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In electrodialysis through ion-exchange resin
membranes, different ionic species of the same
charge sign are usually transported at different
rates.'~*> Even early in the development of
practical permselective membranes, suggestions
were made for ion separations by means of
electrodialysis.’> In electrodialytic water treat-
ment, the preferential ion transport has impli-
cations with respect to meeting the product
specifications (the desired product being either
the partially-desalted water or the simultane-
ously-produced concentrated brine), e. g., with
respect to the maximum allowable concentra-
tion of precipitate-forming ions in the brine.

Preferential ion transport through permselec-
tive membranes can be described from first
principles,f~!'® but, as will be shown, the
inherent difficulties allow only qualitative con-
clusions and predictions to be made, particular-
ly in practical systems.

Theoretical Considerations

The migrating counterions are transported
consecutively (Fig. 1) through the bulk solu-
tion being electrodialysed by electric and con-
vective transport, through the diffusion layer
on the respective membrane by electric and
diffusional transport, across the solution/
membrane interface, through the membrane
and across a second membrane/solution inter-
face, and through a second diffusion layer into
the bulk of the brine.

Transport through the Membrane.—The elec-
trical transport ratio of two counterions, i
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Fig. 1. Preferential ion transport through a
single (cation) exchange membrane.

and j, in an ion-exchange resin membrane is
given by :

.
I uiX;

(1

in which ¢ is the transport number, u, the
electrical mobility, and X, the fractional
contribution of one counterion to the total
counterion content; the barred symbols refer
to the resin phase.

The mobility of each counterion in the
membrane phase is determined by the restrict-
ing forces acting on that (hydrated) counterion,
by the electrostatic and other binding forces
exerted by the fixed ionic groups in the resin,
and by the frictional forces encountered.
Equation 1 holds for local values; however,
ion-exchange resins are known to have some
heterogeneity in their crosslinking or pore
structure,” ~'*> and only average values for u
and X can be measured.

Furthermore, the mobilities of the counter-
ions in the resin are not independent,'® there
occurs some interaction, which can be detected
from the non-linearity of a plot of the resin
conductance versus the equivalent counterion
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composition in the resin.'®~'*> The deviation
from linearity is sometimes negligible ;''2% it
can be expected, that the interaction will be
strong in highly-crosslinked ion-exchange resins
with a high concentration of fixed ions.

From published data,? =2 it is apparent that
the electrical mobilities of the counterions are
governed by much the same factors as those
which play an important part in ion-exchange
equilibria, namely, the charge and size of the
hydrated counterion and the nature and con-
centration of the fixed ions. Consequently,
when a pressure-volume effect is not determin-
ing, the preferentially-absorbed counterion
often has a relatively low mobility in the
resin. It is, therefore, not surprising that some
ion-exchange resin membranes specially pre-
pared to have a specific affinity for a certain
counterion?”:2®> show little specific transport of
that ion across that membrane. The effect of
the preferential absorption of the counterion
is then counteracted by the strong binding
of that ion. This counteraction can be so
strong that, for example, very little Ba®* is
transported across a sulphonic acid resin
membrane placed in a mixed sodium chloride/
barium chloride solution.?®

When the preferential absoption of one
counterion in the resin is caused by the specific
exclusion of the other counterion, then the
preferentially-absorbed ion may have a relative-
ly high mobility in the resin which enhances
the preferential transport of that ion across
the membrane.

Transport Across the Solution/Membrane
Interface. — The concentration ratio, X;/Xj,
inside the membrane depends on the uptake
of the ions from the solution on the membrane
surface, which has a different composition
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from the bulk solution because of polarisation,
which is caused by the fact that the transport
number in the membrane of the joint counter-
ions is close to 1. It has been pointed out
by Dibenedetto®™ that the ion-exchange equi-
librium on the interface is hardly affected at
all by the current density because the (electri-
cal) transport velocities of the ions are small
in comparison with their velocities because of
Brownian motion.

If we define the relative affinity coefficient,

K, by:

X*j Zi X_ Zj
(Y e
i X, X*, (2
in which z is the electrovalency of each
counterion and * refers to the solution on the
membrane surface, then:

&__ Zifzj—1 iN1/z —X*i .
XJ_XJ( 1751 L (K51 ROLE (3)
It has been shown'® that K;* is the sum of a
number of terms and is far from constant when
i and j are of unequal valency; K;® is, then,
dependent on the total external electrolyte
concentration and on X; (or X;). In electro-
dialytic processes, both the total electrolyte
concentration and X; change with either time
or place.

An interesting development is the layered
membranes in which a highly conductive ion-
exchange resin membrane has been covered on
both sides with a thin layer of a less conduc-
tive but very highly crosslinked ion-exchange
resin,®® the special properties of this thin layer
of resin determining the uptake of counterions
from the adjacent solution. The thin layer on
the other side of these membranes has been
applied for mechanical reasons, but it may
simultaneously serve to eliminate the effect of
possible polarisation at the first resin/resin
interface.

Transport Across the Depleted Diffusion Layer.
—If only one electrolyte is present, the system
can be described in terms of a diffusion layer
with a linear concentration gradient.®:*1:* 1In
systems with two electrolytes sharing the ion
which has the same sign as the fixed ions in
the resin membrane, it has been assumed®~—*
that two systems, each with one electrolyte
and a linear concentration gradient, can be
superimposed (Fig. 2) to arrive at a relation
between X*/X*; and X;/X;  This leads,
however, to an inconsistency. With two
superimposed linear gradients, #;/t; varies in
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Fig. 2. Concentration gradients across a diffu-
sion layer in a dialysate compartment.

the diffusion layer with the distance from the
membrane, because the ratio of the concentra-
tions of the two ions varies (anywhere: #;/t;
=u;C;/u;Cs). Therefore the diffusion fluxes of
i and j should also vary across the diffusion
layer, but this requires *non-linear concentra-
tion gradients.

In practical electrodialysis, the effect of
polarisation is counteracted by the forced con-
vection of the electrolyte solution towards the
membrane surface through the use of convec-
tion-inducing devices placed in the path of the
solution.®*~%> This makes it virtually impos-
sible to relate X and X*. The limit to pre-
ferential transport for the zero current density
may, however, be estimated from

I = uiX;
—_—:X(z(fzj—l)- K‘: |f3j.:_———-— 4
5 =X (K%y) i (X, s 4)
while at high current density 7;/7; approaches
l’g/l‘;.
Overall Transport. — More complicating

factors are introduced in practical electro-
dialysis because a number of processes occur
simultaneously (Fig. 3). The membranes are
not ideally (charge-) selective, and co-ion
transport takes place, together with a certain
amount of salt diffusion and also osmosis in
the opposite direction. The preferential ion
transport measured by the analysis of the

A'C diffusi -J:I-A'c‘dirf..saon
R A —- A Remote
Ai:‘;:\e Cathode
X B —t= B" _
c [l
-t H;O -
B' C diffusi N B'C diffusion
Concentrating Diluting Concentrating
compartment compartment compartment
Fig. 3. Transport processes occurring simul-

taneously in a dialysate compartment.
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desalting or the concentrating stream is the
total effect of all the processes taking place.
From the considerations given above, it will
be clear that a description of the preferential
ion transport from first principles is very
unattractive and that an empirical approach is
to be preferred. Fortunately, the process can
be described, under certain conditions, as a
separation process with a constant separation
factor®:3™ denoted s:
dac: G
ac; ¢
When an amount of saline water is deminera-
lised from concentrations C;’ and C;' to con-
centrations C;'' and C;'', the integration of

Eq. 5 gives:

(5)

Ct” C_f”
In = =5 6
n-cr=slns; 6
Experimental
A batch of 10 1. mixed electrolyte solution,

contained in an aspirator with a calibrated-level
glass for volume measurements, was circulated by a
pump through the parallel desalting (or “‘dialysate’’)
compartments of a membrane pack containing ten
such compartments alternating with eleven concen-
trating (or *‘brine””) compartments (Fig. 4). Samples

Circulating anode and
eathode rinse systems

Cooling § JRSRIRSRRAAIRSNILNI]
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Electrodialysis apparatus
1
Conduct,
@
Distilled
water ‘

S
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: Therm, *=t=
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Waste
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Fig. 4. Experimental set-up; the compartments
marked X are connected to calomel electrodes.
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of the batch, which was thoroughly mixed by a
fast flow through a by-pass of the membrane pack,
were analyzed at regular intervals, while the total
electrolyte content was indicated by a conductivity
meter. The vertical compartments with upward
flow were formed by the cut-away rectangular
centre section of asbestos ‘‘ steam-jointing ™’ gaskets,
1/32 inch thick, which were filled with perforated
corrugated spacers, each compartment having a
surface area of 128cm2.  The first and last brine
compartments were connected to calomel electrodes,
so that the voltage drop across the membrane pack
could be measured by a vacuum-tube voltmeter
with a high input resistance. The voltage on these
electrodes was kept constant in each experiment.
The current-carrying electrodes, having the same
surface area as the compartments in the pack, were
placed in electrode compartments adjacent to the
end brine compartments. A separate electrode
rinse solution was circulated through the electrode
compartments.

A batch of brine, with the same initial composi-
tion as the initial dialysate, though usually double
the concentration, was circulated through the brine
compartments in parallel. The total electrolyte
concentration of the- brine, measured with a con-
ductivity cell, was kept approximately constant
during each experiment by continuous dilution with
distilled water. The flow velocities in the brine
and dialysate compartments were 10cm./sec. All
the solutions were thermostatically controlled.
Further details on the experimental set-up are given
elsewhere.?®

The following membrane pairs were used :

C.S.I.R. parchment-base-type PS (cation
exchange) and G (anion exchange)

Permaplex3—C20 and A20

T.N. 0.40—C60 and A60

A. M. F.#2—3129 B56 and 96

Results and Discussion

The reasonably general validity of Eq. 6 is
illustrated for cation transfer and anion trans-

TaBLE I.
Line Symbol Counter ion
A A Mg2+
B A Caz*
K AN S0,2-
C | | Ca®* + Mg+
D =} K+
L | | CO,2-
N in| SO,2-
E l] M gz +
G 1 | Caz+
M O SO,
J Q S0~
F O Mg+
H (] Ca®~
H X Ca?~
I + Caz~

38) W. G. B. M rdersloot, J. Electrochem. Soc., 111, 838
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39) The Permutit Comp. Ltd., England.
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fer in Figs. 5 and 6 respectively, in which
results obtained with a variety of membrane
combinations and on different initial water
compositions have been brought together. The
results of the investigation of the effect of
compartmental voltage with T.N.O. membranes
and Permaplex membranes are shown in Figs.
7 and 9 respectively.

The results obtained with parchment-base
membranes (lines A and in Fig. 5 and line K
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2 5 10 20 50 100%
Concn. of reference ion Na*
Fig. 5. Preferential cation transport according

to Eq. 6, expressed in terms of the 9 residual
concentration of an, ion in the dialysate;
details in Table I.

DETAILS OF DATA IN FIGS. 5 AND 6

Initial dialysate

Synthetic sea water

Brackish well water®

Mainly T.N. O. A22
and C21 heterogeneous
membranes

Sea water®

Synthetic sea water

0.25 N CaClz/0.25 N NaCl

40) Central Technical Institute, T. N. O., Netherlands.
41) American Machine and Foundry Comp., U. 5. A.
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Fig. 6. Preferential anion transport according
to Eq. 6, expressed in terms of the 24 residual
concentration of an ion in the dialysate;
details in Table I.
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Fig. 7. Preferential cation transport through
T.N.O. A 60 and C 60 membranes at various
compartmental voltages.

08

05l I 1 ] | I J
2 4 6 -8 1.0 1.2

Separation factor, s
=1
(-]

Volt per compartment pair

Fig. 8. The separation factors (from Fig. 7)
versus compartmental voltage.

in Fig. 6), which were of an early type not
highly efficient in sea water, indicate that Eq.
6 holds well even if the detrimental transfer
processes indicated in Fig. 3 constitute a con-
siderable portion of total ion transfer.

That the separation factor is independent of
the initial composition is indicated by line H
in Fig. 5, which represents two experiments
with the same membrane pair, the same electric
potential drop per compartment pair, and the
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same flow velocity in the compartments, but
on water with a completely different composi-
tion, namely, synthetic sea water with a
sodium : calcium equivalent ratio of 45:2, and
a total electrolyte concentration 0.6nN, and a
mixed sodium chloride/calcium chloride solu-
tion, 0.5~ in Cl-, with a sodium:calcium
equivalent ratio of 1:1.

That Eq. 6 holds even when a very small
amount of one ion is present is demonstrated
by line D in Fig. 5, which represents the
removal of a small amount of K* from a
natural brackish well water. A strong devia-
tion from linearity was found for the separa-
tion of Cl- and SO.*", as is indicated in line
J in Fig. 6. This will be discussed separately.

The Effect of Compartmental Voltage
(Current Density).—This effect is illustrated
by the different slopes of lines H and I in
Fig. 5, representing identical experiments but
run at 1.0 V. and 0.75 V. per compartment pair
respectively. It should be noted that during
the runs the current density, /, decreases with
the electrolyte concentration in the dialysate

E

a+b/C "’
in which E is the compartmental voltage and
a and b are constants.

The effect of the compartmental voltage
drop, which is a measure of the degree of
polarisation at a constant flow velocity, was
investigated in more detail, using T. N. O. C60
and A60 membranes at 30°C with initial
electrolyte concentrations in the dialysate of
025N Cl- (0.125~ Na* and 0.125~ Ca’*), a
constant total brine concentration of 0.5 N, and
compartmental voltage drops, constant in each
run, from 0.2 to 1.0 V. The separation factors
derived from the slopes of the lines in Fig. 7
are plotted in Fig. 8 versus the voltage.

Similar experiments have been carried out
with Permaplex membranes, but the range of
voltages used was higher (0.2 to 1.5V. per
compartment pair) because the higher resist-
ance of these membranes caused the current
densities to be 10~20% lower at equal voltages.
The non-linearity of the preferential ion trans-
port data, as given in Fig. 9, can be attributed
to polarisation, which increases with a decrease
in the electrolyte concentration in the dialysate.
It is interesting that the lines in Fig. 9 tend
to approach the same slope at low concentra-
tions. It was not possible to measure the
polarisation in terms of an increase in the
electric resistance of the membrane pack.
Preferential ion transfer could thus be used
as a very sensitive, though rather impractical,
measure of the degree of polarisation. Because
of the curved lines in Fig. 9, only the separa-
tion factors corresponding to the initial slopes

C, approximately according to®® i=-
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Fig. 9. Preferential cation transport through
Permaplex A 20 and C20 membranes at
various compartmental voltages.
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Fig. 10. The separation factors (from initial
slopes in Fig. 9) versus compartmental voltage.

have been plotted versus the voltage in Fig.
10. The separation factors in Fig. 10 are
approximately the same as in Fig. 9. The
values for K3 were also reasonably close
for the two types of membranes.'®

The Effect of the Nature of the Membrane.
—Heterogeneous membranes (ground ion-
exchange resin embedded in a sheet-forming
binder) appear to cause less separation than
homogeneous membranes when wused under
comparable conditions, as is evident from the
results shown in Figs. 5 and 6 and in Figs. 7
and 9. This can be explained by the fact that
a portion of the ion transport through the
heterogeneous membranes is through a liquid
path ;42 moreover, as has been mentioned
in the previous section, the polarisation on
these membranes is stronger.‘®

42) Unpublished data taken, with permission, out of
a confidential sponsored research report by the Central
Technical Institute, T. N. O., Netherlands (1958).

43) G. Drouhin and C. Gomella, Sci. Council for Africa
South of the Sahara, publ. 64, 101 (1960).
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Soc., No. 21, 208 (1956).

45) H. P. Gregor, Nat. Acad. Sci., Nat. Res. Council,
publ. 568, 240 (1958).
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A comparison of the data in Fig. 7 with
lines H (1.0V.) and I (0.75V.) in Fig. 5 shows
that the preferential transport of Ca** through
the homogeneous AMF membranes, which
have a high internal concentration of fixed
ions, is much more marked than through the
T.N. O. membranes, which have a relatively
low internal concentration.!® This can be
attributed to the higher affinity of the AMF
membranes for calcium ions at intermediate
loadings.'*?

The Cl1-/SO,>~ Separation. —In Fig. 6 a
strong deviation from linearity is found for
the CI/SO; separation using AMF membranes
(line J). At high concentrations there is
hardly any SO,*~ transport. It increases con-
siderably, however, below a total electrolyte
concentration of 0.15N. This is a reflection
of the strong increase in affinity for SO4*~
relative to Cl- at concentrations below 0.15N ;'
later experiments have shown that this pheno-
menon is_quite general with membranes which
are efficient at concentrations above 0.15N,
particularly if the membranes are highly
crosslinked.

The Order of Preference.—The order of the
preferential transport of common ions at total
electrolyte concentrations below 1N, using
highly efficient ion-exchange resin membranes
and preventing serious polarisation, as found
by us agrees well with most data reported by
other workers.2/16,29,37,41,42,47=50  For cations
the general order is Ca?*>Mg?*>K*>Na*>
Li*, and for anions, Cl™ >80~ >CO;*" -
(HCO;~) and NO;~ >Cl->F~. These orders
compare very well with those observed in ion
exchange equilibria; the relative affinity
coefficient, K;i, appears to be the determining
factor unless the mobility in the membrane
of one counterion is greatly reduced by very
strong binding forces (e. g., ionpair formation).

Summary

Because of the great difficulties encountered
when describing preferential ion transport in

46) B. A. Cooke and S. 1. v. d. Walt, Electrochim. Acta,
5, 216 (1961).

47) E. O. Seipold, Sci. Council for Africa South of the
Sahara, publ. 64, 119 (1960).

48) N. Krishnaswamy, J. Sci. Ind. Res. (India), 18A, 218
(1959).

49) N. Ishibashi, J. Chem. Soc. Japan, Ind. Chem. Sec.
(Kogyo Kagaku Zassi), 61, 798 (1958).

50) W. E. Katz, Chem. Eng. Progr., 53, 190 (1957).

51) K. Oda, M. Murakoshi, T. Saito and S. Matsuda, J.
Electrochem. Soc. Japan (Denki Kagaku), 25, 328 (1957).

52) N. W. Rosenberg, T. A. Kirkham, C. E. Tirrell and
N. E. Saliba, U. S. Dept. Interior, Office of Saline Water,
R. and D. Progr. Rep. No. 1 (1954).

53) M. Nagamatsu, J. Electrochem. Soc. Japan
Kagaku), 25, 565, E117 (1957). .
54) T. S. Brun, E. Meisingseth and K. Palmoek, Arbok
Univ. Bergen, Mat.-Naturv. Serie, 1962, No. 3

(Denki



1448

electrodialytic demineralisation from first
principles, an empirical approach is more
attractive. Preferential ion transport can be

described as a simple separation process with
a separation factor which is constant for a
certain membrane pair under certain con-
ditions, namely, a constant voltage drop per
compartment pair at a constant flow velocity
in the compartments, high enough to avoid
any serious polarisation. Exceptions occur
when one counterion is immobilised to a
great extent in the resin, when specific strong
binding forces are operative (e.g., ionpair
formation), and also when the preferential
absorption of a counterion is based on the
preferential exclusion of the other counterion.
The latter appears to be the case in the
separation of Cl- and SO,*~ at high total
electrolyte concentrations,

The order and magnitude of preference are,

[Vol. 37, No. 10

in the first instance, governed by the same
factors which govern ion-exchange equilibrium.
The separation of ions has been shown to
decrease with an increase in the applied electric
potential (current density). It has been de-
monstrated that heterogeneous membranes
cause a concentration polarisation at lower
current densities than homogeneous mem-
branes and that this early polarisation can be
detected from the preferential ion transport
data before it can be measured in terms of
the resistance of the membrane pack.

The author is indebted to Mr. J. Venlet for
his assistance in the experimental work and in
the evaluation of the results.
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