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Experimental Verification of Separation of lons
Using Countercurrent Electrolysis
in a Thin, Porous Membrane

P. FORSSELL and K. KONTTURI

DEPARTMENT OF CHEMISTRY
HELSINKI UNIVERSITY OF TECHNOLOGY
SF-02150 ESPOO 15, FINLAND

Abstract

Countercurrent electrolysis in a porous membrane has been used to separate
cations in systems LiCl-NaCl-H,O, LiCl-CaCl)-H;0, LiCl-BaCl,-H,O0,
LiC-KCI-H,0, and LiCl-NaC-KCI-H, 0. The experimental results confirm the
relationship between the separation efficiency and the difference in ionic equivalent
conductance, Furthermore, the dependence of the separation efficiency on the
outflow of the enriched solution and on the convection through the membrane has
been verified.

INTRODUCTION

In a previous paper (1) we described the method of separation of ions in a
thin and porous membrane using countercurrent electrolysis. The treatment
of this method is continued by verifying experimentally the dependence of
separation efficiency on the difference in ionic equivalent conductance on the
convection through the membrane and on the outflow rate of enriched
solution,

Mathematical analysis of transport in porous membrane is done by the
Nernst-Planck equations

o GN (ppdlne | pdP) =1, 2 1
Ji Z%FZ dx Zi dx civ, l VN (4 ( )

where j; is the flux of the ion i, A; is its molar conductivity, z; is its charge
number, ¢; is its concentration, and » is the velocity of the solvent, i.e.,
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convection in a fixed coordinate system. There is one Nernst-Planck
equation for every ion, with each equation containing the common quantity,
the derivate of the electric potential, d¢p/dx. These flux equations are used in
the sense described in Refs. 2-4 to give approximate values for diffusion
coefficients of components and for transport numbers of ions (ionic
constituents). In practice this means that we eliminate d¢/dx from the set of
differential equations (1) with the aid of the electroneutrality condition (I).

Let us consider a system where there are two electrolytes with a
common ion and solvent. We define the selectivity ratio with

B (.‘](x = l) 1/zy [02(x —_ 0) ] 1/zp
2= ] ex(e =D @

where / is the thickness of the membrane, and subscript 1 denotes the slower
and subscript 2 the faster moving ion to be separated. With the aid of
definition (2), we can solve from Egs, (1) the dependence of the selectivity
ratio on the convection and on the ionic fluxes, Integrating the solution over
the membrane gives

InS = F? (‘211 . [z, ] )l”_"jo” F? (J’zfzﬂ _ Jilzy| )dx

(3)

As can be seen, the selectivity ratio depends exponentially on the convection
and on an integral term which contains the ionic fluxes through the
membrane.

Examining the special case where the ionic fluxes (j, =j, = 0) are zero,
the selectivity ratio is an exponential function of the convection and of the
difference of the inverses of the ionic equivalent conductance. In the case
where the ionic fluxes are not zero we must calculate the integral term which
is also a function of the convection. The selectivity ratio’s dependence on the
convection obtains such a complicated form that its solution is possible only
by numerical methods.

APPARATUS

In Fig. 1 a countercurrent electrolysis cell is presented for the separation
of cations. In the case of separation of anions, anion exchange membranes
must be replaced by cation exchange membranes and, of course, anode and
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FiG. 1. Side view of the cell used for the experimental measurements.

cathode and the circulating solution in electrode compartments must be
chosen properly.

The cell is made of Plexiglas and is divided into two compartments « and 8
with a porous membrane, Millipore SC, whose thickness is 0.1 cm, diameter
0.5 cm, and pore size 8 um. Pure water is pumped (Ismatec ip -12) at a
constant rate into compartment a and part of this flow is pumped out of the
compartment (v%) and the rest flows through the membrane (convection).

The cathode is a Pt wire and the anode is a Zn rod. Anion exchange
membranes are used to separate the electrode compartments from the cell
compartments « and B, thus preventing foreign ions from disturbing the
separation process.

A potentiostat (PAR 173) is used to control the electric current through
the cell, and a peristaltic pump (Desaga 132100) is used to circulate the
solution in the cell.

ANALYSIS

The cations were analyzed by flame photometry, and the potentiometric
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titration of the common anion was used to check the results of flame
photometry,

MEASUREMENTS

The first set of experiments was carried out in four different systems:
LiCl-NaCl-H,0, LiCl-CaCL-H,0, LiCl-BaCl,-H,0, and LiCI-KCl-
H,0. In these measurements the cation fluxes were zero (v* = 0). The
concentrations in the B compartment were kept constant during the
measurement, the total concentration was 10 mmol/dm?, and the ratio of the
convection of electrolytes was equal to one. The convection in all four
systems was kept constant and the electric current was chosen so that the
total concentration in & compartment was approximately 10 mmol/dm®.

The second set of experiments was done in the same systems as the first
but with nonzero cation fluxes. In these measurements both #* and the total
concentrations in Compartments 8 and & were maintained constant and the
concentration ratio of the electrolytes in Compartment 8 was equal to one.

0 T T
0 05 1

TAA

FIG. 2. The experimentally obtained relationship between the logarithm of the selectivity ratio

(S) and the difference in the ionic equivalent conductance [AA= NCIT)/NLiT)y — MCI7)/

MM )] in systems where the cation fluxes are zero. The systems are LiCl-NaCl-H,0 (O),

LiCl-CaCl,-H,0 (®), LiCl-BaCLH,0 (X) and LiCl-KCI-H,0 (A), and the convection
through the membrane is % = 6.5.
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To check the stationary state of the system, the outflow (%) was analyzed.
The selectivity ratio was measured at five different convections through the
membrane for each of the four systems,

The third set of experiments was done in LiCl-KCI~-H,Q system. The
convection through the membrane was kept constant and the outflow rate
(v%), i.e., the cation fluxes, was varied. The selectivity ratio was determined
at two dlfferent values of convection. In these experiments the total
concentration was 10 mmol/dm®. _

The final set of experiments was done in a quaternary system LiCl-NaCl-
KCI1-H,O. Both the total concentration in the cell and »* were kept constant
during the experiment. The concentrations of the three electrolytes in the
compartment were equal. Measurements were carried out in five different
convections.

-RESULTS

Equation (3) points out clearly that the selectivity ratio (S) is exponen-
tially dependent on the difference in ionic equivalent conductances (A;/z;)
when cation fluxes are equal to zero. This was verified experimentally in four
different ternary electrolyte systems, and the results can be seen in Fig, 2 and
in Table 2. In Table 1 we have listed the dimensionless numbers used as well

TABLE 1
Definitions of Dimensionless Numbers
Electric current density I,= IlJAFCyDy
Convection vk = Vkl/ADO
Outflow rate v® = V(4D
Ionic flux K;=Jil/lLRTCy
Selectivity ratio:
CI(X= l) 1/21 02(x=0) 1/22
(a) theoretical S={— —
ci(x=0) cy(x=1)
(b) practical §% = C1(DC5(0)/C1(0)Cx(])

Numerical values for parameters are as follows: Membrane constant 4//= 8.5 cm, Cy = 0.01
mol/dm3, Dg=2.0X 107 em?¥/s, F= 96,5004s/mol, R =8.314 J/K-mol, T=1298 K,
I+ =38.7, Iygt = 50,1, I+ = T73.5, Ig,2+ = 59.5, Ig2+=63.5, Io- = 76.4 1+ em?/
moP, and l;= N/z#F? ({; is the so-called ionic mobility).
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TABLE 2
Dependence of Separation Efficiency on Differences in Yonic Equivalent Conductances?®
Svstem Aar A
vs >\Li+ >\M2+ Uk '—Ir S
LiCl-NaCl-H,0 0.45 6.54 11.58 2.9
LiCl-CaCl-H,0 0.69 6.70 23.16 4.0
LiCl-BaCl,-H;0 0.77 6.70 23.16 4.6
LiC1-KCI-H,0 0.93 6.54 11.58 10.4

n every measurement the total concentrations on both sides of the membrane, i.e., in
Compartments @ and 8, were kept constant (0.01 mol/dm3), the concentration ratio in
Compartment § was equal to one, and cation fluxes K ;+ = Kyz+ = 0.

as the numerical values for relevant parameters.

The separation process that is of practical importance is a continuous
process, i.e., the fluxes of ions to be separated deviate from zero. We studied
the continuous separation processes in four ternary systems by varying the
convection and the electric current density while keeping the outflow rate
constant, The results of these measurements are presented in Fig. 3 and in

lgs

O T 1 1 T
2 4 6 8 Vk

F1G. 3. The experimentally obtained relationship between the logarithm of the selectivity ratio

(S) and the convection (V%) in the systems (a) LiCI-KCl-, (b} LiCl-BaCl,—, (¢) LiCl-CaCly—,

and (d) LiCl-NaCl-H,0. The relationship of the practical selectivity ratio (S*) and the
convection is also shown in the figure (b2 and ¢2).
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TABLE 3
Measured Fluxes and Selectivity Ratios as a Function of Electric Current and Convection in
Various Ternary Systems®

System o =1, S S* —Kpi+ —Kpet
LiCl-NaCl-H,0 8.01 24.4 2.9 0.3 0.9
6.42 18.9 2.4 0.3 0.8
4.98 15.2 2.2 0.4 1.0
3.50 11.0 2.1 04 0.9
1.86 6.10 1.7 0.4 0.7
LiCl-CaCly-H,0 8.06 55.5 2.4 3.7 0.4 1.4
6.50 42.7 2.1 3.0 0.4 1.1
5.08 32.9 1.8 2.6 0.5 1.3
3.32 25.0 1.4 2.0 0.6 1.2
1.96 15.8 1.4 2.1 1.0 1.0
LiCl-BaCl,-H,0 7.88 55.5 4.8 7.2 0.2 1.4
6.19 42.7 3.7 5.4 0.3 1.3
4.58 34.1 2.4 3.6 0.4 1.4
2.86 28.0 1.7 2.6 0.6 L5
1.65 13.4 1.7 2.2 0.5 1.1
LiCI-KCI-H,0 8.02 24.4 11.8 0.1 1.4
6.19 18.9 7.0 0.2 1.4
4.89 14.6 6.4 0.2 1.4
3.30 10.7 4.1 0.3 1.2
1.73 5.49 33 0.3 1.0

“In every measurement the total concentrations on both sides of the membrane, ie., in
Compartments & and B, were kept constant (0.01 mol/dm?) and the concentration ratio in
Compartment § was equal to one, The outflow rate #* was constant in every measurement and
its value was 1.5.

Table 3. The exponential dependence of the selectivity ratio on convection
can be seen, but the slope of the line Ig S = Kv* differs from the slope
obtained when the fluxes are zero. In each case the nonzero fluxes give a
smaller value for the slope.

To confirm that the behavior is the same in more complicated systems, we
did analogous measurements in the quaternary system LiCl-NaCl-KCl-
H,O and the results are presented in Fig. 4 and in Table 4. It is clearly
evident that the behavior in this quaternary system is of the same kind as in
the ternary systems.

Intuitively, it is clear that the greater the outflow rate, the smaller the
separation efficiency. This was verified experimentally by keeping the
convection constant and varying the outflow rate (¢*). The results are shown
in Fig. 5 and in Table 5. From these experiments we can also see the
exponential dependence of the selectivity ratio on the convection in the case
where the cation fluxes are zero.
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Fi1G. 4. The experimentally obtained relationship between the logarithm of the different

selectivity ratios (S) and the convection (#X) in the system LiCl-NaCl-KCl-H,0. The
selectivity ratios are (a) K¥/Li™, (b) K*/Na™, and (c) Na*/Li™".

0 T T T T
0 2 4 6 8

TABLE 4
Measured Fluxes and Selectivity Ratios as a Function of Electric Current and Convection in
Quaternary System LiCl-NaCl-KCI-H,0%

v =L, S(Na/Lit) S(K'/Na®) S(K'/LiY) -Kpy+ —Knat —Ki+
723 235 2.3 3.0 6.8 0.2 0.4 1.3
5.80 182 22 2.9 6.8 0.2 0.4 1.2
453 141 1.9 2.6 4.9 0.2 0.4 1.1
314 103 1.8 2.1 3.7 0.2 0.4 0.9
116 5.3 1.7 17 29 0.2 0.4 0.6

4In every measurement the total concentrations on both sides of the membrane, i.e., in
Compartments « and B, were kept constant (0.01 mol/dm®) and the concentrations of
electrolytes were equal in Compartment B. The outflow rate v* was constant in every
measurement and its value was 1.5,
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FI1G. 5. The experimentally obtained relationship between the logarithm of the selectivity ratio
and outflow rate »® (Curves a and b) and the convection (z/‘) (Curve ¢) in the system LiCl-
KCI-H,0. The value of the convection is #* = 3.0 (a) and ¥ = 4.6(b).

TABLE 5
Measured Effect of Outflow Rate #* for Separation Efficiency in Ternary System
LiCI-KCI-H,0%

% -1, S
k=30 47 13.9 2.44
3.1 12.8 2.64
0 7.3 5.44
=46 6.6 23.8 3.7
3.2 117 45
0 11.0 14.7

2In every measurement the total concentrations on both sides of the membrane, ie., in
Compartments & and S8, were kept constant (0.01 mol/dm?) and the concentration ratio in
Compartment 8 was equal to one,
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CONCLUSIONS

In countercurrent electrolysis in a thin porous membrane, the ionic
equivalent conductance determines the order in which the ions can be
separated. This means that the ions with greater equivalent conductance can
be enriched from the mixture of different electrolytes; the faster moving ions
travel more quickly against the convection. Of course, the condition of
electroneutrality is fulfilled at all times.

The outflow rate of the product has a significant effect upon the selectivity
ratio. When the outflow rates are fairly large, the effect is small, ie., the
selectivity ratio remains almost constant. But when outflow rates are small,
the effects are quite large so that the selectivity ratio decreases rapidly with
an increased outflow rate.

The fact that the separation is dependent on ionic equivalent conductance
and not on molar conductance makes the separation of ions with different
charge numbers unfeasible. This is due to the fact that there are easier and
better ways to separate ions with different charge numbers (e.g., ion
exchange).

Countercurrent electrolysis in a thin porous membrane seems to be worthy
of consideration as a separation process when the ions have the same charge
numbers and when they are difficult to separate by other means. The
separation effect in the present method can be considerably enlarged by
connecting porous membranes in series with the aid of ion-exchange
membranes and also by using thicker porous membranes. These studies are
in progress.
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