. This is probably caused byngka of solute concentrations
near electrodes.

The relaxation time, which characterizes CBLs c¢osaafter turning off mechanical
stirring, depends on concentrations in the chamloérshe membrane system:
increase of concentration causes decrease of telax@me to minimal value for
concentration $10°mold™ and then a very small increase of relaxation tivit

increase of concentration.
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Figures description

Fig. 1. The schematic representation of conceotratiistribution of solute near
membrane areas. (CBL — concentration boundaryr lagea; M — membraneg,, C, —
solutions concentrations in the buk; C. — solution concentrations at the surface of the
membraneg,, J,— thickness of CBLs; E E, —electrodes Ag|AgCl). Graph 2 represents
distribution of concentration of solute near memilerdor longer time after turning off
mechanical stirring than distribution of concentmatpresented by graph 1

Ryc. 1. Schematyczna ilustracja rozktadizehia roztworu w otoczeniu membrany.

(CBL - obszar steniowych warstw granicznych; M — membra@g, C, — stzenia
roztworéw w obszarze poza CBC;, C. — stzenia roztwordéw na powierzchni

membrany;d,, J,— grubdci CBL; E , , —elektrody Ag|AgCl)

Fig. 2. The schematic representation of the mengbrsystem: E E, — Ag|AgQCI
electrodes; M —membrane; m — magnets; St — stirrers
Ryc. 2. Schematyczna ilustracja uktadu membranowegé;, — Ag|AgCI elektrody; M

—membrana; m — magnesy; St — mieszadita

Fig. 3. The electromotive force during stirring sdlutions Ay, ) as a function of
C,/C,.

Ryc. 3. Sita elektromotoryczna podczas mieszaraamaroéw (Ayy, ) w funkcji C,, /C,

Fig. 4. The transport number of ions (f, ) as a function o€/C;. Solid line is for Eq.
(11)
Ryc. 4. Liczba przenoszenia jonow (€, ) w funkcji C/C,. Linie ciagte otrzymano dla

réwnania (11)

Fig. 5. The diffusion membrane potentidl¢/g) as a function ofC, /C, during stirring
of solutions
Ryc. 5. Dyfuzyjny potencjat membranow ;) w funkcji C, /C, podczas mieszania

roztworow
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Fig. 6. The electromotive forceAg,,) as a function of timet) after switching off

mechanical stirring of solutions, for aqueous K@lusons: C/C, = 5 (1), C/C, = 10
(2), CW/C =50 (3),C/C = 250 (4),C,, /C, = 750 (5). Solid lines were received from the
mathematical model

Ryc. 6. Sita elektromotorycznaA,, ) w funkcji czasu t) po wykczeniu mieszania

mechanicznego roztworow. Dla wodnych roztworow KGIC, =5 (1),C/C = 10 (2),
Ci/C = 50 (3),CH/C, = 250 (4),Cy /C, = 750 (5). Linie ciglte otrzymano z modelu

matematycznego

Fig. 7. The electromotive force for steady-statendmbrane systemA(; ) as a

function of C, / C,

Ryc. 7. Sita elektromotoryczna dla stanu ustalongdadu membranowega\,, ) w

fukgji C, /C,

Fig. 8. The relaxation timer() as a function ofC, /C,

Ryc. 8. Czas relaksacjr() w funkcji C, /C,
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Table. The values of parameters for the modelimgesuin Figure 6

Tabela. Wartéci parametrow dla modelowania krzywych na rycinie 6

CW/C  Ax10°[mEY] g, [um] Aq s to[min]
5 0.29 5 0 - -
10 0.85 5 0 - -
50 1.7 10 0 - -

250 5.7 60 1,4x10%ms? 2 8
750 5.7 80 11x10'ms' 1 3
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