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S Y N O P S I S  : A  t h e o r e t ic a l t r e a t is e  is  p r o v id e d  f o r  c o n d u c t io n  p h e n o m e n a  in  s a t u r a t e d  s o ils  u n d e r  a n  e le c t r ic  c u r r e n t .  A  t h e o r e t ic a l  f o r m a lis m  is  p r e s e n t e d  

t o  m o d e l t h e  t r a n s p o r t  o f  t h e  h y d r o g e n  a n d  h y d r o x y l io n s  g e n e r a t e d  a t  t h e  e le c t r o d e s  a n d  t h e  f lu s h  o f  t h e  a c id  f r o n t  f r o m  t h e  a n o d e  t o  t h e  c a t h o d e  a c r o s s  t h e  

s o il  m a s s  t o  n e u t r a l iz e  t h e  b a s e  a t  t h e  c a t h o d e .  P r e d ic t io n s  o b t a in e d  t h r o u g h  n u m e r ic a l  m o d e lin g  o f  t h e  t h e o r e t ic a l  f o r m u la t io n s  f o r  t h e  a c id  b r e a k t h r o u g h  a t  

t h e  c a t h o d e  a r e  c o m p a r e d  w it h  t h e  r e s u lt s  o f  o n e - d im e n s io n a l  la b o r a t o r y  e x p e r im e n t s .  A  m e t h o d o lo g y  is  p r e s e n t e d  t o  p r e d ic t  t h e  t im e  n e c e s s a r y  f o r  t h e  a c id  

b r e a k t h r o u g h  in  o n e  d im e n s io n a l  c o n d it io n s .  T h is  t im e  c o n s t it u t e s  t h e  m in im u m  p r o c e s s in g  t im e  n e c e s s a r y  in  e le c t r o k in e t ic  r e m e d ia t io n  o f  c o n t a m in a t e d  s o ils .
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INT RODUCT ION

T h e  c h a l l e n g i n g  d e m a n d  t o  d e v e lo p  n e w ,  i n n o v a t i v e  a n d  c o s t  e f f e c ­

t i v e  i n - s i t u  r e m e d i a t i o n  t e c h n o lo g ie s  i n  w a s t e  m a n a g e m e n t  s t i m u ­

l a t e d  t h e  v i s io n  t o  e m p l o y  c o n d u c t i o n  p h e n o m e n a  u n d e r  e l e c t r i c a l  

c u r r e n t s  a s  a  s o i l  r e m e d i a t i o n  t e c h n o l o g y  ( A c a r  a n d  G a l e  1 9 9 2 ;  

A c a r  a n d  H a m e d  1 9 9 2 ) .  T h i s  t e c h n o l o g y  u s e s  l o w  l e v e l  D C  e l e c t r i ­

c a l  p o t e n t i a l  d i f f e r e n c e s  ( i n  t h e  o r d e r  o f  f e w  v o l t s  p e r  c m )  o r  e le c ­

t r i c a l  c u r r e n t s  ( i n  t h e  o r d e r  o f  m i l l i a m p s  p e r  c m 2 o f  c r o s s  s e c t io n a l  

a r e a )  a c r o s s  a  s o i l  m a s s  a p p l i e d  t h r o u g h  i n e r t  e l e c t r o d e s  p l a c e d  

i n  a n  o p e n  f l o w  a r r a n g e m e n t .  T h e  o p e n  f lo w  a r r a n g e m e n t  c o n s t i ­

t u t e s  t h e  c a s e  w h e n  e l e c t r o d e s  a r e  m a n u f a c t u r e d  o r  p l a c e d  i n  a  

c o n f i g u r a t i o n  w h i c h  a d m i t s  i n g r e s s  a n d  e g r e s s  o f  w a t e r .  C lo s e d  a n ­

o d e  a n d  o p e n  c a t h o d e  a r r a n g e m e n t s  h a v e  b e e n  c o n v e n t i o n a l l y  u s e d  

b y  g e o t e c h n i c a l  e n g in e e r s  i n  e l e c t r o - o s m o t i c  c o n s o l i d a t i o n  a n d  s t a ­

b i l i z a t i o n  o f  s o f t ,  f i n e  g r a i n e d  d e p o s i t s  ( E s r i g  1 9 6 8 ;  C a s a g r a n d e  

1 9 8 3 ) .  T h e  f e a s i b i l i t y  a n d  c o s t - e f F e c t iv e n e s s  o f  t h e  e l e c t r o k i n e t i c  

r e m e d i a t i o n  t e c h n o l o g y  w e r e  r e c e n t l y  d e m o n s t r a t e d  b y  b e n c h - s c a l e  

s t u d i e s  ( A c a r  et al. 1 9 8 9 ;  S h a p i r o  et al. 1 9 8 9 ;  H a m e d  et al. 1 9 9 1 ;  

B r u e l  et al. 1 9 9 2 ;  A c a r  et al. 1 9 9 2 )  a n d  s o m e  p i l o t - s c a l e  s t u d i e s  

( L a g e m a n  e t  a l .  1 9 8 9 ) .  D e v e l o p m e n t  o f  t h i s  t e c h n iq u e  r e q u i r e s  a  

b e t t e r  u n d e r s t a n d i n g  o f  t h e  c h e m i s t r y  a s s o c i a t e d  w i t h  c o n d u c t i o n  

p h e n o m e n a  u n d e r  e l e c t r i c a l  c u r r e n t s .

T h e  p H  a t  t h e  a n o d e  w i l l  t y p i c a l l y  d r o p  t o  b e l o w  2 . 0  a n d  a t  t h e  

c a t h o d e  i t  w i l l  i n c r e a s e  t o  a b o u t  12.0, d e p e n d i n g  u p o n  t h e  a p p l i e d  

c u r r e n t  d e n s i t y  ( A c a r  et al. 1 9 9 0 ) .  T h e  a c i d  f r o n t  w i l l  a d v a n c e  

a c r o s s  t h e  s p e c i m e n  t o w a r d s  t h e  c a t h o d e  b y  a d v e c t i o n  o f  t h e  p o r e  

f l u i d  d u e  t o  t h e  p r e v a i l i n g  e l e c t r o - o s m o t i c  f l o w ,  o r  d u e  t o  a n y  e x t e r ­

n a l l y  a p p l i e d  o r  i n t e r n a l l y  g e n e r a t e d  h y d r a u l i c  p o t e n t i a l  d i f f e r e n c e s ,  

m i g r a t i o n  d u e  t o  e l e c t r i c a l  g r a d i e n t s ,  a n d  d i f f u s io n  d u e  t o  c o n c e n ­

t r a t i o n  g r a d i e n t s .  A s  a  r e s u l t ,  t h e  t r a n s p o r t  o f  t h e  p o r e  f l u i d  a n d  

io n s  a c r o s s  t h e  s o i l  m a s s  is  a c c o m p a n i e d  b y  a d s o r p t i o n / d e s o r p t i o n ,  

p r e c i p i t a t i o n / d i s s o l u t i o n  r e a c t io n s  a n d  e l e c t r o d e p o s i t i o n .  T h e  h y ­

d r o x y l  i o n  g e n e r a t e d  a t  t h e  c a t h o d e  w i l l  f i r s t  a d v a n c e  t o w a r d s

t h e  a n o d e  b y  b a c k - d i f f u s i o n  a n d  i o n i c  m i g r a t i o n ;  h o w e v e r ,  e le c t r o -  

o s m o s is  i n d u c e d  a d v e c t iv e  f l o w  w i l l  r e t a r d  t h i s  b a c k - d i f f u s i o n  a n d  

m i g r a t i o n  a l l o w i n g  t h e  a c id  f r o n t  t o  f l u s h  a c r o s s  t h e  s o i l  r e a c h in g  

t h e  c a t h o d e  a n d  n e u t r a l i z i n g  t h e  b a s e .

T h e  a d v a n c e  o f  t h e  a c id  f r o n t  a n d  t h e  a c t i v i t y  o f  t h e  H +  i o n  

r e s u l t s  i n  i t s  e x c h a n g e  w i t h  o t h e r  e x c h a n g e a b l e  c a t io n s  ( i n c l u d i n g  

h e a v y  m e t a l s )  o n  t h e  s u r f a c e s  o f  t h e  c l a y  m i n e r a l s .  T h i s  e x c h a n g e  

o f  i o n s  w i l l  l e a d  t o  r e le a s e  o f  t h e  a d s o r b e d  c a t io n s  i n t o  t h e  p o r e  

f l u i d  ( H a m e d  et al. 1 9 9 1 ) .  T h e  m i g r a t i o n ,  d i f f u s io n  a n d  a d v e c ­

t i o n  w i l l  a l s o  r e s u l t  i n  t r a n s p o r t  o f  t h e  e x c h a n g e a b l e  io n s  o n  t h e  

s u r f a c e  a n d  t h e  c a t i o n s / a n i o n s  i n  t h e  p o r e  f l u i d  t o  r e s p e c t iv e  e le c ­

t r o d e s  i n  t h e  p o r o u s  m e d i u m  ( H a m e d  et al. 1 9 9 1 ) .  T h e  e le c t r o ly s is  

r e a c t i o n s  g e n e r a t e d  b y  t h e  e l e c t r i c a l  c u r r e n t  a n d  t r a n s p o r t  o f  t h e  

h y d r o g e n / h y d r o x y l  i o n s  c o n s t i t u t e  o n e  o f  t h e  f u n d a m e n t a l  d r i v i n g  

m e c h a n i s m s  w h i c h  f a c i l i t a t e  d e s o r p t io n  a n d  t r a n s p o r t  o f  o t h e r  i o n i c  

s p e c ie s .  T h e  e f f ic ie n c y  o f  t h e  p r o c e s s  m a y  b e  e n h a n c e d  b y  c o n t r o l ­

l i n g  t h e  c h e m i s t r y  a t  t h e  e le c t r o d e s .  W h e n  t h i s  o p t i o n  is  n o t  u s e d ,  

b r e a k t h r o u g h  o f  t h e  a c i d  f r o n t  a t  t h e  c a t h o d e  w i l l  b e  t h e  b a s i c  

c r i t e r i a  u s e d  i n  t e r m i n a t i n g  t h e  p r o c e s s .  T h i s  b r e a k t h r o u g h  f la g s  

a c i d i f i c a t i o n  o f  t h e  s o i l  m a s s  a c r o s s  t h e  e le c t r o d e s  a n d  a c h i e v e m e n t  

o f  s t e a d y - s t a t e  c o n d i t i o n s  w h e r e  t h e  h y d r o g e n  i o n  g e n e r a t e d  a t  t h e  

a n o d e  m e e t s  t h e  h y d r o x y l  i o n  g e n e r a t e d  a t  t h e  c a t h o d e  t o  f o r m  w a ­

t e r .  A p p r o p r i a t e  m o d e l i n g  o f  t h e  a c id  b r e a k t h r o u g h  is  e s s e n t ia l  i n  

e s t i m a t i n g  t h e  t i m e  a n d  e n e r g y  r e q u i r e m e n t s  i n  e l e c t r o k i n e t i c  r e ­

m e d i a t i o n .

T h e o r e t i c a l  d e s c r i p t io n s  o f  c o n d u c t i o n  p h e n o m e n a  u n d e r  e le c ­

t r i c a l  a n d  h y d r a u l i c  p o t e n t i a l s  h a v e  r e c e n t ly  b e e n  p r o p o s e d  ( A c a r  

et al. 1 9 8 9 ;  S h a p i r o  et al., 1 9 8 9 ;  A c a r  et al. 1 9 9 0 ;  M i t c h e l l  1 9 9 1 ;  

C o r a p c i o g l u  1 9 9 1 ;  E y k h o l t  1 9 9 2 ;  A l s h a w a b k e h  a n d  A c a r  1 9 9 2 ) .  

T h i s  p a p e r  p r e s e n t s  a  t r e a t i s e  o f  t h e  c o n d u c t i o n  p h e n o m e n a  u n d e r  

e l e c t r i c a l  c u r r e n t s  w i t h  s p e c i f ic  e m p h a s i s  o n  t h e  a c id - b a s e  d i s t r i ­

b u t i o n  a n d  b r e a k t h r o u g h  o f  t h e  a c i d  f r o n t  a t  t h e  c a t h o d e  c o m p a r t ­

m e n t .  A n  i m p r o v e d  t h e o r e t i c a l  f o r m a l i s m  is  p r o v i d e d .  P r e d i c t i o n s  

o b t a i n e d  b y  n u m e r i c a l  m o d e l i n g  o f  t h e  i n t r o d u c e d  t h e o r e t i c a l  f o r ­

m a l i s m  a r e  c o m p a r e d  w i t h  t h e  r e s u l t s  o f  o n e - d i m e n s i o n a l  l a b o r a ­

t o r y  e x p e r i m e n t s .
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T H E O R E T I C A L  D E V E L O P M E N T transport of chemical species; as follows,

In  the  presence of hydraulic, electrical, and chemical gradients, 

the  total mass flux of species j  per unit area of the soil me dium is 

described by (Alshawabkeh and Acar 1992),

dcj . . dE dh
Ji  =  -  Dj -fo ~ cAui +  ~ (1 )

where Jj is the  total mass flux of species j ,  Dj is the effective dif­

fusion coefficient of species j ,  Cj is the  concentration of species j ,  

u ’ is the  effective ionic mobility, E  is the electric potential differ ­

ence, kc is the  electro- osmotic coefficient of permeability, h is the  

hydraulic head, kh is the  hydraulic conductivity of the soil, and i  is 

the  linear distance. The effective diffusion coefficient and effective 

ionic mobility in the porous medium are related to the diffusion 

coefficient, Dj, and ionic mobility, Uj, in free solution at infinite  

dilution by (Alshawabkeh and Acar 1992),

D ‘i
=  Dj t n

d ;

RT

(2 )

(3)

where Zj is the  charge of species j, t is a factor representing the  

effect of tortuosity of the medium, n  is the  porosity, F  is Faraday’s 

constant, R  is the universal gas constant, and T  is the absolute  

temperature.

The total mass flux of contaminants  given in (1) is coupled with 

the  following fluid flux, Jw, and charge flux, I ,

= kh V(- fc) +  kc V ( - £)  (4)

I  =  F  £  Zi D ;  V (-<?,■) +  V(- jB) (5)
i=l

where, Jw is the  fluid flux per unit area of porous medium, I  is the  

current density, N  is the  total number of species present, and o' is 

the  effective electrical conductivity of the  free fluid in the  pores of 

soil evaluated as,

=  F  H  z 3 Uj  (6 )
3 = 1

Conservation of mass, charge, and energy in the continuum re­

sults in the  following time- dependent equations, which model cou­

pled reactive solute transport,

d n c j

~dT

1 _
— V • J j  +  nRj (7)

dt*

d f
=  -  V • J „ (8)

dTc

dt
=  -  V I (9)

where is the  volumetric s train of the soil medium, Tc is the  

volumetric charge density of the soil, t is time, and Rj is the  

production rate of the  aqueous species j  per unit fluid volume  

due to chemical reactions such as sorption/desorption, precipita ­

tion/dis solution, oxidization/reduction, and aqueous phase reac­

tions.

M O D E L I N G  A C I D / B A S E  D I S T R I B U T I O N

For the  one- dimensional case and assuming constant hydraulic and 

electrical potential differences across the  electrodes throughout the  

process, Equation 7 together with Equation 1 are used to model

d n c j  d 2Cj

a t  3 +

dh

dx

d c j

dx
+  n R j  (1 0 )

In most chemical systems the H + ion is a  master variable since 

many chemical reactions including electrolysis, water ionization, 

and double  layer ion exchange depends on its concentration. Other  

reactions involving H + depends on the type and concentration of 

other contaminants  present.

In an aqueous solution water auto- ionization is an important  

reaction for hydrogen ions,

H20 H + +  OH~ (1 1 )

Therefore, it  is essential to incorporate this auto- ionization to 

model the  coupled transport of H + and OH~ . When H + adsorp­

t ion is accounted by the  re tardation factor Rj,  the nondimensional 

mass balance equation for the hydrogen ion, H +, transport be ­

comes,
d c / f + d 2C[]+ n  d c / f +

a r H + a x 2

and for the  hydroxyl ion, OH  

d c o n -  d 2Co H-

-  P h +
a x

+  Da f j +

dTou- d X 2
-  Po

d c p H -  

dX
+  D a 0 H~

where,

Daj =
Ri L2

D j

P  wi L

3 '  D j

d :  t

T j  = n Rij L2

- K  +  *■) 9i
, dh 
k h s ~  

ax

(12)

(13)

(14)

(15)

(16)

(17)

(18)

Pj is known as Peclet number for species j  and accounts for the  

ratio of advective mass transport to the  diffusive mass transport, 

and Daj is known as Damkohler number and represents the  ratio 

of the  chemical reaction rate to the diffusive mass transport of 

species j  (Oran and Boris 1987). For water ionization reaction, the  

Damkohler number for the hydrogen ion is given as,

DaH+ =  

and for the  hydroxyl ion as,

Da0H- =

L 2 d e n t o

D l dt

L 2 d c Hi p  

dt
D'o h -

(19)

( 20)

hence the  Damkohler numbers for H + and OH  relate to each 

other with,

D a n + =  Da o H-  (2 1 )

An additional re lationship is obtained from mass equilibrium of 

water ionization,

<7f+  c o h -  =  K u  ( 2 2 )

where K w is the  water ionization constant (10~14). Boundary con­

ditions  are developed from the  chemistry of the  primary reactions  

at the electrodes. Applying a constant current through the  soil 

will generate H + at the  anode and OH~ at the cathode by the

6 7 0



following electrolysis reactions,

2H20  — 4e~ — t 0 2 T +  4H+ (anode) (23)

4H 2O +  4e~ — ► 2H2 t  +  4OH~ (cathode) (24)

According to Faraday’s law the  production rates of H + at the  anode  

and OH~ at the cathode are equivalent to the current passing 

through the soil, therefore the following flux boundary conditions  

are specified at the electrodes,

c q h -

Jw L 

D 'h + 

Lt

I  L

F  D

D ’n F  D- =  ( -

dX

d c o H-

dX

(25)

(26)+  Po H-  ¿ OH- )  U = 1
yOH~ ^ O H U A

where cj,+ is the concentration of the hydrogen ion at the anode  

compartment.

COMP ARISON OF  T HE EXPERIMENT AL AND 

NUMERICAL RESULT S

Two kaolinite  specimens were prepared to investigate the  pH change  

across the  soil under electrical current. The specimens were com­

pacted in a  polyacrylite mold 10 cm in length and 10 cm inside  

diameter. A dry density of 11.7 kN/m3 was achieved at 42% water 

content. The DC electric current was applied to the cell by a  volt ­

age regulator and a current density of 0.13 mA/cm2 was selected 

for the  test. Effluent pH was monitored during the process and at  

the end of the test the sample was subdivided into ten sections to 

measure the  final in- situ soil pH.

The Finite  Element Method was used to solve the differential 

equations describing the  transport with a  continuous iteration of 

the equilibrium water ionization equation at every time  step.

Numerical solution of the  effluent pH under a constant current 

at a  density of 0.13 mA/c m2 and no hydraulic gradients is com­

pared with the  experimental results. The average electro- osmotic 

coefficient of permeability, kc, was measured as l.OxlO- 5 cm2/V —s. 

All other phenomenological coefficients were taken from reported 

values. The diffusion coefficient of the hydrogen ion, Dh+, and the  

ionic mobility, uj/+ , are 93.1xl0_6cm2/s  and 36.2xl0- 4 cm?/V — s, 

respectively. The hydroxyl ion the diffusion coefficient, D o h -  1 and 

the ionic mobility, Uoh-> are 52.9x10~ecm2/s and 20.6xl0_,<cm2/V̂ -  

s, respectively. A tortuosity factor, r , of 0.35 and a re tardation 

factor, Rds+, of 21.5 were also used in the analysis. These model 

parameters render Peclet numbers, Ph+, and Pqh- > of 204.6 and 

—69.2 respectively. The Damkohler numbers depend upon the con­

centrations of the ions; therefore, they are calculated at every time  

step with continuous iteration between the differential equations  

governing ion transport and the mass equilibrium of water auto­

ionization.

Figure 1 displays a comparison of experimental and theoretical 

model results for effluent pH. The increase in the effluent pH in the  

cathode compartment as a result of the electrolysis reaction de ­

scribed by Equation 24 and its subsequent decrease upon flushing 

of the acid compare quite  well. Figure 2 demonstrates the evo­

lution of pH dis tributions across the electrodes until steady- state  

conditions are reached as a result of the complete flush of the acid 

front. The steady- state pH dis tribution shows some differences in 

the pH values measured across the cell upon completion of the test, 

specifically in the  vicinity of the anode.

DISCUSSION

The numerical solution of the described theoretical formalism demon 

strates that the transport equations developed under electrical,
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F ig . 2. Modeled and Experimental Values of pH Across the  

Specimen upon Comple tion of the  Test

chemical, and hydraulic gradients can be used successfully to model 

the  flush and breakthrough of the acid from the anode to the cath­

ode. Upon application of the current, the pH in the cathode com­

partment increases to a value of 10 to 11 due to the electrolysis  

reactions. The acid generated at the anode by electrolysis reaction 

sweeps progressively across the specimen and at the  same time the  

base generated at the  cathode moves towards the anode. When 

the acid meets the base, the advancing acid front will control the  

chemistry of the  specimen since the electric mobility of the hy­

droxyl ion is about half the mobility of the  hydrogen ion, and since 

the  electro- osmotic flow enhances hydrogen ion transport and re­

tards hydroxyl ion transport towards the  cathode. Consequently, 

in the  experiments the acid flushes across 10 cm of the specimen 

and breaks through the cathode compartment within 100 hours. 

Subsequently steady- state conditions are established.

The steady- state final pH values obtained through the  model
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d i f f e r  s l i g h t l y  f r o m  t h e  e x p e r i m e n t a l  v a lu e s  d e p i c t e d  i n  F i g u r e  2 .  

T h i s  d i f f e r e n c e  is  f u n d a m e n t a l l y  d u e  t o  t h e  s i m p l i f i c a t i o n  i n t r o ­

d u c e d  b y  t h e  a s s u m p t i o n  o f  c o n s t a n t  e l e c t r i c a l  g r a d i e n t  a c r o s s  t h e  

s p e c i m e n .  T h e  i o n i c  c o n c e n t r a t i o n  i n  t h e  « in o d e  r e g io n  w i l l  b e  o r ­

d e r s  o f  m a g n i t u d e  h i g h e r  t h a n  t h e  i o n i c  c o n c e n t r a t i o n  i n  t h e  c a t h ­

o d e  r e g io n  a n d  t h e r e f o r e  t h e  i o n i c  c o n d u c t i v i t y  o f  t h e  a n o d e  r e g io n  

w i l l  b e  o r d e r s  o f  m a g n i t u d e  h ig h e r  t h a n  t h a t  o f  t h e  c a t h o d e  r e ­

g i o n  ( H a m e d  e t  al. 1 9 9 1 ) .  S i n c e  c o n s t a n t  c u r r e n t  c o n d i t i o n s  a r e  

m a i n t a i n e d ,  t h e  e l e c t r i c a l  g r a d i e n t s  a t  t h e  a n o d e  r e g io n  w i l l  b e  le s s  

t h a n  t h o s e  a t  t h e  c a t h o d e  r e g io n  i n  r e s p o n s e  t o  t h e  d if f e r e n c e s  i n  

i o n i c  c o n d u c t i v i t i e s .  T h i s  n o n l i n e a r  d i s t r i b u t i o n  o f  e l e c t r i c a l  g r a d i ­

e n t s  h a s  b e e n  m e a s u r e d  a n d  d e s c r i b e d  b y  H a m e d  ( 1 9 9 0 ) ,  E y k h o l t  

( 1 9 9 2 ) ,  a n d  A l s h a w a b k e h  a n d  A c a r  ( 1 9 9 2 ) .  T h e  f i n a l  H + c o n c e n ­

t r a t i o n  a t  t h e  a n o d e  r e g io n  c o u l d  s i m p l y  b e  e v a l u a t e d  f r o m  t h e  

b o u n d a r y  c o n d i t i o n  a s ,

I t  is  c l e a r  t h a t  t h e  f i n a l  H + c o n c e n t r a t i o n ,  c j ,  is  in v e r s e ly  r e l a t e d  

t o  t h e  e l e c t r o - o s m o t i c  v e l o c i t y  w h i c h  d e p e n d s  u p o n  t h e  e l e c t r i c a l  

g r a d i e n t s  a t  t h e  a n o d e .  T h e  m e a s u r e d  e l e c t r i c a l  g r a d i e n t  o f  4  V /cm . 

w a s  u s e d  i n  t h e  m o d e l ;  t h i s  r e n d e r e d  a  f i n a l  p H  v a l u e  o f  a b o u t  3 . 5  

i n  t h e  a n o d e  r e g io n .  A n y  d e c r e a s e  i n  t h e  e l e c t r i c a l  g r a d i e n t  a t  

t h e  a n o d e  r e g io n  w i l l  m e a n  g e n e r a t i o n  o f  lo w e r  p H  v a lu e s  a t  t h i s  

b o u n d a r y .  W e  h a v e  n o t  y e t  i n c o r p o r a t e d  a  s c h e m e  t o  m o d e l  t h e  

n o n l i n e a r  c h a n g e s  i n  e l e c t r i c a l  g r a d i e n t s  d u r i n g  t h e  p r o c e s s ;  c o n s e ­

q u e n t l y ,  t h e  p H  v a lu e s  w e  g e t  i n  t h e  t h e o r e t i c a l  m o d e l  is  s l i g h t l y  

h i g h e r  t h a n  e x p e r i m e n t a l  v a lu e s  i n  t h e  a n o d e  r e g io n  a n d  lo w e r  i n  

t h e  c a t h o d e  r e g io n .  I t  is  e s s e n t ia l  t o  i n c o r p o r a t e  t h i s  n o n l i n e a r i t y  

i n  t h e  e l e c t r i c a l  g r a d i e n t s  i n  t h e  m o d e l  f o r  m o r e  a c c u r a t e  p r e d i c ­

t i o n s  o f  t h e  p H  d i s t r i b u t i o n  a c r o s s  t h e  e le c t r o d e s .

C O N C L U S I O N S

A  t h e o r e t i c a l  t r e a t i s e  is  p r e s e n t e d  f o r  c o n d u c t i o n  p h e n o m e n a  i n  

s o i ls  u n d e r  e l e c t r i c a l  g r a d i e n t s .  T h e  t h e o r e t i c a l  f o r m a l i s m  d e v e l ­

o p e d  f o r  t h e  t r a n s p o r t  o f  h y d r o g e n  a n d  h y d r o x y l  i o n s  u n d e r  a n  

e l e c t r i c a l  c u r r e n t  is  u s e d  i n  m o d e l i n g  p H  d i s t r i b u t i o n s .  I t  is  d e m o n ­

s t r a t e d  t h a t  t h e  t h e o r e t i c a l  m o d e l  p r e d i c t s  t h e  e l e c t r o ly s i s  r e a c ­

t i o n s ,  t h e  t r a n s p o r t  o f  h y d r o g e n  a n d  h y d r o x y l  i o n s  a c r o s s  t h e  e le c ­

t r o d e s  a n d  t h e  p r e v a i l i n g  r is e  a n d  f a l l  o f  p H  i n  t h e  c a t h o d e  c o m p a r t ­

m e n t .  T h e  h i g h e r  p H  v a lu e s  p r e d i c t e d  b y  t h e  m o d e l  i n  t h e  v i c i n i t y  

o f  t h e  a n o d e  a r e  d u e  t o  t h e  s i m p l i f y i n g  a s s u m p t i o n  o f  c o n s t a n t  

e l e c t r i c a l  p o t e n t i a l  g r a d i e n t  a c r o s s  t h e  s p e c im e n .  I t  is  n e c e s s a r y  t o  

im p r o v e  t h e  t h e o r e t i c a l  f o r m a l i s m  t o  i n c l u d e  d e v e l o p m e n t  o f  n o n ­

l i n e a r  e l e c t r i c a l  p o t e n t i a l  d i f f e r e n c e s  a c r o s s  t h e  c e l l  i n  a n  a t t e m p t  

t o  i n c r e a s e  t h e  a c c u r a c y  i n  t h e  p r e d i c t i o n s .

A C K N O W L E D G E M E N T S

T h e  a u t h o r s  e x p r e s s  t h e i r  g r a t i t u d e  f o r  t h e  f u n d i n g  p r o v i d e d  b y  

t h e  O f f ic e  o f  R e s e a r c h  a n d  D e v e l o p m e n t  o f  t h e  R i s k  R e d u c t i o n  

E n g i n e e r i n g  L a b o r a t o r y  ( R R E L )  o f  U S E P A  a n d  t h e  G u l f  C o a s t  

H a z a r d o u s  S u b s t a n c e  R e s e a r c h  C e n t e r  o f  L a m a r  U n i v e r s i t y .
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