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ABSTRACT 
Electrokinetic remediation is generally an in situ method using direct current electric 

potentials to move ionic contaminants and/or water to collection electrodes. The method has been 
extensively studied for application in saturated clayey soils. Over the past few years, an 
electrokinetic extraction method specific for sandy, unsaturated soils has been developed and 
patented by Sandia National Laboratories. A RCRA RD&D permitted demonstration of this 
technology for the in situ removal of chromate contamination from unsaturated soils in a former 
chromic acid disposal pit was operated during the summer and fall of 1996. This large scale field 
test represents the first use of electrokinetics for the removal of heavy metal contamination from 
unsaturated soils in the United States and is part of the US EPA Superfund Innovative Technology 
Evaluation (SITE) Program. 

Guidelines for characterizing a site for electrokinetic remediation are lacking, especially for 
applications in unsaturated soil. The transference number of an ion is the fraction of the current 
canied by that ion in an electric field and represents the best measure of contaminant removal 
efficiency in most electrokinetic remediation processes. In this paper we compare the transference 
number of chromate initially present in the contaminated unsaturated soil, with the transference 
number in the electrokinetic process effluent to demonstrate the utility of evaluating this parameter. 

INTRODUCTION 
Heavy metal contamination of soils and ground water is a widespread problem at EPA 

Superfund sites, DOE-operated sites, and privately-owned facilities throughout the nation. 
Currently, the only available method for remediating heavy-metal contaminated soil is by 
excavation followed by soil washing or relocation. One possible technique for in-situ removal of 
such contaminants is through the use of electrokinetics. To conduct electrokinetic remediation, 
electrodes are implanted into the ground and a direct current is imposed between the electrodes. 
Metal ions migrate toward an electrode where they can be removed. 

Methodologies for evaluating a site for electrokinetic remediation and designing an 
approach with associated predictions of cleanup level, remediation time, and cost are not well 
established. The design problem should be considered in two parts. First, an estimate of the total 
amount of electrical current required must be made. This wiU require knowing not only the mass 
of contaminant to be removed, but also the efficiency of current usage or transference number 
which depends primarily on the chemical nature of the contamination problem. Secondly, a 
determination must be made of how the current wiu be applied over what time period. This 
requires additional physical knowledge of the site such as contaminant plume geometry, soil 
resistivity and expected temperature changes which when coupled with the electrode layout 
determines the voltage and electrical power requirements. 

* This work was performed at Smdia National Laboratories which is operated for the U.S. Department of Energy 
under Contract No. DE-ACO4-94AL85OOO and funded by DOEIOST through the Subsurface Contaminant Focus 
Area. 
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The scope of this paper is to discuss methods for estimating the transference number of 
chromate in unsaturated soil and make comparisons with the chromate transference number realized 
in a large scale electrokinetic extraction process. The methodology should be useful for 
characterizing electrokinetic remediation of any water soluble ionic contaminant from saturated or 
unsaturated soil. Water soluble heavy metal contaminants are typically oxyanions such as 
chromate. Other heavy metals which can exist as water soluble oxyanions include arsenic, 
molybdenum, selenium, technetium and uranium. Some heavy metal contaminants, such as lead, 
mercury or plutonium, typically exist in soil as a precipitated solid phase. Such contaminants must 
f i s t  be dissolved into the porewater before removal by an electric field is possible. The current 
efficiency for this case depends additionally on the dissolution process and is therefore more 
complicated to determine. 

BACKGROUND 

Field Demonstration 
The Chemical Waste Landfii was the chemical disposal site for Sandia National 

Laboratories in Albuquerque New Mexico from 1962 to 1985. During this time, chemicals were 
separated by type and disposed in unlined trenches. It is estimated that over 4290 gallons of 
chromic sulfuric acid solution were disposed into unlined chromic acid pits. The chromium was 
disposed in the form of hexavalent chromium and the very low organic fraction present in the 
native soil suggests the chromium should stay in the hexavalent form, Such anionic hexavalent 
chromium adsorbs weakly to soil beneath the CWL. (1) Thus, in its present form, the chromium is 
mobile in the environment and has apparently migrated to a depth of at least 23 meters below the 
ground surface. 

An electrokinetic process was demonstrated in one of these unlined chromic acid pits 
during the summer and fall of 1996. The purpose of the demonstration was to show that an 
electrokinetic process could be used to extract chromate contamination from in situ unsaturated 
soils without significantly altering the soil moisture content. The treatment zone of the 
electrokinetic field demonstration was located in a 3.7 meter by 3.7 meter area over the most highly 
contaminated known area (see Figure 1). The electrode layout and spacing were chosen to produce 
as uniform (or planar) an electric field as practical while minimizing soil heating effects. The active 
treatment horizon was 1.8 meters thick and placed at 2.4 to 4.3 meters below the surface where the 
greatest amount of contamination was located. A total of fifteen electrodes were installed for the 
demonstration. During the installation of the electrodes numerous soil samples were collected to 
characterize the site. One row of five anodes were placed in the center of the pit Two rows of 
five cathodes were placed six feet north and six feet south of the row of anodes near the edge of the 
chromate plume. 

The electrode assemblies used are a unique, patented design (2,3) which uses porous 
ceramic casings filled with electrolyte solution in which a drive electrode is deployed. The 
electrolyte solution is held under tension inside the porous ceramic housing by an applied vacuum 
which prevents saturation of the adjacent soil. Application of an electric potential to the electrodes 
cause chromate anions in the soil porewater to migrate toward the anode electrode assemblies. The 
chromate migrates through the porous ceramic into the electrolyte solution. A small amount of the 
electrolyte solution is periodically pumped out of the anode assembly and into waste barrels. This 
effluent stream was sampled and analyzed daily to determine the concentration and removal rate of 
chromate. 

Transference Numbers 

defined as the transference number (sometimes called the transport number) (43): 
The fraction of current carried by a particular ionic species in response to an electric field is 

Ti = Ii kt = i / kt (1) 
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where: Ti is the transference number for species i, unitless 
Ii is the current c&ed by species i, amps or C/s 
Lt is the total current, amps or C/s 
ii  is the current density carried by species i, amps/m2 
8, is the total current density, amps/m2 

From dimensional analysis it is evident that the transference number is also the fraction of the 
charge of species i transfers in a given time period: 

Ti = Chargq /Charge,,, 

where: Chargq is the charge carried by species i over a given time period, C 
Charge,, is the total charge for the same time period, C 

Considering the electrokinetic extraction system where current is passed through the electrode at a 
constant rate and effluent is extracted at a constant rate, Eqn. (2) may be evaluated: 

Ti = ci V q F L t  t 

where: ci is the concentration of species i, m0Vm3 
q is the charge of ionic species i, unitless 
F is Faraday’s Constant, 96500 C/mol v is the volume extracted in time t, m3 
t is the given time period, s 

The differential form of Ohm’s Law can be expressed as: 

i = o d$/dx 

o is the electrical conductivity, S/m 
i is the current density, amps/m* 

where: d$/dx is the voltage gradient, volts/m 

(3) 

From Eqns. (1) and (4) it is evident that the transference number is also equal to the ratio of the 
electrical conductivity of the particular ion and the conductivity of the bulk solution: 

Ti = Oi/O,, 

where: oi is the electrical conductivity of species i, S/m 
o,, is the electrical conductivity of the bulk solution, S/m 

The electrical conductivity of the bulk solution can be easily measured directly with a 
conductivity meter. The electrical conductivity of species i can be estimated fiom the measured 
concentration of species i and the equivalent ionic conductivity extrapolated to infj te dilution 
which is tabulated in many reference books (6): 

Oi = ci hi 
where: 

q is the concentration of species i, m0v1-11~ 
hi is the equivalent ionic conductivity of species i extrapolated to infinite dilution, m2 S/mol 
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Eqn (5) then becomes: 

Using the estimate of oi provides an upper limit estimate of 4 because the equivalent ionic 
conductivity is greatest at infinite dilution and decreases as the concentration increases. For 
solutions with ionic strengths of 0.1M or higher, decreases of 20 to 50% can be expected. 

EXPERIMENTAL 
The soil samples collected during electrode casing installation were extracted with deionized 

water. The water mass to soil mass ratio used was 2:l. The soil water mixture was shaken for 
one hour and allowed to settle. Supernate was recovered and passed through a 0.45 pm filter. 
The pH and electrical conductivity of the extract was measured and the chromate concentration was 
determined spectrophotometircally by the highly sensitive and selective diphenylcarbazide 
method. (7) 

Samples from the effluent of each electrode assembly were collected daily and the amount 
of effluent removed from each electrode was monitored. The pH and electrical conductivity of 
these aqueous samples was measured and the chromate concentration was determined 
spectrophotometkally by the same diphenylcarbazide method. The electrical current passed 
through each electrode was measured and datalogged. 

RESULTS 
In Figure 2, the transference number of chromate in the effluent of each of the five anodes 

is plotted against time for the first 100 hours of the demonstration. The transference numbers were 
evaluated using Eqn. (7). 

In Figure 3, the cumulative charge of chromate removed (in coulombs) from each anode is 
plotted against the cumulative electrical charge (in amp-hours) passed through each anode. From 
Eqn (3), the transference number for chromate is the slope of these curves. 

The average chromate transference number measured in the deionized water extracts of soil 
samples collected from 2.4 to 4.3 meter depths in the boreholes drilled for each of the five anodes 
are presented in Table I. The transference numbers were calculated using Eqn. (7). Also 
presented in Table I are the steady-state, conductivity based, chromate transference numbers for 
each anode from Figure 2 and the current based chromate transference numbers for each anode 
from Figure 3. 

Table I Chromate transference numbers (as percent) in soil and anode effluent samples fiom the 
first 100 hours. 

Re-test Soil Extract 
conductivitv based 

AI 
A2 

A3 
A4 

AS 

1.04% 
0.13 
2.40 
2.50 

4.00 

Anode Effluent 
conductivitv based 

0.70% 
0.15 

1 S O  
2.50 

1.25 

0.28% 

0.07 

0.30 

1.02 

0.53 
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DISCUSSION 
As presented in Table I, the conductivity based chromate transference numbers from the 

pre-test soil extracts ranged from 0.13% to 4.0%. This characterization would indicate that anode 
5 should extract chromate most efficiently, followed by anodes 4 and 3. Anode 2 should extract 
chromate least efficiently. The conductivity based chromate transference numbers in the effluent 
from each anode quantitatively compare with the soil extract transference numbers (with the 
exception of anode 5). In initial operation, anode 4 extracted chromate most efficiently and at the 
level predicted by the pre-test analysis while anode 2 extracted chromate least efficiently at the level 
predicted by the pre-test analysis. Deviation of the transference numbers of the anode effluent 
from the soil extract can be expected due to the heterogeneity of the chromate contamination. The 
two should only agree well to the extent the soil samples represent the soil through which the 
electrical current is flowing. This appears to be the case for anodes 2 and 4 but not anode 5. 
However, the overall good agreement is encouraging because there seems to be a strong tie 
between this simple characterization method and the performance of the electrokinetic extraction 
process. 

W e  there is quantitative agreement between the conductivity based chromate transference 
numbers in the soil extract and anode effluent, both are expected to significantly overestimate the 
true chromate transference. The current based chromate transference should provide a lower, more 
accurate assessment and as presented in the last column of Table I, the values are generally 55 to 
60% lower than the conductivity based chromate transference numbers. This is just a bit lower 
than expected from the concentration dependence of the equivalent ionic conductivity used in 
Eqn. (7). 

CONCLUSIONS 
The conductivity based chromate transference numbers from the pre-test soil extracts are in 

good agreement with the conductivity based chromate transference numbers in the effluent from 
each anode suggesting that the simple characterization method used provides valuable performance 
predictions. As expected, the theoretically more accurate current based chromate transference 
numbers were 55 to 60% lower than the conductivity based values. Methods for accounting for 
the concentration dependence of the equivalent ionic conductivity in complex ionic mixtures 
required to more accurately predict the actual electrokinetic extraction performance are presently 
under development. 
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Fig. 1 Plan view and cross-sectional view of field demonstration layout. 
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Fig. 2 Percent transference of chromate in each anode for first one hundred hours of operation. 
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Fig. 3 Coulombs of charge associated with the chromate removed from each anode versus the 
totaI coulombs of charge applied to the anode for first one hundred hours of operation. 


