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Characteristic time determination for transport phenomena
during the electrokinetic treatment of a porous medium
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Abstract

Electroremediation is a soil decontamination technique. The electric field applied to a porous medium induces the migration of ionic
species in solution. The different phenomena appearing in soil are presented. A new methodological approach is carried out in order to
determine if preponderant and/or limiting phenomena can be considered. The theoretical study, using dimensional analysis, showed that
transport of ionic species in solution could be described only by electro-osmosis and electromigration phenomena. But, other phenomena,
such as heterogeneous reactions, can restrict the migration of ionic species which is only possible for chemical species in solution. Then,
an experimental study was carried out with a tracer, in order to verify the theoretical characteristic times for transport phenomena, obtained
by dimensional analysis and calculated in a synthetic medium. Rigorous experimental procedures were followed to realise well-controlled
electroremediation experiments. The experimental results obtained have allowed the measurement of characteristic times of electrokinetic
transport and the theoretical times have been validated. In addition, the application of a simple mass balance equation to the soil and an
electrolytic compartment has allowed the verification of the migration behaviour of the mass flux as a front advance. © 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction e Electro-osmosis, which takes place at the solid/liquid
interface of the medium [4]. Electro-osmosis induces a
An electric field applied to a porous medium (such as a  displacement of the free water molecules.

soil) induces electrokinetic phenomena in addition to other  For 100 years, electrophoresis and electro-osmosis have
more classical transport phenomena (such as diffusion orpeen studied and applied in different areas of engineering
convection) and to chemical reactions. These ones couldsych as dewatering or chemical analysis [6,7]. A most re-
appear between chemical species in solution (homogeneougent application of these phenomena is the soil depollution
reactions) or with the soil (heterogeneous reactions). Thein which chemical reactions between the soil and pollutants
electrokinetic phenomena are: often make remediation difficult [2,12]. Most authors as-
e The electrochemical reactions at the electrodes. sume that transport phenomena in soils are very slow and
« Electrophoresis, which is the movement of charged then chemical reactions can be considered in equilibrium

particles with respect to a solution. Usually, soils are [16]- Jacobs and Probstein [10] have showed that charac-
teristic times of the different phenomena can be similar
enough to take into account possible chemical limitations
for transport species.

assimilated with a consolidated porous media so that the
transport of solid particles is not considered.

e Electromigration, which is the transport of ions in solu- i
tion with respect to the solution. The electromigration is However, a phenomenological study of the electrore-

considered as a particular case of electrophoresis whenMediation process is complex because of the numerous
the particle size is close to zero [6]. couplings between the phenomena: couplings can exist be-

tween transport phenomena and/or with chemical reactions.
"+ Corresponding author. Tek+ 33-5-63-49-31-45; In_general, tra_nsport phenomena and the pollutant react|V|t_y
fax: +33-5-63-49-30-99. with the medium are separately studied even when their
E-mail address: fernande@enstimac.fr (A. Feéndez). coupling is identified [3,15].
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Nomenclature

Ci

0
Ci
CIF
Ckcl

0
kel

Cs
D;

Qem

Qeo
QF
QoF

concentration of speciegM)

initial concentration of specigg(M)
sodium concentration at the inflow (M)
potassium chloride concentration (M)
initial potassium chloride
concentration (M)

sodium concentration of the soil (M)
diffusion coefficient of specieisin
free solution at infinite dilution
(m?s~1)

effective diffusion coefficient of
species (m?s1)

Faraday’s constant (96.485 C mé)
hydraulic head (m)

electromigration mass flux density
of sodium (moln2s1)
electro-osmotic coefficient of the
porous medium (FV—1s-1)
hydraulic conductivity of the
medium (ms?)

distance between the electrodes (m)
non-dimensional length
electro-osmotic mass flux density
of sodium (moln2s1)

total mass flux density of

specied (molm—2s-1)

flow rate of solution (Ms™1)
electrokinetic flow rate (fhs™1)
mathematical electromigration

flow rate (mPs1)

electro-osmosis flow rate hs~1)
inflow flow rate (nm?s™1)

outflow flow rate (n¥s~1)

universal gas constant (8.3144 3kmol~1)
specific production rate of chemical
species due to homogeneous or
heterogeneous chemical reactions
(molm—3s71)

free surface area of the cell

time (s)

spatial time (s)

absolute temperature (K)

ionic mobility of species in free solution
at infinite dilution (n?V—1s1)
effective ionic mobility of species

i (m?v-1ls

volume of an electrolytic
compartment (%)

spatial co-ordinate (m)
non-dimensional concentration

of specied

charge of specieis

Greek letters

r non-dimensional time

£ porosity of the porous medium
0 tortuosity of the porous medium
¢ electric potential applied (V)

T characteristic time of a transport

phenomenon (s)
T4 characteristic time of diffusion (s)
Tegrem €lectrokinetic characteristic time (s)
xKcl  potassium chloride conductivity (STh)
Xlgd initial potassium chloride conductivity (STh)

Using a schematic representation of phenomena which
can take place during the electroremediation of a soll, trans-
port phenomena and chemical reactions can be considered
as series connected groups of parallel circuits characterised
by the characteristic times of the different phenomena as
showed in Fig. 1.

In a parallel circuit, the lowest resistance (the shortest
characteristic time) will correspond with the most important
phenomenon. If the characteristic time of a mechanism is
smaller than the others, then the corresponding phenomenon
will be preponderant. However, in a series resistance circuit,
the longest characteristic time (the greatest resistance) will
correspond with a limiting phenomenon. If the characteristic
time of the chemical reactions is smaller than the character-
istic time of the transport phenomena, the influence of the
chemical reactions on the transport can then be neglected.
If not, transport can be limited by chemical reactions.

The aim of this work is to determine the preponderant
and/or limiting phenomena, which appear during the elec-
trokinetic treatment. For this, a dimensional analysis of the
mass conservation equation is applied. Characteristic times
of transport were theoretically calculated and compared with
experimental times of ionic species transport stemming from
literature. Then, an experimental study was carried out to
validate theoretical characteristic times of transport. Before
this, some methodological aspects were carefully studied,
characteristic times being very sensitive to the physical and
chemical properties of soil. A tracer was used in order to
eliminate all possible interactions with the soil.

An in-depth characterisation of the porous medium,
procedures of the tracer selection and the experimental
set-up are presented. Then, the experimental procedures
followed in order to validate the experimental set-up (such
as a hydrodynamic study of the electrolytic compartments)
and in order to realise a well-controlled electroremediation
experiment are explained. Finally, the experimental results
obtained are presented and discussed.

2. Theoretical study

Transport with chemical reactions for ionic species is
described by the mass conservation equation:



V. Pomes et al./Chemical Engineering Journal 87 (2002) 251-260 253

D
T CR1

heterogeneous reaction H
CR2 . EM
fededeaaaaag CR3 Ceeddectaanadd EO

) - - ) - _—

“~" mechani
chemical reactions transport mechanisms
parallel phenomena parallel phenomena
— o

—_——

series connected phenomena
key:

T, CRi, D, EM, EO, H represent a transfer step,
homogeneous chemical reactions, diffusion,
electromigration, electroosmosis and hydraulic
convection phenomena respectively.

Fig. 1. Representation of electroremediation phenomena by electrical resistances.

dci — _V-Ni +R (1) Assumi_ng that t.he .electri(_: _potentiql is constant and the
ot hydraulic potential is negligible during the process, then
The following assumptions are often used to describe the Ed. (1) becomes
species transport under an electric field [5,12]: 9c: 92¢: 9c: 9c;
- , . — = Df 5 + Vou; — £ Voke—— + R; 4
e The soil is homogeneous, isotropic and saturated. ot 0x2 X ox

» The physical and physicochemical properties of the soil acar and Alshawabkeh [1] proposed a dimensional analysis
are uniform and constant with time in the steady-state. {eatment of Eq. (4) to simplify the equations of a predictive

e There is no electrophoresis. . numerical model using Damkohler and Peclet numbers.
o All mass fluxes are linear homogeneous functions of hy- | the first approximation, this work only considered the
draulic, chemical and electrical gradients. transport equations (as for a tracer), the solid/liquid interac-
e Isothermal conditions prevail. tions then being neglecte@®; = 0).
e All the applied voltage is effective in fluid and charge Eq. (4) becomes
transport.
e The electric field is constant with time. 19X; _ Df9°X; uiVedX;  keVo dX; 5)

. L or — € 9L2 ' ¢ 9L = ¢ oL
Under the stated assumptions and as electric fields are”

generally applied between plane electrodes, electroremedia¥Vherel” is the dimensionless timé,the spatial co-ordinate
tion is often studied as a one-dimensional process [5]. Hence,andxi the concentration are defined using characteristic time

in presence of hydraulic, chemical and electrical gradients, (t()), distance between electrodgs and initial concentration
the total mass flux of speciéser unit area of the porous  (¢;) as reference variables.

medium is described by The characteristic times of diffusiong, and of electroki-
oc; _do do on netic transportreqem, can easily be deduced:
N,' = _Di _— c,'ul- — =+ Cike— — C,‘kh— (2) 2
dx dx dx ox 4 = £ ©6)
N; being the sum of mass flux densities of diffusion, elec- D}

tromigration, electro-osmosis and convection. Generally, 5nq

the electro-osmotic flow is from the anode to the cathode.

Then, the mathematical expression of the electro-osmotic req/em =

flow will be —c;ke(d¢/dx) for a cation andtc;ke(dg /dx)

for an anion. Practically, mass transport of ionic species by electro-
The effective coefficient of diffusion and the effective osmosis and e|ectromigration cannot be dissociated

ionic mOblllty are Usua”y related to the diffusion coeffi- (e|ectro_osmosis can be neg|ected On|y when the soil con-

cient, D;, and the ionic mobility,u;, in free solution at  ductivity is high). A global characteristic time is then

infinite dilution by defined for both. Table 1 presents theoretical and observed
. € . € Dz F characteristic times obtained for these mechanisms and for

D; =2 Di, Up = gui = —pz ®3) various species.

L

Vo (u ko) @
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Table 1
Theoretical and observed characteristic times (electric field: 1003/ nremperature: 298 Kke: 5.0 x 107°m2V~-1s71; 9: 1.5 generally used for soil
and 1.33 for a kaolinite with a porosity of 0.6 [14])

lonic species Concentration (M) Porosity Tortuosity £ (m) 74 (days) Teo/em (h) Observed time (h)
OH~ 0.1 0.7 1.33 0.5 1188.58 15.48 480 [13]

F- oo? 0.7 15 0.5 4203.66 63.75 445 [9]

Cuw+ oo? 0.6 1.33 0.1 179.66 9.24 ag

Na* oo? 0.6 1.33 0.1 192.90 9.78 -

2|nfinite dilution.
bLow concentration.

Measurement of the electro-osmotic coefficient is not Table 2
easy. For those theoretical results, a standard valug of Characteristics of the kaolinite powder

equal to 50 x 10-9m?V~1s1 (for an applied electric field Particle size distribution (surface distribution 10%: <0.73um
of 100V m—l) [7] was used. measured by laser diffraction)

The theoretical characteristic times obtained show that ggz’f fg-ﬁﬂm
electro-osmotic and electromigration seem to be the prepon—Dry density (g o) 27 o-=9.Lum
derant transport phenomena. Transport of ionic species INcec (meq per 1008) 555
the medium could then be described solely by these mech-specific surface (BET) (Ay~1) 15.4
anisms.

. aCationic exchange capacity (AFNOR X31-130).
However, the comparison between values of the theoret-

ically estimated and experimentally observed characteristic

times shows that they are quite different. That seems to tortuosity equal to 1.33 is suitable at a porosity of 0.6 to a

indicate that other phenomena, such as physicochemicalmedium where the particles have a length much larger than

interactions between the soil and the pore solution, for ex- their diameter, as is the case for kaolinite particles.

ample, can restrict the migration of ionic species, which is  Under these conditions, kaolinite is a medium of low

only possible for chemical species in solution. permeability with a low exchange capacity. For this system,
Three possibilities can be considered: electroremediation can be more efficient than other reme-

diation processes and interactions between the soil and the

1. A retardation effect due to homogeneous or heteroge- pore solution could be simplified.

neous chemical reactions fast enough to consider local
equilibrium, o
2. A real limitation from a slow heterogeneous chemical 3-2- Tracer determination

reaction, as for example, when a previous transfer step S
has a limiting effect, In order to choose a tracer to measure characteristic times

3. For a highly heterogeneous porous medium, a limiting ©f transport phenomena, a study was carried out on several

previous step of species diffusion before its electrokinetic 10NiC species to determine their reactivity with the kaolinite.
recovery. If any interaction is established, the ionic species is consid-

ered (for conditions of pH and ionic strength of the study) as
a tracer. Different ionic species have been tested as tracers

3. Experimental work for kaolinite in continuous or batch experiments.
Batch experiments have been carried out in order to de-
3.1. Porous medium termine if sodium can be considered as a kaolinite tracer

at a pH value between 5 and 6. Table 4 presents some

The porous medium used for the study was kaolinite clay. results obtained for these experiments for sodium concen-
In order to constitute a synthetic medium, a well-known trations from 0.01 to 0.1 M in sulphate or chloride solutions.
mass of kaolinite was saturated under vacuum condi- Batch experiments were carried out in two steps. Firstly,
tions with a well-known volume of a tracer solution. The the kaolinite was mixed with a sodium solution at 0.01M
solid/liquid ratio was chosen to achieve a final porosity of
0.6. An in-depth physicochemical characterisation has beenTable 3
made for both the kaolinite powder and the porous medium. Characteristics of the porous medium

Tables 2 and 3 summarise the most important results of specific surface (Blaine) (1) 1.39
these characterisations. Porosity 0.6
The permeability of the porous medium was measured by Tortuosity [14] 1.33
Permeability (m) 1.96x10°14

Blaine’s permeabilimeter [8] and the thermal conductivity

.. . _1
by the hot band method [11]. Rahli [14] has shown that a |Te™ma! conductivity (in the cel) (Wt K™ 1.0083
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Table 4 with a fast flow pumping rate, guarantees a good mixing
Sodium reactivity in kaolinite in the compartments but not a correct evacuation of the
Sample Mass of Time of pH  Sodium electrolytic gases formed.
kaolinite (g) contact (h) concentration A hydrodynamic study previously carried out, allowed us
M) to consider the electrolytic compartments as perfect mixings
Batch experiments in 0.01M chloride solution , when electrochemical reactions do not produce gases. For
o - - 551 103x 1077 this study, an electrolytic compartment was isolated in the
1 1.4968 2.24 5.45 .01x 10" Il and filled with luti t botassi hloride (initial
5 15608 414 560 00 x 10-2 cell and filled with a sog ion ol potassium chloride (initia
3 1.5119 8.08 551 .01x 10-2 conductivity: 1044 x 10~°Sm™+) and at a precise moment,
4 1.5217 24.45 5.48 .01x 1072 water (initial conductivity: 246 10-6 S m~1) was suddenly
Experiments in 0.1M sulphate solution introduced. The conductivity of the solution at the overflow
0 - - 556 0.103 of the compartment was measured continuously, the initial
1 1.5029 1.00 5.16 0.996 time of measurement corresponding to the introduction of
2 1.4953 2.07 5.09 0.980 water.
3 1.503 582 5.24 0976 Under the assumption of perfect mixing, the mass bal-
4 1.5178 61.57 511 0.966 ) : X L
ance equation of potassium chloride after the injection of
the water can be written as (Eq. (8)) [18]
- - dekcel
concentration, centrifuged and analysed. In the second stepy, — —Qckal (1) (8)

the same samples of kaolinite were mixed with a sodium dt

solution at 0.1 M concentration, centrifuged and analysed. whereV is the volume of the compartmer@, the flow rate
TheSO'ld/'IQUId ratio vyas Constant. and equal to 159 of of solution of the recircu|ating pump angkc the potas-
kaolinite/40 ml of solution. The sodium concentration was sjum chloride concentration into the compartment and at the

measured by atomic absorption at 330.2nm. The ana|yses)verf|ow_ |ntegration of Eq (8) versus time gives
of sodium were made after an equilibrium was reached

between the kaolinite and the solution. ch' © _ exp<—£> 9)
The chemical composition of the kaolinite remained con-  ‘kcl Is

stant during the batch experiments. That was verified by
the analysis of silicon and aluminium (main elements in

the kaolinite) possibly present in the solution after reach-
ing equilibrium. From these results, we have concluded that
sodium can be assimilated to a tracer with respect to the
kaolinite for a pH value between 5 and 6, and for a sodium XkcI(*) _ exp<—£> (10)
concentration range between 0.01 and 0.1 M. X}ga

wherecﬁCI is the initial concentration and the spatial time

of the compartmentzs = V/Q). The solution conductivity
being proportional to the solution concentration, and Eqg. (9)
can be written as

Is

Where)(fgc| is the initial conductivity andkc) the conduc-
tivity into the compartment and at its outflow. Fig. 3 shows
he very good agreement between the experimental and the
. > heoretical results, expressed as dimensionless conductivity.
phenome_na experimentally, an electroremedla'qon cell was If gases are produced at the electrodes, a degassing sys-
set-gp. Fig. 2(a) shows a d_|agra_m represent_lng a CI0SStem must be added to allow their correct evacuation, and
section of the cell. The both identical electrolytic compart- the system becomes more complex to analyse. So, during

ments are easn.y sepa'rable from the cyllnde.r. containing experiments, gas formation was avoided as far as possible.
the porous medium which length can be modified. Porous

medium is put into the cell following a rigorous protocol to
guarantee the control of physical properties of the system

such as the porosity, permeability and saturation degree. For each experiment, kaolinite was saturated with a

This protocol has been validate by X-ray tomography anal- . . .
. ; well-known concentration solution of sodium sulphate
yses. Fig. 2 represents the global experimental set-up of the

S o (NapSQy). This concentration is considered as the initial
situation of the electroremediation cell. concentration of sodium (tracer) in soil
The cell is placed horizontally in order to avoid hydraulic :

gradients. A constant electric potential was applied to the El_e_ctro_ly3|s of water at the electrodes_ induces important
o : . .~ modifications of the pH and gas production. At the cathode,
electroremediation cell, the current intensity and the electric

. . . that can be avoided by continuously introducing a solution of
potential between the electrodes, during the experiment, ammoniumperoxodisulphate ((N}S,0s) which is easier
were measured by two multimeters. Electrolytic solutions P P 8

are pumped to control the pH, feed concentrations and to reduce than water [17];
electrochemical reactions. An external circulation system, $,08°~ + 26~ < 2SQy%, EV =201V (11)

3.3. Experimental set-up

t
In order to estimate the characteristic times of transport t

3.4. Experimental procedures
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2H' 426 < Hy, E® =0.00V (12)  Tables

Operating conditions of electrokinetic experiments

The pH of (NH;)2$,0g solution was initially adjusted to

. . ) . Experiment A Experiment B
a value near to 5-6 (with a potassium hydroxide solution),

which is the initial pH of soil. Reduction of ®g?~ ions E'?\‘;tr:i‘i f)ote““a' gradient 100 100
does npt prod_uc_e gas, and so the ca_th_odlc compar_tment CaRength of the soil (m) 01 01
be easily assimilated to a perfect mixing. Ammonium and porosity 06 06
potassium ions cannot migrate through the kaolinite becauseTortuosity [14] 1.33 1.33
of their positive charge. It was proved that thg0g§%~ and Sodium concentration in soil (M) 1.% 1072 5.065x 1072
the SQ2~ ions migration did not modify the soil structure. S(;‘:"t‘r’]‘; z‘;‘;‘sg&‘g"’(‘&")” 0 0

At the anode, electrolysis of water and gas formation can- ¢ .m concentration 1.01x 10-1 1.01x 10-1

not be avoided. Then, the gas evacuation system was Neces- a the anode (M)

sary. Nevertheless, the pH can be controlled by introducing Flow rate at the cathode fs1) 5.64 x 1078 5.54 x 1078
a basic solution. In fact, electrolysis of water depends on the Flow rate at the anode (hs™*) 192x 108 527x 1078
pH of the solution:

40H" « 2H,0 +4e” + O, remained constant at a value close to the residual sodium
E®=0401V, pH>7 (13) concentration in the water. These results prove that the
porous medium, under working conditions, can be consid-
_ ered impermeable enough to neglect convective transport.
2H,0 < 4HT +4e + Oy,
E®=1229V, pH<7 (14) 3.5.2. Electrokinetic transport

] o Two electroremediation experiments were carried out in
If the pH of the solution at the anode is higher than 7, {he same conditions with different initial sodium concentra-

electrolysis of water does not producé ibns whichwould  tjons in soil. Table 5 summarises the operating conditions
have to migrate through the soil modifying its pH. The basic .pogen.

feed solution at the anode was sodium hydroxide in order Fig. 5 represents the evolution with time of the sodium

to avoid the introduction of other cations into the system. .qncentration measured at the overflow of the cathodic com-
However, excess hydroxide ions atthe :_:mode cannot m'gratepartment for both experiments A and B. Fig. 5(a) and (b)
through the soil because of their negative charge. shows similar behaviour of the evolution of the sodium
~The concentration of these electrolyte solutions was ¢oncentration during the two experiments. Three distinct
high enough to maintain a good conductivity in the cOm- geps can be observed on these curves. Firstly, the sodium
partments, necessary to guaranty that the electric potentialooncentration at the cathode quickly increased. Next, the
gradient applied between the electrodes was effective to thegqgiym concentration measured remained constant. Finally,
soil. Electrolytic compartments are filled with correspond- e sodium concentration increased regularly. The interpre-

ing solutions at the beginning of the experiments. During (4ion of these results can be made taking the characteristic
experiments, the sodium concentration was measured at thqime of electrokinetic transport as a reference.

overflow of the cathodic compartment. For t < tegem. A constant electrokinetic mass flow of
sodium arrives at the cathode from the soil. The first step

3.5. Results and discussion of the curves represent the non-steady-state mixing in the
compartment. During the second step, the sodium concen-

3.5.1. Convective transport tration remains constant because the mixing has attained the

In order to verify if convection due to hydraulic gradient steady-state. Usually, this step will correspond to the reme-
can really be neglected, an experiment with the experimentaldiation of the soil.
method described above but without the electric field was  For 1 > Tegem. Sodium continuously introduced at the
carried out for a duration of 7h. Flow rates of the feed anode has migrated through the soil at a different concentra-
solutions were B8 x 108 m3s1 at the anode and.@0 x tion than the initial one. A new non-steady-state mixing at
108més1 at the cathode. Fig. 4(a) and (b) shows the the cathode is established and the sodium concentration at
evolution of sodium concentrations at the cathode and in thethe cathode again increased. This step appears only because
soil, respectively. of the sodium introduction at the anode to control the con-

After 7 h of experiment, the sodium concentration in the ductivity and pH (it does not take place in a usual depollution
soil had not changed significantly. A slight profile seems operation). This seems to indicate that characteristic times
to form, probably due to local pressure gradients near the of electrokinetic transport can be experimentally measured.
filters. During the experiment, after a previous step of elimi- Experimental values of characteristic times of electroki-
nation of the residual sodium concentration initially present netic transport for sodium in kaolinite are close to 7.5 and
in the cathodic compartment, the sodium concentration 13 h for experiments A and B, respectively. The theoretical
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Fig. 4. Experiment without electric field: verification of the convective transport absence in soil. (a) Evolution of the sodium concentraticattzadbe c
with time. (b) Sodium concentration into the soil after 7h of experiment.

characteristic time obtained by Eq. (7) is 9.78 h for the two was applied to sodium at the cathode fot tegem. Fig. 6
experiments. There is quite good agreement between the thedescribes the system studied.
oretical and experimental values because characteristic times The mass flux of sodium through the soil by electro-
are very sensitive to tortuosity, porosity and electric potential osmosis [7] is
gradient values. The tortuosity used for the calculationwas a ,,Na< _ _ . _
value taken from the literature [14] and was not experimen- NeoS = keVcsS = Qeots With - Qeo=keVeS  (15)
tally measured. For example, when the tortuosity changesFor the electromigration mass flux, a similar mathematical
from 1.33 to 1.5 the characteristic time changes from 9.78 to formulation can be used even when the physical nature of
10.78 h. In addition, the electro-osmotic coefficidat,used phenomena is different (diffusive transport):
in the theoretical expression (7) of characteristictimeissame ;Na¢ _  « . . ok
for both the experiments. However, the highest sodium con- JemS = UNaVéesS = Qemcs With - Qem = unaV¢S(16)
centration in soil (so the highest ionic conductivity) of exper- where Qem here represents only a mathematical not a real
iment B should induce an electro-osmotic flux smaller than flow rate.
for experiment A. Then, at higher concentration, the mass The mass balance equation (Eq. (17)) for sodium at the
flux will be slighter and the characteristic time will be higher. cathode is written as

In order to verify if the electrokinetic transport correspond de(t)
to a constant mass flux, a simple mass balance equation@IF¢iF + Qekcs — Qore(t) =V ar

(17)
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with

Oek = Qeo+ Oem

Q
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Crr

Fig. 6. Cathodic system description for mass balance application.

and then
Qe = (ke + ul 1 )VS

Sodium was not introduced at the cathode with the elec-
trolytic solution, and so the first term of Eq. (17) is equal to
zero.

Assuming the electrokinetic mass flux constant (so, the
electromigration and the electro-osmotic flowdsyn and
Qeo, are assumed constant and the sodium concentration in
soail, cs, is assumed constant and equal to the initial soil con-
centration), the integration of Eq. (17) versus time fo¢

Teo/em g ives

Fig. 5 shows the results obtained applying Eq. (19) to ex-

(18)

(19)
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Table 6 In addition, for times smaller than the characteristic times,

Variables and parameters used for the simulation the evolution of the tracer recovery was well represented
Experiment A Experiment B by a simple mass balance equation just by using a con-

ke (M2V-1s) 5 % 109 5 % 109 stant eI_ectrokmeuc mass flux. The good agreement petween

Vo (Vm-1) 100 100 theoretical and experimental results allowed the validation

uf, (MV-tst 2.34%x 108 2.34x 10°8 of the species transport in soil as front advances of the

e 0.6 0.6 mass flux.

S (m?) 4.71x 1073 4.71 x 1073

Qex (m3s71) 1.34x 1078 1.34x 1078

Qor (més™1) 5.64 x 1078 5.54 x 1078

cs (M) 1.1 x 10°2 5.065 x 102 References

V (md) 1.38 x 1074 1.32x 104
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