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Abstract

The electroremediation experiments were conducted on artificially polluted soils by introducing a single metallic contaminant (Pb, Zn and
Cu) and multiple metallic contaminants (Pb + Zn + Cu). Based on sequential extraction results, it was observed that the removal efficiencies
of lead, zinc and copper vary depending on types of contamination. When the soil was contaminated only by lead, the removal efficiency was
found to be 48%. However, the removal efficiency of lead decreased to 32% when the soil was contaminated by the combination of lead, zinc
and copper. Similar results were observed for zinc and copper. The corresponding removal efficiency values for zinc and copper were 92%
and 37%, and 34% and 31%, respectively.

Effects of electrode geometry on the removal efficiency of metals were investigated by constructing a multiple anode arrangement. In this
arrangement, the electrokinetic unit consists of three cylinders, which lie one inside the other, and the soil was placed in the middle cylinder.
The central cylinder was the cathode well and the outer cylinder was the anode well, where eight identical anode electrodes were placed in
octagonal with respect to the cathode electrode. By using this electrode arrangement in removal of metals from the soil contaminated with
the combination of three metals (Pb+Zn+ Cu), the removal efficiencies of lead, zinc and copper were found to be 29%, 18% and 18%,
respectively. As it can be seen, these numerical values are much lower than the values that were obtained when the traditional two-plate
electrode arrangement used in the electroremediation experiments (32%, 37% and 31%).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of the negative surface charge of the soil. Several labo-
ratory, pilot scale, or in situ studies have widely demon-
Electroremediation is a developing technology that is in- strated the efficiency and the feasibility of the electroki-
tended to separate and extract heavy metals, radionuclidesietic remediation technique for the removal of heavy metals
and organic contaminants from saturated or unsaturatedfrom soils[1-5]. A comprehensive review of the literature
soils. This technology involves passage through soil of di- on electroremediation of soils was presented by Page and
rect current between appropriately distributed electrodes. Page[6].
The applied current transports dissolved charged ions due During the electroremediation of soils, the electrolysis re-
to electromigration towards the oppositely charged elec- actions that occur at the electrodes can produce large changes
trode. Concurrently, electro-osmosis moves the pore waterin the pH of the pore fluid. These reactions generally generate
in response to electric field towards to the cathode becausehydrogen and hydroxide ions at the anode and the cathode,
respectively. Thus, pH is acidic near the anode and alkaline
mpondmg author. Fax: +90 312 299 2034. near the cathode. It is observed from the experimgntal stuc_j—
E-mail addressesdturer@hacettepe.edu.tr (D. Turer), ies that metals usually accumulate at the pH-shift in the soil
aytengenc@yahoo.com (A. Genc). and this accumulation is often attributed to precipitation of
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metal hydroxidd1,3]. Metal ions in soils can exist in differ-  of the particles smaller than {8n were found using hy-
ent chemical forms depending on environmental conditions. drometer. The results of the analysis showed that 55% of the
They can exist as solid precipitates, dissolved solutes in thesoil samples used in electrokinetic experiments was smaller
soil pore fluid, adsorbed/sorbed complexes on the particle sur-than silt size. In order to determine bulk soil mineralogy, the
face and bonded species on organic matters in the soil. Thesamples were grinded and XRD was applied to the samples
distribution of metal ions among various forms is commonly without any further treatment. The result of the XRD showed
referred to as metal speciation in the solid phase of soil. Ac- that the soil have 48% clay minerals, 30% quartz and 21%
cording to the sequential extraction technique, it is possible feldspar. For determining clay mineralogy, 2—3 g of grinded
to fractionate the metals, which are present at different forms sample was stirred in 200 ml water in order to put the clay
(exchangeable, sorbed, carbonate bound, organically boundninerals in suspension. Forty-five minutes later, the clay min-
and residual fractions) in soils, by using appropriate chemi- erals at the surface of the water were collected using a pipette
cal reagents and extraction conditigidt Numerous studies  and placed on lamellas and left to dry. The lamellas as air-
have been carried out to investigate the speciation of heavydried, as glycolated and after heating at 3G@vere analyzed
metals in naturally and artificially contaminated s¢#is13]. by XRD. The results of XRD analysis showed that 55% of
These studies have revealed that pH, soil structure, types ofthe clay minerals in the soil are vermiculite, 32% of it, illite
pollutants and contamination levels affect the distribution of and 13% of it, kaolinite.
heavy metals in the different fractions of soils. Among these
factors pH has been regarded as the most important variable,
which regulates the mobility of ions, i.e., as pH decreases the3. The preparation of artificially contaminated soil
mobility of metal ions increases, and vice versa. samples
Reddy et al[14] analyzed transport mechanisms of heavy
metals (Cr, Ni and Cd) from artificially contaminated soils in The soil was sieved and the fraction that is smaller than
the presence of electric field by using the sequential extrac-4 mm was used in the experiments. Heavy metal ions were in-
tion method. They reported that higher rates of metal ions troduced into the soil as Pb(N3, Zn(NO3)2 and Cu(NQ)2
migration occurred when the metals existed in exchangeablesalt solutions. For example, in the preparation of the contami-
fraction. A similar observation was also reported by Kim and nated soils with lead, 1 kg of soil was added to 1 | of 1000 ppm
Kim [15] who used a tailing soil in the electroremediation PE?* solution. The soil mixture was then mixed for an hour
experiments. They reported that the metal ions (Cd, Cu, Pband allowed to settle down for more than 2 days. After drain-
and Zn) that were present in the exchangeable fraction of theing the excessive water, the soil was used in the electroreme-
soil were more sensitive to the electric field than the metals diation experiment. Five grams was taken from the prepared
that were in more strongly bound fractions, i.e., organic and soils for the determination of the initial concentration of lead.
residual fractions. Suer et 4lL6], on the other hand, con- The same procedure was repeated in the preparation of soil
cluded that metal ions were removed from all soil fractions samples that were contaminated with zinc and with copper. In
during electroremediation and it is even possible to mobi- the case of multiple metallic contaminants, i.e., the soil was
lize the metals in the residual fraction with the treatment of contaminated with lead, zinc and copper, 3 kg of soil sample
electric field. was added to 31 of 5000 ppm Ph Zn?* and C&#* solution.
In this work, the electroremediation experiments were car- The mixture was stirred for 4 h and allowed for settle down
ried on artificially contaminated soil samples. The removal for 6 days.
efficiencies of lead, zinc and copper in different soil fractions
are investigated by using the sequential extraction method.
The effect of single contaminant versus multiple contami- 4. Electroremediation experiments
nants in the soil on the removal efficiency has been analyzed.
In addition, a circular electrode arrangement has been tested Two different setups (a rectangular and a circular) have
in the electroremediation experiments and the comparison ofbeen usedKigs. 1 and 2in the electroremediation experi-
removal efficiency values for this arrangement and the plate ments. These setups consist of a dc power supply (500 V and
electrodes are presented. 5A), an electrokinetic unit, electrodes, connection cables and
two water tanks (101). Both of the electrokinetic setups are
made up of plexiglass and have three compartments: anode,
2. Properties of soil used in electroremediation soil and cathode.
experiments The rectangular electrokinetic unit has 10 gm0 cmx
20 cmdimensions. The sidewalls of the anode and the cathode
The silty, clayey soil samples were collected from compartments have holes in order to provide electro-osmotic
an area, which is away from possible rural pollution waterflow due to application of electric field. In addition, the
(Zonguldak—Koroglu, Turkey). Particle size distribution of surfaces of these sidewalls were covered with filter paper to
the soil determined by sieving for the particles bigger than prevent soil passage into the electrode compartments. Both
75m (the ones left on sieve #200), and the size distribution anode and cathode compartments were open at the top to
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Fig. 1. Rectangular electrokinetic experimental setup.

vent the electrolysis gases. In this unit, two identical graphite els in the anode and the cathode compartments were kept at a

plates, which have dimensions of 8cri2cmx 1.5¢cm, constant value, which was 8 cm in height. In order to investi-
were used for the anode and the cathode electrodesgate sensitivity of metals at different fractions (exchangeable,
(Fig. 1). sorbed, bound to carbonates, bound to organics and residual)

The second electrokinetic unit consists of three cylinders, of soils to electric field, a high potential difference was ap-
which lie one inside the other with 5cm, 25cm and 35cm plied to electrodes. Itis thought that, in this way, it is possible
diameters. The central cylinder was selected as the cathodeo identify the fractions that are not responding to the electric
compartment to minimize the extent of the basic environ- field. Therefore, a constant potential difference of 250V was
ment by the cathode and the outer cylinder was selected asapplied to the electrodes during the experiments and main-
the anode compartment to maximize the spread of the acidictained for about 30 h. The current passed trough the electrodes
environment generated by the anodes. The sidewalls that conand pH in the electrode compartments were recorded every
nect the anode and the cathode to the soil compartment havédiour. In all experiments, the maximum current was observed
holes with 3 mm diameter. Nine identical graphite rods with at the beginning, which was around 120 mA. The current de-
12 cmx 1.5 cmx 1.5 cm dimensions were used as electrodes creased to the values around 50 mA towards to the end. At the
and eight ofthem were the anodes. In this unit, the anode elec-beginning of each experiment, pH was equal to 6 in the both
trodes were placed in octagonal with respect to the cathodecompartments. Depending on the electrode reactions, the pH
electrode Fig. 2). in the anode compartment dropped to as low as 2 and the pH

The electroremediation experiments had been started within the cathode compartment increased to 11.
packing the contaminated soil samples into the electrokinetic ~ Upon the completion of each electroremediation exper-
unit and filling the anode and the cathode compartments with iment, the soil was removed and analyzed to determine the
tap water (100% saturation). In all experiments, the water lev- extent of metal removal from the soil as a function of distance

Power Source
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5 = be I

8.0.0-0 0—-&9@ Water tank
Cathode noodd

5cm |« 10 cm I|,5c:m | 10 cm |l5cm |

Fig. 2. Circular electrokinetic experimental setup.
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from electrodes. The soil was divided into four sections as 6.1. Removal efficiency and types of soil contamination
0-2.5cm, 2.5-5cm, 5-7.5cm and 7.5-10 cm depending on
distance from the anode. From each section, about 5g were After applying 250 V difference between the electrodes for
taken and dried for sequential extraction analysis. a duration of 30 h, the distributions of Pb, Zn and Cu in dif-
ferent fractions (exchangeable, sorbed, bound to carbonates,
bound to organics and residual) of the soils that were con-
taminated with a single metal are presente&im 3(1a—c),
respectively. In the same graph, when no voltage was applied
Sequential extractions were performed on contaminated© the electrodes, the distributions of Pb, Zn and Cu in dif-
soils before and after electrokinetic experiments to provide ferentfractions of the soils are represented with the columns
an understanding of the distributions of the contaminants in 25Signeéd as bZno and Cw. The analysis of Rp Zn and

the soils. In the sequential extraction analysis, the procedureCto columns show that the amount of the metals incorpo-

that was suggested by Sposjitd] was followed. According rated to sorbed fraction is very small for all of the metals. It
to the procedure, 2g of dried soil sample was placed in a ¢" be observed that Pb was mostly in the exchangeable and

centrifuge tube and the following steps were applied: bound to carbonates fractionsig. 3(1a)). Zn', be§ides the
exchangeable and bound to carbonate fractions it can also be
seen mostly in the residual fraction of the sdild. 3(1b)).

Cu was predominantly existed in the exchangeable fraction
and the rest was equally distributed among bound to carbon-
ates, bound to organics and residual fractidrig.(3(1c)).
When the soil is contaminated with the combination of three
metals, it can be observed that there are only small changes
in the distribution pattern of Pb and Cu among different frac-
tions of the soil (Pp and Ciy columns inFig. 32a and c)),
however, the difference in Zn distribution calls for attention
(Zno column inFig. 3(2b)). In the presence of three metals,
the highest amount of Zn was observed in the exchangeable
fraction, it is almost 85% of the total amount. This value was
only 16% when the soil was contaminated with only Zn. In
addition, the amount Zn in the carbonate fraction changed

5. Application of sequential extraction procedure

e 25ml of 0.5 M KNG; was added and shaken for 16 h (ex-
changeable fraction);

e 25ml of distiled HO was added and shaken for 2h
(sorbed fraction);

e 25ml of 0.5M NaOH was added and shaken for 16—21h
(organically bound fraction);

e 25ml of 0.05M NaEDTA was added and shaken for 6 h
(carbonate bound fraction);

e 25mlof4 MHNQOs; was added and heated (70-&Doven)
for 16—21 h (residual fraction).

After each step, the sample was centrifuged and filtered
through a Whatman #42 and saved for atomic absorption

spectrometric analysis. Sposifa7] described adsorption  yramatically. In the presence of three metals, 4% of the total
mechanisms of metals on soils by using a surface complexa-; g nt of Zn was observed in the bound to carbonate frac-
tion model. According to this model, some metalions are sur- i, whereas it was 32% for the single contamination. From

rounded by waters of hydration and are not directly bounded o5 results, it can be said that the presence of Pb and Cu

to the soil surface. These ions accumulate at the interface Ofinterfere the sorption mechanism of Zn and that three metals

the charged surface in response to electrostatic forces (ex'compete each other to fulfill different fractions of soil.
changeable fraction). Op the other hand, some metal'ions are  Eig. 31a—c and 2a—c) illustrate that after the application
directly bound to the soil surface, no water of hydration are ¢ yq glectric field, the distribution of the metals in different
involved. This form is distinguished from the exchangeable f.,tions didn’t change very much but the amounts of the met-
state by having ionic and/or covalent character to the binding 45 that were retained in each fraction changed significantly.
between the metal and the surface. This adsorbed mechanisng,q, the analysis of these graphs it can be concluded that,

is often termed spegific quorption. Irj this study, the specifi- 45 the distance from the anode increases total amounts of the
cally adsorbed fraction will be shown in shortly as the sorbed \eta1s retained in the soil also increase. As it can be seen in
fraction. Fig. 3(1c), when the distance from the anode was 8.75 cm the
amount of copper retained in the soil section was even more
than the initial Cyg. This can be explained as the migration of
6. Results and discussion metal ions towards to the cathode with the help of electrical
field. If the duration of the electrical field were longer than
The removal efficiencies of Pb, Zn and Cu were investi- 30 h, it is expected that the amount of copper retained in the
gated depending on types of soil contamination and elec- soil toward the cathode would also decrease.
trode geometry by performing electroremediation experi-  Depending on the results obtained frdfig. 3(1a—c),
ments. The removal efficiency of a metal is expressed by thethe removal efficiencies of Pb, Zn and Cu (single metallic
ratio of the amount remaining in the soil after the application contamination) with respect to the distance from the an-
of electric field to that initially. The total amount of metalsin ode were presented ifig. 4(a). As it can be seen, more
a soil section is obtained by adding the amounts of metals inthan 80% of the initial Pb, Zn and Cu were removed from
all fractions. the soil with the application of electric field in areas close
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Fig. 3. Distribution of metals before and after the application of electric field.

to the anode (0-2.5cm). However, as the distance fromtaken as a whole the overall removal efficiencies for lead,
the anode increases, the removal efficiency for each metalzinc and copper were evaluated as 48%, 92% and 34%,
changes dramatically. Among three metals, the most ef- respectively.

fective removal efficiency for all distance from the an- In the same way, the removal efficiency values for each
ode was achieved for zinc. In areas close to the cathodemetal were evaluated according to the results shown in
the precipitation of Cu was appeared, and therefore, theFig. 3(2a—c) when the soil was contaminated with the combi-
overall removal efficiency of Cu was lower than Zn even nation of three metals. These results are depict&ignd(b)
though copper and zinc have numerically very close mobil- and the corresponding overall removal efficiencies of lead,
ity values[18]. The mobility of lead was the lowest among zinc and copper were evaluated as 32%, 37% and 31%, re-
the studied metals, and therefore, lower removal efficiency spectively. Even the increase in Zn amount in exchangeable
was expected. When the soil in the electrokinetic unit was fraction, on which electrokinetic remediation was expected
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Fig. 4. Overall removal efficiencies for each metal.
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Fig. 5. Removal efficiencies of metals for each fraction in soil sections closest to the anode.

to be the greatest, didn't change the general trend of decreasef Pb drops to very low levels for the sorbed and residual frac-
in removal efficiency. tions (Fig. 5(b)). For Zn, besides the drops in efficiencies for
Because of applying electric field for a short period of time all fractions, the residual fraction does not respond electric
(30 h) during the experiments itis thought that the soil section field at whole. Cu in all of the fractions responds better than
closest to anode is the most representative section to checlother metals to the removal process except for the bound to
the efficiency of electrokinetic remediation among different organic fraction. InFig. 5b and ¢) some negative values of
fractions of soil. Therefore, the experimental results for this removal efficiencies are obtained for the bound to carbonates
section are redrawn iRig. 5. It is found out that remedia-  and residual fractions of soil. For exampte20% is shown
tion was working effectively for all of the soil fractions for  for the residual fraction of Zn contaminated soiFiy. 5(b).
the soils contaminated with a single mefaig. 5a)). For Zn This means that the amount of Zn ions in the residual fraction
and Cu, it worked especially well for all soil fractions, for increases 20%. This increase shows that there is a redistri-
Pb however, the organically bound fraction showed compar- bution of metal ions in different fractions of soil as well as
atively low efficiency. For the case of the soils polluted with the migration of metal ions towards the cathode. According
multiple contaminants (Pb + Zn + Cu), the removal efficiency to the results ofig. 5 among three metals an appreciable
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amount of increase in the bound to carbonates and residuahetic unit. The pH was 6 at the start and no change had been
fractions of soil was observed only for Zn, which can be ex- observed for 5h and then it decreased to 5 and stayed there
plained as a result of hydroxide precipitates or formation of until the end. Therefore, the variations of pH in the compart-

new complexes. ments of both electrokinetic units were quite different from
each other, which is a result of dimensional difference of the
6.2. Removal efficiency and electrode geometry two electrokinetic units. According to the electrode dimen-

sions, which were given in the experimental section, the sur-
The circular electrokinetic unif{g. 3(3a—c)) showed the face area of the electrodes that were contact with water can be
same kind of trends with the previous experiments, but it calculated. In the rectangular electrokinetic unit, the surface
did not improve the removal efficiency, it rather decreased areas of the anode and cathode electrodes were the same and it
(Fig. 4(c)). The general trend of decrease in the removal ef- was equal to 152 cfnln the circular electrokinetic unit, how-
ficiency as distance from the anode increases is also seen irever, the total surface area of the anode (38%)amas eight
this electrokinetic unit. The removal efficiency drops below times that of the cathode (48 éjnIn addition, the amount
40% for all soil sections, and for all heavy metals. The highest of water in the anode and cathode compartments for the two
removal efficiency comes from the section closest to anode, electrokinetic units was different. For the case of rectangular
as expected. When the fractions of soil at the section closestelectrokinetic unit the volume of water in both compartments
to anode were analyzed, it can be seen that the removal effiwas 400 crd. On the other hand, for the circular electroki-
ciency for all metals at all fractions is lower than 60% except netic units, it was 3770 cnand 157 crd in the anode and
for Pb in the residual fraction, which is 89%i¢. 5(c)). The in the cathode compartments, respectively. These differences
overall removal efficiencies for lead, zinc and copper were show clearly that the response time in the change of pH in the
evaluated as 48%, 92% and 34%, respectively, when the soilanode compartment of the circular electrokinetic unit will be
in the electrokinetic unit was taken as a whole. slower than that of the rectangular one. It is known that as pH
In both electrokinetic units, the distance between anode decreases the mobility of metal ions increagde. There-
and cathode electrodes was 14 cm, and 250 V potential differ-fore, it is expected that if the pH in the anode compartment of
ence was applied to the electrodes. For the rectangular electhe circular electrokinetic unitwere controlled by the addition
trokinetic unit, 118 mA was recorded as the current passedof some chemical agents such as acetic acid then the removal
trough electrodes at the start of the experiment and this valueefficiency values obtained at the rectangular electrokinetic
dropped to 53 mA at the end of the experiment. For the caseunit could be attained for the circular electrokinetic unit. In
of circular electrokinetic unit, the corresponding current val- that case the use of circular electrode configuration would
ues were 105 mA and 48 mA. According to these numerical have the advantage of decontaminate more soil than the rect-
values, it can be concluded that there is not very much dif- angular electrode configuration by using the same amount of
ference in the current pass through the electrodes for bothelectricity.
electrokinetic units. However, the current density, i.e., cur-
rent per unit area, in the rectangular electrokinetic unit, is
independent of location since the cross-sectional area is al-7. Conclusions
ways constant. In the circular electrokinetic unit, on the other
hand, the cross-sectional area is a function of radius, and The variation of metal concentrations in different fractions
therefore, the current density is changing in radial direction. ofthe soil after the application of the electric field was investi-
Moreover, in the rectangular electrokinetic unit, two graphite gated by using sequential extraction analysis. It was observed
plates were used as the electrodes and the generated electrodleat by the application of electric field not only metal ions mi-
field can be assumed uniform. In the case of the circular elec-grate toward the cathode but they also redistribute in different
trokinetic unit, however, the graphite rods were used as thefractions of soil.
electrodes and these may develop spots of inactive electric The experimental results show that the removal efficien-
field between electrodes of the same polarity. Therefore, thecies of lead, zinc and copper from the soil vary depending on
generated electric field is expected to be non-uniform and to the type of contamination. When the soil was contaminated
change in radial direction. It is thought that the main cause by each of the metal separately, the removal efficiencies of Pb,
for the decrease in the removal efficiency is the developmentZn and Cu in the soil section closest to anode were evaluated
of inactive electric field areas in the soil. as 48%, 92% and 34%, respectively. On the other hand, if the
Another reason for the decrease in the removal efficiency soil was contaminated with Pb, Zn and Cu together, lower
using circular electrokinetic unit could be because of the pH. removal efficiencies for the same section were obtained for
During the experiments the pH in the anode and the cathodeeach metal (32%, 37% and 31%).
compartments were recorded every hour. The pH in the an-  Effects of electrode geometry on the removal efficiency
ode compartment at the rectangular electrokinetic unit was were studied by constructing a circular electrode arrangement
dropped from 6 to 2 after 3 h of electric field application and in the electroremediation experiments. The corresponding
it stayed there until the end. However, this value was never overall removal efficiencies of lead, zinc and copper from the
observed in the anode compartment of the circular electroki- soil by using the circular electrode arrangement were 29%,
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18% and 18%, respectively. These values are lower than the [8] T.E. Clevenger, Use of sequential extraction to evaluate the heavy

ones obtained when the plate electrodes arrangement were
used (32%, 37% and 31%). The presence of inactive elec-
tric field areas in the soil could be the main cause for the
decrease in the removal efficiency values obtained for the

circular electrode arrangement.
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