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A bstr act

K inetics of mul ti component þ ï exchange (M IE) is theoretical ly analyzed to reveal the occurrence of macroscopic
electric fi elds. A n experimental technique to detect these fi elds is proposed. Self -osci l lations in M IE systems are described.

Relations between the amount of microcomponent introduced into à M IE system and i ts reply electric signal are

determined.
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1 . I n t r o d u c t i o n

In [ 1,2] , à macroscopic model for the mul-
ticomponent þ ï -exchange (M IE) kinetics was

described. The model i s based on the hypothesis
that electric fi elds accompanying the kinetic pro-

cess reveal , in essence, à macroscopic behaviour.
A ccording to the electroneutrality condition,

in the ion-exchange intraparticle diff usion the
total charge of counterions under the thermo-

dynamic equilibrium must be equal to the total
charge of functional groups of anion exchanger:

g z;a; = ~ ã;àî ; = àî = ñî ï âñ <1)

where z; is the þ ï charge, au; is the equilibrium
þ ï concentration in the exchanger (mmoVcm~),

and an is the equivalent concentration of func-
tional groups (meq/cm ). The approximate equal-

ity ø Eq. 1 ful fi ls wi th à high accuracy because

the relaxation to à local equilibrium requires
much less time than that to the total thermo-
dynamic equi librium ø the ion-exchange system.

It i s the incomplete compensation of the
charges that gives rise to radial dipole moments
in à grain of the þ ï exchanger that generates
à spherically symmetric electric fi eld tending to
countervail these dipoles. This is the main fea-

ture of the macromodel proposed ø [1,2] unlike
the local model of [3] in which the electric fi eld
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 (di fferenti al equations.
Our hypothesis concerning the macroscopic be-
haviour of the electric fi eld ø an þ ï -exchange
grain makes it possible to simplify i ts mathemat-

ical formulation. This paper discusses the basic
question: does the macroscopic electri c fi eld re.-
ally ag ect the ion-exchange kinetics?

In the macromodel , the ion-exchange kinetic" C orr espond ing author .
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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-

pl ies that in the neighbourhood of the kinetic
curve maximum da, / dt = 0 and Eq. 4 can be
written as:

(2 )

w here à , à 1 = con st , d i s the ex ch an ger gr ain d i -

am eter , D ; i s th e | î ï d i f f u si v i ty , F i s th e F ar ad ay
con stan t , Ò i s the tem per ature, y p i s th e equ i l i b -

r i u m p oten t i al . T h e ex p ressi on à 1 (ó ä — ó ) can

be der iv ed f r om th e cond i t i on

d a ;~ ; — ' =î
d t (3)

w h i ch i s sati sfi ed w i th à h i gh accur acy as w el l as

E q . 1, th at i m p l ies

(4 )

z ,. ~ ', Â ~ z~ ,. (à~ — à , )

(5 )a p; — à ;
~. Â 2~~à

2. Exper im ental

A ssuming pp — ó = 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 diff usivities D; are constant, but the potential
y is time-dependent.

Let us consider the î ññø òåï ñå of à maximum
on the kinetics curves: (à) 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; (ñ) the larger the difference
in diff usivities of the competing components as
well in diff usivities of the desorbed component
and the slowest of the competing ones, the larger
the effect; (d) the smal ler the equil ibrium con-

centration of the most mobile component in the
|î ï exchanger, the larger the effect.

The experimental device is shown in Fig. 1.
It consists of an 1î ï -exchange membrane (1)

that separates three hydraulical ly nonconnected
cells: à working cel l (2), à supporting cell (3)
and à ðèãå cell (4). The membrane potentials
were measured by à grid electrode (5) and an
orifi ced electrode (6). These electrodes were con-

nected by à series condenser (7) (15 p,F) to the
center (1 M Q ) of à double-coordinate voltmeter-

recorder (8) (ENDIM 622.02, Germany). The
cation-exchange membrane (Ì Ê-40, Russia) had

à round shape 20 mm in diameter and 1 mm
in thickness. The electrodes were prepared of
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Fig. 2. Oscil lograms for the three-component ion-exchange sys-

tem (hydrogen, sodium and potassium ions). Condit ions as de-

scribed ø Experimental . Potassium concentration (ppm): (à) 10;
(Ü) 5; (ñ) 1.

Fig. 1. Schematic of three-component þ ï -exchange system and
electri c circuit f or measurement : ( 1) þ ï -exchange membrane;

(2) working cell ; (3) suppor ting cel l ; (4) ðèãå cell ; (5) grid elec-
trode; (6) ori fi ced electrode; (7) condenser ; (8) two-coordinate
voltmeter-recorder.

stainless steel . The ðèãå cel l contained doubly
disti lled water whereas the supporting and work-
ing cells contained 0.75 mM Í ~$0 4 and 25 mM
NaqSO4, respectively. The fl ow-rate of each so-
lution was 0.5 — 1.0 ñï è /min (the so-cal led 'basic
regime' ). Before measurements, the system was

ñî ï é 6î ï åñ1 at least for one hour. Then, the fl ow
of sodium sulfate solution was switched off and
the working cell was fl ushed out with water. A t
the beginning of each experiment, the potassium
sulfate solution 3 cmç by volume was inj ected in

the working cel l , i ts concentration varying from
15 p,Ì to 1 mM . A fter 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. Al l the chemicals used were of
the analytical-reagent grade.

the osci l l ogram look s l ike an extended hori zontal
lø å fol low ed by à narrow peak 60 — 100 mV in

ampl i tude and then by à trough of the opposi te
polari ty, approx imately equal to the peak by i ts
area. The peak w ai ting time correlates w i th the
amount of i nj ected potassium so that the higher
the concentration, the smal ler the peak w ai ting
time. For example, 10 ppm Ê + yields the peak

w ai ting time 12 — 14 min, 5 ppm Ê + — 16 — 18 min,
1 — 2 ppm Ê + — 6 1 — 64 min. W hen the inj ected

potassium amount exceeds some threshold (about
0.5 mM ), on the osci l logram there appear several
peak s at equal interval s (about 10 min) beyond
the corresponding trough (Fig . 3) .

From the above theoreti cal approach, the be-

hav iour of the M IE sy stem can be explained
as fol low s. T he basic state of the system corre-

sponds to the steady separation of the zones of
sodium and hydrogen cations w i thin the mem-

brane of the potential pn (here we mean not
the total potential but i ts k ineti c component in-
volved in Eqs. 2 — 6; the î ë åã component on the

membrane surface i s the D onnan potential ). The
potenti al y a of the ori fi ced electrode has à pos-

i tive value because i t equal i zes the veloci ties of
highly mobi le hydrogen ions and slow sodium

ions. We chose such experimental conditions
that the potential y u did not completely com-

3. Resul ts an d d iscussion

Pig. 2 demonstrates the time derivative of the
membrane potential as à function of time (this
plot we named the 'oscil logram' similar to curves

displayed on the oscil lographic screen). As is
seen from Fig. 2, the ini tial osci llogram recorded
before the experiment starts i s à horizontal line
with ó = cont. A t the onset of the experiment,
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Fig. 3. Osci l logram for 0.5 mM potassium,

sium) distribution coeffi cient, KÄ~ 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 fall s to à minimum and its slope rises to
à maximum as the microcomponent concentra-
tion decreases to the limi t when the distribution
coeffi cient takes its maximum value à~Õ, ~/ ño.
Above this limit, the lower microcomponent con-
centrations correspond to the larger peak wait-
ing times and, what i s quite not obvious, to the
stronger compensation of the Donnan effect. The
latter i s 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
M IE system with the fl at immobi le boundary be-
tween the macrocomponent zones. In this system
it is possible to form à periodic, two-wave pat-

tern of the microcomponent zone, parallel to the
boundary (if the microcomponent is in à suffi -
cient amount). Indeed, when the potassium front
reaches the boundary between the sodium and
hydrogen þ ï zones, the sodium is quickly dis-
place from the contact zone into the working cell
(the above property (à) of the þ ï -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. A s mentioned above, É å ðåï å~ãà-
tion of ñî -ions into the membrane also breaks

this effect. The displaced sodium front is fi nal ly
stopped within the potassium zone and thereby
divides it into two parts. On restoring the Üà-

pensate the Donnan potential and anions did not
penetrate into the membrane. On contacting the
membrane with potassium ions, their front is,
at fi rst, 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 ø increasing the positive potential of the
orifi ced 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 þ ø ñ 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 oscil logram. A t the
same moment, the Donnan potential at the side
of working cell is restored and, consequently, the
fl ux of anions into the membrane is terminated
and the anions now release with hydrogen ions
into the ðèãå cell . This step — restoring the mem-
brane potential — is depicted as the trough on the

oscil logram.
It is apparent that the amount of the potas-

sium inj ected 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 þ ï
exchanger can be determined by he expression:

co~ l~x ~/ êî ñî K î
(grad a, ) = ( (7)

where ñî is the macrocomponent (here, sodium)
concentration, Ã» is the microcomponent (potas-
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A ck n owledgem ents

1 w i sh t o t h an k D r . V Õ . Y ag o v f o r h i s p ar -

t i c i p a t i o n i n t h e i n i t ia l ex p er i m e n t s an d f r u i t f u l

É âñû ÿ î ï ç .

T h i s w o r k w as fi n an c i al l y su p p o r ted b y t h e

R u ssi an F o u n d at i o n f o r F u n d am en t a l R e sear c h

( G r an t N o . 9 6 - 0 3 - 3 3 0 9 3 ) .

sic potential , the former higher velocity of al-
kali cations is al so restored. The potassium front
again reaches the boundary and the process re-
peats. the oscil lations terminate only when the
potassium amount ø its last zone is not enough
for creating the potential which can compensate
the Donnan barrier.

This explanation is confi rmed, in par6cular, by
the fact that the distance between à trough and the
next peak remains constant, despite growing the
distance between peaks (as à result of decreasing
the potassium amount in every ï åú front). The
fact that the amount of à microcomponent and its
þ ï -exchange properties affect the characteristics

of the described eff ect i s of interest in chemical
analysis.
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