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While the feasibility of using electrokinetics to decontaminate soils has been studied by several authors,
the effects of soil composition on the efficiency of this method of decontamination has yet to be fully stud-
ied. This study focuses its attention on the effect of “calcite or carbonate” (CaCO3) on removal efficiency
in electrokinetic soil remediation. Bench scale experiments were conducted on two soils: kaolinite and
natural-soil of a landfill in Hamedan, Iran. Prescribed quantities of carbonates were mixed with these
soils which were subsequently contaminated with zinc nitrate. After that, electrokinetic experiments
lectrokinetic
lectro-osmosis
oil remediation
arbonate
aolinite

were conducted to determine the efficiency of electrokinetic remediation. The results showed that an
increase in the quantity of carbonate caused a noticeable increase on the contaminant retention of soil
and on the resistance of soil to the contaminant removal by electrokinetic method. Because the presence
of carbonates in the soil increases its buffering capacity, acidification is reduced, resulting in a decrease
in the rate of heavy metal removed from the contaminant soil. This conclusion was validated by the
evaluation of efficiency of electrokinetic method on a soil sample from the liner of a waste disposal site,

with 28% carbonates.

. Introduction

In geo-environmental engineering projects the application of
lectrokinetics for contaminant removal in soils involves the appli-
ation of direct electrical current (DC) with low potential and
ntensity on two electrodes in a contaminated soil. When electri-
al potential is applied across a wet soil mass, cations are attracted
o the cathode and anions to the anode. In order to be mobile in
he electric field, heavy metals must be present in the dissolved
hase of the soil. The desorption and mobilization of most heavy
etals during the remediation process is catalyzed by an acidic

ront that develops from the anode end of the soil. When the acidic
ront reaches all through the soil, the remediation action is com-
lete [1]. Recently, electrokinetics has bee employed successfully
or the removal of different types of heavy metals, including lead
2], caesium [3], copper [4,5] and cadmium [6,7] from contaminated
oil. Generally, electrokinetic remediation can be used to treat soils

ontaminated with inorganic species [8–10], organic compounds
11–13], and radionuclides [14,15].

Electro-osmosis, which is the movement of water relative to
he soil under the influence of an imposed electric field [15], is the

∗ Corresponding author. Tel.: +98 918 812 4592; fax: +98 811 8221316.
E-mail address: vahidouhadi@yahoo.ca (V.R. Ouhadi).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.08.052
© 2009 Elsevier B.V. All rights reserved.

principal process used for electrokinetic remediation. In this pro-
cess the ions carry water as they migrate, exerting a pull on the
water around them. Since there are more cations than anions in soil
containing negatively charged clay particles, there is a net water
flow towards the cathode. This flow is termed electro-osmosis
[16]. Electro-migration, which applies to the movement of ions
due to the application of an electrical current, is another process
of contaminant removal with electrokinetic remediation. Electro-
migration does not depend on the pore size; it is equally applicable
to coarse and fine-grained soils [17,18]. Electrokinetics and specif-
ically electro-osmosis are commonly used in various geotechnical
and geo-environmental engineering projects. These methods have
been used to speed up the consolidation of soft clay [16,19–21], to
increase the stability of slopes [22–24], to increase the flow rate of
reservoir fluids during petroleum recovery [25], and for drainage
and sedimentation of clay suspensions [26]. Recently, Voinitchi
et al. [27] have shown how the use of an electrokinetic tech-
nique can have an impact on chloride transport through cement
based-materials. In a recent report, the latest developments in elec-
trokinetics were reviewed [28].
Of late, several experimental research projects have been under-
taken to investigate contaminant removal from kaolinite soil
[7,29–31]. Prior research showed that the most influential factor
on the success of contaminant removal is the pH of the soil, which
must be low in order to mobilize heavy metal ions [10,31].

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:vahidouhadi@yahoo.ca
dx.doi.org/10.1016/j.jhazmat.2009.08.052
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Carbonates are one of the major fractions of soils in semi-arid
nd arid areas of the world. Heavy metals are retained in clay
oils by several soil phases or mechanisms, such as exchangeable,
arbonate, hydroxide, and organic. Nevertheless, of all of these
echanisms contributing to contaminant attenuation, carbonates

lay the most essential role [32,33]. In this regard, usually at a pH of
ore than five, the carbonate phase contributes to the contaminant

etention process. It has been shown [34] that buffering capacities
f soils are strongly influenced by the carbonate content and CEC
cation exchange capacity) value. Calcite mineral functions well as
buffer for pH changes in the soil-water. This mineral is believed

o be effective at absorbing heavy metals and phosphates [35,36].
nvestigation of the distribution of heavy metals in stream sed-
ments showed that Cu and Zn were found mainly in carbonate
hases [37].

When it comes to clay minerals, kaolinite has a very low cation
xchange capacity (CEC), and thus shows a much lower buffering
apacity than that of other clay minerals, such as illite and mont-
orillonite [35]. As a result, it is an appropriate soil sample for an

nvestigation of the impact of the buffering capacity of carbonate
n the efficiency of electrokinetic remediation of soils.

Previous studies have taken into account the impact of current
oltage, different clay minerals, the contaminant types and pH on
he efficiency of the electrokinetic method [31,38–40]. However,
ittle attention is generally paid to the influence of carbonate on
he efficiency of the electrokinetic method. The primary purpose
f this study was to investigate the impact of carbonates on the
fficiency of the electrokinetic method for contaminant removal
rom kaolinite soils rich in carbonate.

. Materials and methods

.1. Geo-environmental engineering characterization of soil
amples

Two types of soil samples were used in this study. The first is
kaolinite soil identified as “super zenous kaolinite” (kaolinite-

) from northwest Iran. In this research a series of samples were
repared which included the kaolinite-z samples at different per-
entages of calcite (laboratory added calcite). The variations of
dded calcite was 6%, 11%, 16%, 21% and 26%, respectively. Since
he kaolinite-z sample has an initial 4% concentration of calcite,
he total quantity of calcite present in the sample was 4% (for
aolinite-z soil in the “as is” condition), 10%, 15%, 20%, 25% and
0%, respectively. The second soil sample used in the study, for the

urposes of comparison, was representative of the soil used in the
lay liner at a waste disposal site in Hamedan, a city located in the
est part of Iran. This sample was identified as a “representative

oil sample” from the region. The geo-environmental engineering
roperties of kaolinite-z and the Hamedan sample are presented

able 1
hysico-chemical properties of soil samples.

Physico-chemical characteristics Kaolinite-z

Soil Classification CL (lean clay)
Analysis XRD Kaolinite, Quartz, Calcite
CEC (meq/100g) 13.6
SSA (m2/g) 61
LL (%) 24.1
PI (%) 11.2
Sulphate Content (%) 0
Organic Content (%) 0
Carbonate Content (%) 4
Wopt (%) 17.5
�dmax (g/cm3) 1.96
Initial pH 9.05
Gs 2.75
us Materials 173 (2010) 87–94

in Table 1. In this Table, the geo-environmental engineering prop-
erties of kaolinite-z sample are compared to the characteristics
of Georgia kaolinite-PX. Several investigators have used Georgia
kaolinite as a soil sample in their research [41–43]. Physical proper-
ties, including specific gravity, particle size distribution, Atterberg
limits, organic content and moisture content were determined
according to ASTM methods [44]. According to the results in Table 1,
the Hamedan soil sample has a carbonate concentration of 28%,
which means it is a suitable sample for investigation of the impact
of carbonate on the electrokinetic soil remediation process. Kaoli-
nite, illite, quartz and feldspars were also found in this natural-soil
sample.

For the geo-environmental engineering analyses, the kaolinite
soil was air-dried and sieved through a #200 mesh. Then, geo-
environmental engineering tests were performed according to test
procedures as detailed in the laboratory manual of the Geotechnical
Research Centre of McGill University. The cation exchange capac-
ity (CEC) was determined using the BaCl2 replacement method [45].
XRD analysis was performed using the method suggested in stud-
ies by Moore and Reynolds [46], and Ouhadi and Yong [47]. The
XRD spectra were obtained by scanning in the 2� range of 10–60◦.
A Bruker (Siemens) D8 Advance apparatus with Cu K� radiation
was used to obtain the X-ray diffraction patterns of the soil sam-
ples. Specific surface area (SSA) was determined using the ethylene
glycol–monoethyl ether (EGME) method, according to the proce-
dure described by Elthantaway and Arnold [48]. The carbonate
content of the soil was determined with titration [49]. Soil pH was
measured in a 1:10 soil-solution.

2.2. Sample preparation and experimental methods

To investigate heavy metal (HM) interaction with kaolinite from
the point of view of geo-environmental engineering, soil samples
were prepared by adding solutions of zinc nitrate (Zn(NO3)2·6H2O)
to the kaolinite sample. The suspensions of soil-electrolyte were
prepared at a 1:10 soil-solution ratio. A series of batch equilibrium
tests were performed according to EPA [50]. The soil suspension
samples (prepared by the aforementioned method) were equili-
brated (shaken for 24 h) after the solution was applied to the soil.
Then, samples were centrifuged at 3000 rpm for about 10–15 min.
The amounts of HM remaining in the supernatant were analyzed
using an atomic absorption spectro-photometer (GBC 932 AB Plus).
A titration experiment is usually used to obtain the buffering capac-
ity of soils. The buffering capacity of soil is a function of the mineral
type, specific surface area and the CEC of minerals, along with the

quantity of calcite in the soil [34]. A series of titration experiments
was performed to investigate the influence of laboratory added
carbonate on the buffering capacity of kaolinite. For this purpose,
several mixtures of kaolinite at different percentages of carbonate
were prepared. Various concentrations of nitric acid were added

Georgia kaolinite Soil sample of liner of waste disposal site

CH (fat clay) CL-ML (silty clay)
Kaolinite Illite, Calcite, Quartz, Feldspars
4.2–8 12.5
12 118
64 22.1
30 6.2
0 0
0 0
0 28
31 12.8
1.37 1.9
4.7–5 8.6
2.65 2.7
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Fig. 1. Schematic diagram

o these samples. After equilibrium, the pH of the mixtures was
easured in 1–10 soil:electrolyte solution ratios. To investigate the

ffect of carbonate on the soil–contaminant interaction, artificial
alcite was added to the kaolinite soil sample in different percent-
ges as stated previously. Triplicate samples were prepared for each
est to verify the reproducibility of results. For electrokinetic exper-
ments, the initial densities, void ratios, and water content of all
he samples were initially maintained at the same level to prevent
iffering tortuosity and transport hindrance in samples.

.3. Experimental procedure
Fig. 1 shows the schematic diagram of the electrokinetic exper-
ment. In Fig. 2 the details of an electrokinetic cell are presented.
he main cell is constructed of Plexiglas, with an internal diam-
ter of 72 mm and a length of 145 mm. At one end of this cell is
n anode and at the other a cathode, which are connected to the

Fig. 2. Details of the elec
lectrokinetic test set-up.

anode and cathode reservoirs, respectively. Reservoirs serve as an
electrolyte source for electrolysis. The electrolyte solutions were
re-circulated by a pump from the electrodes compartment to the
reservoirs. At the beginning of the test de-ionised water was used
in the anode and cathode compartments. Two graphite electrodes,
each of which has a filter paper on the contact line with the soil,
are located at the end of the cells. The two ends of the cell are con-
nected to the power supply. The power supply provides a direct
current (DC) with a maximum 10 A and 240 V current. A voltage of
30 was used in this research. By applying this voltage to the two
ends of the cell, the quantity of electric current in the soil sample of
the cell could be measured. Laboratory contaminated soil samples

were placed in the cell and electrical current was applied to the
two ends of the cells, and consequently to the soil samples of the
cells. For soil sample preparation, the dry soil was sieved through
a #10 mesh and mixed with 30% laboratory contaminated distilled
water (Hamedan soil with 24%). The initial concentration of zinc

trokinetic test cell.
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Fig. 3. Adsorption isotherm for kaolinite-z and the natural-soil from batch equilib-
rium test.

nitrate used to artificially contaminate the soil sample was cho-
sen according to the results of other studies on industrial waste
disposal sites [39,41]. The suggested concentration for Zn ions is
101–27,800 ppm with a mean value of 2790 ppm [51]. A zinc con-
centration of 2500 ppm was used in this research. Soil–contaminant
mixtures were shaken for a period of 10 min in a mechanical mixer.
Samples were kept in a plastic bag for 24 h to reach an equilibrium
condition in terms of soil–contaminant interaction. This laboratory
contaminated sample was then placed into the electrokinetic cell in
10 layers, with each layer compacted 25 tamps using a 0.5 kg tam-
per. From the soil sample of each cell a sample was taken for water
content, pH, and heavy metal (HM) concentration measurements.
After each electrokinetic experiment, the soil sample was extracted
from the cell and was separated into five slices. Each sample was
oven dried and mixed carefully. Then, a part of this sample was used
to measure the quantity of soluble and retained HM according to
the EPA method [50]. Each electrokinetic experiment was run for
100 h according to the recommendation of prior researchers [39].
To investigate the impact of carbonate on the efficiency of contami-
nant removal from the kaolinite sample in electrokinetic procedure,
a series of seven experiments were performed. The details of these
experiments are presented in Table 2. In this Table, the percent of
carbonate is reported according to the dry weight of the soil.

3. Results and discussion

Fig. 3 compares the adsorption of zinc ions to the kaolinite-z
sample and to the soil sample of waste disposal liner for Hamedan.
Both samples follow the Langmir adsorption model [52]. The results
in Fig. 3 for the kaolinite-z sample show that the maximum adsorp-
tion of Zn ions to the kaolinite sample is 1700 ppm. Therefore, the
concentration of 2500 ppm which was used in the electrokinetic
experiment is more than the maximum quantity of HMs which can
be retained by kaolinite sample. On the other hand, the Hamedan
soil is able to retain 21,000 ppm of zinc ions, which disparity can
be attributed to the larger quantity of carbonate in Hamedan soil
compared to that of the kaolinite sample. The major difference
between the retention capacity of Hamedan soil and kaolinite-z
can be attributed to both SSA and carbonate contribution for heavy
metal retention. As the results of Table 1 show, the specific surface
area of Hamedan soil is almost twice that of kaolinite-z. In addition,
according to the results of Table 1, the Hamedan soil contains 28%
carbonate, while the kaolinite-z sample has only 4% carbonate. Both
factors contribute to higher heavy metal retention of natural-soil
in comparison with that for the kaolinite-z sample.
The impact of pH variations on the retention of Zn ions by kaoli-
nite samples is presented in Fig. 4. Different concentrations of nitric
acid (HNO3) and sodium hydroxide (NaOH) were used to adjust the
pH of soil-electrolyte through a range of pH values. As the results
in Fig. 4 show, with an increase in the pH of soil-electrolyte, HM
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Fig. 4. Influence of pH variations on the retention of Zn by kaolinite sample.

etention of soil increases. This can be attributed primarily to the
recipitation of zinc hydroxide (Zn(OH)2) [41]. In addition, since
aolinite has a pH dependent charge, at high pH levels it has a
reater tendency to adsorb heavy metals, due to its higher negative
harge in this range of pH.

To further investigate the influence of pH variations on the
etention properties of kaolinite, titration experiments were per-
ormed on the Hamedan soil and several samples of kaolinite with
ifferent percentages of laboratory added carbonate. As the results

n Fig. 5 show, the presence of carbonate in the kaolinite sample
aused a noticeable change on the extent and trend of pH variation
n the presence of different concentrations of acid. According to the
esults in Fig. 5, the addition of carbonate to the kaolinite sample
ecreases the slope of the pH-acid added curve, which means it

ncreases the buffering capacity of kaolinite. This shows that the
ddition of carbonate decreases the sensitivity of soil to the pH
ariation of pore fluid. It is interesting to note that the pattern of
he curve for the Hamedan soil sample and mixtures of kaolinite
20–30%) carbonate is relatively similar. This may be due to the
act that all these samples have relatively high carbonate fractions.
n other words, since these samples have a relatively similar CEC
nd they are composed of non-active clay minerals, the presence
f carbonate controls the extent of their contaminant retention.

Prior research has shown that samples with a large cation
xchange capacity (CEC) and a large specific surface area (SSA)
emonstrate a greater buffering capacity. Since kaolinite has a low
SA and CEC, one may conclude that the different results obtained
n the buffering capacity experiments for different mixtures of

aolinite–carbonate are not due to the difference between the SSA
nd/or CEC of these samples. In fact, the difference in results seen
n Fig. 5 (i.e. two mixtures of kaolinite with 4% and 10% carbonate)
s mainly due to the carbonate content of these samples. In addi-

ig. 5. Impact of carbonate on the buffering capacity variations of kaolinite-z sample
n comparison with the natural sample.
Fig. 6. pH variations of the soil sample of electrokinetic cell at the end of the exper-
iment, sample length 145 mm, applied voltage 30 V.

tion, the more the concentration of carbonate increases, the less
the buffering capacity experiment is able to differentiate between
the behaviour of mixtures of kaolinite and different concentra-
tions of carbonate. Furthermore, due to the low CEC of the samples
studied and their high retention properties, the cation exchange
phenomenon has little impact on the contaminant retention of soil.
In this case, as the quantity of carbonate increases in soil samples,
retention also increases because of the retention of heavy metals in
HM-CO3 forms. Finally, the buffering capacity patterns of Hamedan
soil and kaolinite+30% carbonate are close to each other, which
might be due to the relatively similar concentration of carbonate
in these two samples.

3.1. Results of electrokinetic experiments

In electrokinetic experiments the electrolysis of water produces
H+ ions at the anode and OH− ions at the cathode according to the
following equations:

2H2O → O2(g) + 4H+ + 4e− AtAnodeCompartment

4H2O + 4e− → 2H2(g) + 4OH− AtCathodeCompartment

These interactions cause the formation of acidic conditions at
the anode side and alkaline conditions at the cathode side. For this
reason, a few hours after applying the electrical current around the
anode, the pH drops as low as 3.5. On the other hand, the pH around
the cathode rises as high as 11. The hydrogen ions (H+) produced
on the anode side move towards the cathode while the hydroxyl
ions (OH−) which are produced tend to transfer to the anode [2].

Fig. 6 shows the pH variation along the soil samples in electroki-
netic cells at the end of experiments for seven different samples
(test numbers 1–7, the details of which are presented in Table 2).
The results in this Figure help to understand the impact of carbon-
ate on the acid front phenomena in the electrokinetic experiment.
In fact, desorption of cationic species from clay surfaces is essen-
tial in contaminant removal from fine-grained deposits. Electrolytic
generation of H+ at the anode and its transport into the soil mass by
migration (secondarily by electroosmotic advection and diffusion)

enhances desorption of the retained species. The pH of pore fluid
also significantly controls this mechanism. An increase in H+ con-
centration results in desorption of cations in an amount controlled
by the soil type [2]. As can be seen in Fig. 6, test number 1 has
the lowest quantity of carbonate, and the pH varies from 11 at the
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electrical flow of 60 A passed through the samples. This electrical
flow is equal to a flow density of 1.47 mA/cm2. 40 h from the begin-
ning of the test, this flow rate diminished greatly and decreased to
5–6 mA by the end of the test, which is equal to a current density
ig. 7. Variations of Zn concentrations on the cathode compartment of electroki-
etic cell.

athode side to five at the anode side. It should be noted that with a
igh pH, most of the zinc is retained in the hydroxide and carbon-
te phases [15]. However, as the quantity of carbonate increases
n soil samples, the range of pH variations along the electrokinetic
ell decreases. For instance, in test number 6, which is a mixture of
aolinite and 30% carbonate, the pH varies from 11 to 9 from the
athode side to the anode side. In the electrokinetic experiment of
he Hamedan soil, (test number 7) a pattern similar to that of test
umber 6 is observed. Therefore, one may conclude that the rela-
ively identical concentration of calcite in these two samples is the
eason for similar pH variation patterns in electrokinetic cells. In
ther words, due to the presence of such a high quantity of carbon-
te, the soil sample buffers against the reduction of pH. Therefore,
he H+ ions transformation from anode towards cathode will not
e able to significantly reduce the soil pH in cell.

To investigate contaminant transport in the electrokinetic pro-
ess, the concentrations of Zn ions in the cathode compartment are
easured and reported. Fig. 7 shows the variations of Zn ions for

even different samples at the cathode compartment during the
lectrokinetic experiments (time zero to 100 h). As can be seen,
n all seven experiments there is a very limited quantity of zinc
ons released at cathode compartment. In other words, at the end
f the electrokinetic experiment only one percent of the HMs had
een removed from the contaminated soil. Still, one could argue
hat this negligible amount of contaminant removed in the cathode
ompartment is due to the diffusion of heavy metal from the soil
ample to the cathode compartment and not due to electrokinetic
henomena. To investigate further the impact of carbonate on the
fficiency of electrokinetic remediation, the final concentrations of
n ions for all seven samples along the soil in the electrokinetic cell
ere measured. Fig. 8 shows the results of these measurements. As

an be seen in this Figure, in test number one, which is the kaolinite-
sample, the HMs moved from the anode side towards the cathode
ide. However, this movement stops around 5 cm before the cath-

de electrode. A similar pattern can be observed for experiment
umbers 3 and 4. However, in experiment numbers 5, 6 and 7,
his variation in HM concentration along the electrokinetic cell is
uite minimal. For instance, in experiment number 6, the Zn con-
entration at the end of the experiment is almost uniform along
Fig. 8. Variations of Zn concentrations in the electrokinetic cell at the end of exper-
iment, sample length 145 mm, applied voltage 30 V.

the electrokinetic cell. According to the results in Fig. 8, similar
behaviour is observed for the soil sample of liner from the waste
disposal site at Hamedan. In addition, for all curves in Fig. 8, the
maximum concentration is observed at 5 cm from the cathode.

Fig. 9 shows the final variations of moisture content along the
soil samples in different electrokinetic experiments. As can be seen
in this Figure, due to the electrokinetic phenomena, water moves
from the anode side to the cathode side. This causes an increase in
the moisture content at the cathode side in comparison to that of
the anode side. In addition, in all cases the final moisture content
at the cathode side is much higher than that of its initial water
content in the cells. This could be attributed to electro-osmosis and
its consolidation effect. In fact, in spite of electro-migration, which
caused the movement of HMs from the anode side to the cathode
side, the transportation of pore fluid from the anode side to the
cathode side causes an increase in effective stress at the anode side,
which in turn leads to an increase in soil density (consolidation).
This movement of water contributes to the transportation of HMs
by advection from the anode side to the cathode side.

Another point which can be observed in these experiments is
the variation of current density in samples during the performance
of the experiment. Due to the applied 30 V differential voltage, an
Fig. 9. Moisture content variations in the electrokinetic cell at the end of experi-
ment, sample length 145 mm, applied voltage 30 V.
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f 0.12–0.15 mA/cm2. This reduction in flow rate can be attributed
o an increase in resistance of the sample which will be explained
urther in this paper.

.2. General discussion

In electrokinetic contaminant remediation, it is important to
ay particular attention to the impact of the soil type and con-
aminant type on the applicability and efficiency of this method.
aolinite, due to its low CEC and low activity coefficient, is the soil
ost suitable for electrokinetic remediation. However, the pres-

nce of carbonate in kaolinite, as previously addressed, causes a
oticeable increase in the buffering capacity of soil. This increase

n buffering capacity is the basis for a delay in the formation and
evelopment of acid front phenomena (Fig. 6). Therefore, as the
esults in Fig. 6 show, with an increase in carbonate concentration
uring electrokinetic remediation, soil tends to maintain its alka-

ine condition. This alkaline property is an appropriate condition
or the precipitation of Zn in the form of Zn(OH)2. Furthermore,
he lack of acid front formation in Hamedan soil, which is due
o its high concentration of carbonate (28% carbonate), prevents
he solubility and release of zinc ions from soil during electroki-
etic remediation (Fig. 8, test 7). For this reason a relatively low
emoval of contaminant in this sample occurred. In addition, as
he results in Fig. 8 show, in test numbers 1–4 the contaminant

oved from the anode side to the cathode side, but stopped around
cm before cathode itself. However, when the quantity of calcite
xceeds 20%, a very small difference between the variations of con-
aminant along different parts of sample in the electrokinetic cell
s found. In other words, the extent of contaminant removal from
node side towards the cathode side is negligible. The increase in
uffering capacity produces a resistance against acid front in elec-
rokinetic remediation. Therefore, we were faced with a very low
ontaminant removal from anode side towards the cathode side in
est numbers 5–7, which caused an unacceptable time requirement
or remediation. The impact of carbonate on the efficiency of heavy

etal removal from kaolinite soil by electrokinetic soil remedia-
ion can be summarized as follows: (1) Delay in development of
cid front; (2) increase in buffering capacity; (3) soil maintains its
lkaline condition; (4) precipitation of Zn(OH)2. All of these factors
ause a low removal of contaminant transport in electrokinetics
pplication.

. Conclusions

- Since the presence of carbonate in soils causes an increase in
buffering capacity, the alkaline pH of soil rich in carbonate does
not significantly vary in electrokinetic contaminant remedia-
tion. Consequently, heavy metal contamination is retained in
precipitated hydroxide/carbonate forms. As a result, the effi-
ciency of electrokinetic remediation decreases.

- The lack of formation of acid front in carbonate rich kaolinite
causes a resistance in pH variation during electrokinetic soil
remediation. Therefore, the soil washing with the produced H+

ions will not form. The 95% efficiency of contaminant removal in
the kaolinite sample around the anode electrode and a notice-
able reduction in this efficiency to 5% in the sample of kaolinite
with 30% carbonate shows the impact of carbonate on the effi-
ciency of heavy metal removal by electrokinetic method. The
low efficiency of this method of soil remediation on the labora-

tory contaminated soil sample of liner from the waste disposal
site at Hamedan, which has 28% carbonate, supports the above
conclusion.

- The noticeable water content variation along the soil sample
after the electrokinetic procedure proves that the presence of

[

[
[

us Materials 173 (2010) 87–94 93

carbonate does not prevent the electro-osmosis phenomena.
For this reason, the low contaminant removal in electrokinetic
remediation of carbonate rich soils is attributed to electro-
osmosis. Due to the electrolysis of water around the cathode
electrode, the movement of hydroxyl ions (OH)− contributes to
the reduction of the electrokinetic phenomena. This movement
of hydroxyl ions is virtually independent of the concentration of
carbonate in soil. Furthermore, the calcium precipitation close to
the cathode clogged the soil pores; restraining further transport
of heavy metal ions for removal.
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