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Abstract 

There are metal and alkaline earth species which tend to remain ionic under a large range of 

pH and redox potential values. Those substances are expected to electromigrate and separate even 
under high pH and variable redox conditions unless they become adsorbed onto soil surfaces and 
clay interstices. In this study, first near complete separation of Na and Cl was accomplished in 
samples of drilling mud sludge recovered from a settling pond. Na recovery was invariable with 
the quantity of water flow through the sludge specimens of various initial degrees of water 
saturation. High recovery of Na and Cl was demonstrated with less than 0.5 pore volume of 
electroosmotic water flow. In most field situations, the contaminants are often found adsorbed 
onto soil surfaces. Natural buffering capacity of soil may hinder desorption and dissolution or high 
pH generated at the cathode site may cause insoluble hydroxide precipitates of some metal 
contaminants. Under such circumstances, electrochemistry may still be useful to stabilize and 
contain certain groups of contaminants in the ground. In this study, use of electrochemical process 
to deliver Fe(B) to reduce soluble species Cr(IV> to a less toxic and less soluble species C&II) 
was demonstrated in the laboratory. 0 1997 Elsevier Science B.V. 
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1. Introduction 

The electrochemical restoration of soils involves applying a low direct current or a 
low potential gradient to electrodes that are inserted in the subsurface. As a result, the 
contaminants are transported to the anode or cathode compartments where they are 
removed by one of several different methods: electroplating; adsorption onto the 
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electrode; precipitation or co-precipitation at the electrode; pumping near the electrode; 
complexing with ion exchange resins; capturing in reactive permeable barriers. Electro- 
migration is the primary mechanism of electrochemical treatment when the contaminants 
are ionic or surface charged. Speciation and precipitation are major factors in transport 
of heavy metal constituents by ion-migration. The speciation and precipitation are 
dependent upon a number of fairly well understood parameters including pH, redox 
potential, and ion concentration ([l]). Transport by electroosmotic advection is best 
achieved when the physical state of the contaminant is suitable for the flowing water to 
carry it through the tight pores of soil without causing an immovable plug of concen- 
trated material to accumulate at some distance from an electrode. 

Electrochemical treatment in soil-water systems cause transient migration of an acid 
front from the anode to the cathode ([2]). The reduced pH is beneficial in desorption of 
metals from soil, as well as dissolution of most metal precipitates. Natural soils with 
high buffering capacity and carbonate content, or those under the groundwater table 
would tend to neutralize the acid front and maintain a high pH environment. The base 
front generated at the cathode electrode penetrates the soil a narrow distance creating a 
zone of high pH promoting retention of inorganic species on the clay surfaces, and 
precipitation of some inorganic species into hydroxide salts. In field situations, the 
contaminants are often found adsorbed onto soil surfaces, iron-oxide coatings, soil 
colloids and natural organic matter (humic substances), or retained in clay interstices as 
hydroxycarbonate complexes, or in the form of immobile precipitates in soil pore throats 
and pore pockets ([3,4]). As a remedy, properly selected solubilizing fluids, complexing 
agents or ligands that render mobility of the contaminants may be used. Selection of 
these substances is critical since they may require secondary treatment once injected into 
the soil. It may also be difficult to separate the contaminants from these arresting agents, 
that often form a colloidal sludge, at the collection wells. 

Past experience with electrochemical treatment of contaminated porous media has 
shown that the process is most effective when the transported substances are ionic, 
surface charged or in the form of small micelles with little drag resistance. ([2,5-151). 
This is analogous to soil washing whereby the contaminant is extracted from the soil 
and subsequently collected in aqueous phase in a collection well or deposited at the 
electrode site. The alkali metals and alkali earth metals such as Na, K, Cs and Sr, Ca are 
expected to electromigrate and be extracted from soil matrix readily unless they become 
preferentially sorbed onto solid surfaces and clay interstices. Under ideal conditions, the 
predominant cation and its accompanying anion may be caused to separate efficiently by 
electromigration only, for which little or no electrosmotic water advection may be 
necessary. 

When extraction becomes ineffective or infeasible, electrochemistry may still be 
useful to stabilize and/or contain certain groups of metals and some organic com- 
pounds in the ground. In conjunction with electro-remediation, stabilization may be 
defined as fixing the substance in place thereby rendering it less likely to move 
elsewhere under ambient hydrogeological conditions ([16,17]). Containment may be 
defined as causing a controlled accumulation of the substance by sorption in a small 
volume of a substrate. Electrochemical stabilization can be accomplished by delivering 
an appropriate oxidizing or reducing agent to the contaminant in the soil that subse- 



S. Pamukcu et al./Journal of Hazardous Materials 55 (1997) 305-318 307 

quently will: (i) degrade the contaminant; or (ii) change it to a non-toxic or immobile 
species; or (iii) enhance stable adsorption and incorporation of the contaminant into the 
soil structure. Electrochemical containment may be accomplished by causing the 
electro-migration or electroosmotic transport of the contaminants to reactive permeable 
barriers strategically situated between the electrodes, where they are attenuated and the 
filtered water is allowed to pass through. In actual field applications, such permeable 
structures could be installed at various positions throughout a contaminated site serving 
as primary and secondary treatment locations. 

In this paper the two methods of using electrochemical treatment: extraction and 
stabilization was demonstrated with appropriately quantified laboratory experiments. 
Field specimens of a high salt content sludge recovered from a settling pond were used 
to evaluate the efficiency of electrochemical extraction of Na and Cl. The results 
compared well with previously obtained data for Sr of a similar salt, SrCl, ([18]). 
Electrochemical stabilization was tested using the well documented process of reducing 
a fairly soluble form of Cr(IV) to its less toxic and less mobile form of Cr(II1) in the soil 
by delivering iron (Fe(O), Fe(II), or Fe(II1) with co-reagents) ([ 19-21,171). C&II) is 
readily sorbed by soil clay, and the interaction with iron may also results in chromium- 
iron hydroxide solid solutions with lower equilibrium solution activities then pure solid 
phases ([20]). 

It should be noted in here that, electrochemical stabilization and containment, ought 
to be regarded as interim or pre-treatment processes to permanent treatment technolo- 
gies, since these would require either further or ex situ treatment of the contaminant at a 
later time. For example, Cr may still be required to be taken out from the stabilized site 
owing to changing hydrogeological conditions that may render it mobile again. Like- 
wise, the saturated bed of sorbent material with contaminants would be either regener- 
ated or taken out for disposal. 

2. Methodology 

2.1. Equipment and test protocols 

Laboratory experiments of electrochemical treatment of contaminated soil samples 
were conducted using the electrokinetic cells, (E-K), developed at Lehigh University. A 
schematic representation of this equipment is given in Fig. 1. The sample tube has an ID 
of 2.7 cm and a length of 10.2 cm and is made of clear glass tube with threaded ends. 
The tube accommodates three auxiliary graphite electrodes (1 mm diameter), separated 
at equal distance along one side. These electrodes are used to measure voltage in soil 
during experiments. The tube is assembled to the electrode chambers with O-rings 
placed inside the housings cut on the inner walls (facing the sample tube) of the 
chambers. Porous dividers made of glass frit are placed at each end of the sample tube to 
hold the soil sample in place during the experiments. These dividers have a hydraulic 
conductivity coefficient of 1O-3 cm/set, which is high compared to the typical clay 
soils tested with coefficients ranging from lop5 to lo-’ cm/set. 
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Fig. 1. Schematic details of the Lehigh electrokinetic (E-K) test cell. 

The electrode chambers are approximately 175 cm3 in volume. They house the 
electrodes at each end of the soil sample tube. These chambers are removable for filling 
and emptying of fluid and also facilitate cleaning after each test run. Teflon couplers are 
used to attach the soil sample tube to the electrode chambers at each end. Electrode 
assemblies with a surface area of 22.6 cm* facing the soil specimen were constructed of 
graphite rods with a 0.635-cm diameter held together with conductive adhesive. The 
assembly’s connecting rod extends towards the back wall of the chamber through a port 
and is connected to a variable DC power source via an electric socket and wiring. 
Dedicated electrical equipment for each electrokinetic cell consist of a variable direct 
current (DC) power supply capable of applying either constant voltage (0 to 120 V), or 
constant current (0 to 1500 mA). These units also contain analog meters for measuring 
voltage and current. Teflon or stainless steel quick-connections are provided on the back 
wall of the electrode chambers. These outlets or inlets are then connected to volume 
measuring tubes via Teflon tubing. Gas expulsion or liquid extraction/injection ports 
are provided on top of each electrode chamber. These valves have metal surfaces that 
are coated to control any deterioration by electrochemical reactions or metal ion 
deposition on them. Sample extractions or fluid injections are accomplished using a 
volumetric syringe that allows for accurate control of quantities of fluids. Glass burettes 
with a capacity of 25 cm3 are used to measure inflow, normally at the anode (positive 
electrode) chamber, and outflow, normally at the cathode (negative electrode) chamber 
to an accuracy of 0.1 cm3. The specific techniques used to operate these equipment have 
been adequately discussed elsewhere ([9,221). 

All chemical extractions and analysis procedures were performed in accordance with 
EPA Method 3010 (Acid Digestion of Aqueous Samples and Extracts for Total Metals 
for Analysis by FLAA and ICP Spectroscopy) and Method 3050 (Acid Digestion of 
Sediments, Sludges, and Soils), respectively. Flame Atomic Adsorption Apparatus (AA) 
was used to analyze the concentrations of Fe, Cr and Na, while Ion Chromatography 
was used to analyze Cl. 
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Table 1 
Index properties of retrieved drilling mud soil specimens 

Sample Water Degree of Void 
ID* content saturation ratio, 

m% s, % e 

Bulk unit 
weight, 
kN/m3 

Measured initial 
concentration, 

(ppm) 

Sl 23.3 81 0.62 16.10 
s2 19.1 53 0.77 14.22 
s3 19.1 65 0.63 15.44 
KSSr 41 .o 99 1.10 17.77 

Na Cl 

3409 1936 
5845 5515 
5845 5515 

718 _ 

2.2. Sample and materials preparation 

2.2.1. Electrochemical extraction tests 
Electrochemical extraction tests were conducted on retrieved specimens of drilling 

mud sludge recovered from three separate locations of a settling pond located in 
Southern Louisiana. The index properties of these samples are given in Table 1. 
Properties of a laboratory prepared soil sample, designated as KSSr is also given in 
Table 1. KSSr was a kaolinite specimen containing SrCl, salt. It was tested for Sr 
extraction in a previous study ([ 181). The physical properties of this sample are also 
given here to aid in data comparison presented in the results section. 

The core samples, retrieved by split spoon, were cut in appropriate lengths, trimmed 
and hand packed into the E-K soil sample holder. Deionized water was used in the 
electrode chambers and the flow tubes. 

2.2.2. Electrochemical stabilization tests 
The electrochemical stabilization test was conducted by impregnating a nearly 

saturated, homogeneous kaolinite clay soil sample with solutions of FeSO, .7H,O and 
K,Cr,O, from the anode and the cathode side, respectively. The soil sample was 
prepared by mixing 254 g of kaolinite clay with 154 ml of distilled water and normally 
consolidated at 100 kPa for 41 h. After consolidating, a specimen of the cylindrical 
sample weighing approximately 103 g was placed into the E-K soil chamber. The initial 
water content of the soil sample was 41.7%. The anode and the cathode solutions were 
prepared by mixing pentahydrate iron sulfate (FeSO, . 7H,O) and potassium dichromate 
(K,Cr,O,) with distilled water slightly below their solubility limits, respectively. The 
concentration the of FeSO, solution used was 140,800 ml/l (ppm). After mixing the 
FeSO, solution, a volume of approximately 171 ml was added to the anode chamber of 
the electrokinetic cell. The concentration of the K,Cr,O, solution used was 220,000 
ml/l (ppm). After mixing the K,Cr,O, solution a volume of approximately 164 ml was 
added to the cathode chamber. 

The main reason for selection of high concentration solutions of the reacting agents 
and using them as tracers solutions was to be able to detect any color change in the soil 
matrix as insoluble Cr and Fe complexes form. A visual observation of contrast color 
products forming on tan colored kaolinite clay was expected to confirm the anticipated 
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reactions thereby help to locate the appropriate zones of soil for analysis. It was also 
intended to minimize the possibility of formation of chromic hydroxide precipitates such 
as Cr (OH), by maintaining low pH. The high concentrations of these salts of strong 
acids resulted in initial pH of 2.95 and 4.05 for the anode and cathode chamber solutions 
of FeSO, .7H,O and K,Cr,O,, respectively. 

2.3. Testing 

The extraction tests were performed on the drilling mud samples as outlined above in 
the methodology section. These tests were conducted to a maximum of 10 days at 
constant 30 V DC applied across the electrodes. During the E-K test, inflow, outflow, 
voltage, current, and pH data were measured. The cathode chamber served as the inflow 
source, while the anode chamber was the outflow. Water samples were collected from 
the anode and cathode chamber periodically during each test. Soil was destructively 
sampled at the completion of each test and analyzed for Na and Cl. 

In electrochemical stabilization application, the Fe(I1) and Cl(VI) were introduced to 
the kaolinite sample as tracer solutions. The experiment was performed for approxi- 
mately 4.5 days (105 h) under constant 15 V DC across the electrodes. During this 
experiment, data was obtained for flow, pH, voltage, and current. A light brown band of 
reaction products became visible at around l/4 sample length distance from the cathode 
side after about 24 h of treatment. As treatment continued, brown colored reaction 
products appeared to spread from the cathode side towards the anode side of the sample 
and ceased spreading slightly passed the mid-section of the sample at about 80 h of 
treatment. Upon completion of the E-K test, the soil sample was divided into four equal 
parts. Each portion weighed approximately 27.75 g. A representative sample, weighing 
10.0 g, was obtained from these sections. Each 10.0 g sample was divided into two 5.0-g 
samples for acid and water extractions. Water and acid extractions were performed 
according to the standard protocols given above to obtain the water soluble and 
insoluble fractions of total iron and chromium, respectively. Speciation analysis was not 
warranted since the objective was to demonstrate the retention of Cr in soil as a water 
insoluble product at the low soil pH. 

3. Results and discussion 

3.1. Electrochemical extraction 

Fig. 2 shows the inflow (anode side measurement) and current variation with time for 
the two retrieved samples of drilling mud. Table 1 lists the physical and chemical 
properties of these samples designated as S 1, S2 and S3. The mud specimen with higher 
degree of saturation Sl (S = 81%) exhibited larger volume of cumulative flow than that 
of S2 with lower degree of saturation (S = 53%). This was expected since steady state 
flow should occur earlier in the higher degree saturated specimen. The interesting 
observation was the variation of current over time, which remained similar for the first 
75 h of treatment of the two specimens. Current dropped well below 1 mA for Sl, while 
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Fig. 2. Variation of flow and current in NaCl separation experiment using E-K cell (Sl, S2: sample 
designations given in Table 1). 

ion migration continued for S2 after 100 h of treatment. The next set of figures shed 
light on this occurrence. 

Fig. 3a and b show the separation of Na and Cl and the final pH profiles in three 
samples of the drilling mud sludge. As observed in Fig. 3a, close to 100% recovery of 
the Na is accomplished in the 81% saturated specimen (S 1) at the termination of the test, 
while about 70% of Na is recovered for the 53% saturated specimen (S2). The ionic 
migration appears to continue in S2 as indicated by the higher current it carried in Fig. 
2. The specimen designated as Sl shows a substantial recovery of Cl in the anode 
chamber (Fig. 3b), although not as high a recovery as Na. The analysis showed little or 
no presence of Cl in the soil, which suggested inability to account for all the Cl 
transported to the anode chamber. This result was attributed to perhaps formation of 
gaseous chlorine which would have been ventilated from the anode chamber periodi- 
cally. In sufficiently acid solutions having high Cl- concentrations (pH below approxi- 
mately 41, oxidation of chlorides will lead to formation of gaseous chlorine ([23]). This 
oxidation can be brought about chemically or electrolytically, as would be the case in 
the anode chamber of the E-K cell. The pertinent reactions involving chloride may then 
be written as follows: 

2c1, + 4e- w 4c1- (la> 
2H,O * 0, + 4H+ + 4e- (lb) 
2C1, + 2H,O f) 4Cl-+ 0, + 4H+ (1) 

The Fig. 4 shows the variation of Na and Cl concentration in the cathode and the 
anode chambers respectively after the initial 48 h of treatment. As observed the 
concentration of Na increases steadily, while the concentration of Cl shows little or no 
change. There is a small decrease of the Cl concentration with respect to its initial level, 
by the end of the lo-day (260 h) treatment. This observation strengthens the supposition 
that the excess Cl is oxidized to gaseous chlorine in low pH environment and 
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Fig. 3. a) Separation of Na by electrochemical treatment of a retrieved field soil sample of different initial 
water saturation (Sl, S2, S3: sample designations given in Table 1; PVF = pore volume of flow). b) 
Separation of Cl by electrochemical treatment of a retrieved field soil sample of different initial water 
saturation 61, S2, S3: dample designations given in Table 1; PVF = pore volume of flow). 

subsequently was lost to the atmosphere with ventilation. Observing the data in Fig. 4, it 
appears that neither initial degree of water saturation, nor the quantity of electroosmotic 
flow have appreciable effect on the variation of concentration of Na or Cl in the cathode 
and the anode chambers, respectively. This clearly shows that the process is predomi- 
nantly controlled by the electromigration of the ions. 

The Fig. 5 shows the variation of recovery of mass fraction of total Na in the cathode 
chamber with pore fluid of water flow. Data pertaining to two specimens of different 
initial degree of water saturation values, Sl and S2 are given in this figure. Superim- 
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Fig. 4. Variations of Cl and Na concentrations in the anode and cathode chambers with duration of treatment. 

posed on the data is recovery of Sr from close to 99% saturated kaolinite clay. As 
observed, again water flow has little affect on the separation of the Na and Cl, nor Sr 
which tend to electromigrate under the applied potential. Yet, water advection is 
important as it increases the water saturation of the pores thereby helping desorption of 
the surface held ions. This can be observed by the non-linear trend of the removal curves 
shown in Fig. 5. The flatter portion of the curve for the specimen with initial water 
saturation of 8 1% shows the contribution of electroosmotic advection at low remaining 
concentration of Na in the soil. As observed, approximately 60% of the total mass of Na 
in the soil is caused to electromigrate initially for which the pore volume of flow is 
measured only around 0.1. A similar observation is made for the second specimen with 
lower degree of water saturation (53%), for which 50% of the total Na is removed upon 
about 0.1 pore volume of flow. The flat portion of the removal curve represents a 

a 1 
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s 
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b 
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Fig. 5. Pore volume of flow versus Na and Sr accumulation in cathode chamber. (S designates degree of 
saturation). 
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Fig. 6. Variation of computed electroosmotic permeability of two specimens different initial saturation values 
versus pore volume of flow. 

time-dependent flow of Na into the cathode chamber caused by a combination of 
electromigration and electroosmosis. Electroosmosis is a significantly longer process 
than the initial migration of the Na ions in the pore fluid. Similar results were obtained 
in an earlier study ([ 181) where more than 80% of the total Sr was recovered in cathode 
chamber after about 0.5 pore volume of flow (Fig. 5). 

The contribution of electroosmotic advection is perhaps most accountable once a 
steady state flow is achieved with constant electroosmotic permeability. This phe- 
nomenon is observed in Fig. 6 where the computed electroosmotic permeability in 
cm/set is plotted against the pore volume of flow. The specimen with higher degree of 
saturation attains a constant coefficient of electroosmotic permeability (approximately 
3.5 X lo-’ cm/set or 1.2 X lop6 cm/set V) after about 0.5 pore volume of flow. 
Therefore the contribution of electroosmotic flow to the removal of Na may be 
quantified accurately only for the 30% of the mass fraction removed after 0.5 pore 
volume of flow, as observed in Fig. 5. 

3.2. Electrochemical stabilization 

Chromium exists in two possible oxidation states in soils: the trivalent C&II) and the 
hexavalent Cr(V1) chromium. The hexavalent chromium is more toxic than trivalent 
chromium. Hexavalent chromium exist in soil as water soluble anions, HCrO;, CrOi- 
and Cr,O:-. Due to their negative charge they are not readily adsorbed or exchanged at 
clay surfaces, therefore remain in soil pore water and be readily transported. This was 
observed in an earlier study by electromigration of chromate towards anode in the 
opposite direction of water flow ([ll]). However, acid solutions of dichromate get 
reduced easily ([24]). Therefore, sufficiently low pH (below 2.5) condition at the anode 
end of the soil promotes formation of C&II). Trivalent chromium ion which occur at 
lower pH is readily adsorbed by soils ([25,26]). 

Cr(II1) forms hydroxide complexes in presence of OH-. These species precipitate at 
pH 4.5 and complete precipitation occurs at 5.5. At high concentrations of C&V), the 
hydrolysis of the produced Fe(II1) and C&II) depresses the pH to 3 to 4 ([21]). These 
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products are soluble hydrolyzed species of Fe(II1) and Cr(II1). Hexavalent chromium can 
also be reduced to Cr(II1) under normal soil and pH conditions, for which soil organic 
matter has been identified as the electron donor ([26]). Bartlett [27] reported that in 
natural soils, this reduction may be extremely slow, requiring years. In subsurface soils 
where there is less organic matter, the Fe(B) containing minerals reduce Cr(V1) at pH 
less than 5 ([19]). Electrochemically injected Fe(I1) into a matrix of soil containing 
hexavalent chromium should facilitate the reduction of Cr(V1). The delivery of Fe(I1) 
has also been shown to enhance formation of chromium-iron hydroxide solid solution 
[(Cr.Fe, _-x )(OH),(ss)] which has a very low equilibrium solution activity ([20]), 
thereby relatively immobile than other species of chromium. 

The half reactions used to define C&V) and Fe(I1) interaction are shown below: 

Cr,O:- + 6Fe2’ + 14H+ 2Cr3+ + 6Fe3+ (2) 

HCrO- + 3Fe2+ + 7H+ + Cr3+ + 4H,O + 3Fe3+ 4 (3) 

CrOf- + 3Fe2++ 8H++ Cr3++ 4H,O + 3Fe3+ (4) 

Based on the equilibrium constants of these reactions, the reduction of CrWI) to 
Cr(II1) is expected to occur instantaneously. Yet, it has been reported that a pH less than 
3 is required for reasonably rapid reduction ([28]). 

Fig. 7 shows the flow-current and electrode site pH variations with time. The current 
measurements appear to be affected by the redox reactions as it varies between 1 to 4 
mA throughout the test. The flow is not substantial and the electrode chamber pH values 
change only slightly. Fig. 8 shows the distribution of total and non-aqueous Cr and Fe 
and the final pH in the soil and liquid compartments of the elektrokinetic cell. Table 2 
presents the mass balance computation results for the total iron and chromium distribu- 
tion in the soil sample. According to the mass balance data about 30% of the iron 
remains unaccounted for and there is about 17% excess Cr. Such discrepancies in mass 
balance computations are warranted considering the large sectioning of the soil sampled 
for analysis. 

0 0 
0 20 40 60 80 100 120 

Time (hours) 

t- INFLOW - OUTFLOW -CURRENT 
o pH(ANODE) . pH (CATHODE) 

Fig. 7. Variation of flow-current and electrode chamber pH in Fe promoted reduction of Cr experiment using 
E-K. 
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Fig. 8. Post E-K test concentration distribution of total and non-aqueous Cr and Fe. 

As observed in Fig. 8, the soil pH is fairly uniform below 3, which is favorable for 
rapid reduction of CdIV). The depression of soil pH is probably due to formation of 
hydrolyzed species of Fe(II1) and C&II) as was discussed by Lin and Vesilind [21]. 
These species are readily soluble as indicated by the aqueous concentrations of Cr and 
Fe in Fig. 8. Most of the non-aqueous Cr appears to have accumulated in the center and 
cathode side, and little has migrated towards the anode. Since hydroxide complexes and 
chromic hydroxide occur at higher pH levels than 3, the non-aqueous form of the Cr and 
Fe is likely due to formation of chromium-iron hydroxide solid solution 
(Cr,Fe,_X)(OH), (ss), which h as 1 ow equilibrium solution activity then pure solid 
phases at low pH ([20]). It should also be noted that, part of the non-aqueous Cr 
concentration mass may be due to sorption of C&II) by the clay substrate ([26]). These 
results compare favorably with those reported previously ([17]) where the researchers 
showed migration of chromate and iron from the cathode and anode ends of sand 

Table 2 
Average post E-K concentrations of total Cr and Fe and subsequent mass balance computation 

Sample Pre E-k Post E-K 
sections 
(normalized 
distance 
from) anode 

Total Fe 
(mg) 

Total Cr 
(mg) 

Total Fe Total Cr 

Cont. 

(mg/kg) 
ppm 

Mass 
fraction 
% 

Cont. 

(mg/kg) 
ppm 

Mass 
fraction 
% 

Anode chamber 
0.25 (l/4 section) 
0.50 (l/2 section) 
0.75 (l/4 section) 
Cathode chamber 
Total 

14142.3 - 10800 14.20 1300 1.71 
- - 99000 18.03 26000 3.44 
_ _ 55600 20.25 199800 52.92 
_ _ 63600 11.58 279600 37.03 
_ 19442.7 7400 5.86 28000 22.18 

69.92 117.28 
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substrate, respectively. Their results showed subsequent retention of Cr(II1) in soil pores 
as chromic hydroxide precipitate under high pH conditions on the cathode side of the 
soil samples. 

4. Conclusions 

Within the scope of the chemical analysis results for the Na-Cl separation and Fe(U) 
promoted reduction of Cr(VI), electrochemical treatment was shown to be effective for 
extraction or containment of selected inorganic elements. The selection of the type of 
treatment is highly dependent on the in situ soil-contaminant characterization. Electro- 
chemical treatment may be engineered to extract and collect soluble species of cations 
and anions by electromigration without the need of water flushing and secondary 
treatments. Whenever, the targeted substance possess complex aqueous chemistry and 
electrochemistry, it may be feasible to use electrochemistry to stabilize the substance in 
situ and render it immobile. 

References 

[l] A.N. Alshawabkeh, Y.B. Acar, Electrokinetic remediation: II. Theory, J. Geotech. Eng., ASCE 122 (3) 
(19961 

[2] Y.B. Acar, R.J. Gale, G. Putnam. Electrochemical Processing of Soils: Theory of pH Gradient 
Development by Diffusion and Linear Convection, J. Environ. Sci. Health: Part (a) Environmental 
Science and Engineering 25 (6) (1990) 687-714. 

[3] S. Kuo, AS. Baker, Sorption of copper, zinc, and cadmium by some acid soils, Soil Sci. Sot. Am. .I. 44 
(1980) 969-974. 

[4] N.T. Basta, M.A. Tabatabai, Effect of cropping systems on adsorption of metals by soils: III. Competitive 
adsorption, Soil Sci. 153 (4) (1992) 331-337. 

[5] Y.B. Acar, Heyi Li, R.J. Gale, Phenol removal from kaolinite by electrokinetics, J. Geotech. Eng., ASCE 
118 (11) (1992) 1837-1852. 

[6] Y.B. Acar, J. Hamed, A. Alshawabkeh, R. Gale, Cd(B) removal from saturated kaolinite by application of 
electrical current, Geotechnique 44 (3) (1994) 239-254. 

[7] Y.B. Acar, R.J. Gale, A.N. Alshawabkeh, R.E. Marks, S. Puppala, M. Bricka, R. Parker, Electrokinetic 
remediation: basics and technology status, J. Hazardous Mater. 40 (1995) 117-137. 

[8] J. Hamed, Y.B. Acar, R.J. Gale, Pb(I1) removal from kaolinite by electrokinetics, J. Geotech. Eng. Div., 
ASCE 117 (2) (1991) 241-271. 

[9] S. Pamukcu (19941, Electrokinetic Removal of Coal Tar Constituents From Contaminated Soils, Final 
Report, Electric Power Research Institute, EPRI TR-103320, Project 2879-21, March 1994. 

[lo] S. Pamukcu, J.K. Wittle. Electrokinetic Removal of Selected Heavy Metals From Soil, Environmental 
Progress, Vol. 11, No. 3, 1992, pp. 241-250, American Institute of Chemical Engineers. 

[l l] S. Pamukcu, J.K. Wittle, (1993), Electrokinetics for Removal of Low-Level Radioactivity From Soil, 
Proc. of the 14th Annual DOE Low-Level Radioactive Waste Management Conference, Phoenix, 
Arizona, Nov. 18-20, 1992, pp. 256-278. 

[12] S. Pamukcu, L.I. Khan, H.Y. Fang. Zinc Detoxification of Soils by Electra-Osmosis, Transportation 
Research Record No. 1288, 1991, pp. 41-46, TRB, Washington, DC. 

[13] D.D. Runnels, C. Wahli. In Situ Electromigration as a Method for Removing Sulfate, Metals and Other 
Contaminants from Ground Water, Groundwater Monitoring and Remediation, Winter 1993, pp. 121-129. 

[14] A.P. Shapiro, R.F. Probstein, Removal of contaminants from saturated clay by electroosmosis, Environ. 
Sci. Technol. 27 (1993) 283-291. 



318 S. Pamukcu et al. / Journal of Hazardous Materials 55 (1997) 305-318 

[15] R.E. Hicks, S. Tondorf, Electrorestoration of metal contaminated soils, Environ. Sci. Technol. 28 (12) 
(1994) 2203-2210. 

[16] A. Weeks, S. Pamukcu. Electrokinetic Stabilization of Selected Heavy Metals in Contaminated Soils, 
Proc. of The 4th Great Lakes Geotechnical and Geoenvironmental Conference: In Situ Remediation of 
Contaminated Sites, Univ. of Chicago, IL, 1996, pp. 151-167. 

[17] B.S. Haran, G. Zheng, B.N. Popov, R.E. White, Electrochemical decontamination of soils: development 
of a new electrochemical method for decontamination of hexavalent chromium from sand, Electrochem. 
Sot. Proc. 95 (12)(1995) 227-251. 

[ 181 S. Pamukcu, G. Newhart, J.K. Wittle. Use of Electrokinetics to Control the Migration of Heavy Metals 
From Landfill Sites, Waste Disposal by Landfill-GREEN’93, Sarsby (Ed.), Balkema Publ., 1995, pp. 
459-469. 

[19] L.E. Eary, D. Rai, Chromate reduction by surface soils under acidic conditions, .I. Am. Soil Sci. Sot. 55 
(1991) 676-683. 

1201 R.M. Powell, R.W. Puls, S.K. Hightower, D.A. Sabatini, Coupled iron corrosion and chromate reduction: 
mechanisms for subsurface remediation, Environ. Sci. Technol. 29 (8) (1995) 1913-1922. 

[21] J.C.J. Lin, A.P. Vesilind. The Removal of Hexavalent Chromium From Water by Ferrous Sulfate, Proc. 
of the Twenty-Seventh Mid-Atlantic Industrial Waste Conference, Tecnomic, PA, 1995, pp. 568-577. 

[22] J.K. Wittle, S. Pamukcu. Electrokinetic Treatment of Contaminated Soils Sludges and Lagoons, Final 
Report, Contract No. 02112406, DOE/CH-9206, Argonne National Laboratory, Chicago, IL 1993. 

[23] Pourbaix. Atlas of Electrochemical Equilibria in Aqueous Solutions, 2nd edn., National Association of 
Corrosion Engineers, Houston, TX, 1974. 

[24] F.A. Loweinheim. Electroplating, McGraw-Hill, New York, 1978. 
[25] C.F. Baes. Hydrolysis of Cation, Wiley, New York 1976. 
[26] D. Rai, B.M. Sass, Moore, Chromium (III) hydrolysis constants and solubility of chromium (III) 

hydroxide, J. Chem. 26 (19871345-349. 
[27] R.J. Bartlett, Chromium recycling in soils and water: links, gaps, and methods, Environ. Health 

Perspective 92 (1991) 17-24. 
[28] J.H. Jacobs, Treatment and stabilization for hexavalent chromium containing waste material, Environ. 

Prog. 11 (1992) 123-126. 


