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The Effect of an Intermediate Layer on the Determination of
Transport Numbers in Ion Exchange Membrane
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Helsinki University of Technology, Department of Chemistry, SF-02150 Espoo, Finland

When transport numbers of ions in ion exchange membranes are simultaneously measured, a
compound membrane — a stack of closely packed membranes — is used. The effect of a
boundary layer between identical membranes is considered. This boundary layer is a source
of inhomogeneity but it is both theoretically and experimentally shown that it adapts itself to
the transport in the ion exchange membrane provided that the layer is thin enough and the
electric current does not exceed the limiting current.

When measuring transport across ion exchange membranes the effect of adjacent boundary
layers must be considered. This is of special importance in the boundary between bulk
solution and the membrane, but also the boundary layers between two identical membranes
is a source of inhomogeneity and it can be regarded as a membrane itself. In a compound
membrane ! this boundary layer may have an effect on the transport. The purpose of this
paper is to show that this effect becomes negligible provided that the thickness of this layer is
small compared with the thickness of the ion exchange membranes and that the diffusion
coefficients in these layers are at least of the same order of magnitude as in the membrane.

THEORY

Consider a stack of identical, closely packed ion exchange membranes. In practice the stack
consists of several pairs of two kinds of layers M and W; layer M denotes an ion exchange
membrane and layer W denotes the thin water layer between two layers M. Both kinds of
layers contain ions which can be transported by diffusion and electric migration. Diffusion
coefficients and transport numbers are different in these two different kinds of layers.
Without electric current the state of equilibrium will be established and no gradients exist
inside the layers. If constant electric current is applied the stationary state for all fluxes is
reached. However, there will be concentration gradients inside the layers due to the
differences in transport numbers.

Transport Equations

The transport of two counterions (1 and 2) and water in an ion exchange membrane can be
represented using the membrane as the reference frame by eqns. (1), (2), (3).
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IM=yMD M [/2 F 1)
IM=JMD 4 M 12, F )
1%20=Jh142%+ T;v{'zo I/F (3)

where M is the total flux of ion i, /M the diffusional flux of ion i,  the stoichiometric
transport number of ion i, T'}inzo is the reduced transport number of water (for the definition
of transport numbers c.f. Haase %), I electric current density, z; the charge number of ion i,
and F Faraday’s constant. The fluxes are related to the membrane and therefore
M= M-vy)=" (vi=0 since the membrane is immobile), where v} is the velocity of
ion i in a fixed coordinate system, i.e. in the membrane, and vy is the velocity of the
membrane.

The following very reasonable assumptions are made: The diffusion flux of water can be
neglected J,“fz’?):O; no co-ions are present in the membrane and that is why no bulk diffusion
exists and z,JMP=-2,J}'P; the condition of electroneutrality is valid and the charge density
of the membrane is constant resulting in z; dc}/dx=—2z, dc}¥/dx. Using these assumptions
eqns. (1), (2) and (3) take the following forms:

M m d M
.’1 =-D —"+ti\4 I/ZIF (4)
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IM=—-DMd Md,+ I/z,F=+(z,/2,) DM d M/d, + &' I/z,F 5)
Mo=clovi,o=th0 IIF (6)

where DM is the interdiffusion coefficient of ions 1 and 2.

From eqns. (4) and (5) it can be clearly seen that there exists no convective water
transport term in the equations. This is due to the reference frame which is now selected to
be the membrane itself. This is fact means that we can now neglect considering the effect of
electro-osmotic water transport on transport numbers in the membrane. However, if
another reference frames is used, such as the barycentric frame or the frame in which water
is the reference substance, one must notice that the membrane will also have a transport
number.

In the aqueous solution (W) the transport equations for ions 1 and 2 are

w wda wdo W w
Jl ==ric Du & +D12 dx + ZF +Clvl'l20 (7)
1
dcY dcy 1
1¥’=-rzc(D§¥ dxl +D¥ d; )+t}” F +cvi,0 (®)

where the total flux of ion i, JVV, as well as the velocity of water v‘l’;zo is in reference to a fixed
coordinate system. D‘i’}’ is the diffusion coefficient, ¢ the concentration of ion i, r; the
stoichiometric coefficient of ion i, and t‘i” the transport number of ion i in water.

In many cases (e.g. in NaCl—KCl—H,O system) we may assume as a first approximation
that the cross-diffusion coefficients are small, i.e. D;,, Dy;<Dy;, Dy,. As a second
approximation we can assume that the convective terms in eqns. (7) and (8) are small; note
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that in stationary state J}{ 0=J},0=CW,0v,0, and because c}yc in the water phase is much
greater than cy,o in the membrane phase, vﬁzo becomes relatively small. Thus we obtain
eqns. (7) and (8) in the forms:

dcy I
J¥=—n DV —— ©)
Z]F
dcy 1
IY=—r,.DY¥ +ty—— 10
2 2c872 dx 2 22F ( )

where DY and DY are the main diffusion coefficients. One must take into account that the
above-mentioned assumptions are not necessary but they simplify the treatment.

Experimental Transport Number

In stationary state
M=J¥=constant; i=1, 2 (11)

but concentration gradients and transport numbers may vary with respect to spacial
coordinate. We designate the ratio of the gradients of ion i at certain points in layers M and
W by a;.

h W
ai=_d_"l:i ic,_; i=1,2 (12)
dx dx

The gradients in the membrane can be solved from eqns. (4), (5), (9) and (10) giving:
ddf @-a 1
- Tic
@

si=1,2 (13)
dx (DM_

D}N Z iF

By substituting eqn. (13) into eqns. (4), (5) we obtain

M=pM @-a) ! +M IF;i=1,2 (14)

r.
( DM “'T:C_D}V) 4 5F z;

We define the experimental transport number in the membrane (6}%) by

YL
1 I ’

From eqn. (14) we obtain

i=1,2 (15)

. DM . DV
M= ﬁD B+ ';D‘ M i=1,2 (16)
;D™ —r;.D; riDi" —aiD

As can be seen from eqn. (16) the experimental transport number is a sort of weighted
mean of the two transport numbers £ and M. Depending on the value of g, the experimental
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Fig. 1. Schematic concentration profiles of Fig. 2. Schematic description of the cell. M

ion i inside the exchange membrane (thick- is the ion exchange membrane, W the

ness dy;) and the water layer (thickness dw) porous membrane, R 1 and R 2 calomel

and on the boundaries of these layers. electrodes, and E 1 and E 2 the electric
current carrying electrodes. The bulk solu-
tions consist of the same electrolytes as the
equilibrating solutions except that the con-
centrations of bulk solutions are 0.1 mol
dm. V is an instrument for measuring the
voltage drop.

transport number corresponds more or less closely to the transport number in the membrane
#: the smaller ¢ the smaller is the difference between M and 6.

Since the experimental transport number (6™) corresponds to the transport number in
the membrane (&%) only in the case where a;—0, we will now consider the value of the
coefficient ;. In Fig. 1 we can see schematical representations of concentration profiles
during measurement.

According to the law of the mean for differential calculus there exist points inside the
membrane and the water layer where

_ddt 4 dh-d@) | dEn-dO n

o [ dy dw

The notations in eqn. (17) are clarified in Fig. 1. Assuming distribution equilibrium on
the boundaries of the membrane and water layer we have

daw O

2 (dw)= M(dm)+N(dw) o ct'(0)+c3'(0)

=ka¥(0) (18)

a0

i =kaV
FOFO) el W

2(0)=

where k; is the distribution ratio of ion i. Because the charge density of the membrane is
constant, it follows that ¥=cM(dy)+c3(dm)=cM(0)+c3(0).
Hence we obtain ¢; in the form
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Fig. 3. Current-voltage curves in the system NaCl—H,O, with one (1), two (2), three (3),
four (4) and seven (5) porous membranes.

&= [x(dm)—2Y'(0)] X dw _ 8 dy
[M(dwm) ¥(dm)—2"(0) X Ok dm dv
where ¢ (dw)=c)¥(dw)+c3(dw) and c¥(0)=c}"(0)+c3'(0).

(19)

The mole fractions x; on the boundaries of the membrane and water layer are related by
eqn. (18) and since the constant k; is finite, f; in eqn. (19) is bounded. Thus ¢; approaches
zero, when the ratio dy/dy approaches zero. Since the diffusion coefficients in water DY are
not smaller than the diffusion coefficient in the membrane, DM, in eqn. (16) the
experimental transport number, 6}, approaches the transport number in the membrane, ',
when the ratio dy/dy—0.

In practice this means that the water layer adapts itself so that the difference in transport
numbers £1—4¥ is compensated for by diffusion in the water layer. Because diffusion
depends on the concentration gradients this compensation is possible at a certain value of
electric current, which depends on the thickness of the water layer.

The Effect of the Thickness of the Water Layer

The relationship between the electric current and the thickness of the water layer is
derived, in the case of monovalent ions using the following assumptions:

1. The flux of the co-ion is zero—J\Y+Jy=I/F

2. The total amount of ions is constant

3. The convective water flux can be neglected.

With the aid of Nernst-Planck equations the fluxes of the ions are
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Fig. 4. The limiting current as a function of the thickness of the water layer in NaCl—(@),
KCl-(X) and NaCl-KCI-H,0 (O).
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where dY¥ is the diffusion coefficient of the ion i and ¢ electric potential. Eliminating d¢/dx
from the eqns. (20)—(22) and using the condition of electroneutrality (c;=c;+c;) integration
gives the total concentration

er=a-i 2L +]¥v)x 23)
ST
\ay Yy

The integration constant A is determined by using the assumption 2 as follows:

dw
";N =I Awes(x) dx=Vwc§" (E) (24)
0

where n is the total amount of coions in the water layer (¢} =c}' +c)'), Aw the surface area
of the water layer, Vy the volume of the water layer, dy, the thickness of the water layer,
c3'(E) the equilibrium concentrations of the coions. Substituting eqn. (23) into eqn. (24) we
obtain
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st ()

dy = ay
and finally
Voo u¥y(d x
& (x)=c) (E)+(dw + dg,)(TW —7) (25)

With the aid of eqns. (11), (4), and (5) and taking into account the small role of
interdiffusion in ion exchange membrane compared with electric migration, eqn. (25)
reduces to the form
Mo \(dw  x)\ 1
Y () =cY(E +( +L)(—"L ——)— 26

When electric current density is increased the profile of the total concentration becomes
steeper and, eventually, c}¥(dw)=0. This implies that the resistivity of the membrane system
increases to infinity, and

NE)F
IL=-——M— 27
tl t;
g+ o)
gy o oay

where I is called the limiting current. Eqn. (27) shows that the limiting current is inversely
porportional to the thickness of the water layer, dw. If we can show this functional
dependence experimentally the assumption that diffusion compensates for the difference
M—£¥ in the water layer is correct.

EXPERIMENTAL

To verify eqn. (27) experiments were done with the apparatus schematically shown in Fig. 2.
Detailed description of the apparatus is presented in paper. 3 The ion exchange membranes
(Ionics AZL—389) were equilibrated in the followmg water solutions: 0.01 mol/dm® NaCl,
0.01 mol/dm® KCl, and 0.005+ 0.005 mol/dm> NaCl+KCl. The water layer between the two
identical ion exchange membranes consisted of porous membranes (Millipore SC with
poresize 8 um). The ion exchange membranes were packed together with porous
membranes as shown in Fig. 2. Porous membranes were wetted with the equilibrating
solutions while the total concentration of the bulk solutions was 0.1 mol/dm? so as to prevent
concentration polarization. The experiments were done with one to seven porous
membranes.

To control the electric current through the membrane, a PAR 173 potentiostat
connected to a PAR 175 universal programmer was used. The electric current was changed
linearly as a function of time so slowly that a stationary state was virtually always attained.
To obtain the limiting current the voltage drop over the membrane was measured with two
identical calomel electrodes (Radiometer K 412). As can be seen from the polarization curve
in Figure 3 when limiting current is reached the voltage drop changes rapidly indicating the
increase in resistance over the membrane system. In the ideal case the resistance should
exceed a very high value after reaching the limiting current. However, in practice, coion leak
and stirring effects in the water layer diminish the resistance.
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RESULTS

The measured limiting currents as a function of water layer thickness are presented in Fig. 4.
It can be clearly seen that the function I; =f(1/dw) has a shape of hyperbola as was predicted
by eqn. (27).

DISCUSSION

According to Eqn. (9) the concentration gradient in the water layer depends on the electric
current providing that the transport number in the membrane and in water are
approximately constant. On the other hand, the concentration gradient and the thickness of
the water layer determine the concentrations on the boundaries. Because the total amount
of the electrolyte in the water layer is constant, there is a limiting value for the gradient and
the electric current at the point where the concentration on the boundary becomes zero and
the resistance approaches infinity. This limit should be inversely proportional to the
thickness of the water layer. From Fig. 3 we can see that the resistance begins to increase at a
electric current which is greater the thinner the water layer. However, the resistance does
not increase infinitely since the system is not ideal. These experiments verify that the
concentration gradients cause the water layer to adapt itself to the transport in the ion
exchange membrane. Thus, the effect of the water layer can be neglected provided that layer
is thin enough, and the electric current does not exceed the limiting current.
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