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Electric effects in the multicomponent ion-exchange kinetics
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Abstract

Kinetics of multicomponent ion exchange (MIE) is theoretically analyzed to reveal the occurrence of macroscopic
electric fields. An experimental technique to detect these fields is proposed. Self-oscillations in MIE systems are described.
Relations between the amount of microcomponent introduced into a MIE system and its reply electric signal are

determined.
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1. Introduction

In {1,2], a macroscopic model for the mul-
ticomponent ion-exchange (MIE) kinetics was
described. The model is based on the hypothesis
that electric fields accompanying the kinetic pro-
cess reveal, in essence, a macroscopic behaviour.

According to the electroneutrality condition,
in the ion-exchange intraparticle diffusion the
total charge of counterions under the thermo-
dynamic equilibrium must be equal to the total
charge of functional groups of anion exchanger:

Zziai R Zz,-ao,- = ap = const 1)

where z; is the ion charge, ag; is the equilibrium
ion concentration in the exchanger (mmol/cm3),
and qq is the equivalent concentration of func-
tional groups (meq/cm?). The approximate equal-
ity in Eq. 1 fulfils with a high accuracy because

* Corresponding author.

the relaxation to a local equilibrium requires
much less time than that to the total thermo-
dynamic equilibrium in the ion-exchange system.

It is the incomplete compensation of the
charges that gives rise to radial dipole moments
in a grain of the ion exchanger that generates
a spherically symmetric electric field tending to
countervail these dipoles. This is the main fea-
ture of the macromodel proposed in [1,2] unlike
the local model of [3] in which the electric field
emerged is considered at the microscale. The
use of the local model leads to complex mathe-
matical problems related to the integration of sec-
ond-order nonlinear partial differential equations.
Our hypothesis concerning the macroscopic be-
haviour of the electric field in an ion-exchange
grain makes it possible to simplify its mathemat-
ical formulation. This paper discusses the basic
question: does the macroscopic electric field re-
ally affect the ion-exchange kinetics?

In the macromodel, the ion-exchange kinetic
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equation accounting for the electric potential ¢
can be written as:

% _ 12aD; N a1 Fz;
dr = d2 ap; ai RT (‘PO (,0)
2

where o, ) = const, d is the exchanger grain di-
ameter, D; is the ion diffusivity, F is the Faraday
constant, T is the temperature, ¢y is the equilib-
rium potential. The expression o) (gy — ¢) can
be derived from the condition

da,-
1 =0
> ug 3)
which is satisfied with a high accuracy as well as
Eq. 1, that implies
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Substitution of Eq. 4 in Eq. 2 yields:
da; 12aD; 9
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Assuming g9 — ¢ = 0 in Eq. 2, we come to
the familiar kinetic approximation formulated by
Glueckauf [4]. The basic limitation of the glueck-
auf approach is that the parameters D; are time-
dependent, whereas in the macromodel approach
the diffusivities D; are constant, but the potential
 is time-dependent.

Let us consider the occurrence of a maximum
on the kinetics curves: (a) the maximum arises on
the kinetic curve for the most mobile of the com-
peting ions; this was also concluded in [3]; (b) the
desorbed component diffusivity is to be greater
than the diffusivity for at least one of the com-
peting components; (c) the larger the difference
in diffusivities of the competing components as
well in diffusivities of the desorbed component
and the slowest of the competing ones, the larger
the effect; (d) the smaller the equilibrium con-
centration of the most mobile component in the
ion exchanger, the larger the effect.

Calculations by Eqs. 4 and 5 of the time
derivative of the potential versus time yield
the Gaussian curve of which maximum is close
enough to the kinetic curve maximum. This im-
plies that in the neighbourhood of the kinetic
curve maximum da,/d¢ =~ 0 and Eq. 4 can be
written as:

—.H.lr dne — 8 .Ir'\l.,!l _'I, i
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Thus, we can conclude that the relative overshoot
(A, ) of the peak maximum over the equilibrium
ion content (x ) s the main reason why the electric

potential (@) deviates from the equilibrium value

(i ).

The second conclusion from the theory is
that the electric field magnitude significantly de-
creases as co-lons (e.g., amons in the cation-

exchange process) penetrale into the ion ex-
changer, This 15 due to an arbitrary distribution
of the co-ions within the electric field organized
by the counterions. Indeed, the Donnan effect,
i.e. the boundary electrostatic barrier of the same
!;H:-lil:':”_'n. as the Cﬂ-ill]f'l:\. |!']I."‘\.'.‘|'|[Z~ |.||I..']=' ['-'k"l:li.‘lr-;l'
tion inward the ion exchanger. A combination of
the macroscopic electric field arising in the ion-
exchange process and the Donnan electrostatic
potential can lead to self-oscillations in the sys-
tem. This possibility was verified in experiment
as described below.

2. Experimental

The experimental device is shown in Fig. 1.
It consists of an ion-exchange membrane (1)
that separates three hydraulically nonconnected
cells: a working cell (2), a supporting cell (3)
and a pure cell (4). The membrane potentials
were measured by a grid electrode (5) and an
orificed electrode (6). These electrodes were con-
nected by a series condenser (7) (15 wF) to the
center (1 M£2) of a double-coordinate voltmeter-
recorder (8) (ENDIM 622.02, Germany). The
cation-exchange membrane (MK-40, Russia) had
a round shape 20 mm in diameter and 1 mm
in thickness. The electrodes were prepared of
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Fig. 1. Schematic of three-component ion-exchange system and
electric circuit for measurement: (1) ion-exchange membrane;
(2) working cell; (3) supporting cell; (4) pure cell; (5) grid elec-
trode; (6) orificed electrode; (7) condenser; (8) two-coordinate
voltmeter-recorder.

stainless steel. The pure cell contained doubly
distilled water whereas the supporting and work-
ing cells contained 0.75 mM H,SO,4 and 25 mM
NaySOy, respectively. The flow-rate of each so-
lution was 0.5-1.0 cm3/min (the so-called ‘basic
regime’). Before measurements, the system was
conditioned at least for one hour. Then, the flow
of sodium sulfate solution was switched off and
the working cell was flushed out with water. At
the beginning of each experiment, the potassium
sulfate solution 3 cm® by volume was injected in
the working cell, its concentration varying from
15 uM to 1 mM. After 2-minute contact of the
membrane with the potassium sulfate solution,
the latter was displaced by the sodium sulfate
solution passed through the working cell like in
the basic regime. All the chemicals used were of
the analytical-reagent grade.

3. Results and discussion

Fig. 2 demonstrates the time derivative of the
membrane potential as a function of time (this
plot we named the ‘oscillogram’ similar to curves
displayed on the oscillographic screen). As is
seen from Fig. 2, the initial oscillogram recorded
before the experiment starts is a horizontal line
with y = cont. At the onset of the experiment,

h,mV

o 88 8

40 t,min

o8&
o
N

e 10 N 40

t,min

l\s-hcl:

N

I pin
Fig. 2. Oscillograms for the three-component ion-exchange sys-
tem (hydrogen, sodium and potassium ions). Conditions as de-
scribed in Experimental. Potassium concentration (ppm): (a) 10;
) 5;(c) 1.

the oscillogram looks like an extended horizontal
line followed by a narrow peak 60-100 mV in
amplitude and then by a trough of the opposite
polarity, approximately equal to the peak by its
area. The peak waiting time correlates with the
amount of injected potassium so that the higher
the concentration, the smaller the peak waiting
time. For example, 10 ppm K™ yields the peak
waiting time 12—14 min, 5 ppm Kt — 16-18 min,
1-2 ppm K* — 61-64 min. When the injected
potassium amount exceeds some threshold (about
0.5 mM), on the oscillogram there appear several
peaks at equal intervals (about 10 min) beyond
the corresponding trough (Fig. 3).

From the above theoretical approach, the be-
haviour of the MIE system can be explained
as follows. The basic state of the system corre-
sponds to the steady separation of the zones of
sodium and hydrogen cations within the mem-
brane of the potential ¢y (here we mean not
the total potential but its kinetic component in-
volved in Eqgs. 2-6; the other component on the
membrane surface is the Donnan potential). The
potential ¢ of the orificed electrode has a pos-
itive value because it equalizes the velocities of
highly mobile hydrogen ions and slow sodium
ions. We chose such experimental conditions
that the potential ¢y did not completely com-
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Fig. 3. Oscillogram for 0.5 mM potassium,

pensate the Donnan potential and anions did not
penetrate into the membrane. On contacting the
membrane with potassium ions, their front is,
at first, far from the boundary of macrocompo-
nent zones. Therefore, the boundary is not shifted
and the potential of the system is maintained.
When potassium ions (less mobile in the cation
exchanger than sodium ions) reach the bound-
ary, hydrogen ions become more retarded that
results in increasing the positive potential of the
orificed electrode. Under the experimental con-
ditions chosen, this increase completely compen-
sates the Donnan potential so that sulfate ions
penetrate from the working cell into the mem-
brane sharply changing the pattern of ionic cur-
rents and thus fast lowering the membrane poten-
tial to very low values. This step of the process is
displayed as the peak on the oscillogram. At the
same moment, the Donnan potential at the side
of working cell is restored and, consequently, the
flux of anions into the membrane is terminated
and the anions now release with hydrogen ions
into the pure cell. This step — restoring the mem-
brane potential — is depicted as the trough on the
oscillogram.

It is apparent that the amount of the potas-
sium injected at the onset of the experiment af-
fects the parameters of the potassium front in
the membrane. The maximum gradient of micro-
component (potassium) concentration in the jion
exchanger can be determined by he expression:

cov/ 1T < ~aocoKxo
A - A

where ¢ is the macrocomponent (here, sodium)
concentration, I is the microcomponent (potas-

)

(graday) oy =

sium) distribution coefficient, K,q is the potas-
sium selectivity constant, and A is the distance
between the membrane surface (from the side
of working cell) and the boundary of macro-
component zones. Eq. (7) implies that the front
speed falls to a minimum and its slope rises to
a maximum as the microcomponent concentra-
tion decreases to the limit when the distribution
coefficient takes its maximum value agK,o/co.
Above this limit, the lower microcomponent con-
centrations correspond to the larger peak wait-
ing times and, what is quite not obvious, to the
stronger compensation of the Donnan effect. The
latter is accompanied by more intensive penetra-
tion of the anions into the membrane and con-
sequently yields the higher peak and the longer
peak—trough distance.

Fig. 3 demonstrates the self-oscillations in the
MIE system with the flat immobile boundary be-
tween the macrocomponent zones. In this system
it is possible to form a periodic, two-wave pat-
tern of the microcomponent zone, parallel to the
boundary (if the microcomponent is in a suffi-
cient amount). Indeed, when the potassium front
reaches the boundary between the sodium and
hydrogen ion zones, the sodium is quickly dis-
place from the contact zone into the working cell
(the above property (a) of the ion-exchange kinet-
ics). Removing the sodium ions from the bound-
ary decreases the displacement velocity because
of breaking the conditions necessary for this ki-
netic effect. As mentioned above, the penetra-
tion of co-ions into the membrane also breaks
this effect. The displaced sodium front is finally
stopped within the potassium zone and thereby
divides it into two parts. On restoring the ba-
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sic potential, the former higher velocity of al-
kali cations is also restored. The potassium front
again reaches the boundary and the process re-
peats. the oscillations terminate only when the
potassium amount in its last zone is not enough
for creating the potential which can compensate
the Donnan barrier.

This explanation is confirmed, in particular, by
the fact that the distance between a trough and the
next peak remains constant, despite growing the
distance between peaks (as a result of decreasing
the potassium amount in every new front). The
fact that the amount of a microcomponent and its
ion-exchange properties affect the characteristics
of the described effect is of interest in chemical
analysis.
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