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INTRODUCTION

Electrokinetic remediation is a developing technology for the extraction of contaminants from
saturated fine-grained soils, suitable for the in-situ remova of ionic inorganic compounds,
paticularly heavy metas. Electrokinetic remediation imposes DC currents of the order
mA / cm’ [Alshawabkeh and Acar, 1992] to remove the contaminants. The dominant removal
mechanisms are dectro-osmosis, in which the dectric fiedd induces movement of the pore
flud, and ionic migraion, in which the dectric fidd induces movement of ions. Other
physicochemical interactions also occur, such as acid-base reactions, agueous complexation
and precipitation [Datla and Yeung, 1994]. In this paper an atempt is made understand and
mode the complex trangport, dectrochemica and physica chemistry processes involved.

This paper does not present a separate overview of previous work on eectrokinetic
remediation of contaminated soil. The interested reader is refered to the articles of Gray and
Mitchdll [ 1967], Groenevelt and Elrick [ 1976], Lageman et d. [ 1989], Alshawabkeh and Acar
[ 1992], Yeung and Mitchel [ 1993], and Yeung and Datla [ 1995]. The literature to 1994 is
reviewed in Helawel [ 1994].

BACKGROUND AND ANALYSI S
Electrical conductivity of electrolytes

The dectrica conductivity of a aqueous solution is a function of the nature and amount of the
eectrolytes present. For smple changes such as dilution it is generdly sufficient to generate a
cdibration curve for eectrica conductivity against concentration, but for complicated changes
such as those expected during eectrokinetic remediation a more sophisticated gpproach is
needed. The modd for eectrical conductivity needs to be robus in the face of changes in the
concentration of individua chemica species and in the relative proportions of different Soecies,
and for this some basic eectrochemidry results are necessary.

Congder first the dectrica conductivity of an electrolyte solution. The ionic srength [ is
given by:

= %Zm,z,-z (D
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where m; is the moldity and z, is the charge vaency for species i [Crow, 1994]. Molality
indicates the concentration in moles per kg of solution, and for dilute solutions at laboratory
temperatures may be taken equal to the concentration in moles per litre.

The properties of an ion species in solution are affected by the presence of other ions with
which it interacts electrodaticaly, except a infinite dilution, and the activity a, expresses the
availability of the species to determine properties, to take part in a chemical reaction or to
influence the pogtion of an equilibrium [Crow, 1994]. Activity is related to concentration c;:

a.=ve (2)
where y, is the ion activity coefficient.

A number of expressons exist for predicting ¥,, but based on the results of a series of
measurements by the firgt author of the conductivity of pure solutions for the solutes and range
of concentrations of interest, the most applicable is that due to Davies [ 1962]:

+T,
Using Kohlrausch’'s Law of Independent Migration of lons [Crow, 1994] the electrica
conductivity x of the solution is

K= Zaia’? = 2 yiciﬂ'(i) = Zci)‘i 4)
where A% is the limiting ionic conductivity in water and A, = y,A? is the ionic conductivity in
water.

I
log y; = -0.5092, (1—\/—_‘——0-3@} 3)

Trangport properties of ions in soil

The trangport properties of ions in soil are related to their transport properties in solution. The
mobility 4 of an ion in an eectric fiedld and the conductivity of a solution are intimately
connected, since it is the movement of the ions which effects the charge trander. Relating the

current dengity to the rate of charge transfer gives:
A

" (5)
where F is the Faraday constant and the absolute value of the charge valency is used because
ionic mobility is defined as a speed [Hibbert, 1993].

Imagining a Stuation where the migration of ions induced by an dectric field exactly baances
thelr diffuson and usng a Boltzmann distribution to relate the concentration of ion species i to
the gpplied potentia yields for the free diffuson coefficient D;:
A.RT

D =
i Z,ZFZ

(6)

which is the Nernst-Eingtein equation [Hibbert, 1993], where R is the gas congtant and T is
the absolute temperature.
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Tabulated vaues for 4,, ¥, and D, generdly indicate the vaues & 25°C and infinite dilution.
Typicdly, dl three increase by 2-3% per °C reative to the vaue a 25°C. Strictly, the above

relationships apply a infinite dilution only, but should be applicable where the activity
coefficients are close to unity.

In a soil the transport will be characterised by an effective diffuson coefficent p’, an
effective mobility u; and an effective molar conductivity A;. If the soil particles are inert with
regards to ionic transport, such that the effects of surface charge and interface diffuson can be
ignored, then reationships between these effective coefficients can dso be developed. The
relationships presented by Yeung and Mitchell [ 1993] can be written:

A= wA, (D
u,.' = U, )
and D =D, 9

where , is the tortuosity for the ion species and is a messure of how much more difficult it is
for the ion to move because of the need to travel around the soil grains. It is usud to regard @,
as a function of the soil type and porosity and not of the ion species, and it is typicdly in the
range 0-5-0-01 for non-adsorbed ions in porous geologic materials [Freeze and Cherry, 1979].
The equivalent bulk conductivity k" of the soil will be

K =noK (10)
where n is the porodity and @ is the tortuodty of the soil. This is effectively an average of the
tortuogties for the individua ion species. The term nw in equation (10) is clearly the reciprocal
of the formation factor [Bear, 1969}, which is typicdly in the range 1.5-4 for uncemented soils
[Campandla et al., 1994].

lonic equilibrium within the pore water
Within the pore water, the chemicd species present interact according to the laws of physica
chemidry. For trangport of ionic metd contaminants three sgnificant reversble reections are
conddered: the autoprotolyss of water molecules, the association of the metd into its
uncharged agueous hydroxide form, and the formation of the solid metal hydroxide.
Water molecules undergo autoprotolysis according to the reaction:
2H,0(!) & H,0"(aq) + OH-(aq)
for which the equilibrium condant at sandard date is:
K,=[H,0" [ on-] =107 (11
where the terms in square brackets are activities [Atkins, 1994].
Regarding the agqueous metal hydroxide, condder the hydroxide of a metal Me of valency +z
dissociaing according to the reversible reaction:
Me(OH), (aq) <> Me**(aq) + zOH (aq)
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for which the equilibrium condant is

- [Me*JoH"|

*~ T™e(0H),] (12)

where the hydroxide is in agueous form. Note that K is the reciprocd of the stability constant
for the meta hydroxide. Martell and Smith [ 1974] list stability congtant for a grest number of
reections, including the precipitation of crydaline metd hydroxides and oxides from solution.
If the concentration of agueous metd hydroxide exceeds the solubility limit then the solid

meta hydroxide will form according to the reversble reaction:

Me(OH), (s) & Me** (agq) + zOH (aq)
for which the equilibrium congant is

K, =[Me*]OH [ (13)

where K, is the solubility product of the metal hydroxide. Equation (13) aso gpplies to the
various dehydrated forms of the solid hydroxide, such as:

MeO(OH),_,(s) + H,0 ¢ Me**(aq) + zOH (aq)

so that, for example, for a divalent meta the solid precipitate might be interpreted as the metd
oxide ingead of the hydroxide, usng the solubility product for the oxide. This would not
change the andysis, and might be appropriate because for many metas the precipitated solid
hydroxide would turn into the more stable solid oxide given sufficient time.

The reversible reactions are commonly assumed to reach equilibrium conditions
ingtantaneoudy, S0 that the pore water passes through a series of dsates each at chemicd
equilibrium. This is the chemicd quasi-equilibrium assumption, and should hold if the rates of
the revergble reactions are sgnificantly higher than the rates of chemicd trangport.

Given concentrations of metad, agueous metal hydroxide, solid meta hydroxide, hydronium
and hydroxy not in chemicd equilibrium, it is possble to cdculate the equilibrium state such
that equations (1 1), (12) and (13) are satisfied. This is very difficult if alowance for the
vaidion in the activity coefficients is made, so the smplifying assumption that activities and
concentrations are equa is made for the caculaion of chemica equilibrium here. The transport
properties are caculated from the activities, however.

Smple relaxation techniques applied to the chemica equilibrium equations converged too
dowly to be practica. Instead a technique similar to that of Compos and Rollett [ 1995] is used.
The equations are recest usng pH as the governing variable and a search for the equilibrium
pH is then made. Use of pH as the governing varigble significantly compresses the search
space and means that the relative error in the caculaion of the equilibrium concentrations can
be easly controlled.

Fird, it is assumed that the solid metd hydroxide is present. The total amount of metal Me,
must stay condtant during the equilibration process, o
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Me, = [Me*|+[Me(OH),| +[Me(OH),(s)]
= [Me**] +[Me(OH),] +[Me(OH),(s)], (14)

where [ Me(OH)z(s)] is the number of moles per litre of pore fluid of the solid hydroxide, and

[Me**] ,[Me(OH),| and [ Me(OH), (s)] . are the out-of-eqilibrium values
Now, by definition the pH is given by:

[H3O+] =107 (15)
S0 combining equations ( 15) and ( 11) gives
_ K
=2 =K 10
[0 ] = (g = K10 (16)
and subdtitution of equation (16) into equation (13) leads to:
2 Ksp
[Me*; = W (17)
while combining equations ( 12) and (13) gives.
KI
[Me(OH), ] = —Kl (18)
and subgtitution of equations (17) and (18) into equation (14) gives.
[Me(OH) (s)] = Me, K K (19)

(K, 10™) K,
Since every term in eguations (15)—( 19) are known except the pH the speciation caculaion
then reduces to the caculation of the equilibrium pH. Once this is determined, the amounts of

the different species can be cdculated directly. Stoichiometry requires that there be no net
change in dectricd charge as a result of the speciation reactions so:

z[Me™*| +[H,0"| - [OH] = [ Me**]_+[H,0*] -[OH"] (20)

during equilibration.

The only way to produce a hydronium concentration and therefore a pH which is different
from the equilibrium vaue without changing the amounts of any other component is to add or
remove H,0" ions, which would produce a change in electrica charge. The terms on the right
hand sde of equation (20) are fixed, while the terms on the left hand side can be caculated for
any edimated pH, 0 the difference between these is the charge balance error arising because
the estimated pH differs from the equilibrium pH. If this error is f(pH) then:

feH) = ('], -[oH] +Me] )

K
Z—‘P @2n

-{ 107" — K 107 +
i (k, 10’

by subdtitution.
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If, & a given pH the amount of solid hydroxide caculated from equation (19) is negetive then
no solid hydroxide has been formed. Repeating the andys's ignoring the precipitetion reaction

leads to:
fe)=(], ~[or] +eme])

- » Me.. K
=107 = K 10" + (KWZIO"HT)Z " KCJ (22)
Equation (21) will gpply a high pH where solid hydroxide is present and eguation (22) at low
pH where it is not.

Andysis of equations (21) and (22) shows that f(pH) is a continuous function which
increases monotonicaly as the estimated pH increases and is smooth except at the point where
the hydroxide would first form. The problem reduces to the cdculation of the roots of f(pH) ,
of which there is only one, the equilibrium pH. Since the derivative of f(pH) is andyticd the
root can be found using the Newton-Raphson method, athough the change in gradient at the
the point where the hydroxide would firs form may cause problems. Usng this method in
combination with bisection search where the Newton-Raphson method converges dowly,
according to the dgorithm in Press et d. [ 1989], meant that the equilibrium state could be
found reasonably quickly. For more complicated pore water chemistry sophisticated techniques
for cdculating the equilibrium Sate are available which dlow for a large number of species and
for the variaion in activity coefficient with concentration [de Stefano et al., 1989; Compos and
Rollett, 1995], but the computational demands rapidly become very grest, as can be seen in
Datlaand Yeung [ 1994].

Electrokinetic transport in soils

Figure 1 illudtrates the basic transport processes taking place during electrokinesis due to the
dectric field: ionic migration, electro-osmoss and eectrophoresis. Electrophoresis, the
movement of (generdly negatively) charged colloidd particles in soil, is inconsequentia for
most naturd soils [Esrig, 1968]. Modeds for one-dimensiond ionic trangport in soils due to
applied dectric fields have been presented by Acar and co-workers [Alshawabkeh and Acar,
1992; Acar et d., 1994], while a smilar but more fundamenta formulation was presented by
Groenevelt and Elrick { 1976] and more fully by Yeung and Mitchdl [ 1993]. Differences in the
expressons for the trangport properties arise because the former cast the equations in terms of
concentration per unit volume of soil, while the latter use the more conventional concentration
per unit volume of pore fluid. Using the conventiond variables in the formulaion due to Yeung
and Mitchdl and including the effects of mechanica disperson and condant retardation gives
the transport equation for species i of valency z; a concentration ¢; moving in a rigid soil of
congtant porosity:
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dc, d dc;| d||. .z 0D
i ip Zil_ 9y
ot 3x{ Lax} ax{[v |zl3x:|c}+G @3)

where R, is the retardation factor, D, is the coeffident of longitudind hydrodynamic
dispersion, ¥ is the mean pore fluid velocity, @ is the electrical potentid and G, represents
addition or remova of the ion. The governing equetion is identica in form to the advection-
disperson equation for contaminant transport [see Freeze and Cherry, 1979, for example],
with the eectrokinetic component providing an additiona advective term. For congtant
trangport properties and electrical potentia gradient equation (23) reduces to the classic form of
the advection-disperson equation.
The disperson coefficient is given by:

D =D+ a7 (24)
where a, is the dispersvity of the medium. The mean pore fluid velocity is given by:
v 1 H(D oh
Ve=e—=——| k —
Y n n( +hi ax) (25)

where v is the specific discharge, n is the porosity, k, is the electro-osmotic permesbility, £,
is the hydraulic conductivity and h is the pore water head, noting that the pore water tends to
flow down the hydraulic potentid gradient and, in most soils, down the dectricd potentia
gradient.

In the theoreticd Hemholtz-Smoluchowski modd, derived for capillary pores whose radius
is large in relaion to the thickness of the diffuse double layer of charge on the pore wdls [Gray
and Mitchdll, 1967], k, is related to the surface charge by:

=%, (26)

where € is the permittivity of the pore fluid, ¢ is the zeta potentid and 7 is the viscosity of
the pore fluid [Alshawabkeh and Acar, 1992].

If the eectrokinetic component of the equation equation were condant, then exisiing
andyticd solutions to the advection-disperson equation could be gpplied, for suitable
boundary conditions. In generd, however, the trangport will change the eectrica conductivity
and the dectrica potentid gradient will vary with disance and time, S0 no generd solution is
possible.

Solving the electrokinetic transport equation

The trangport equations and the chemica reaction equations are directly linked, and an exact
model of ekectrokinetic remediation would have to solve both sets of equations smultaneoudly.
This is generdly very difficult, and the usua approach is to use a time marching, operator
splitting quas-equilibrium numerical method: the physcd sysem is assumed to pass from one
date to another in a series of steps without undergoing chemica changes during the steps, but
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the chemica equilibrium condition is enforced a the end of each step. That is, the trangport and
chemical reaction operators are split S0 that over the time increment there is only transport, and
the date a the end of the increment is brought into local chemical equilibrium instantaneoudly.

The electrokinetic trangport equation has the same form as the advection-disperson equation,
and congderation of the dectrokinetic component indicates that the term equivdent to the
advection velocity will be variable and large. Significant work on techniques for solving the
advection-disperson equation for highly advective transport has been and continues to be done
in the areas of water resources research and environmental geotechnics, and it is from this
work that robust methods for solving equation (23) must be drawn. Three solutions to the
electrokinetic transport equation are developed: a numerical solution using the
predictor-corrector finite difference scheme of Tagamets and Sternberg [ 1974]; a numericd
solution using the random wak paticle method of Tompson and Gelhar [ 1990]; and an
goproximate smple andytica solution ignoring the dispersve and pore fluid velocity terms.

Tagamets and Sternberg [ 1974] presented a predictor-corrector time-marching finite
difference solution to the one-dimensona advection-disperson equation for a Langmuir
adsorption isotherm. Two finite difference approximations are used, each advancing the
olution by hdf an increment in the time domain, resulting in an improved gpproximete
olution & high grid Peclet and Courant numbers. Tagamets and Sternberg’s result aso
indicate that their method avoids much of the phase shift error gpparent in the classic
Crank-Nicolson method [Noorishad et al., 1992]. Such errors become important where
severd interacting species are being trangported.

The governing equation without adsorption can be written as

de_p . e

at v oox? ax (27)

for constant coefficients. The predictor equation advances from time ¢; to time ¢,,, with an
implicit gpproximation to the digperson term and an explicit gpproximation to the advection
term:

','&Z-t'(""i-m -wy) = ZADx_L)Z(W"“-H% =W Wi i+%)

—'2%(“’.41.,' - Wi-—l.j) (28)

where A is the increment, w is the approximation to ¢, i is the subscript for the space
increment and j is the subscript for the time increment. The corrector equation advances from
time ¢, to time ¢,,, usng the predicted values a time ¢, in the advection teem and a
Crank-Nicolson gpproximation to the dispersve term:

! _
"&",E,(W.‘ j+ =W ) = 2(Ax)2

(Wi+l.j+l =2W, s wi—l.j+l)




. 2(_ZLx)_2(wi+l,j - 2W.‘,j + Wi—l,j)

v
T oA )2“( i+Lj+y ~Wic1, j+ i ) (29)
and the effect of a linear adsorption isotherm can clearly be incorporated in equations (28) and
(29) without difficulty. Comparison with andyticd and approximate solutions for transport
with no adsorption [Tagamets and Sternberg, 1974] showed good agreement.

Tompson and Gelhar [ 1990] and Tompson [ 1993] argued that the storage and processing
time demands needed to refine a finite difference grid or a finite e ement mesh to reduce the grid
Peclet number to order one for redidtic, heterogeneous porous media rapidly make such an
approach impractica. At large grid Peclet numbers ( ¥2%;,) spurious oscillatory behaviour may
occur near shap concentration fronts usng conventiond finite dement or finite difference
techniques. Tompson and Gelhar presented a random wak particle method solution to the
complete form of the advection-digperson equation for conservative transport.

The one-dimensond form of the equations are used. The governing equdtion is.

e} 1 [, de) dlovc

at ax ox ax
and for congtant n, D, and ¥ equation (30) reduces to equation (27). The random wak
paticle method represents the gpatia didribution of some extensve quantity, such as
concentration of a particular chemica condtituent, by a large collection of particles transported
under the influence of spatidly varying fluid velocities and disperson processes. The particles
are point masses, and the modd is based upon anaogies between mass trangport equations and
dochadtic differential equations. A particle is displaced according to the smple reationship:

X, = X;+ A(X;)At + B( X,)Z/Ar (31)
where X, isthe posiion a time ¢,,,, X; that & time ¢;, A(X) is a determinigtic fording term,
B(X) is a daerminidtic scding term and Z is a random number with mean zero and unit
variance. The motion of one particle is datigticaly independent from that of another, and if a
large number of identicd particles are moved smultaneoudy, with forcing and scding terms
given by their initid podtion, ther number densty f(x,z) will gpproximady saisy the
Ito-Fokker-Planck equation [Kinzelbach, 1988; Uffink, 1988]:

F _ I{iBf} ¥far) (32)
at ax ox

Comparison of equations (30) and (32) shows that if the number densty is taken as an
gpproximation to nc and A(X) and B(X) are defined by:
oD, D, dn

(30)

=7 L 2L 33
A=V dx n ox 33
B*=12D, (34)
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the cathode end. Consderation of the dectricd charge flows in and out of a control volume
around each eectrode, shown dotted in figure 1, indicates that this implements Faraday’s laws
[Hibbert, 1993], since the number of charge carriers cregted in the control volume will be equa
to the net trandfer of charge out of the control volume, and that water eectrolyss is the only
ggnificant eectrode reaction. Across the centra section of the sample the concentrations are
unchanged.
Let the bulk eectrica conductivity of the three zones be ., x, and «, , starting from the

cathode end. The total electrica resstance R, of the sample is:

1L L-1-1 1
R=—|S+—F—"+-% (35)
A Kc K.0 Kal
and the current I is
| = AD 36
— (36)

s

Combining equations (35) and (36) gives the voltage gradient over the middle section:
@ (1 YL-iL-1) ae(L L-i-1 LY
= : =— ==t : +—=
ax centre L - lc - la ) k A KO K.() Kc KO
It is this potentid gradient which drives the dectrokinetic movement in the centra section.
For a non-sorbing soil the rate at which the cation-depleted zone at the anode end grows is
given by:

(37

a

dl, _ . .o®
-d—t_ - v + u* ax icentre (38)

where u: is the effective ionic mobility of the cation, while the rate a which the anion-depleted
zone a the cathode end grows is given by:

d;; S s (39)

ax centre

where u_ is the effective ionic mohility of the anion if the cations in the anion depleted zone
move a the same velocity as the cations in the centra zone, and the anions in the cation
depleted zone move a the same velocity as the anions in the centrd zone. If this latter condition
does not hold then the ion digtribution in the end zones would not be uniform and the andyss
bresks down. The condition will hold if the voltage gradients are gpproximately uniform. Note
that dectro-oamoss and ionic migration produce ion movement in the same direction for
cations but oppose each other for anions.

The result is a pair of coupled equaions. Further smplification is possble snce the ionic
mobilities of most Imple ions other than hydronium and hydroxy ae roughly equd, so
ignoring the contribution of v and setting both ionic mohilities equa to their mean vaue u
results in a symmetric sysem in which [, = [, and:
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L 1 2 1\Yld u
Tt ==t |~ =—
( ( K Da’t KOA(D (40)

The solution of equation (40) is

2
——L.-+\/(L) +2-Z+ L) w0
X k. | xo

l - Ko K; Ke [

” [r-2+2) @1

as |, = 0 when t = 0. Note that if the denominator in this expression is negative, which it will
be if the conductivity in the two end zones is higher than that in the centra section, then the
numerator will dso be negative.
The limiting value for [ is{ = 0-5 L , which will occur & time T:
Pk, (1 2 1
T=—; 2 — t—+—
Bu A(D(K'c K, K J “42)

a

a which time the acid front and the basic front meet. Thereafter a new, centrd zone will have
developed in which no contaminant is present. This zone will have a very low dectricd
conductivity, as the pore fluid is clean water, and the dectric potentia gradient will be large in
this zone and amdl in the remaining soil.

If the dectrical conductivity of either end zone becomes very smdl, possbly due to a
precipitation reaction, then T will be very large and [ will grow very dowly prior to tha.
However, reducing the eectrica conductivity of dl sections by the same factor, by reducing
the initid concentration of solute say, does not afect the variaion in I, with time. This is to be
expected, since the rate of clean up due to eectrokiness is determined by the speed of the ions
not their flux, and their speed is given by ther ionic mohbility times the loca dectricd potentid
gradient. In fact, the rate of dean up may be dightly less a higher concentrations, since the
ionic mobility decreases as concentration increases due to the eectrodtatic interactions, the
activity coefficient decreases and the dectrica conductivity increases less rapidly than the
concentration. This is gpparent from equations (3) and (4). For a divdent-divdent solute the
mean activity coefficient a a concentration of 0-Imol L' is 0.285 while that & (- 001mol L' is
0.76 1; thet is, for the same dectricd potentid gradient the ions in the more dilute solution will
be moving dmogt three time fagter than those in the more concentrated solution.

M ODELLING ELECTROKINETIC TRANSPORT -THE ELK COMPUTER PROGRAM
General features

The ELK program solves the one-dimensiond dectrokinetic trangport problem for a rigid
saturated soil containing a dissolved ionic contaminant, using ether the predictor-corrector
method or the random wak method. It uses a two-step operator splitting procedure to
separady solve the trangport and chemicd equilibrium equations, using the loca equilibrium
assumption. As noted above, this method is less rigorous than solving both sets of equations
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together and can lead to erroneous mass didributions where there is materia addition or
remova [Vaocchi and Malmstead, 1992], but it is a much more practicad computational method
[Datla and Yeung, 1994]. The input data format for both versions is the same, and is detailed in
appendix B .

The geometry of the ELK models is shown in figure 2: a soil sample of cross-sectiond area
A is condrained between two filters with a water filled well a each end. A mesh dectrode is
placed againg the outer face of each filter, and the distance between the eectrodes is 1. A
voltage is gpplied between the two dectrodes, and a hydraulic gradient can dso be imposed
across the sample. The length of each wel is s&t to 0-1L. Within the wdls the eectricd
potentid gradient is zero, the fluid velocity is py by continuity with the volumetric flow rate
within the soil, and the dispersivity is set arbitrarily to ten times that within the soil. The higher
dispersvity within the wells is an atempt to account for mixing effects and flushing flow.

These moddling assumptions lead to discontinuities in the transport veocities & the
electrodes, as the dectric potentia gradient in the wells is set to zero and water velocity in the
wells is less than that in the soil by volumetric flow rate continuity. This means tha there is a
tendency for cations to be swept to the cathode and accumulate there, as the advective and ion
migration forces sweeping them away from the cathode into the well are wesker than those
sweeping them out of the soil towards the cathode. Similar-y, the ion migration force sweeps
anions out of the soil towards the anode but there is no such force in the well and the advective
force is from the anode wdl into the soil, S0 there is a tendency for anions to accumulate a the
anode. This tendency for materid to accumulate at the electrodes is counter-baanced by higher
diffuson rates in the wells, and by the higher rate of digperson which results from assuming
that the disperdvity in the wels is an order of magnitude greater than that in the soil.
Accumulation will occur if the effects of the discontinuities in trangport veocities a the
eectrodes dominate, and will be absent if the effects of greater disperson in the wdls
dominate.

The Debye relaxation time for ionic rearrangement due to charge imbaances is <1pus
[Hibbert, 1993], and the recombination rate of water is very rapid, so the rate & which charge
imbadances will disspate is very lage. Assuming dectroneutraity locdly is equivdent to
saying that the soil has zero capacitance. The strength of the tendency for eectroneutraity to be
maintained because of ionic rearrangement is dedt with in gppendix A. Although that andyss
shows that nature of the rearrangement depends on the relative concentrations of the various
species present the relaxation andyss is too unwiddy to perform after every time increment.
Electroneutrality is therefore enforced at the end of each transport step and prior to the
cdculation of the chemicd equilibrium state by adjusting the concentration of hydronium and
hydroxy ions a each node, as in Datla and Yeung [ 1994]. This was the result of the relaxation
analysis When the concentration of other ions was low in relaion to the concentration of either
the hydroxy or hydronium ions, because water autoprotolysis supplies enough ions to disspate
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the locd charge imbdance. For high ionic strengths this gpproach to dectroneutraity may not
be satisfactory, since the hydroxy and hydronium ions are no longer the dominant species in

solution. Although it may be posshle to cruddy represent the rdlaxation by some kind of
mechanism in which ions are “poached” from adjacent nodes in order to satisfy
eectroneutraity at nodes within the smulaion domain away from the dectrodes, which like
assuming water autoprotolysis supplies sufficient ions would not violate mass conservation,

the details of how this should be done are unclear. Also,, as noted above, the enforcement of

electroneutrdity in this way satidfies Faraday’s laws at the dectrodes, assuming that waeter
electrolyss is the only sgnificant dectrode reaction.

This should result in the cathode end of the sample becoming dkai and the anode end
becoming acidic, with the further posshbility of formation of the agueous and solid metd
hydroxides a the cathode end. If the metd hydroxide is relatively insoluble, then the ionic
srength of the pore water at the cathode end will fal and the dectrica resstance rise a that
end. This would reduce the totd dectricad current flowing for a given voltage difference, and
increase the electrical potentid gradient a the cathode end relative to that in the rest of the
sample.

The two versgons of the program are identical except for the transport step calculation
method. Both caculate the concentrations and activity coefficients on a fixed grid at the end of
eech time sep and the resulting didribution is used as the starting postion for the next time
gep. In the predictor-corrector version the locd vaues of dispersivity and transport velocity are
used even though Tagamets and Sternberg [ 1974] developed equations (28) and (29) strictly
for the congant coefficients case. If the coefficients vary smoothly the error should not be
great. This problem does not arise in the random wak particle method of Tompson and Gelhar
[ 1990] because that formulation is based on varying coefficients.

The program dlows for eight species. a cation and an anion representing the dissolved
contaminant, hydronium and hydroxy ions an agueousphase uncharged complex of the
contaminant cation and hydroxy ions, a solid precipitate of the contaminant cation hydroxide,
and a cation and an anion from a background eectrolyte. These eight species mugt be distinct.
The background eectrolyte is assumed to be completdy dissolved. The background eectrolyte
concentration is taken as congant in space and time, so that transport of the background
eectrolyte ions is not moddled;, this implies that the background eectrolyte ions are
continuoudy replenished from the wels as they are swept way from the eectrodes into the
soil. Ther effect on ionic drength, eectrical conductivity and the trangport properties of the
other ions is dlowed for. The limiting ionic conductivity of each ionic species must be
specified, and the other transport properties are calculated from eguations (5), (6), (7), (8) and
(9). The diffuson coefficient for the agueous contaminant hydroxide complex and that for the
solid contaminant cation hydroxide precipitate must dso be specified.
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Electra-osmosis and hydrodynamic dispersion

Water will flow through the soil pores under the action of a hydraulic pressure a a rate given
by Darcy’s Law, and under the action of the dlectricd field at a rate equal to the ectro-osmotic
permegbility times the eectricd potentid gradient. For a rigid matrix with congant hydraulic
conductivity and congtant eectro-osmotic permesbility it is easy to show that it is the overdl
gradients which determine v, not the loca gradients, as described in gppendix C. Vaidions in
the gradient of @ will generate varidions in pore pressure such that the net flux of water is the
same through al sections. In practice, the pore pressure variation will cause consolidation or
swdling of the soil, and the pore pressure variaion within the sample can have a sgnificant
effect on the pore fluid flow behaviour [Thevanayagam and Wang, 1994).

The dectrokinetic process will change the ionic compostion and concentretion of the pore
fluid, and this will in turn change the dectro-osmotic permesbility. There is theoreticad and
experimental  evidence that the eectro-osmotic permesbility increases as the pore water
concentration decreases [Gray and Mitchdl, 19671, with the ionic srength of the pore water
being a probable factor. Gray and Mitchell [ 1967] showed that the increase is greater in low
exchange capacity materials. Hamed et al. [ 1991] found thet in kedlinite k, decreases as the
acid front generated at the anode during eectrokinetic remediation sweeps across the specimen,
a phenomenon which Alshawabkeh and Acar [ 1992] ascribed to a decresse in the zeta potential
evolving from the decresse in pH. This affect may be more maked in keolinite, whose
apparent surface charge is particularly senstive to pH and to the pore water composition
[McBride, 1978; Herrington et d., 1992; Shackelford and Redmond, 1995].

If the dependence of surface charge on pore chemistry were known, the consequent effect on
k, could be calculated from equation (26). However, for practica purposes k, lies in the range
10° - 10°® m’'V" [Mitchdl, 1991] while efective ionic mohbilities are typicaly about
3 x 107 m*s'V"! for smple ions except for H,0* and OH", which have mobilities nearly an
order of magnitude larger. As a reault, the ionic mobility component will generdly dominae
over the electro-osmotic component in equation (23) and spatial and tempord variations in k,
should have little effect on the ionic trangport. This may not be the case where there are large
vaiatons in pore water chemidry within a soil body, both because of changes in surface
charge and because large variations in locd dectrical potentia gradient may exist. Such
behaviour can be important [Eykholt and Daniel, 1994] but is too complex for this study and so
the eectro-osmotic permeahility is assumed constant here.

The question a0 arises as to whether the electro-osmotic flow cause mechanical dispersion
in the same manner as flow under hydraulic gradients, tha is, whether equation (25) is vaid.
The relationship between hydrodynamic disperson and pore water velocity is wel established
for flow due to hydraulic gradients [see Bear, 1969 and Bear, 1988 for example]. The same is
not true for the relationship between hydrodynamic disperson and pore water flow due to
dectricd gradients. The conventiona mode for éectro-osmoss derives from congderation of
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flow in cylindrical capillaries with shearing across the diffuse double layer [Casagrande, 1949;
Gray and Mitchell, 1967; Crow, 1994] which indicates that the velocity didtribution across the
moving plug will be more uniform then that in Darcian flow. Incidentaly, it dso implies a

moving charge independent of the ionic mobility. Furthermore, the velocity of water flow is
independent of the width of the capillaries, whereas in Darcian flow the velocity decreases as
the channds become narrower. The variation in flow rate will dso depend on the extent to
which the dectricd fidd is channded within the pore space, snce datic dectric fidds modify
the diffused double layer around charged solid particles [Grosse and Foster, 1987] and would
cause the dectric equipotentids to deform around the soil grains. It therefore seems reasonable

to expect less disperson during eectro-osmotic flow than during Darcian flow at the same flow
rates. However, this has not yet been quantified, and in generd €dectro-osmoss and
electrokinetic remediation techniques are used in finegraned soils in which mechanicd
disperson should not be a significant factor. With that cavesat, the best gpproximation to make

a this time is to assume that mechanica disperson due to eectro-osmotic flow varies with
flow velocity in the same way as that due to Darcian flow.

SI MULATI ONS

The firg smulation, ELKOL , was for a column of length L = O . 2m, cross-sectiona area
A =4 418 x 107 m?, filter length 0-002m, initidly spiked with a 0 1mol L' copper sulphate
solution a pH =4, subject to an eectricd potentid difference of 40V for 8 hours a a
temperature of 25°C. The soil properties were electro-osmotic permeability
k, =1 x10°m?'V", porosty n = 0-5, tortuosity @ = 0-5 and dispersivity a, = 1 x 10 m .
The configuration and properties correspond to a series of laboratory tests on E-grade Kaolin
done by the first author to examine initia eectrokinetic behaviour; these tests are the subject of
areport in preparation. The properties used are similar to those in Datla and Yeung [ 1994] and
are in the range quoted by Hellawell [ 1994]. Limiting ionic conductivities were taken from
Atkins [ 1994]. The stability constant for agueous copper hydroxide was taken from Martell and
Smith [1974] and its free diffusion coefficient set equal to 1 x 10°m?s”, which is
approximately the same as the free diffusion coefficient for Cu®*. The solubility product of the
copper oxide was used, since this is more stable than the solid copper hydroxide and the black
precipitate observed at the cathode end in the laboratory tests is believed to be copper oxide.
For CuO K, was taken from Martell and Smith [1974] and the free diffusion coefficient adso
set equal to 1x 10~ m%™. No background eectrolyte was present and no hydraulic gradient
was imposed on the sample. Copper hydroxide is rdatively insoluble, so variations in the
electricd potential gradient because of reduction in ionic drength at the cathode should be
sgnificant.

Smulations ELK02 and ELKO3 were identical to ELKO1 except that k, = 3 x 10~ and
1 x 107 m3s!'V! respectivey, illugrating the effect of increased dectro-osmoss on the initid
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electrokinetic behaviour. Smulations ELK04 and ELK0S were identical to ELKOL except that
the initial copper sulphate concentration was 0-01 and 0- 001mol L' respectively, illustrating
the effect of decreased contaminant concentration. Smulaions ELK06, ELKO07 and ELKO08
were identical to ELKO1l except that the temperature was set & 5°C, 45°C and 65°C
regpectivdy, with the limiting ionic conductivities and the free diffuson coefficients beng
increased by 2% per °C reldtive to the vaue & 25°C; no adjustment Was made to the
equilibrium condants. Smulaions ELK09, ELK10 and ELK1 1 were identicad to ELKO1
except that a sodium chloride background eectrolyte was added at a concentration of 0.001,
0-0land 0-Imd L' respectively. Simulations ELK12 and ELK1 3 were identical to ELKO0]
except that the voltage was applied for longer, 80 and 800 hours respectively.

Smulaion ELK14 was identicd to ELKOL except that a sodium chloride contaminant was
modelled a an initid concentration of 0- Imal L. The stability constant for agueous sodium
hydroxide was taken from Mat-tdl and Smith [ 1974] and its free diffusion coefficient set equal
to 1 x10~° m?*s™, as before. No solubility product for NaQH is lised in Ma-tell and Smith, nor
in any any of the other reference books consulted, which suggested that the solid form is
effectively completely soluble, and K, was therefore st to a sufficiently large vaue that no
solid NaOH would form for the feasible range of pH. Sodium hydroxide is highly soluble, so
the effect of hydroxide formation at the cathode should not be sgnificant. ELK15 was identica
to ELK 14 except that the smulated test duration was 16 hours instead of 8.

Simulations ELK16 and ELK17 were for a copper sulphate contaminant, and were identica
to ELK12 except that the smulated test duration was 160 hours and 320 hours respectively,
with the dectricd potentid difference being 20V and 10V respectively. Thet is, hdf the voltage
is applied for twice as long in ELK16 compared to ELK12, and smilarly for ELK17 compared
to ELK16. Smulation ELK18 was identicadl to ELK12 except that the coefficient of
electo-oamotic permesbility was set equd to zero, to eiminate pore water movement in the
smulation.

Smulation ELK19 was for a column of length L = 0-12m, filter thickness 0-002m,
cross-sectiond area A = 1 . 134 x 107 m?, initidly spiked with a0 « Imal L' sodium chloride
solution a pH = 7, subject to an eectricd potentid difference of 5.5V for 12 hours a a
temperature of 25°C. The soil propertieswere k, =16 x10°m*'V',n=0.45 ¢=0.52
and ¢, =1X 10®m. The configuration and properties correspond to laboratory test E-K-2 on
180-grade slica flour reported by Hellavell [ 1994].

Smulaion ELK?20 was a repeat of ELKO1 except that the eectrical potential was assumed to
vary |inearly between the two electrodes. This is not a physically correct smulation, since the
vaidion jp eectrica conductivity as a result of the changing pore water chemistry was not
modelled. The effect on ionic strength and the other transport properties was modelled,
however. The purpose of this Smulaion was to illudrate the effect of assuming a constant
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dedtricl condudtivity, since this is an assumption mede in severd previous works such as
Alshawabkeh and Acar [ 19921, Datlaand Yeung [ 1994], and Hellawell [1994].

Smulaions ELK2 1 and ELK22 were for a sodium chloride contaminant. Smulation ELK?2 |
was identical to ELK14 except that the temperature was St to 65°C indteed of 25°C, to examine
the effect of temperature on the eectrokinetic transport where the metal hydroxide is hijghly
oluble the limiting ionic conductivities and the agueous sodium hydroxide free diffuson
codffident were increased by 2% per °C rdative to the vdue a 25°C. Smuldion ELK22 was
identicd to ELK14 except that a potassum bromide background dectrolyte was added a a
concentration of 0-Imd L', to examine the effect of a background ectrolyte where the metal
hydroxide is highly soluble

Smulaions ELK23, ELK24 and ELK25 were for a copper ulphete contaminant, and were
identicd to amulations ELK06, ELKO07 and ELKO08 respectivey exognt that the limiting ionic
conductivities and the free diffuson coefficients were incressed by 3% per °C rddive to the
vaue a 25°C indead of 2% per °C; agan, no adusdment was mede to the equilibrium
congants.

REsSuULTS

Hgures 3-13 show the results for amulation ELKOI. Fgure 3 shows the vaidion in
dectricd current with time predicted udng dl three methods. Also shown is the vaiation
measured in laboratory test IMEKOQ7, an experiment on E-grade Kadlin day spiked with
copper sulphate subject to the same conditions as Smulation ELKO 1, except that IMEKO7 was
performed & a dightly lower temperature, 18°C indead of 25°C. Fgure 4 shows the variation
in gpedific discherge over time FHgures §, 6 and 7 show the varigion over time of the amount
of dissolved copper, sulphate and totd copper, respectivdly, in the soil as a percentage of the
initid amount. FHgures 8, 9, 10 and 11 show the find didribution of dissolved copper,
sulphate, total copper and pH, respectivdy, through the soil and the wdls The difference
between figure 5 and 7, and between figure 8 and 10, is the copper present as the agueous
hydroxide Fgure 12 shows the find didribution of dectric potentid, with the vaidion
meesured in laboratory tet IMEKO7 superimposed. In figure 13 the find digributions of both
dissolved and totd copper for ELKO1 are plotted normdised with respect to the initid

concentration, with the corresponding vaues from laboratory tes IMEKO7 dso plotted.
Figures 14, 15 and 16 show for ELKQ2 the varidion in specific discharge over time, the find

digribution of totd copper and the find didribution of sulphate repectivdy, while figures 17,
18 and 19 show the corresponding plots for ELKO3. ELKOI, ELKO02 and ELKO3 represent
increasing electro-osmotic permeshility. Figures 20, 21 and 22 show for ELKO04 the dectrical
current vaidion ove time the vaidion in percentage totd copper with time and the find
digribution of tota copper respectivey, while figures 23, 24 and 25 show the corresponding
plots for ELKO0S. ELKO1 , ELKO04 and ELKO5 represent decreasing contaminant conoentration.
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Figures 27, 29 and 31 show the variation in percentage total copper with time for ELKO6,
ELKO7 and ELKO8 respectively, while figures 26, 28 and 30 show the corresponding
variation in current with time. ELKO6, ELKO1, ELKO7 and ELKO8 represent increasing
temperature.

For ELKQ9 figure 32 shows the variaion in current with time, figure 33 the fina didribution
of tota copper and figure 34 the fina digtribution of sulphate, while figures 35, 36 and 37 and
figures 38, 39 and 40 are the corresponding plots for ELK10 and ELK1 1 respectively. Figure
41 shows the find digribution of eectric potentia for ELK1 1. ELKO1, ELK09, ELK10 and
ELK1 1 represent increasing sodium chloride background eectrolyte concentration.

For ELK12 figure 42 shows the variaion in current with time, figure 43 the variation in
percentage total copper with time and figure 44 the variaion in percentage sulphate with time,
while figures 45, 46, 47 and 48 show the find distribution of total copper, sulphate, pH and
electric potentia respectively. Figures 49, 50 and 51 show the variaion with time in current,
percentage total copper and percentage sulphate respectively, while figure 52 shows the find
digribution of pH, for ELK1 3. Smulaions ELKO1 , ELK12 and ELK1 3 represent incressing
duretion of the gpplication of voltage.

Smulations ELK14 and ELK15 were for a sodium chloride contaminant, with ELK15
representing a longer duration of voltage gpplication than ELK14. Figures 53, 54, 55 and 56
show the variaion with time in current, specific discharge, percentage dissolved sodium and
percentage chloride respectively for ELK14, while figures 57, 58, 59, 60 and 61 show that
smulaion’s find distribution of dissolved sodium, chloride, totl sodium, pH and eectric
potentia respectively. Figures 62 and 63 show the find digtribution of dissolved sodium and
of chloride respectively for ELK 15.

Simulations ELK16 and ELK17 were for a copper sulphate contaminant. ELK12, ELK16
and ELK17 represent progressvely smdler voltages gpplied for progressvely longer times
such that the product of voltage and duration is constant. Figures 64 and 65 show the variaion
in percentage tota copper with time and the find digtribution of total copper respectively for
ELK 16, while figures 66 and 67 show the corresponding plots for ELK17. In ELK1 8 the
electro-osmotic permesability was zero with the other conditions the same as for ELK12, and
figures 68 and 69 show the variation with time in percentage total copper and percentage
ulphate respectively, while figures 70 and 71 show the fina didribution of total copper and
sulphate respectively, for ELK 18.

ELK19 represents Hellawell’s [ 1994] laboratory test E-K-2 for sodium chloride in 180-grade
dlica flour. Figures 72, 73 and 74 show the find didribution of dissolved sodium, chloride
and dectric potential respectively for ELK19, with the corresponding data points from
Hdlavel [ 1994] superimposed.

Figures 75, 76 and 77 show the variation with time in percentage dissolved copper,
percentage Sulphate and percentage total copper respectively for ELK20. Figures 78, 79, 80
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and 81 show the find distribution of dissolved copper, sulphate, tota copper and pH for
ELK20. The test conditions for ELK20 were the same as those for ELKO1 but in the andysis a
linear dectrical potentiad distribution was assumed.

Figures 82, 83 and 84 show the variation with time in current, percentage dissolved sodium
and percentage chloride respectively for ELK2 1, which was for a sodium chloride contaminant
and was identica to ELK14 except for being a a higher temperature. Figure 85 show the find
digribution of dectric potentid for ELK21.

ELK22 was dso for a sodium chloride contaminant, and was identical to ELK14 except that
a potassum bromide background eectrolyte was added a a concentration of 0- Imal L',
Figures 86 and 87 show for ELK22 the variaion with time in current and percentage dissolved
sodium respectivey, while figure 88 shows the find digtribution of dissolved sodium.

A generd feature of the smulations for copper sulphate contaminant is that the current is
initidly congtant for a short time and then darts to fdl rapidly, findly tending towards a stable
vaue. The time a which the current darts to fal and the time at which it sarts to stabilise were
cdculated from the results for smulations ELKOI, ELK06, ELKO07, ELKO08, ELK?23, ELK24
and ELK25, which were identica except for temperature and the magnitude of the temperature
correction, with the time a which the current garts to stabilise being taken as the time when the
drop in current equals 90% of the tota drop for the smulation. This was done for smulations
using the random wak verson of ELK only. Figure 89 shows the variation in these two times
with temperature for the two temperature correction factors, and the stabilisaton time found in
the laboratory experiments.

DiscussioN

It is necessary to examine the results from the fird smulation, ELKQO, in some detall. In this
gamulation of a short duration eectrokinetic test on copper sulphate contaminated soil both
numericad modds predict a smdl initid rise in the current followed by a large decrease over the
first one to four hours to an gpproximately constant value of about a third of the initid current
for the predictor-corrector model and about a tenth of the initid current for the random walk
model. This corresponds to a decrease in the apparent eectrica conductivity of the whole
sample. Acar and Gae [ 1992] report a fourfold decrease in the gpparent electrica conductivity
over the fird one hundred hours or s0 for their constant-current experiments on lead
contaminated kaolinite, in which the dectrical current densty was one hundredth of the initia
vaue for ELKO 1, dthough it must be pointed out tha the lead concentrations were sufficiently
low for the mgority to be adsorbed on to the clay.

There is basic agreement with the experimenta results from JMEKQ7, with the initid rate of
decrease of the measurements lying between the two numericd predictions and the variation
from the random wak mode being particularly close to the measured one. The random wak
model predicts a more rapid decrease than the predictor-corrector model and lower currents
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throughout, with the electric current decreasing rapidly a about nine minutes and stabilising at
a low vaue a about 25 minutes The smple andysis gives an even more rapid decrease and
lower currents again. Arbitrarily increasing x, the dectrical conductivity of the cathode zone,
by a factor of ten causes the smple mode to predict a variaion very close to that measured
except that the initid rate of decrease is still much higher in the simple model, indicating that

this model over-predicts the reduction in electrical conductivity due to copper hydroxide
formation a the cathode. The specific discharge is roughly congtant in the predictor-corrector
model, but decreases nearly to zero in the random walk modd with a variation smilar to that of

the dectrica current.

The predictor-corrector modd gives an approximately 30% reduction in the percentage of
dissolved copper and an approximately 20% reduction in the percentage of sulphate over the
eight hour period, while the random walk gives gpproximately 5% for dissolved copper and no
sulphate reduction. The difference in the variaion of the totd amount of copper present
predicted by the two numerical modes is driking: while the random wak modd gives a very
dight reduction the predictor-corrector mode gives an increase of about 10%. This unphysica
behaviour must be a consequence of the lack of mass conservetive behaviour in the finite
difference based predictor-corrector model, and it appears from figure 7 that the
predictor-corrector model erroneoudy adds copper at the cathode end.

The find digtributions of dissolved copper and tota copper are Smilar in the two numerical
predictions except a the akdine end, where the predictor-corrector modd gives high
concentrations of copper hydroxide and amost no dissolved copper in the firs 50mm of soil,
while the random walk modd gives significant copper hydroxide concentrations close to the
cathode only. Both modes predict a very dight movement of copper away from the anode and
accummulation of copper a the cathode, dthough the movement is grester in the
predictor-corrector model. However, the predictor-corrector model gives a much larger
movement of anions away from the cathode than the random walk mode, which predicts a
smal degree of accumulation of sulphate a the anode but little overal movement.

The random wak method gives some accumulation of copper a the cathode and of sulphate
a the anode, while the predictor-corrector method gives no accumulation a ether electrode. It
is not known whether accumulation should occur, that is whether the effects of the
discontinuity in the transport velocities a the electrodes dominates over the effects of increased
disperson in the wdls. It may be that the stochastic nature of the random wak mode leads to
an erroneous concentration peak where the trangport parameters change, since fluctuations in
the concentration digtribution are a feature of this modd [Tompson and Dougherty, 1988].
Alternatively, it may be that the predictor-corrector method has sufficient numerica dispersion
to suppress this peek, snce numericd disperson is a feature of finite difference modds not
based on upwind formulations [McBride, 1985; Noorishad et al., 1992].

CUED /D . SOILS/TR.292 (1997) Page 21




The gsochadtic nature of the random wak modd shows up clearly in the plots of find
concentrations, as there are smal pesks in the digtributions, but this effect is very marked in the
find pH digribution: the smal peeks in the anion didribution predicted by the random wak
method correspond to the narrow troughs in the pH digtribution. This is a consequence of the
enforcement of eectroneutrahty by adjusment of the hydronium ion concentrations and the
logarithmic dependence of pH on hydronium concentration. Electroneutraity enforcement aso
explains the lack of dissolved copper a the cathode in the predictor-corrector solution, as
hydroxy ions must be added to balance the copper ions “created” there in the modd, raising the
pH and encouraging copper hydroxide formetion.

The random walk model and the predictor-corrector model both give a zone of higher pH at
the cathode.-This zone is very narow in the random wak modd. Within this dkdine zone
copper complexes into the hydroxide and the dectricd conductivity is very low, which shows
up cdearly in figure 12: in both models most of the eectric potentid is dropped over this narrow
zone, the difference being that the random wak modd gives a much sharper bresk in the
digtribution while the predictor-corrector modd gives a wider zone with a smdler gradient of
eectric potentid. The point where the eectric potentid becomes admost congtant in the
predictor-corrector solution corresponds to the edge of the akaine zone. Since this is aso the
point where there will be a sudden change in the transport velocity it seems likely tha the
unphysica results of the predictor-corrector modd arise from an inability to cope with this
veocity change and the large grid Peclet number that results, an inability compounded by the
lack of mass consarvative behaviour in that modd. This suggests that the predictor-corrector
mode is unuiteble for problems where a zone of much lower éectricd conductivity is
expected to form, problems for which the andysis in agppendix D indicates that the grid Peclet

number will become large and independent of the grid spacing. This will be examined further
in the discusson of smulaion ELK20.

The eectric potentid digtribution measured experimentdly in IMEKO7 indicates tha dmost
al of the potentid is dropped across a very thin zone at the cathode with a smdler amount
being dropped across a thin zone a the anode, and more closdy resembles that given by the
random wak modd. A consegquence of the eectric potentid gradient being dmost zero across
most of the soil is that ionic migration becomes negligible in comparison with eectro-osmoss
and diffuson, an effect which is more marked in the random wak modd than in the

predictor-corrector model and explains why the former gives less sulphate movement. That is,
the formation of a low conductivity akaine zone close to cathode dominates the process and

has dramaticaly reduced the effectiveness of the eectrokinetic remediation. Moreover, in the
random wak modd this zone is sufficiently narrow that it fdls dmost entirdy within the
cathode filter, so that the totd dectric potentia difference across the soil is much reduced and
the specific discharge due to electro-osmosis becomes greatly reduced. While both models
predict that ion migration becomes suppressed because of the formation of a zone of low
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electrical conductivity at the cathode end, the random wak mode predicts that eectro-osmoss
aso becomes suppressed, in which case the rate of remediation becomes negligible. This
accounts for the much smdler distance by which the contaminants have moved in the random
walk mode than in the predictor-corrector model, and dso for the fact that the random wajk
model gives an dectricd current variaion smilar to that for the Smple andyticd modd, since
that modd ignores the effect of dectro-osmoss.

Although there is congderable scatter in the experimentd data on fina copper distribution,
the results in figure 13 do indicate some copper accumulating a the cathode even in this short
duraion tes and very little copper movement, with the measured vaues lying between those
from the two numerica modes. It appears that the stochastic random wak modd is the better
representation of the eectrokingtic remediation process where the contaminant hydroxide is
poorly soluble and the dectric potentid didtribution is not linear.

Comparison between simulations ELKO1, ELKO02 and ELKO3 indicates that as k, increases
electro-osmosis darts to dominate over ion migration as an ionic trangport process for the
copper sulphate contaminated soil, an effect most clearly seen in ELKQO3 where there is a
sgnificant net movement of both copper and sulphate towards the cathode. A good estimate of
k, is obvioudy needed where hydroxide formation at the cathode is a significant process,
especidly for soils whose dectro-osmotic permesbility is high. A ten-fold increase in £, gives
an approximately seven-fold increase in the width of the copper-free zone a the anode for the
predictor-corrector model, an effect which can be ascribed to the observation that the
electro-osmotic velocity stays roughly congant in that Smulation while ion migration depends
on the locd €eectric potentid gradient and becomes subdued as copper hydroxide is formed
near to the cathode. In contradt, the eectro-osmotic discharge reduces sharply in the random
wak modd for ELK02, s0 there is little difference between the results for ELKO1 and ELKO02
using that model, but stays roughly constant in ELKO3. It appears that for
k,=1x1 07 m%'V! the fluid is moving sufficiently rapidly to sweep both copper and sulphate
ions into the cathode region quickly enough to prevent the formation of a very narrow zone of
low dectricd conductivity which would cause the fluid velocity to decrease. The degree of
copper accumuléetion at the cathode given by the random walk model increases as k, increases,
but otherwise the digtribution of total copper and sulphate in ELKO02 are quditatively smilar to
those in ELKO1 for both numerical models.

In smulations ELK04 and ELKO5 the behaviour predicted by the two numerical modes is
amilar to that for ELKOI. As the initid copper sulphate concentration decreases the eectric
current dso decreases, of course, but the rate of remediation and the final distributions of the
two contaminant ions hardly changes. The only noticesble changes as the concentraion
decreases are that the two numericad models predict increesingly smilar Variations in dectric
current, the width of high copper concentration zone increases dightly in the predictor-correct
model, and both models predict dightly grester copper movement away from the anode end. It
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appears tha the increased mobility of the ions due to the lower ionic strengths of the pore water
has little effect on the degree of movement, so dominant is the effect of copper hydroxide
formation at the cathode on the transport processes.

The dominance of this effect is dso goparent when comparing smulations ELK06, ELKO1 ,
ELKO7 and ELKOS, since increasing temperature has no effect on the rate of remova of copper
in the random wak mode and leads to a dight increase in the rate a which extra mass is
“created” in the predictor-corrector modd, even though the ion mobilities and diffuson
coefficients more than double across this range. This behaviour is consistent with the
suggestion that the trangport will be primarily by dectro-osmoss where the formation of
relatively insoluble hydroxide and the consequent development of a zone of low eectricd
conductivity is permitted. This zone develops more rgpidly as the temperature increases. in the
random wak modds the time a which the eectric current starts to fal decreases from
aoproximately 18 minutes to gpproximately 8 minutes and the time for the eectric current to
dabilise a a low vaue decreases from gpproximatdy 74 minutes to gpproximatdy 27 minutes
when the temperature increases from 5°C to 45°C. This is congstent with the assumed near
doubling of the ion transport properties across this temperature range, which appears to cause
the zone of low dectricd conductivity a the cathode to develop proportionaly earlier. For
comparison, in the firsg author's laboratory tests on Kaolin impregnated with copper sulphate
the time for the éectric current to stabilise a a low vaue decreases from agpproximately 60
minutes to approximately 25 minutes when the temperature incresses from 15°C to 45°C,
suggesting that, while the rate of incresse of ionic conductivity with temperature may in redlity
be closer to 3%/°C than the 2%/°C assumed in the modds, the mode predictions are
essentidly correct. A comparison in figure 89 between the predicted times as a function of
temperature for for the random wak models and the measured time in the first author's
laboratory experiments shows good agreement between the predicted and the measured results,
with the temperature dependence apparently lying in the expetced range. Note that the
electro-osmotic permesbility was assumed to be independent of temperature. The results also
indicate that the mass balance error associated with the predictor-corrector method increases as
the migration velocities increase.

Examination of smulations ELKO01 , ELK09, ELK10 and ELK1 1 shows that the presence of
a background eectrolyte does have a sgnificant effect for copper sulphate contamination, even
when the background eectrolyte concentration is much lower than that of the contaminant. This
accords with the assertion in Acar and Gale [ 1992] that control of the chemistry a the
electrodes and proper gppreciation of the generd dectrolyte system within the soil are important
for efficient use of dectrokinetic remediation. As the background dectrolyte concentration
increases there is a generd increase in the dectric current, of course, but there is dso less
reduction over time. This is noticeable in the predictor-corrector modd, athough the variation
in ELK09 is practicaly identicd to that in ELKOQ1. There is a sronger effect on the current
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vaiaion from the random wak modd: as the background dectrolyte increases, the initia
increase in current becomes larger such that in ELK1 1 the current is risng continuoudy, and
the current in the random wak modd garts to exceed that in the predictor-corrector mode.
Raising the dectricd conductivity of the pore water generaly appears to reduce the deleterious
effects of hydroxide formation at the cathode on dectrokinetic remediation, and the difference
between the two numerical models reflects the observation in smulation ELKOL that while a

broad zone of low eectrica conductivity develops a the cathode in the predictor-corrector
mode, in the random wak modd this zone is very narrow and has a much lower dectrica

conductivity. That is in the random wak modd the deeterious effect is more marked,

probably because the predictor-corrector model creates mass in this zone so raising the genera
concentrations, so the beneficia effect of the background eectrolyte is aso more marked. As
indicated by figure 41 for smulation ELK1 1, as the background eectrolyte concentration
increases the dectric potentid distribution becomes more linear, reflecting the more uniform
electricad conductivity, and the distributions given by the predictor-corrector and by the random
wak modes become smilar.

The predicted contaminant movements are aso affected by the background eectrolyte
concentration: as it increases the degree of remediation of both the copper and the sulphate
increase. Both numerica models predict increased accumulation of copper near to the cathode,
while the random wak modd in particular gives a zone of enhanced remova of copper close to
the anode. For the predictor-corrector model the width of the zone with amost complete anion
remova increeses from about 0-05m to about 0-07m as the background eectrolyte
concentration risess to Q. Imd L', while for the random wak modd it increases from about
0-005m to about 0-05m. The presence of other non-reacting ions in solution clearly has a
marked beneficid effect on the trangport, an effect which will be much more sgnificant at the
low contaminant concentrations found in the fidd than a the much higher contaminant
concentrations sometimes used in |aboratory work.

The previous discusson concerns smulations of short duration tests. In ELK12 the duration
was increased from that in ELKO1 by a factor of ten to 80 hours while in ELK13 it was
increesed by a further factor of ten. The trends identified in dmulation ELKO1 continue,
athough the fluctuations caused by the stochaestic nature of the random wak moded become
dronger, especidly in the variation of dectric current for ELK13. This may result from the
temporary formation of narrow adjacent zones of low and high pH, due to the fluctuations in
the concentration digtributions and the enforcement of eectroneutrdity, as such zones would
both have high dectricd conductivity. The predictor-corrector modd gives a generdly
declining dectric current throughouit.

After 80 hours the random wak modd gives an approximately 5% reduction in copper and
amost no reduction in sulphate, while the predictor-corrector model gives approximately 30%
and 909, respectively; the mass baance error associated with the predictor-corrector modd till
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dominants the variation for copper, but the smulated period is now long enough for the
amount of copper to start falling. The predictor-corrector model predicts that approximately half
of the soil is free of copper but the random wak modd predicts only dight movement away
from the anode, again indicating the relaive importance of electro-osmosis as a transport
process in these two simulations. However, the random wak model gives high copper
concentrations close to the cathode only, while the predictor-corrector model gjves a broad
band of copper accumulation. The random wak modd gives acid conditions everywhere
except in the cathode wdl, while the predictor-corrector modd gives a dightly more dkaine
cathode zone occupying over hdf the soil, behaviour consstent with the erroneous creetion of
copper in the predictor-corrector model, as discussed above.

The predictor-corrector modd gives a smal amount of sulphate ill present near to the
anode, consgent with the high degree of removd, but in the random wak mode there is
amogs no sulphate movement. For both models the distribution of eectric potentia after gQ
hours is smilar to that after 8 hours. Similar behaviour was observed for a lead contaminated
keolin by Acar and Gae [ 1992]: in their laboratory Test 1 dectrokinetic remediation has been
applied long enough to clean up about haf of the sample which adso shows a centrd region of
lower eectrical conductivity, not present in their longer Test 5.

After 800 hours both numericad models predict complete remova of the copper sulphate
contaminant: in the random wak modd copper remediation is complete after about 300 hours
and sulphate remediation after about 470 hours, while the predictor-corrector model gives
gpproximately 140 hours and 110 hours respectively. The digtribution of find pH is smilar for
both models.

The behaviour in the smulaions for a sodium chloride contaminant is quditativey very
different from that for a copper sulphate contaminant. The difference arises because sodium
hydroxide is highly soluble while copper hydroxide is poorly soluble. A principd feature is
that the results from the two numericd modds are much more Smilar than for the copper
sulphate, and there is now no evidence of mass balance errors in the predictor-corrector mode!.
In ELK14 the eectric current rises from 0-22A to about (-38A over the firgt five hours and
then fals to about 0-05A by eight hours, however, the predictor-corrector model gives a
smooth variation during these two periods while the random wak mode indicates a rapid
change from one levd to another. The gpecific discharge through the soil stays constant,
reflecting the fact that no zone of low dectricd conductivity is formed in the filters for the
sodium chloride contaminant. The find digtributions of dissolved and total sodium are amost
identical for each numerical mode, except that a smal amount of hydroxide is indicated a the
cathode where the pH rises to about 13. The pH of the dkdi zone is higher than in the
amulations for copper sulphate, reflecting the fact that there is little removd of hydroxy ions
by complexation with the sodium. Both modds predict subgtantidly the same variation over
time in the percentage of dissolved sodium with 40-50% being removed in the eight hours,
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except that the random wak method gives a dightly higher rate of removd initidly and a
dropping off in the rate a about five hours, coinciding with a sudden drop in the eectric
current. The random wak modd does predict dmost no remova of the chloride, however,
compared with about 70% removad in the predictor-corrector modd.

The find digtributions of the concentration of sodium and of chloride ae roughly the same in
both numericd modes, dthough the random wak modd shows large fluctuaions less
chloride movement, and an accumulation of sodium &t the cathode and of chloride a the anode.
As with the copper sulphate smulations, it is not cear whether the random wak modd is
giving eroneoudy large accumulations a the eectrodes or whether numerica disperson in the
predictor-corrector modd is suppressing the accumulation. The numericd modes give
subgtantialy the same find pH digtribution: an akali half of about pH 13 and an acidic haf of
about pH 2. This indicates that the acid front originating at the anode and following the cations
has met the dkdi front originating at the cathode and following the anions, leaving a centrd
zone of neutrd pH in which the ionic strength and the eectrical conductivity are low. In the
random walk modd this zone is much narrower than in the predictor-corrector model, as can be
seen in the find digribution of eectric potentid: the former mode gives a step-like digtribution,
S0 that ionic migration has practicaly ceased, while the latter has a Smilar but much smoother
digtribution.

Doubling the smulated test duraion to 16 hours results in little additiona movement of the
sodium chloride in the random walk model but noticeably more movement in the
predictor-corrector model, as shown by comparing the results of ELK14 and ELK15. In the
random wak mode the behaviour has become dominated by a clean, low dectricd
conductivity zone near the middle of the sample causing the eectric potentid gradient to be very
smal where the contaminant concentrations are dill significant. Since trangport due to ionic
migration is neglible in this case remediation is dependent on the dower processes of
electro-osmoss and disperson. The find distribution of sodium and of chloride are smoother
than in ELK 14, as a result of disperson over the additiond 8 hours.

In the smulation series ELK12, ELK16 and ELK17 for a copper sulphate contaminant the
applied voltage was haved for each subsequent smulation while the test duration was doubled.
Apart from the scae change of the time axis there is very little difference in the results: the mass
baance error increases dightly in the predictor-corrector model as does the amount of
remediation in the random wak modd. If, as therefore seems likely, the ectrical conductivity
is the same a homologous times in the three smulations and noting that the percentage
reduction was found to be approximatdy linear with the increase in time for congtant voltage,
this implies that the degree of remediation is approximately proportiona to the totd amount Of
energy expended. This accords with the results of published experimental work [Lageman et
al., 1989; Hamed et al., 1991; Acar et al., 1992; Acar et d., 19941. For the random walk
modd the find copper distributions did become dightly smoother dong the series with the
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the sulphate, which indicates that it is the difference in the cdculated voltage digtribution
between the random walk modd and the predictor-corrector modd which caused the random
wak to give little anion removd, and not some inherent direction sengtive effect in the
numericd agorithms. The width of the remediated zone is smilar in both modds, as is the
find didribution of pH except that the stochadtic nature of the random wak mode is evident
across the centra part of the sample where the pH 4ill hes its initid value. Enforcing a linear

eectric potentid didribution is equivdent to assuming that the dectricd conductivity is
condant, 0 the eectric current is congtant. This is reflected in the much higher degree of

remediation in smulaion ELK20 than in ELKOL : after eight hours gpproximately twice as
much copper has been removed in ELK 20 than in ELKOL for both numericd models, and there

is now ggnificant remediaion of the sulphate in the random wak modd. It must be
remembered that in ELK20 the conductivity of the pore water is not correctly modelled.
However, the conductivity change due to copper hydroxide formation would be smal where

copper is not the principal cation in solution and this explains why the results from ELK20
resemble those from ELK1 1, a smulation with a background eectrolyte concentration equa to
that of the copper sulphate contaminant.

There is no evidence of mass baance errors accumulating in the predictor-corrector models
for ELK1 1 and ELK?20, nor for a sodium chloride chloride contaminant, so it appears that this
unphysical behaviour arises because of that modd’s inability to cope with large changes in the
eectric potentid gradient and hence in the trangport velocity within the sample, and not from
the discontinuity in the contaminant cation concentration distribution caused by the crestion of
high pH zones where the cation is present principaly as the hydroxide. That is, the
predictor-corrector mode performs badly where there are large spatid variaions of velocity,
and where the grid Peclet number becomes very large.

Increasing the temperature for a sodium chloride contaminant by 40°C between smulation
ELK14 and smulation ELK21 resaults in only a dight increase in the amount of remediation
after 8 hours. The dectric current variation with time is Smilar to that in ELK14, with an initid
rise and a sudden decrease to a low value, except that in ELK21 the levels are nearly twice
those in ELK14 and the decrease occurs at just longer than half the time taken in ELK14. Both
numerical models give find amounts of dissolved sodium and chloride only dightly lower than
the corresponding find amounts for ELK14 but sgnificantly higher initial rates of remediation.
As before, the dow down in the rate of remediation coincides with the decrease in the dectric
current. The find voltage digtribution given by the random wak method is identical to that in
ELK14 and the digtribution given by the predictor-corrector method is very smilar to that in
ELK14 except that the low conductivity zone is broader. The reldive increase in dectrica
current and the initid rate of remediation is conagtent with the assumed near doubling of the
ion trangport properties due to the higher temperature and causes the central zone of
subgantidly clean Soil to develop proportionaly earlier than in ELK 14. Theredfter, the dectric

CUED /D - SOILS| TR.292 (1997) Pege 29




fidd strength is low in the zones where ions are ill present and the eectrokinetic remediation

process is dominated by this centrd clean zone, &s in ELK12 and ELKI14. The higher
temperature increases the diffuson coefficients and results in some additiond clean up, but the
concentration distributions & the time when this centrel zone of low ionic strength forms are
probably largely independent of temperature and the find dtates are about the same at 25°C and

65°C. Similar conclusons were drawn above for the effects of temperature in smulations of
copper sulphate contaminated soil, athough there it was the development of a high pH, low
ionic srength zone a the cathode which dominated the process.

Comparing the results of smulations ELK14 and ELK22 shows that adding a background
electrolyte does result in enhanced remediation for a sodium chloride contaminated soil, just as
it did for a copper sulphate contaminated soil. In ELK22 both numerica modes predict that the
eectric current will initidly rise and subsequently fdl. However, the fdl is not as dramatic as it
was in ELK14 and just asin ELK1 1 for a copper sulphate contaminated soil the presence of the
background dectrolyte prevents the development of a zone of very low dectrica conductivity
and therefore increases the total amount of remediation. This effect is more marked for the
random wak method predictions, which in ELK14 gave nearly zero eectric potentid gradients
over mogt of the sample. Consequently the variation in percentage dissolved sodium given by
the predictor-corrector method is dmost the same in ELK22 as in ELK 14, but that given by the
random wak mode no longer shows the sudden decrease in the rate of removad, and the two
modds give dmog the same find amounts. The find digribution of dissolved sodium given
by the predictor-corrector method is dmost the same as in ELK14, while that given by the
random wak method is smilar to that in ELK 14 except that the didribution is smoother and the
contaminated zone is smdler, reflecting the higher degree of remediation. As before, the
random wak method predicts an accumulation of sodium aound the cathode while the
predictor-corrector method does not.

CoNCLUSI ONS

Complex trangport, electrochemical and physico-chemica processes govern the migration of
water, ions and other chemica species in contaminated soils during eectrokinetic remediation,
in which DC dectric fidds are gpplied across the soil. Both physical and numerical modelling
of eectrokinetic remediation present a sgnificant chalenge to the researcher in environmentd
geotechnics, who must draw on work from ground improvement, geochemistry, soil
contaminant transport, hydrogeology, eectrochemistry and agueous solution chemidry to
develop a proper understanding of these processes, for the parameters in the transport
equations change as transport takes place. In this paper a smplified, physcaly based
numerical modd is developed for the dectrokinetic remediation of laboratory samples, usng
both a finite difference method and a stochastic method for solving the transport equations. The
basic behaviour in the modds can be understood by congderation of the effects of the
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replacement with hydronium ions of cations moving away from the anode towards the cathode,
the replacement with hydroxy ions of anions moving away from the cathode towards the
anode, the reversible equilibration reactions for the association of the contaminant cation into its
uncharged agueous and solid hydroxide forms, and the autoprotolysis of water molecules.

Two contaminants were sdected for the numerical study: copper sulphate, as an example of a
contaminant whose cation hydroxide is rdativey insoluble and sodium chloride, as an
example of one in which the cation hydroxide is reatively soluble. Simulations were performed
to sudy the effects of the magnitude of eectro-osmotic flow, temperature, contaminant
concentration, duration of voltage application and the presence of a background eectrolyte in
the pore water. Electra-osmotic permesbilities in the range 0 = 1 X 10 m?%'v"!, temperatures
in the range 5-65°C, durations a 40V in the range 8-800 hours for copper sulphate and §—
16 hours for sodium chloride, and background eectrolyte concentrations up to those of the
contaminant electrolyte were considered.

Neither numericd mode was entirdy satisfactory. The predictor-corrector mode is not
inherently mass-conservetive and was found to creste mass erroneoudy in the smulations for
copper sulphate, apparently because of an inability to handle large spatid changes in the
advective component of the trangport equations. If the dectric potentid variation across the
sample remained nearly linear then the predictor-corrector modd seemed to perform
saisfactorily, and generdly gave much smoother concentration distributions than did the
random wak model. The stochadtic nature of the random wak modd was gpparent in dl the
amulaions, but the consequences seemed more acute in the sodium chloride ones. Given the
sengtivity of the trangport to loca vaues of the eectric fidd srength and the concentration
gradient, and the way in which the transport parameters depend on the concentration
digributions, there is a clear need for a mass conservetive, high accuracy numerica agorithm
for solving the advection-digperson eguation with temporaly and spatidly varying transport
parameters which can cope satisfactorily with large grid Peclet numbers and idedly aso with
large grid Courant numbers. In the absence of a satisfactory genera method, the results
suggest that the random walk modd should be used where the hydroxides of the contaminant
cdion are reldivey insoluble and the dissolved contaminant is the dominant eectrolyte in the
pore water, in which case the grid Peclet number may become very large, while the
predictor-corrector model should be used otherwise.

For both contaminants the remediation behaviour comes to be dominated by a narrow zone of
low ionic drength, low dectricd conductivity pore water unless precautions are taken to
prevent this zone forming. The low eectrica conductivity zone causes the overdl eectrica
resstance of the sample to rise ggnificantly, so tha the dectric current fdls, and dso
significantly reduces the eectric potentia gradient in zones where contaminant ions are il
present. As @ result, there is very little migration of the ions due to the dectric fidd and
continued clean up is largey due to dectro-oamosis and diffuson. In such a stuation, a good
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esimate Of the electro-osmotic permesbility of al the materias present is essentid, and the
results show that if %, is at the upper end of the range encountered in practice then the direction
of ion movement may change.

For a copper sulphate contaminated soil the low dectrical conductivity zone results from the
formation of relatively insoluble uncharged agueous copper hydroxide in the dkaine cathode
end of the sample, so that dmost al of the gpplied eectric potentid difference is dropped over a
very narow region close to the cathode. If this zone was sufficiently narrow it may lie entirely
within the filters used to restrain the soil, in which case the potentia difference across the soil
and therefore the rate of water movement due to electro-osmosis becomes very small. The
eectric current fals by about a factor of four over the firsg one to four hours as this zone
develops. The rate of clean up is a lot less than would be expected from tests on contaminants
where the metd hydroxide is rdaively soluble, or from cdculaions done assuming a linear
vaidion in dectric potentid, and increesing the mobility of the ions by ether lowering the
concentration or by increasing the temperature does not produce enhanced remediation when
there was no background dectrolyte. The primary effect of temperature was to decrease the
time taken for the low dectricd conductivity zone to develop, with the factor reduction in time
being approximately linear with temperature and about the same as the factor increase in the ion
mobility with temperature assumed in the modd. The deleterious effect of copper hydroxide
formation on dectrokinetic remediation could be suppressed by adding a background
electrolyte, snce this prevented the ionic strength and therefore the eectrica conductivity close
to the cathode from faling to a very low vaue. Background eectrolyte concentrations of the
same order as the contaminant concentration are sufficient to produce throughout the test an
approximately linear variaion in dectrical potential across the sample and a rate of contaminant
migration smilar to the initia rate. On the absence of a background eectrolyte the remediation
time was about ten days for a sample of length L = 0-2m subjected to an eectric potentia
difference of 40V, and using haf the eectric potential produced approximately the same pattern
of migration after twice the time.

For a sodium chloride contaminated soil the low eectrica conductivity zone appears when
the acid front from the anode mests the akai front from the cathode, hydronium and hydroxy
ions recombine to give water, and a centra zone of subgtantiadly clean pore water develops.

Sodium hydroxide is reaively soluble so only smdl quantities form at the cathode. It is when
the contaminant cation digtribution and the contaminant anion distribution no longer overlgp
that electrokinetic remedation becomes suppressed, because dmost dl of the applied dectric
potential difference is dropped over a very narrow region in the centre of the sample. As with
copper sulphate, increasing the temperature does not enhance the remediation but rather reduces
the time taken for this low dectricd conductivity zone to develop. Again, the deleterious effect
of this zone on dectrokinetic remediation is suppressed when a background eectrolyte is
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added, snce this prevented the ionic strength and therefore the eectricd conductivity from
fdling to a very low vaue.

The limited comparison with experimenta data that was possble indicates that the numerica
models successfully represent the physica behaviour. The random walk mode’s predictions
for a copper sulphate contaminated sample of the variation in dectric current with time, the find
eectric potentid didribution, the overdl pattern of copper movement, and the effect of
temperature on the time taken for the low conductivity cathode zone to develop gives good
agreement with the firs anthor’s short duration laboratory tests. The behaviour is dso smilar
to that reported by others working on eectrokinetic remediation of heavy meta contaminated
soils. The predictor-corrector model’s predictions for a sodium chloride contaminated sample
of the find digributions of sodium, chloride and dectric potentiad agree with those measured
expaimentadly by Hdlavdl [1994]. In generd the numerica results dso accord with the
frequently made assertions that the degree of remediation is proportiona on the total amount of
energy expended and that gppreciation of the overdl dectrolyte conditions in the pore water is
important for efficient use of dectrokinetic remediation.

It therefore appears that the numericd solutions developed here successfully mode the
esentid  features of the various trangport, eectrochemica and physico-chemica  processes
occuring during eectrokinetic remediation of heavy metd contaminated soils. Further
laboratory testing is needed to assess the accuracy of the predicted effects due to a background
eectrolyte, since the modelling of background eectrolytes is not very redigtic. However, the
results are encouraging and indicate that the numericd modes should be a useful tool in
specifying and assessing further experimenta work, both in the laboratory and in the fied.
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APPENDIX A — ELECTROPHORETIC COUPLING, ELECTRONEUTRALITY A\D PH
DRNG ICNC DFFUSICN IN SOL

Introduction

The classc eguations for tracer dectrolyte diffuson into soil predict the development of an
eectric charge separation, since the cations and anions generdly have different diffuson
coefficients, and therefore different migration speeds. Smple cdculations indicate that the
resulting eectric field would be extremey large. No such charge separations are observed.

lons, being charged, tend to migrate in dectric fidds. In a Smple, two-ion system the eectric
field generated by the difference in migration speeds will tend to dow down the fast moving
ion and speed up the dow moving ion. The dynamic equilibrium State where the eectrophoretic
effect exactly compensates for the difference in intringc diffuson retes is atained in the Debye
relaxation time, effectively ingantaneoudy [Robinson and Stokes, 1959], a which point the
ions diffuse together a arate characterised by the coupled diffuson coefficient D, . A charge
sepaation dill exigs, causng the concentration cdl junction potentid, but this is smal
[Robinson and Stokes, 1959] and the solution is effectively eectricaly neutral everywhere.

The Nerngt-Hartley relationship for D, reduces to:

2D.D
e = EL_D_— (A.1)
for a univdent-univalent dectrolyte a infinite dilution, where D, is the intrindc diffuson
coefficient of the cation and D_  that of the anion [Robinson and Stokes, 1959].

It is an experimentaly observed fact that ions migrate together in smple dectrolyte solutions,
with diffuson coefficients given by the Nema-Hartley relationship [Harned and Nuttall, 1947,
1949; Turg et al. 1977]. It has adso been observed that ions do not migrate together in the more
complex environment of soils and rocks [Crooks and Quigley 1984; Kim et al. 1993;
Maoszewski and Zuber 1993}, whether natura or laboratory.

This note presents an andyss of dectrophoretic coupling during ionic diffuson in soil. It
deds drictly with the diffusve migraion of non-reecting species in inactive soils but the
issues raised are relevant to studies of transport processes where chemical reactions take place,
in active soils, or where migration results from an imposad dectric field. In this last case
caions and anions are observed to move in opposte directions [Yeung and Mitchdl, 1993] and
proper consderation of eectroneutrdity is particularly important.

Problem conceptualisation

The chosen scenario is the one-dimensonad semi-infinite diffuson cdl of figure A. 1, made
up of two blocks of saturated soil. The soil grains are uncharged and inert. In one block the
initidl concentration of NaCl tracer in the pore water is ¢, , While in the other it is zero. As a
result, both sodium and chloride ions will diffuse across the interface. The concentration
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digribution and the concentration imbaance a some later time for independent diffuson is
shown in figure A.2. The concentration imbaance generaes an interna dectric fidd coupling
the two ions together.

From Yeung and Mitchdl [ 1993] the governing equation for one-dimensiona transport of
species i a concentration ¢, having vaency z; in an dectric fidd of strength E with Stationary
pore water is:

de, . 12; Z: a{EC}
—t =D —u L —
o ' ox’ " e ox (A.2)

where x is distance. In equation (A.2) D] is the effective diffuson coefficient and u is the
effective ionic mobility, the speed of migration clown a unit concentration gradient and the
gpead of migration in an eectric fied of unit Srength, respectively.

The effective transport properties D, and u; are related to the agueous diffusion coefficient
D. and the agqueous ionic mobility «, by:

D’ = wD, (A.3)
and

U = Ou, (A4)
respectively, where tortuosty @ indicates how much more difficult it is for the ion to move
because of the need to travel around the soil grains.

For a pore solution containing two species, a cation of valency z, at concentration ¢, mol L
and an anion of vaency z_ a concentration ¢. mol L', the charge dendty ¢ in C m™ of il
is

0=1000n(z,c, +z.c_)F (A.5)
where n is the porosity and F = 9.6485 x 10*mol L' is the Faraday constant. If the soil is

uniform and can be characterised by some average reldive permittivity &, Gauss's Law relaing
the charge densty and the dectric field strength E gives

E= l
£,€,

j oox (A.6)

where ¢, = 885419 x 107™?F m" is the permittivity of free pace [Halliday and Resnick,
1974].

Reaive permittivity is frequency dependent. The low frequency relative permittivity of water
a 25°C is 78 [Atkins, 1994] but that for saturated clays can range up to 10* or more
[Arulanandan and Mitchell 1968}, possibly due to bound ion polarisation effects. This note is
concened with the rate and effects of the disspation of a smdl perturbation from
eectroneutrdity within the pore space, S0 it is gppropriate to use &€, for water; it is assumed
that there is no interaction with the diffuse double layer of the soil grains during this process.
Different vaues of ¢, n and @ will lead to different estimates of the magnitude of the electric
fild strength and the rate a which it dissipates, but will not affect the fina equilibrium state in
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the modd proposed. The concentration imbalance needed to generate large dectric fidds is
minute a 10'ma L' imbaance of a univaent-univdent eectrolyte across 100 um Of pore
spacegivesE =10"V m™, which for a typicd effective ionic mohility of 3 x 10 m? g V!

gives amigration velodity of 0-3m s . The time taken for ions to migrate from the edges to the

centre of the space is then = 10™s. If such a charge imbdance could build up the
electrophoretic coupling effect would be large. The imbalance would disspate too quickly for
the soil to consolidate. There would be negligible dectro-osmatic flow, dthough short lived
excess pore pressures would exist.

Extenson to include the effects of a background electrolyte at some uniform concentration ¢,
is graghtforward: equation (AS) is rewritten to include dl the ions in solution and equation
(A.2) solved for each species, usng the transport properties given by equations (A.3) and
(A.4). Condderation of the hydronium and hydroxide ions resulting from water autoprotolyss
in agueous solution involves the dissociation reaction:

2H,0 (I) & H;0" (ag) + OH- (aq) (A7)
for which the equilibrium congtant a standard date is
K, =[ H3O*][ OH-] =107" (A.8)

where the terms in brackets are the activities of the respective ions, for dilute solutions activity
and molar concentration are equivaent. The reversble reaction (A.7) reaches equilibrium
extremey rapidly, and it is norma to assume that equation (A.8) applies at al times.

Numerical solution

A truly satidactory numericd andyss of the effect of dectrophoretic coupling on ionic
diffuson would require a mass-conservaive, highly accurate method. The mixed hyperbolic
parabolic non-linear nature of equation (A.2) makes this extremey difficult. Moreover, the time
discretisation would have to be finer than the Debye rdaxation time, making conventiond
solution methods impractical for migration times grester than a few minutes. Ingead, a two
period operator splitting approach is adopted: the ions are firgt alowed to diffuse independently
for a period ¢, cregting a charge imbaance, and the eectrophoretic effect is included over a
second period. This second period is taken sufficiently short for diffuson to be negligible, so
that ion migration continues until the dectric fiedd strength is everywhere zero. The digtribution
at the end of the first period is [Freeze and Cherry, 1979]:

=% X A9

taking x = O at the interface, where ¢, is the source concentration.

Discarding the diffuson term, eguation (A.2) becomes a fird order hyperbolic equation,
solvable using an explicit method-of-characteristics technique and a Lagrangian co-ordinate
system, illustrated in figure A.3. The soil is discretised using a grid of moving nodes j = 1.. .n;
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with node spacing Ax. Over the time increment At each node displaces by +i; EAt, where E
is the fild strength a the nodd position & the start of the increment, since +uE is the speed
of the ions a node j a the start of the increment.

If the concentration and fiedd drength didributions are sufficiently Smooth within the
intervals and At is sufficiently smdl then ions within the interva will not overtake the ions
represented by the moving nodes. The amount of materid within each interva is therefore
constant over the increment, so the estimated concentration at the centre of each interva is this
amount divided by the intervad’s current thickness. The concentration at each initial co-ordinate
is calculated by linear interpolation between the central values. Having solved for dl species,
E a the initid co-ordinates is found by numericd integration of equetion (A.6) using the
trgpezium rule, and then at the Lagrangian co-ordinates by linear interpolation.

Autoprotolysis is handled usng a separate operator splitting approach: the H,0* and OH-
concentretions are calculated as before and reaction (A.7) then driven to equilibrium. If
m mo L' recombine then H,0* — H,0* = m and OH" = OH' -m, 0 subsiitution into
(A.8) gives

[H,0°Jon-]-10™
" T HOTT+[oH]

(A. 10)

for amdl m . Iterating equation (A. 10) establishes the equilibrium date.

Five s#ts of andyses were done, each having the initid NaCl digtribution given above the
transent relaxation of the two ions; the effect of a background eectrolyte of potassum iodide
on the equilibrium date; the effect of initid pH on the equilibrium state where the pH has been
adjusted with either sodium hydroxide or hydrochloric acid but no further water dissociation
occurs during relaxation; the effect of initid pH as before but including water dissociation
during relaxation; the combined effect of a background dectrolyte and initid pH induding
water dissociation during relaxation. All but the trangent set were adlowed to relax for [us.

The activity coefficients are taken egua to one for every species, the values of D, and u, at
25°C used, and @=0-5, n=0-5 and €, = 78 used throughout. Other ressonable values
would not change the results sgnificantly. The transport properties of the species consdered
are shown in table A. 1. Scenario parameters ¢, = 10hours and ¢, = 0- 001mol L give the
curves in figure A.2. Other parameters were At = 10™%, Ax = Imm and n; = 101.

For each andysis the gpparent diffuson coefficient D,, was caculated for both tracer ions

from the concentration distributions. That is, D, is the ionic diffusion coefficient
back-caculated from the concentration didribution as if trangport were a purdy diffusve

process. For the trandent andyses this was done by non-linear regresson for D; using
equations (A.9) ad (A.3), and separately by finding x for ¢, = 0+ 05¢;, 0 « ¢y, 0+ 2¢,,
0. 3¢,, 0. 7c,, 0-8¢y, 0-9¢, ad 0- 95¢,, inverting equetion (A.9) for D, and averaging the
results. For the remaining analyses the second method only was used.
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Results

Figure A4 shows the vaiaion in D, with time as the two-ion system relaxes towards
equilibrium, with D, for each ion and D, from equation (A.l) aso shown. The two methods
for esimating D, yield indistinguishable results. As the ions rearrange the D, vaues tend
towards D, , and equilibrium is reached after = 1us.

Figure A.5 shows the vaiation in find D,  with background eectrolyte concentretion for the
four-ion system, while figure A.6 shows the find Kl distribution for ¢, = 1-0. For ¢, < 0- 1c,
D, = D, while for ¢, > 10c, D, =D, with a smooth transition in the range
0- Iy < ¢, < 10¢,. When ¢, = ¢, D, is gpproximately hadfway between the two extreme
values. Comparing figures A.2 and A.6 shows that for high ¢, eectroneutraity is attained by
rearranging the background eectrolyte's ions. *

Figure A.7 shows the variation in find D, with initid pH, where the dotted lines represent
andyses without autoprotolyss during relaxation and markers represent those  with
autoprotolysis. The pattern is similar to that for the four-ion system, with D, = D, & near
neutrd pH, where the NaCl provides mogt of the ions, and D,, = D, where other ions
dominate. At initid pH = 3 - 0 and | 1 -0 the respective hydronium and hydroxy ion
concentrations equd ¢,, and D, = D.. The reslts with and without autoprotolysis during
relaxaion are indiginguishable.

Figure A.8 shows the varidion in find D with background electrolyte concentration for
intidd pH vaues of 3.0, 4.0, 5:0 and 7-0, representing very acid through neutrd soils, while
figures A9 and A.10 show the find pH didribution and the find potassum distribution
respectivdy, for different initid conditions, in the four-ion sysems with autoprotolyss during
raxation. Only when the initid pH is near neutrd and the background electrolyte’s
concentration is much less than ¢, does D, = D,. That is equilibrium is reached by
rearrangement of the predominant ionic species in the sysem, and D,, = D, wherethe NaCl
provides most of theionsand D,, = D, otherwise.

Discussion

The initid perturbation imposed here is large, but smaler perturbations should disspate in
the same manner. If s0, the amulaions gpproximate the dynamic equilibrium dtate and the
nature and degree of ionic interaction during tracer diffusion.

The results indicate that the charge imbaance disspates by rearrangement of the predominant
ion species. In cean solutions the tracer ions dominate, and the migration is coupled. In soil
water many species may be present: in clean, fine-grained laboratory soils this could be due to
the soil’s pH buffering capacity; in naturd soils due dso to ion accumulation. In inactive soils
the diffusng ions should migrate independently if in trace concentrations, with eectroneutraity
maintained by movement of other ions. Crooks and Quigley [ 1984] clamed that this explained
the apparent charge imbdance in measurements of sdt migration beneath a domedtic landfill,
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dthough they did not consder movement of water dissociaion products. In active soils, the
behaviour will depend on whether the interaction is by ion exchange or by chemisorption
involving changes in surface charge.

The indgnificant effect of the water dissociation reaction (A.7) during the relaxation process
is explained by consdering the change in thickness of the Lagrangian intervas for H,0™ and
OH-. If that for H,0" grows by an amount AZ in the increment At then that for OH- will
shrink by a similer though smaller amount. The product [H,0" OH] in equation (A.8) wil
change only dightly, and reaction (A.7) says near equilibrium. However, the dissociation
products do have an effect when present in concentrations comparable to or higher than the
tracer, and the degree of coupling between the tracer ions is less than for a background
electrolyte at the same concentration because H,0" and OH- are about four times more mobile
than other ions. As a result, the tracer migration is effectively uncoupled when either the H,0"
concentration or the OH- concentration exceeds that of the tracer.

Conclusions

The dassc eguations for tracer eectrolyte diffuson into soil predict the devedopment of an
eectric charge separation, but ignore the effect of dectrophoretic coupling between the moving
ions. Electroneutrdity is reached practicdly indantaneoudy by rearangement of the
predominant ion species, with the tracer ions diffusng independently where there is a
background electrolyte concentration ¢, > 10c¢, or the initid pH is such that either [HJO*] > ¢,
or [OH-] > ¢,. Multi-ion transport geochemicd modds should ensure that eectroneutrdity is
enforced, particularly if chemica speciation is to be consdered. The applicability of laboratory
diffuson rates measured using high tracer concentrations to field Stuations where the tracer is
not the predominant ion species must be carefully considered.

Transport property

lon D, U,
10°m’ s 10%m*s! v

Na 1.33 5-19
Cr 2.03 7.91
K* 1.96 7.62

I 2-05 7.96
H* 9-31 36.23
OH 5-30 20.64

Table A.1 lonic transport properties

CUED / D - SOILS/ TR.292 (1997) Page 91




\\\\

NaCl concentratlon NacCl concentration
0-001 mol/L 0-0 mol/L

Figure A.1 Initial condition

1.0 60
RN + .
Y S U Na diffusion only
0.8 = ) e Cl diffusion only |= 40
% ' —Na -cI
E 06— - 20
B
3 0
&
2 0.4-
g e -20
8]
02 =
- -40
0.0 | | — | 60
-50 -40 -30 -20 -10 0 10 20 30 40 50
Distance (mm)
Figure A.2 lon distributions for independent diffusion
X0 Xj+H,0 Xj+2,0 Xj+3,0
| AR ¢ T t o TTTTTTT O t = to
/ m I \ mj2  \
' ' I N, o
SR EEEEEEEETEREE + e + t =to
Xj, At Xj+1, At Xj+2, At Xj+3, At

Figure A.3 Displacement of Lagrangian nodes

CUED /D - SOILS/ ‘IT.292 (1997)

(‘1/10wrl) sowepequuy

" A




2.2—-| + Point valuesfor Na  x Point values for Cl = .. Fitted values

.9 .
e e K Moz ez X s o e = = === — === - 2:03x10 m s
2 . 0_ ................. .  TTmTm===
~~ .‘.x-.
Vo 18—
o E X,
© 9 "
- 1-61x10 m s R et
QH | B et w}.?if"'hx.'.'f..'.'.'..‘.‘x"' ==
..... e
e
1.4 — U S 9 .
bbb ] 1 ;33x10 ms
121ﬂ1" : :Illllll T lIIlIllI : T T T T VIt : ] 71711
-9 -8 -1 -6 -5
10 10 10 10 10
Relaxation time (s)
Figure A.4 Variation in Dac during relaxation for two-ion system
22 + Point valuesfor Na  x Point values for Cl
1
-9 -2
_______ 203x10 ms _ L XX __%__Xeoo_.
2.0 X
X
Ve 18
w 0 X
- B
‘o X 9 .2
< x  x x X 1-61x10 ms
S e A R S S S
Q ¥
+
+
- 9 -2
14 1-33x10 m s t + + + + +
1.2 BRALL N R S L B L e L e R Ll SRR L R A

-6 -5 -4 -3 -2 -
10 10 10 10 10 10 10
Background concentration (mol/L)

Figure A.5 Variation in D, with ¢, for four-ion system

ai

CUED / D- SOILS/ TR.292 (1997) Pege 93




1000.04

¢ = 1-0 mol/1,
+
~ 1000.02 —
g
=]
E
E
§ 1000.00
S :
5
3
5
Vg9 98
999.96——— I I I i I | | |
50 40 -30 -20 -10 0 10 20 30 40 50
Distance (mm)
Figure A.6 Final Kl distribution for four-ion system, ¢, = 1-0
2.2 + Point values for Na  x Point vaues for Cl
1
-9 -
I 20300 ms . __
20— 0 e X
.‘.'- ..'x.
"o 1.8 Y
‘ g x
S ~ e 9 .
~ I e e VAR vV XX 1-61x10 m's
16 g
e *.
9 .
1'4_l et 1-33x1I0 ms ___ +_ ey
12 | \ I \ \ \
2 4 6 8 10 12
Initial pH

Figure A.7 Variation in DaC with initial pH for two-ion aqueous system

CUED /D -SOILS / TR292 (1997) Page 94

s ————————————————ee



22

20

1.8

-2

Da (10 ms )

-9

1.6

14

12

+ Point values for Na X  Point values for Cl

-9 -2
2-03x10 ms

R am o S e e e M W e e o E E Em E wr oae — — = —

pH=3 .

o p
pH=4 o }Y
l.l
i
s
PHSS oo -
pH=7 *° 1-61x10 m S

9 -2
1-:33x10 m s

Illl!'.s 7 111 Frrinm

10 -4 -3 -2
10 10 10 10
Background concentration (mol/L)

-1

Figure A.8 Variation in DaC with C, for four-ion aqueous system

CUED / D« SOILS/ TR.292 (1997) Page 95




7.04

7.02-

Final pH
~J
o
S

6.98

6.96

initial pH = 7. 0
. = ¢ =0-1 mol L'l
.......... 6 =00ImolL"
,’ : eeess g = 0,001 Mol L

-300 -2 -10 0 10 20 30 40 50

Distance  (mm)

Figure A.9 Final pH distribution for four-ion aqueous system

1.02

1.01

1.00

0.99

Final potassium concentration (mmol/L)

0.98

-1
¢ = 0001 mol L
—— |nitidl pH = 7-
---------- Initial pH = 38
----- Initial pH = 4.0
. =« Initia pH = 3.0

-50  -40

Figure

A.10 Final

.30 -2 -10 0 10 20 30 40 50

Distance (mm)

potassium distribution for four-ion aqueous system

CUED /D -SOILS / I-R.292 (1997)

Page 96




APPENDIX B -1 NUT  DATA FORMAT FOR ELK PROGRAME

File format for ELK 1-2
The ELK 1-2 programs expect a data input file in the following space-delimited format:

L Lfilter A EndT Dei Dh
Tabs Tref Tcorr
Kh Ke Pors Tors
Disp_s  Disp_w
zc lc cci Rdc
za la cal Rda
H cHi
10 cOi
zsC Isc CSCi Rdsc
zsa Isa csal Rdsa
DcOa ccQai
DcOs ccOsi
Kw KcOa KcOs
Feo Flv FtHO Fts FgK Fic
where:
L Sample length  between the electrodes
Lfilter Length of the filter between the edectrodes and the il
A Sample cross-sectional area
EndT Duration in the smulation
Dei intid  electric potentid  difference  between the dectrodes, leftmost  dectrode being the cathode
Dh Hydraulic head difference between the  dectrodes
Tabs Absolute  temperature in - Smulation
Tref Reference temperature & which ionic  conductiviies and diffuson  coefficients ae  quoted
Tcorr Correction factor for ionic conductivity (typicdly 0.02-0.03 / °C)
Kh Hydraulic  conductivity
Ke Electra-osmotic permeability
Pors Porosity
Tors Tortuosity

Disp_s Dispersivity in the  soil
Disp_w Dispersvity in  the well

zC Contaminant cation charge valency

Ic Limiting ionic conductivity of contaminant cation

cci Iniid  concentration of  contaminant  cation

Rdc Retardation  factor  for  contaminant  cation

za Contaminant anion charge valency

la Limiting ionic conductivity of contaminant anion

cal Iniid  concentration of  contaminant  anion

Rda Refardation  factor  for  contaminant  anion

1H Limiting ionic conductivity of hydronium ion

cHi Iniid  concentration of  hydronium ion

10 Limiting ionic conductivity of hydroxy ion

cOi Iniid  concentration of hydroxy ion

zsc Background  electrolyte  cation  charge  vaency

I'sc Limiting ionic conductivity of background eectrolyte cation

CSCi iniid  concentration  of  background  electrolyte  cation

Rdsc Retardation  factor  for  background  electrolyte  cation

zsa Background  eectrolyte  anion  charge  vdency
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Isa Limiting ionic conductivity of background eectrolyte  anion

csai Iniid  concentration of background  electrolyte  anion

Rdsa Retardation  factor  for  background  eectrolyte  anion

DcOa Diffuson  coefficient for agueous contaminant cation  hydroxide

ccoai Iniid  concentration of agueous contaminant cation  hydroxide

DcOs Diffuson coefficient for solid contaminant caion  hydroxide

ccOsi Initid  concentration of <olid contaminant cation  hydroxide

Kw Equilibrium  congtant  for  water  autoprotolysis

KcOa Equilibrium  condtent  for agueous contaminant  cation hydroxide formation, K,

KcOs Equilibrium  constant  for  solid  contaminant  cation hydroxide formation, K,

Feo Flag for electro-oamoss caculaed from minimum voltage gradient; set to 1 for yes O for no
Flv Flag for assuming a liner voltage varidion between the electrodes:set to 1 for yes 0 for no
FtHO Flag for solving for the migration of the hydronium and hydroxy ions st to 1 for yes O for no
Fts Fag for solving for the migration of the background dectrolyte ions set to 1 for yes, O for no
Fgk Flag for accounting for ionic dtrength in ionic equilibrium cdculation: st to 1 for yes O for no
Fic Flag for maintaining the current a the initid vaue throughout; set to 1 for yes, 0 for no

Input file for tet ELKO1

02 0.002 4-418E-3 28800.0 40 0
298.15 208.15 0.02

4.0E-9 1-0E-9 0-5 0-5

10E-6 1-0E-5

2:0 107-2E-4 0.09995 1 -0

2:0 160-0E-4 0-1 1-0

349-6E-4 1-0E-4
199-1E-4 1.0E-10

1.0 50-10E-4 0.0 1.0

1-0 76-35E-4 0-0 1.0

1.0E-9 6-326E-9

1-0E-9 0-0

1.0E-14  ].58E- 13 3-09E-20

0 0 ! 0 0 0

Notes on use of the ELK 1:2 programs

The ELK 1.2 programs sub-divide the space between the eectrodes into 499 intervals, 0
that there are 500 equaly spaced nodes from cathode to the anode. The filter thickness is
rounded to the nearest whole number of intervals, and each well region is taken as being fifty
intervals long. The predictor-corrector and random wak versons of ELK differ only in the
routines which solve the trangport equation for each species. The Six ionic species (contaminant
caion, contaminant anion, hydronium ion, hydroxy ion, background cation and background
anion) must be distinct. Both agueous and solid contaminant cation hydroxides are taken to be
completely mobile.

The transport coefficients «, Ia, IH, I0H, . Isa, DcOa and DcOs are multiplied by the factor
{1+(Tabs—Trcf)me} to 4erive transport coefficients a temperature T, from the input
vaues a temperature T,. This therefore affects the ionic mobility and diffuson coefficients
caculated from these transport coefficients. The filters are taken as having the same hydraulic
conductivity, porosity and tortuosity as the soil, but have zero dectro-osmotic permesbility and
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a retardation factor of 1.0 for al species The limiting ionic conductivity is the product of the
charge valency and the ionic conductivity of one equivaent of the ion species; the latter is what
is liged in some references. At the start of the smulation, the contaminant ions are present a
the input concentrations a every node within the soil and the filters, the background eectrolyte
ions are present at the specified concentration a every node in the mode, and the hydronium
and hydroxy ions are present a the specified concentration at every node within the soil and the
filters and a concentrations giving neutrd pH a the nodes in the wells.

Electroneutrdity and chemical equilibrium is enforced before the first time increment, and
after every time increment. It is therefore advisable that the input concentrations represent an
equilibrium and dectricdly neutral date for the pore waer in the soil, Snce otherwise the
garting condition may not be the one intended. Activity coefficients are calculated for each ion
species as part of the chemicd equilbrium caculation.

In generd, it is recommended on physica grounds that flags Feo and Fiv both be set to 0 and
flag rtHO be set to 1. Flags Fs and Fgk currently have no effect but must be set in the input data
file. It is recommended that they both be set to O, since the output for a given input file will
then be unchanged once they are implemented.

The calculation loop performed by ELK 1.2 for each time increment is as follows:

1. cdculae the éectrica conductivity & each node;
caculate the current density, and adjust applied voltage for constant current case;
caculate the dectricd potentid distribution;
cdculate the specific discharge;
solve the trangport equation for the contaminant cation;
solve the transport equation for the contaminant anion;
solve the transport equation for the agueous contaminant cation hydroxide;
solve the trangport equation for the solid contaminant cation hydroxide;
solve the transport equation for the hydronium ion;
solve the trangport equetion for the hydroxy ion;
correct for eectroneutraity a each node;
cdculate and enforce the chemical equilibrium state at each node;
cdculate the activity coefficients for each ion a each node;
caculate the pH at each node;
output selected results for the increment.

© © N @ g b wn

N e i =
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File format for ELK 2-0
The ELK 2-0 program expects a data input file in the following space-delimited format:

dx
nElecl
Tabs
Kh
Disp_s
zc

za

1H

10

Zsc

zsa
DcOa
DcOs
Kw
Feo

Dh

where:

dx

A
nElecl
nSoill
nSoil2
nElec2
nDim
Tabs
Tref
Tcorr
Kh

Ke
Pors
Tors
Disp_s
Disp_w
Dl_well
zC

lc

cci

Rdc

za

la

cal

Rda

H

cHi

10

cOi
ZsC

Isc
csci
Rdsc

A

nSoill nSoil2 nElec2 nDim

Tref Tcorr

Ke Pors Tors

Disp_w  DI_well

lc cci Rde

la cal Rda

cHi

cOi

Isc CsCi Rdsc

Isa csai Rdsa

ccoal

ccOsi

KcOa KcOs

Flv FtHO Fts FtOs FgK Fic
Vorl dt nTsteps nTskip nd
Spacing  between  nodes

Sample  crosssectiond area

Node number for Ileft hand eectrode

Node number for left hand end of sl sample

Node number for right hand end of soil sample

Node number for right hand eectrode

Node number for right hand end of sSmulation domain

Absolute  temperature in Smulation

Reference temperaiure & which ionic conductivities and diffuson coefficients are  quoted
Correction factor for ionic conductivity (typicaly 0-02-0-03 / °C)

Hydraulic  conductivity

Electra-osmotic permeability

Porosity

Tortuosity

Disparsivity in the soil

Dispersivity in the well

Digperson coefficient in the well, in addition to that from the dispersivity
Contaminant cation charge valency
Limiting ionic  conductivity of  contaminant
Iniid  concentration  of  contaminant  cation
Retardation  factor for  contaminant  cation
Contaminant anion charge valency

Limiting ionic conductivity of  contaminant
Iniid  concentration  of  contaminant  anion
Retardation  factor for contaminant  anion
Limiting ionic conductivity of hydronium ion

Initid  concentration of hydronium ion

Limiting ionic conductivity of hydroxy ion

Initid  concentration of hydroxy ion

Background  dectrolyte  cation charge  vaency

Limiting ionic conductivity of background electrolyte cation
Initid  concentration of background  electrolyte  cation
Retardation factor for background  dectrolyte  cation

caion

anion
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zsa Background  dectrolyte  anion  charge  valency

Isa Limiting ionic conductivity of background eectrolyte anion

csai Iniid  concentration  of  background  electrolyte  anion

Rdsa Retardation  factor for  background  dectrolyte  anion

DcOa Diffuson  coefficient for agueous contaminant  cation  hydroxide

ccOai Initid  concentration of agueous contaminant cation  hydroxide

DcOs Diffuson coefficient for <olid contaminent  cation  hydroxide

ccOsi Iniid  concentration of solid contaminant cation  hyadroxide

Kw Equilibrium  congtant  for water  autoprotolyss

KcOa Equilibrium ~ congtant  for aqueous contaminant cation hydroxide formation, K,

KcOs Equilibrium  congtant  for solid contaminant cation  hydroxide formation, K,

Feo Flag for eectro-oamoss cdculaed from minimum voltage gradient; st to | for yes O for no

Flv Hag for asuming a liner voltage variation between the edectrodesset to 1 for yes O for no

FtHO Hag for solving for the migration of the hydronium and hydroxy ions st to 1 for yes O for no

Fts Fag for solving for the migration of the background edectrolyte ions set to 1 for yes O for no

FtOs Fag for solving for the migration of the solid contaminant cation hydroxide st to 1 for
migration in whole domain, O for migration in the wels only

FgK Flag for accounting for ionic drength in ionic equilibrium caculation; st to 1 for yes 0 for no

Fic Fag for condant current conditions st to 1 for condant current, O for condant voltage

Dh Hydraulic heed difference  between the  dectrodes

Vorl Electricd current (if Fic=1) or dedlricd potentid difference (if Fic=0) between the eectrodes

dt Time increment between deps

nTsteps  Number of time seps in the run
nTskip Number of time deps between exch reporting of the time dep results
nd Discretisgtion parameter in the partice method (typicdly st to 4 or more)

Notes on use of the ELK 2:0 program

The ELK 2.0 program is a maodification of the ELK 1.2 programs described and used in this
report. It uses a mass consavative, determinidic partide method based on a discretisation of
the locd Grean's function solution of the advection disperson eguaion. The Smulaion
doman is divided into five regions nodes O and nElec! bound the Ieft hand wdl; nodes nElect
and ngoill bound the left hand filter region; nodes nsoill and nsoil2 bound the soil sample; nodes
nSail2 and nElec2 bound the right hand filter region; and nodes nElec2 and nDim bound the right
hand wdl. Hag Fgk currently has no effect but must be st in the input data file and it is
recommended that Fgk be st to 0, snce the output for a given input file will then be unchanged
once it is implemented. In dl other repects, the notes for Elk 1.2 goply.

The cdculaion loop performed by ELK 2-0 for each time increment is as fdlows
1. cdcaulate the dectrica conductivity & each node;

cdculate the current dendty and gpplied voltage:

cdculate the dedricd potentid digtribution;

cdculae the spedific discharge

solve the trangport eguation for the contaminant cation;

olve the trangport egution for the contaminant anion;

solve the trangport eqution for the agueous contaminant cation hydroxide;

~ o AW

CUED / D~ SOILS/ TR.292 (1997) Page 101

R gy R ]




o o i

10.
11.
12.
13.
14.
15.
16.
17.

if FtOs then solve the trangport equation for the solid contaminant cation hydroxide for
in whole smulation domain, othewise solve the trangport equation for the solid
contaminant cation hydroxide in the wells only;

if FrHO then solve the transport equation for the hydronium ion;

if rrHO then solve the transport equation for the hydroxy ion;

if Fts then solve the transport equation for the background cation;

if s then solve the transport equation for the background anion;

correct for eectroneutrdity at each node;

caculate and enforce the chemica equilibrium dtate a each node;

cdculate the activity coefficients for each ion a each node;

cdculate the pH at each node;

output selected results for the increment.
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APPENDI X C - DEPENDENCY OF PORE FLUI D VELOCITY ON OVERALL
HYDRALLIC AND ELECTR CAL  GRAD ENTS

Congder a one-dimensond soil sample divided into N dices such that the nodd coordinates
aex,...x, and the spacing between consecutive nodes is constant; the corresponding nodal
hydraulic potentiad heads are h, . . . h, and the corresponding nodal electrical potentials are
®,.. - ®, . Assuming that both the hydraulic head and the electric potentid varies linearly
within each dice the specific discharge through dice i is

V.-={kh|,,.h Ay, ———q"'_@""] (C.1)
xl_xi-l

Xp = X
from equation (25), where k | s the dectro-osmotic permesability for the soil between nodes
i-landi, andk | _isthe electroosmotlc permesbility for the soil between nodes i - 1 and
i Fora non-deformlng soil matrix, the specific discharge through each dice mugt be the same,
SO v, is condant. Summing across dl dices gives

(& )
Nv = "E(Z khli-l.i(hi - h«'-l) + 2 kfli-lv"(q)i - (DH)) -
e i=l

where Ax is the node spacing. Alternatively, equation (C.I) can be written:

i-1.i

veax k|,
hi=h (D~ D) (C3)
k L Li ( ) k"Ii—l.i( l

which again can be summed across dl dices to give:

vAxZ{ i } —ho)-ﬁ{%k“—"(d%—@-,)} (C4)

=

sncetheterms i, b, . . ., h,_, cancel. Hence:

v=- ﬁhﬁ,—wfi{ h: (@, -, )}J (C.5)

"|1 1

because the total sample length L = NAx . Equation (C.5) can be used to calculate the specific
discharge through a non-deforming soil knowing the distribution of k,, of k,and of @, and

the vdue of h imposed at the ends of the sample; it is not necessary to cdculate the ditribution
of h.

If both k, and k, are constant then equations (C.2) and (C.5) both reduce to:
_( hy—hy (pN—d)O) C.6)
V= \ kh L T ke I (
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noting that L = NAx. Comparison with equation (25) shows that the specific discharge is
determined by the overdl dectrica potentid gradient (®, - @,)/L and the overdl hydraulic
potential gradient (hy — hy)/L if both k, and k, are constant.

In generd, for a non-deforming sample, locd variations in the gradient of @ must be
compensated for by changes in the locd hydraulic potentid heads such that the specific
discharge is the same through al dices. If the hydraulic conductivity and the electro-osmostic
permesbility are congant then the specific discharge can be caculated quite smply knowing the
boundary vaues for the hydraulic potentid head and the dectrica potentid. The effect is
illugrated in figure C. 1 for the case where a zone of low eectrical conductivity develops close
to the cathode, and for the case where one develops near the centre of the sample: in the former
case the hydraulic potentia head decreases close to the cathode, in the latter it increases on the
cathode side and decreases on the anode side of the low eectrica conductivity zone. The stress
boundary conditions will determine the effect of this change in h: if the sample is free to
deform at constant total stress then the change in mean effective stress p” will be opposite to
that of h . Asareault, if azone of low dectrica conductivity develops close to the cathode then
the soil a the point where there is a bregk in dope in the dectrica conductivity will compeact,
and if a zone of low dectricd conductivity develops near the centre of the sample then the soil
on the cathode sde of this zone will expand and that on the anode side will compact.

If k, is congtant but k, varies, then two interesting specia cases can be examined: that where
the eectrical conductivity is congtant; and that where there is a very narrow zone of rdatively
much lower dectrical conductivity. Firdly, if the dectricad conductivity is condant then the
dectrical potentid distribution is lineer and @, ~ ®,_, = (®, - ®,)/N, s0 equation (C.5)

gives
hy — hy 1 ¢ o, -d
=k 204 _Fg| |——_"0 C.7
v (h L [N; C‘l—l.l) L J ( )

Comparing equation (C.6) and equation (C.7) shows that if the hydraulic conductivity is
congtant and the eectrica potentid digtribution is linear then the specific discharge is dependent
on the mean dectro-osmotic permeability.

Secondly, if there is a very narrow zone of reatively much lower dectrica conductivity, the
smalest such zone that can be represented by nodd vaues is one in which the eectricd
conductivity a a sngle node, node j say, is much lower than that a the other nodes. The
dectricd conductivity is dependent on the ionic compostion of the pore water, as is k, in
generd [Gray and Mitchell, 1967; Eykholt and Daniel, 1994], so k, is dso likely to vary
across the soil sample. The hydraulic conductivity may dso vary as a result of the change in
pore water chemistry, but the effect on &, should normaly be smdler then the effect on k, and
is ignored in this amplified andyss

In the limit as the dectrica conductivity contrast increases the gpplied eectrica potentia will
be dropped linearly across the interval between nodes j~ 1 and j + I, and v will be
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yv= —{k’I hN — ho +[ke|j"lci + ke i‘j+l \}QN — (DO (C.g)

L 2 ] L
that is, the specific discharge is dependent on the mean eectro-osmotic permesbility around the
node with the much lower electrical conductivity. The effect indicated by equation (C.5) is that
the eectro-oamoatic flow rate is determined mainly by the eectro-osmotic permesgbility at the
positions where the electric potential gradient is greatest; equations (C.6), (C.7) and (C.8) are
gpecia cases of this observation.

The hydraulic potentid head and therefore the pore water pressure distribution predicted by
this andlyss is in eguilibrium with the dectricd potentid gradient digtribution, and will be st
up indantaneoudy in an ided, rigid soil. In redity, some consolidation of the soil matrix will
occur, and the variaion in eectricd potentid gradient can be trested as equivdent to an
overburden pressure on the soil [Esiig, 1968]. It is possble therefore to perform a coupled
andlyss for both consolidation of the soil and the dectrokinetic trangport, which is likdy to
become necessary for smulations of long duration tests in compressible soils where non-linear
electricd potentid distributions develop or one of the dectrodes is closed to prevent fluid
movement. This has not been done here. If assuming full consolidation is one extreme
condition, as here, the other is to assume that there is no consolidation and therefore no pore
pressure development, in which case the local specific discharge will be determined by the loca
electrical potentid gradient according to equation (25) and there will be a discontinuity in the
mean pore fluid velocity.
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Figure C.lI Effect of low electrical conductivity zone in a soil with constant properties:
a. variation in electrical potential; b. change in hydraulic head; and c. change in mean
effective stress for constant total stress conditions. Curve (i) is for a low electrical

conductivity zone close to the cathode, curve (ii) for one near the centre of the sample,

and curve (iii) is the constant electrical conductivity case
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ApPENDIX D - GRID PECLET NUMBER LIMT IN THE MODELLING OF
ELECTROKI NETI C  TRANSPORT

Consder a one-dimensond soil sample divided into N dices such that the nodal coordinates
are x,.. .x, and the spacing between consecutive nodes is constant; the corresponding nodal

electricd potentids are @,.. . ®,. An important parameter relating to the stability of numerica
solutions of the classc one-dimensona advection-digperson equation:

dc_ d dc d
=D =\

ot Bx{ t o'?x} dx {ve} (C2)
is the grid Peclet number Pe = VAx/D,, where Ax is the grid spacing. Comparing equations
(C.2) and (23) indicates that the relevant grid Peclet number for dectrokinetic transport is:

Pe= é"—w—u; 4 0P
L | !Z,-|a X

(D.1)

and will vary with postion and time if a non-linear voltage gradient develops as a result of
vaidions in dectrica conductivity.

The wors case would be if a very narow zone of reatively much lower eectricd
conductivity develops. The smallest such zone that can be represented by noda vaues is one in
which the éectrica conductivity a a single node, node j say, is much lower than tha a the
other nodes, and in the limit as the dectricd conductivity contrast increases the applied
eectrica potentid will be dropped linearly across the interva between nodesj - 1 and j + 1.
At node j therefore:

i O,-D,

or = T Ax (D2)

where @, - ®, is the totd applied dectricd potentid difference. Ignoring the pore fluid
velocity term in equation (D. 1) and approximating the disperson coefficient by:

. WRT
D =D = %
L |Zi'F

usng the Eingein rdaionship between ionic mobility and diffuson coefficient [Crow, 1994]
gives

(D.3)

_”L‘q)lv_d)o Ax = 2 F
D' 2Ax 2RT

Pe = (@) — D) =19-5[z|(Dy — ;) (D.4)

a 25°C. Equation (D.3) again assumes tha the pore fluid velocity is negligible. On the same
badgs the maximum grid Courant number Cr = vAt/Ax, modified to account for transport due
to the eectricd potentid gradient, will be:

u z, At
et St Bt -9 D.5
r XA )2(<1>,v o) (D.5)
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Zones of low dectrica conductivity can only form where the concentration fronts due to the
migration of the separate species overlap, and therefore a either the leading or trailing edges of
the digtribution for each species. In redity, the width of these zones would grow from zero and
dart to affect the transport of al gpecies as soon as the zones form. In a numerica smulation,
as indicated above, the smalest such zone that can be represented is one around a single node.
However, if the time increment is larger than the time taken for a species to be transported
across the space between nodes, that is, if the grid Courant number is larger than one, and the
dgorithm used to solve the advection-disperson equation correctly modds this then the
concentration front will jump over severd nodes. A zone of low dectrical conductivity wider
than that consdered above will result and the grid Peclet number will be correspondingly
sndler. This will only occur in dgorithms which correctly handle large grid Courant numbers
the random wak particle is one such dgorithm, but smple finite difference solutions such as
the predictor-corrector method cannot transport materiad further than from one node to an
adjacent node in a Sngle increment of time.

Equation (D.4) indicates that the grid Peclet number which results from the formation of a
zone of low dectrica conductivity is independent of the grid spacing and is potentidly much
greter then one: |z is typicaly one or two, and &, —®, may be of the order of 40-50V,
gving a maximum Pe =~ 2000. The usud tactic for agorithms which do not model large Peclet
number problems well, that of reducing the grid spacing, will be ineffective in this problem.
Moreover, because of the (Ax)’ tem in equation (D.5) this tactic would result in a
disproportionate increase in ether the grid Courant number for congtant At, or the computation
time for congtant grid Courant number.
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APPENDIX E — NOTATION

a, activity of species i in pore water

A sample cross-sectiond area

A determinigtic forcing term in random wak particle method

B determinigtic scding term in random wak particle method

c concentration of species i in pore water

C, background eectrolyte concentration

¢,» G, initid concentration of contaminant in pore water

c. concentration of anion in pore water

c, concentration of cation in pore water

Cr grid Courant number

D, goparent eectrophoreticdly coupled diffuson coefficient

D, electrophoreticaly coupled diffuson coefficient

D, free diffuson coefficient of species |

D; effective diffuson coefficient of species i

D, coefficient of longitudinad hydrodynamic disperson

D intrindc diffuson coefficient of the anion

D, intringc diffusion coefficient of the cation

E eectric fidd srength

f pH dependent error term in meta hydroxide formation calculation
f particle number densty in random wak particle method

F Faraday congtant

G source and sink term in trangport equation for species i

h pore water head

i, J indices

I eectric current through sample

I, ionic strength of pore water

k, electro-osmotic  permeability

k, hydraulic conductivity

K. equilibrium congtant for agueous meta hydroxide dissociaion
K, solubility product for solid meta hydroxide

K, equilibrium congtant for weater autoprotolyss

I, migration distance of cations avay from anode in smple andyss
L migration disgance of anions away from cahode in Smple andyss
L sanple length

m number of moles per litre of water formed by ion association
m, moldity of soecies i in pore water
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porosity

number of dices into which sample is divided
mean effective stress

grid Peclet number

gas congtant

retardation factor for species i

total dectricad resstance of sample

time

initid diffuson time during which eectrophoretic effects ignored
absolute temperature

time for acid and akdi fronts to meet in ample andysis
ionic mobility of species i

mean effective ionic mobility

effective ionic mobility of species i

effective ionic mobility of anion

effective ionic mobility of cation

specific discharge

mean pore fluid velocity

gpproximated vaue for concentration

spatia coordinate

charge valency of species i

charge vaency of anion

charge valency of cation

random number with mean zero and unit variance

dispersvity

activity coefficient of species i in pore water

permittivity of the pore fluid

rdive permittivity

permittivity of free space

Zeta potential

viscogty of the pore fluid

electrica conductivity of pore water

equivaent bulk eectricad conductivity

equivalent bulk eectricad conductivity of centrd zone in Smple andyss
equivalent bulk eectricd conductivity of anode zone in smple andyss

equivalent bulk eectrica conductivity of cathode zone in smple andyss
molar conductivity in water of species i
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limiting ionic conductivity in water of Species i
effective molar conductivity in soil of species i
charge density

electrica potentid

tortuosity

tortuogity for species i

difference operator
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