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The influence of the ion-exchange solid/liquid reaction on electrokinetic transport phenomena was stud-
ied and modelled for a non-permeable porous medium composed of kaolin. Kaolin was selected to model a
low-permeable medium, even though it is usually considered to have low ion-exchange capacity and weak
selectivity. The influence of this reaction on the characteristic time of the process was demonstrated by
studying the lithium (Li+) electrokinetic transport on a sodium (Na+) pre-saturated kaolin. Experimental
results were obtained using apparatus developed specifically for the study of the electrokinetic transport
and which has been well characterized in previous works. The tests were performed by introducing a
solution containing Li+ at the anode, and measuring the Na+ and Li+ concentrations at the cathode outlet.
Under operating conditions, local equilibrium is assumed in the medium. The equilibrium isotherm of

+ +
aolin Li /Na exchange was determined by independent experiments on a laboratory column. Ion-exchange
equilibrium can be satisfactorily described by a linear isotherm. A theoretical model based on the tanks-
in-series model was used for modeling the experimental results of the Li+ electrokinetic transport. This
model considers electro-migration and electro-osmosis as the only transport mechanisms, and takes into
account the solid/liquid reaction by a retardation factor, as is usually the case for linear equilibrium mod-
els. The comparison between experimental and theoretical results shows that the chemical solid/liquid
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. Introduction

Contaminated industrial sites represent considerable danger to
he environment and treatment or confinement of these sites is nec-
ssary. Polluted soils close to cities represent important economic
pportunities for development and, in these cases, confinement is
ot a viable option. Electrokinetic remediation has been used in
he United-States [1] and in the Netherlands [2] for many years, for
he treatment of low-permeable soils containing several inorganic
like heavy metals) or organic (like light hydrocarbons) chemical
pecies. Electrokinetic transport includes electrophoresis, electro-
smosis and ion migration (electro-migration). These phenomena
re provoked by the application of an electrical field to a porous

edia. For low-permeable soils, electro-osmosis and ion migration

re usually considered the most effective mass-transport mecha-
isms. Electro-osmosis involves water transport at the solid/liquid

nterface. Electrical forces act on the double layer, which drags
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aracteristic time of the transport.

ater towards the opposite electrode. Ion migration is a diffusive
ransport generated by the electrical forces on ions, which again

ove to the opposite electrode. Electro-osmosis and ion migration
re strongly dependent on the chemical composition of the system
3–5].

In addition to these mechanisms, common mass-transport
echanisms, such as diffusion or convection, and the physical

nd chemical interactions of the species with the medium also
ake place. From a physical point of view, for modeling electroki-
etic processes common transport mechanisms can usually be
eglected: diffusion is very much slower than electrokinetic trans-
ort and processes usually concern non-permeable media.

Most publications on electrokinetics are based on experiments
arried out at laboratory or pilot-plant scale, with artificially pol-
uted media. Very often, species reactivity is not taken into account,
r it is just considered for reactions in liquid phase [6]. Finally,
aolin is often used as a model for a non-permeable medium

ecause of its low adsorption capacity, and solid/liquid (S/L) chem-

cal reactions are usually neglected. As a result, different industrial
ests have failed or have obtained mediocre results [7].

Even when the reactions are fast enough to be considered as bal-
nced [8], the electrokinetic process is strongly affected by these
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Nomenclature

ce, cei theoretical concentration involved in electrokinetic
transport (M)

ci solution concentration of the species i (M)
ci,C, ci,A concentration of the species i at the electrolytical

compartments (M)
ci,x concentration of the species i in the different parts

of the system x (M)
ci,0C, ci,0A initial concentration of the species i at the cathode

(M)
ck outlet solution concentration of the species k in ion-

exchange experiments (M)
c0, c0i feed solution concentration of the species (M)
Di diffusion coefficient of species i in free solution at

infinite dilution (m2 s−1)
E electrical field (V m−1)
E◦ standard redox potential (V)
F Faraday’s constant (96,485 C mol−1)
�I electrical current (A)
�j electrical current density (A m−2)
�Ji,em mass-flux density by electro-migration of the

species i (mol m−2 s−1)
�Ji,eo mass-flux density by electro-osmosis of the species

i (mol m−2 s−1)
keo electro-osmotic coefficient (m2 V−1 s−1)
Keq equilibrium constant for ion-exchange linear

isotherm
M mass of solid in the ion-exchange column (g)
N number of tanks in series used to soil modelling
q, qi fixed amount of the species i in 100 g of kaolin (mol

per 100 g kaolin)
Qeo electro-osmotic flow (m3 s−1)
Qf,C, Qf,A inlet solution flow rates of the electrolytical com-

partments (m3 s−1)
Qo,C, Qo,A outlet solution flow rates of the electrolytical com-

partments (m3 s−1)
S cross-sectional area for the soil (m2)
Sg cross-sectional area for the grids (m2)
t temps (s)
ui ionic mobility of the species i (m2 V−1 s−1)
�veo electro-osmotic velocity (m s−1)
VA, VC volume of the electrolytical compartments (m3)
Vg porous volume of the medium in the grids (m3)
Vj porous volume for each elementary volume in

which the soil is divided (m3)
Vk solution volume in contact with a mass of solid in

ion-exchange column (m3)
zi charge of the species i

Greek letters
ε porosity of the medium
� tortuosity of the porous medium
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�∇˚ electrical potential gradient (V m−1). Asterisk (*)
means effective properties in the porous medium.

hemical reactions, mainly in two ways: the characteristic time
f the process is longer and the amount of species recovered is

ictated by the chemical reactions. The aim of this work is to illus-
rate the delay induced on the species transport by the solid/liquid
hemical reactions, through an experimental and theoretical work
arried out on a model system. The influence of S/L reactions on
he time of the process is demonstrated by the study of the lithium

o
t
g
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Li+) electrokinetic transport on a sodium (Na+) pre-saturated
aolin.

Experimental results were obtained in an apparatus devel-
ped specifically for the study of electrokinetic transport [9]. The
ests were performed by introducing a solution containing Li+

t the anode, and measuring the Na+ and Li+ concentrations at
he cathode. Li+/Na+ ion-exchange equilibrium was experimentally
etermined by independent experiments on a laboratory column,
nd then modeled. A theoretical model based on the tanks-in-series
odel was used for modeling the experimental results of the Li+

lectrokinetic transport in this reactive system. This model con-
iders electro-migration and electro-osmosis as the only transport
echanisms, and includes the ion-exchange reaction as a process

ime retardation factor, as is usually the case for linear equilibrium
odels.

. Theoretical basis

.1. Electrokinetic transport phenomena

The application of an electrical field to a medium gener-
tes transport phenomena and also causes chemical reactions
t the electrode surfaces, which are responsible, in particular,
or the electron exchange between solution and electrical cir-
uit. In a low-permeable porous medium under electrical fields,
lectro-migration and electro-osmosis are usually considered as
he preponderant transport mechanisms. Electrophoresis is usually
eglected [6].

.1.1. Electro-migration
The mass-flux density by electro-migration of the species i, �Ji,

s given by Eq. (1), as a function of the electrical potential applied,
� ˚. Transport of charge, �j = �I/S (Eq. (2)), is also provided by this

echanism because the species concerned are ions [10]:

i,em = −|zi|
zi

ciui
�∇˚ (1)

=
�I
S

= F
∑

i

zi
�Ji,em (2)

here ci, ui and zi are the solution concentration, the ionic mobility
nd the charge of the species i, respectively, S represents the cross-
ectional area and F is Faraday’s constant. Ionic mobility for the
pecies i can be calculated from its diffusion coefficient, Di [10].

In a porous medium, all the transport properties must be cor-
ected (Eq. (3)) in order to take into account the medium structure
hrough its porosity, ε, and tortuosity, � [11]:

u∗
i = ε

�
ui (3)

.1.2. Electro-osmosis
The principles of electro-osmosis have been studied from more

han a century. The microscopic Helmholtz–Smoluchowski the-
ry is based on the equilibrium between friction and electrical
orces in the double layer around particles [12]. Casagrande [13]
eveloped a macroscopic theory based on experimental mea-
urement of electro-osmotic flow for different porous media, by
nalogy with Darcy’s theory of hydraulic conductivity. In this the-

ry, Casagrande showed that a linear relationship exists between
he electro-osmotic velocity and the applied electrical potential
radient (Eq. (4)). The proportionality constant keo was called the
lectro-osmotic coefficient, and it can be assumed as constant for
uite a wide variety of soils. The electro-osmotic flow, Qeo, can be
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Table 1
Experimental conditions used for the electrokinetic experiments

Experiment cLi,0A cNa,0A Qf,A Qf,C
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alculated from the flow velocity and the cross-sectional area, S:

�eo = −keo �∇˚ and Qeo = |keo∇˚|S (4)

Values for keo determined by Casagrande are between 4 and
× 10−9 m2 V−1 s−1 for various soils with very different perme-
bility coefficients, from 3 × 10−5 to 10−13 m s−1. In this way,
lectro-osmosis can be neglected in a permeable media, but can
e a significant transport phenomenon for low-permeable soils. In
he same way as for other convective transport mechanisms, mass-
ow density for a species i by electro-osmosis can be calculated
s

i,eo = ci�veo = −cikeo �∇˚ (5)

lectro-migration and electro-osmosis are the preponderant trans-
ort mechanisms in low-permeable media under electrical fields.

.2. Electrochemical reactions

At the interface between the electrodes and the solution, elec-
rochemical reactions take place, with oxidation at the anode and
eduction at the cathode. These allow the electrical current to
ow continuously in the solution through electron exchange. Most
uthors consider water electrolysis reactions (with production of
+ at the anode and OH− at the cathode) to be the usual elec-

rochemical reactions and they are often the most favourable.
owever, other reactions can take place spontaneously or can be
reated to avoid water decomposition (for example, in order to
revent OH− production). For many systems, a thermodynamic pre-
iction of electrochemical reactions can be carried out, based on
he determination of the electrochemical potential under working
onditions, by application of the Nernst equation for each possible
emi-reaction. As a rule, it can be accepted that the species with
he lowest potential will be oxidated at the anode, and the species
ith the highest potential will be reduced at the cathode. This pro-

edure can also be used in order to select a specific product that
an be used to avoid spontaneous reactions.

.3. Ion-exchange reactions

Ion exchange involves reactions of ion substitution between a
olid surface and a solution in contact with it. Ion-exchange reac-
ions are typically balanced solid/liquid reactions [14]. Equilibrium
f ion exchange can be modelled by equations based on the Mass
ction Law, but also by using equations based on sorption phe-
omena, such as Langmuir isotherm which are often used in a
urely mathematical approach [15]. In most systems at low concen-
rations, ion-exchange equilibrium can be represented by a linear
sotherm, which implies that the partition of the ion between the
olid and the solution is constant. Ion-exchange kinetics is usually
overned by internal or external mass transfer as a function of the
perating conditions, in particular the relative solid/solution flow
ate and the particle size. In this work, ion-exchange reactions were
onsidered at local equilibrium.

. Material and methods

.1. Electrokinetic experiments

The apparatus used for the study of electrokinetic transport con-
isted of a Plexyglass® cylinder (i.d. 10 cm), closed at the extremities

y the electrolytical compartments, which were separated by a grid
ith a filter. The total depth of the soil was 11 cm, including the

rids, and the total distance between electrodes was 14 cm. This
ell was placed in an experimental set-up that allowed experi-
ental conditions to be controlled, and experimental results to be

3

l
s

(×10−2 M) (×10−2 M) (×10−8 m3/s) (×10−8 m3/s)

3.7 0 5.17 5.00
3.0 3.0 4.07 4.85

ollowed. The electrokinetic cell and the experimental set-up were
resented and characterized from a hydrodynamic point of view
lsewhere [9]. Analysis by Residential Time Distribution (RTD) [16]
howed that the electrolytical compartments could be considered
s perfectly mixed, under operating conditions, and that convec-
ion could be neglected as a transport mechanism when the cell
as placed horizontally.

A commercial kaolin was used as a model medium because of its
ow permeability. The chemical composition can be basically assim-
lated to Si2Al2O5(OH)4, with traces of K+ and Mg2+. Dry density of
he powder was 2.6 kg m−3, and 90% of particles were smaller than
0 �m (surface distribution) as measured by laser size-distribution
easurement [9]. A rigorous procedure was used which allows

o guarantee a porosity close to 0.6 for all the experiments. The
edium was considered to be saturated (verified during the pro-

edure validation by X-ray tomography) and pre-saturated with a
olution of Na2SO4 10−2 M. So, the Na+ was, at the beginning of each
est, the free cation in solution. All the experimental procedures
or electrokinetic experiments have been explained in a previous
rticle [9].

In this system, experiments were carried out under different
perating conditions (Table 1). In order to check the validity of the
odel, different feed solution concentrations of Na+ and Li+ at the

node have been used. In all the experiments, cationic and anionic
ow rates were kept constant and close to 5 × 10−8 m3/s (3 ml/min).
hese flow rates were considered as a good compromise for electro-
smotic flow measurement.

Li+ concentration in the initially defined feed solution was
0−2 M, but in these conditions the electrokinetic cell was very
esistive, so the concentrations in the solution were changed in
rder to have a total solution concentration close to 3 × 10−2 M.

The composition of the feed solutions in the electrolytical com-
artments had to be selected by taking into consideration the
lectrochemical reactions that would take place, thus avoiding
hose unfavourable to the system (for instance, the production of
+ or OH−, which have higher mobility and can induced secondary

hemical reactions with the medium, such as kaolin dissolution). At
he cathode, to prevent the production by electrolysis of the OH−, a
olution of K2S2O8 (or (NH4)2S2O8) was continuously introduced.
t the anode, the introduction of a strong alkali (solutions of NaOH,
iOH, or a mixture of both) at 10−1 M prevented the production of
+. In these conditions, the electrolysis reactions that would take
lace were defined:

2O8
2− + 2e− ↔ 2SO4

2− E◦ = 2.01 V (6)

OH− ↔ H2O + 2e− + ½O2 E◦ = 0.40 V (7)

inally, the cations to be studied, Na+ or Li+, were fed at the anode
ould so their transport could be followed through the soil to the

athode by the electrical field. Their concentrations were zero in the
athode feed solution, and were measured by atomic absorption at
he cathode outlet solution.
.2. Ion-exchange experiments

Kaolin is one of the simplest argiles and is known to have a
ow fixed surface charge, usually due to substitutions of ions of
imilar size but with different charges in their structure [12]. Even



Table 2
Experimental conditions for cationic concentrations used in ion-exchange tests

Test c0 Li+ (×10−3 M) c0 Na+ (×10−3 MM)
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Fig. 2. Isotherm of Li+/Na+ ion exchange on the kaolin at total concentration of
10−2 M. Experimental (symbols) and theoretical (straight line) results obtained from
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9.4 0
7.5 2.7
5.9 4.5
3.9 6.7

hough its exchange capacity is very low, it acts as an ion (cationic)
xchanger.

The ion exchange of Li+ in the Na+ pre-saturated kaolin was stud-
ed in a laboratory column. The column had an internal diameter
f 2.54 × 10−2 m and the bead was 2.27 × 10−1 m high. In order to
void problems due to the low permeability of the medium, kaolin
as mixed with glass balls (particle size between 125 and 250 �m),
hich do not influence Li+ retention in the bead. After having been

wept by CO2 to ensure saturation, the column was filled with 28.8 g
f kaolin (15% mass). The porous volume, Vp, was determined by
nalysis of Residential Time Distribution (RTD), and shown to be
qual to 43 ml. The column was determined as very low dispersive.
ll the experiments were carried out at room temperature.

When prepared, the column was pre-saturated by a solution
f NaCl 10−2 M and fed by solutions containing LiCl at a precise
onstant concentration (Table 2). The total concentration of the
eed solution was set at 10−2 M by addition of NaCl. Changes in
i+ concentration at the outlet of the column were continuously
onitored by conductimetry. Some samples were also measured

y atomic absorption. Tests were carried out in both directions, so
he Li+ initially fixed in the column (during the adsorption test) was
ater recovered with a new solution of NaCl at 10−2 M (called the
esorption test). We also verified that the hypothesis of local equi-

ibrium was acceptable by adjusting the flow rate of the solution in
he column to a value superior to 1.05 ml/min.

Fig. 1 shows an example of the breakthrough curves obtained for
dsorption and the corresponding desorption tests, represented as
imensionless Li+ outlet concentration as a function of the number
f the porous volumes of the solution passed through the column.

From the different tests, the amount of Li+ retained by the kaolin
an be calculated for the different solution concentrations, c0 (Eq.
8)) from the breakthrough curve:(

mol
)

=
∑Vk (c − c )
100 g medium
k

M 0 k

= 100
M

∑
k

(
Vk

Vp

)
Vp

(
1 − ck

c0

)
c0 (8)

ig. 1. Breakthrough curve for the exchange of Li+ in a Na+ pre-saturated kaolin.
dsorption (cLi0 = 9.4 10−3 M, cNa0 = 0 M) and desorption (cLi,0 = 0 M, cNa0 = 10−2 M)

ests.
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Langmuir-type equation (model parameters in the figure) and by considering a
inear isotherm (Keq = 1.32 mol Li+ fixed/mol Li+ in the solution or 0.197 L of solu-
ion/100 g kaolin).

ith q is the fixed amount of the species in 100 g of kaolin, ck the
utlet solution concentration of the species after the contact of a
olution volume, Vk, with a mass M of solid in the column; and, c0
s the feed solution concentration of the species.

These results of Li+/Na+ ion-exchange equilibrium were mod-
lled by a linear isotherm, with an equilibrium constant Keq of
.32 mol Li+ fixed/mol Li+ in solution. Keq was calculated by using
he equilibrium constant determined by linear regression of the
xperimental points, and the liquid/solid ratio in the column.

In Fig. 2, the experimental equilibrium curve is represented
nd compared with two theoretical models, a Langmuir-type equa-
ion and a linear model. For the theoretical calcul of the Langmuir
quation, a similar value of the equilibrium constant (1.32 mol
i+ fixed/mol Li+ in solution) and a retention capacity of 1.8 mol
i+/100 g kaolin were used. Even though the Langmuir model rep-
esents the experimental results somewhat better, the linear model
an be considered good enough and its use greatly simplifies the
athematical modelling of transport phenomena, by using the

etardation factor [17,18].
This empirical model will be extrapolated to higher concentra-

ions (up to 6 × 10−2 M), to represent conditions in an electrokinetic
ell, even though – as will be shown later – under these conditions
he validity of this representation can be questioned.

. Modelling of the electrokinetic transport

The model developed to predict ionic transport in a porous
edium under an electrical field is based on the tanks-in-series
odel [16], where the system is divided into N equal volumes char-

cterized by the homogeneity of the species concentration. In this
ay, the species concentration in an elementary volume is only a

unction of time, and it is independent of the spatial variable. The
uccessive resolution of mass balance for each species in the ele-
entary volumes allows prediction of the species concentration

t the end of the system, which in practice consists of the elec-
rolytic compartments. As was mentioned before (Section 3), each
lectrolytic compartment was shown to have a perfectly mixed
ehaviour, so outlet species concentrations from these compart-
ents can be simulated easily.
Because of the particular geometry of the cell, two different parts
ust be considered: the “soil” and the “grids”. For each part, the
orresponding cross-sectional area for mass transport must be con-
idered. Fig. 3 shows a diagram of the modelled system, including
he electrolytical compartments.
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In Table 3, the parameters used for modelling experiments 1
and 2 are summarized. Most of them are common to both exper-
iments but others, such as porosity, can change slightly from one
experiment to another.

Table 3
Parameters used in experiments and for simulations

Parameter Experiment 1 Experiment 2

ε 0.60 0.55
� 1.3 1.3
u∗

Li
(m2 V−1 s−1) (1) 1.8 × 10−8 1.1 × 10−8

u∗
Na (m2 V−1 s−1) (1) 2.2 × 10−8 2.0 × 10−8

Vc (m3) 2.0 × 10−4 2.1 × 10−4

VA (m3) 2.0 × 10−4 2.1 × 10−4

Vg (m3) 1.5 × 10−5 1.5 × 10−5

Vj (m3) (2) 4.2 × 10−6 3.8 × 10−6

E (V m−1) 2.0 × 102 2.0 × 102

Sg (m2) 3.1 × 10−3 3.1 × 10−3

S (m2) 7.9 × 10−3 7.9 × 10−3
ig. 3. Description of the experimental system based on the tanks-in-series model.

For a cation, the mass balances in the different parts of the cell
re as follows:

electrolytical compartments

Qf,Cci,0C + Qeoci,g + ∇˚u∗
i ceSg − Qo,Cci,C

= VC
dci,C

dt
for the cathode (9a)

Qf,Aci,0A − Qeoci,A − ∇˚u∗
i ceSg − Qo,Aci,A

= VA
dci,A

dt
for the anode (9b)

porous medium (in the grids)

∇˚u∗
i (ci,N − ci,g)Sg + Qeo(ci,N − ci,g) − Vg

dqi,g

dt
= Vg

dci,g

dt
(10)

porous medium (in the soil)

∇˚u∗
i (ci,j−1 − ci,j)S + Qeo(ci,j−1 − ci,j) − Vj

dqi,j

dt
= Vj

dci,j

dt
(11)

In these equations, the electro-osmotic flow Qeo is considered
onstant, equal for each part of the system (continuity) and, as is
sually the case, moving from the anode to the cathode; ∇˚ repre-
ents the value of the applied electrical potential gradient (which
as constant); u∗

i
the effective ionic mobility of the species consid-

red, supposed constant; S and Sg represent the cross-sectional area
or the soil and the grids, respectively (constants); Vc and VA the vol-
mes of the electrolytical compartments; Vg the porous volume of
he medium in the grids and Vj the porous volume for each elemen-
ary volume in which the soil is divided. Qf,C, Qf,A, Qo,C, Qo,A are the
nlet and outlet solution flow rates of the electrolytical compart-

ents. For each electrolytical compartment, a relationship exits
etween the inlet and outlet flow rate and the electro-osmotic flow
Eq. (12a) and (12b)). Finally, ci,x represents the concentration of the
pecies i in the different parts of the system:

f,C + Qeo = Qo,C (12a)

f,A − Qeo = Qo,A (12b)

The species concentration at the anode being much greater than
hat which can be migrated by the electrical field, a theoretical con-
entration ce can be defined as the concentration involved in the
lectrokinetic transport. This concentration can be calculated from
q. (13) (or Eq. (2)) by using the electroneutrality law (Eq. (14))
equations are given in scalar form only):∑ ∑

∗
= F

i=ions

ziJi,em = 2F

i=cations

ziJi,em = 2F(ui cei∇˚) (13)

∑
=cations

ziJi,em =
∑

i=anions

ziJi,em (14)

Q
K
R

(
m

hen the mass balances are applied to the medium (or to the
rid), they must take into account the amount of the species which
eacts, through the variation of the species concentration in the
olid, qi,g or qi,j, with time. When the hypothesis of local equilib-
ium can be advanced, the ion-exchange equilibrium relationship
llows this amount to be determined, as shown in Eq. (15) for the
inear isotherm [6,17,18].

dqi

dt
= dqi

dci

dci

dt
= Keq

dci

dt
(15)

In this way, mass balance to species i, in the grids and in the
edium, can be written as

porous medium (in the grids)

∇˚u∗
i (ci,N − ci,g)Sg + Qeo(ci,N − ci,g) = Vg(1 + Keq)

dci,g

dt
(16)

porous medium (in the soil)

∇˚u∗
i (ci,j−1 − ci,j)S + Qeo(ci,j−1 − ci,j) = Vj(1 + Keq)

dci,j

dt
(17)

The factor (1 + Keq) is usually known as the retardation factor,
ecause the process times obtained can be demonstrated to be
hose without chemical reaction, multiplied by this factor.

The initial conditions for the concentration of the species i in
he cell are imposed by the cell pre-saturation protocol (Eq. (18a)
nd (18b)). At the cathode, the concentrations are 0. At the anode,
he initial concentration for each species depends on the test (see
able 1). During an experiment, the concentration of the species at
he anode is imposed by the continuous introduction of the solu-
ion. Then, the successive application of the mass balances allows
he outlet concentrations to be determined.

At t = 0, ci,C = 0 ci,A = cte.; ci,g = ci,j = 10−2M;

for i = Na+ (18a)

t t = 0, ci,C = 0 ci,A = cte.; ci,g = ci,j = 0 for i = Li+ (18b)

. Results and discussion: electrokinetic transport in a
eactive system
eo (m3 s−1) (3) 1.0 × 10−8 1.0 × 10−8

eq 1.32 1.32
etardation factor 2.3 2.3

1) Calculated from u∗
i

= u∞
i

(ε/�). (2) Estimated from the porosity for N = 110 perfect
ixers. (3) Experimentally measured.
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ig. 4. Changes in the Na+ and Li+ outlet concentrations at the cathode with time for
xperiment 1. Symbols represent experimental results and lines theoretical results
btained considering (straight line), or ignoring (dotted line), their ion exchange on
he kaolin.

Figs. 4 and 5 show the changes in cathode outlet concentration
or both cations as a function of time, for experiments 1 and 2,
espectively. Experimental results are compared with the simula-
ions carried out by considering or ignoring the chemical reaction
ith the medium. A retardation factor equal to 1 makes simulations
ithout the reaction. Dotted curves represent simulations without

onsidering ion-exchange reaction, and plain curves correspond to
imulations which take ion-exchange reaction into account.

Simulations were made by using 110 perfect mixers. That means
he transport is not dispersive, and it takes place as a concentration
ront which moves in the medium. For simulations, the experimen-
ally measured current intensity was used because the conductivity
f the medium is continuously changing and their determination
s not evident.

In experiment 1 (Li+ feed at the anode), the Na+ concentration at
he cathode increases initially and decreases quickly (as would be

he case in a perfect mixer), when the concentration in the medium
s exhausted (Fig. 4). Li+, which is introduced at the anode, must go
hrough the medium to reach the cathode, and so its concentra-
ion is zero at the beginning of the test, and increases after a time,
haracteristic for the process under operating conditions.

ig. 5. Changes in the Na+ and Li+ outlet concentrations at the cathode with time for
xperiment 2. Symbols represent experimental results and lines theoretical results
btained considering (straight line), or ignoring (dotted line), their ion exchange on
he kaolin.
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In experiment 2 (Fig. 5), the initial outlet concentration of Na+

ncreases at the cathode, as in experiment 1. After a time, the front
f the Li+ appears at the cathode like as in experiment 1, but that of
he Na+ is modified because of the introduction of this cation at the
node, at a concentration which establishes their concentration in
he medium different from the initial one.

Simulations made taking into account ion-exchange reaction
orrectly represent the experimental results, and in particular the
imes of the process, which can be considered as the time for the
oncentration fronts to appear.

Differences between maximal outlet concentrations of Li+ and
a+ at the cathode are observed when comparing experimental
nd theoretical results. In order to explain this difference, various
ypotheses can be advanced. One hypothesis concerns the validity
f the empirically determined equilibrium isotherm for the total
olution concentration used in electrokinetic experiments. Before
he apparition of the front concentrations, species concentrations
n the medium are increasing: at the beginning of the experiment,
he equilibrium isotherm determined must be valuable. However,
hen solution concentration in the medium comes higher than

0−2 M, the use of this isotherm can be questioned. Another prob-
em concerns the electro-osmotic flow, which is not constant during
he process, even though an average value is used in the model.
his affects the calculated outlet flow rate, and thus the theoretical
utlet concentrations. Finally, some phenomena, such as molecular
iffusion, which is particularly important when the concentration
radients are high (such as in processes with concentration fronts),
re neglected in the model.

In any case, for both experiments, the characteristic time of
ransport phenomena was found to be well represented by the

odel, and double those without chemical reaction, even when
he ion-exchange capacity and the selectivity of the medium were
ow.

. Conclusions

Electrokinetic transport of Li+ and Na+ in a model low-
ermeable medium was studied in order to analyse the influence
f the ion-exchange solid/liquid reaction on the transport. Kaolin
as chosen as a medium even though its ion-exchange capacity and

electivity for these cations is low. In the medium, local equilibrium
or the S/L reaction was assumed.

The equilibrium isotherm for the Li+/Na+ exchange was
etermined in a laboratory column, independently from the elec-
rokinetic experiments. The isotherm can be considered as linear
rom a total concentration up to 10−2 M, with an equilibrium con-
tant of 1.32. The extrapolation of this empirical equation to higher
oncentrations seems to be not well adapted to the equilibrium
escription.

Two tests were carried out using laboratory apparatus with
Na+ pre-saturated medium, by introduction at the anode of a

olution containing Li+, or both Li+ and Na+. The experimental
esults were modelled using the tanks-in-series model, and assum-
ng the electrolytical compartments to be perfectly mixed. The
utlet concentrations for cations were not always accurately pre-
icted by the model, but the time of the process (assimilated to
he time for the apparition of the concentration fronts) was well
redicted.

Characteristic times of electrokinetic transport phenomena are
lmost double when a chemical reaction with the medium takes

lace. They can be correctly modelled by the use of a retardation

actor, which is a function of the equilibrium constant. The applica-
ion of the electrokinetic processes in order to treat media where
sorption of pollutant can be possible must consider this retard in
rder to predict treatment times correctly.
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