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Abstract 
The basic idea proposed in this paper provides a novel and environmental friendly method to enhance the 
EK remediation of heavy metals contaminated soils. The remediation of Cd-contaminated soil is of great 
significance to the improvement of soil environment. As a new remediation technology, electrokinetic 
remediation has become a research hotspot in recent years. The test was carried out by self configuring Cd-
contaminated soil to set up a hexagonal electrokinetic remediation device to study the effects of electric field 
strength, electrolyte types and bentonite addition on the removal rate of Cd in soils-contaminated by Cd, 
and further optimize the technical conditions of electrokinetic remediation. The results showed that the 
removal rate of total Cd was higher when the voltage intensity was 2v/cm, reaching 18.34%, so the electric 
field intensity was 2v/cm. Acetic acid was used as a circulating electrolyte to raise the current in the 
electrokinetic remediation process, which could effectively control the pH value of the cathode and reduce 
the concentration of Cd in the cathode. In the process of electrokinetic remediation, the addition of bentonite 
played a certain passivation role on all forms of Cd in soil. The highest removal rate of total Cd was 20.89%, 
and the energy consumption was reduced by 11.02%. Therefore, organic acids as electrolyte can not only 
effectively enhance the migration of Cd in soil, but also change the distribution of Cd in soil and improve 
the efficiency of remediation. 
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INTRODUCTION 
As one of the main natural resources for human 

survival, soil provides an indispensable material and 
energy basis for human survival and development. 
However, with the development of industrial 
development, urbanization and the application of 
agrochemicals, heavy metal pollution in the soil has 
become increasingly serious. Cd pollution in soils has 
caused more and more damage and involved a wide 
range of areas, so more and more attention has been paid 
to it. At present, the remediation of soil Cd pollution is 
mainly divided into chemical method, physical method 
and biological method (Qian and Liu 2009), but these 
methods have the disadvantages of potential threat to 
the environment, secondary pollution and slow effect, 
so it is difficult to achieve large-scale application. 

As a new type of soil remediation technology, 
electrokinetic remediation has attracted much attention 
from researchers both at home and abroad because of its 
advantages of less chemical reagents, high efficiency, no 
secondary pollution, less disturbance to soil, 
applicability to clay soil and thorough remediation (Luo 
et al. 2014), and has become a research hotspot. At the 

same time, it has been listed as a new type of “green 
remediation technology”. The principle of 
electrokinetic remediation is to apply a low-voltage 
direct current electric field at both ends of the soil, so 
that the heavy metals in the soil do relative movement 
under the action of electroosmosis, electromigration 
and electrophoresis, migrate to both ends of the 
electrode and enrich in the electrode area, thus realizing 
the removal of heavy metals. Electrokinetic remediation 
of contaminated soils originated in European countries 
led by the United States. Acar and Alshawabkeh (2000) 
believed that electromigration was the main driving 
force for the transport of substances. Acar pointed out 
that Cd was partially removed near the anode and 
deposited near the cathode in the test of direct 
electrokinetic in situ removal of heavy metal Cd from 
soil. At the same time, the deposition of Cd near the 
cathode would lead to the blockage of soil voids and 
affect the migration of other substances. Direct 
electrokinetic in situ (DES) technology is difficult to 
control the change of soil pH and has low treatment 
efficiency, so researchers try to improve it. Zhou 
Dongmei et al. (2014) found that the addition of organic 
acids could eliminate the OH- produced by electrode 
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reaction, thus inhibiting the precipitation of heavy metal 
ions produced by the increase of cathode pH. 
Darmawan and Wada (2014) added cation exchange 
resin between soil and cathode region, and found that 
this method can effectively inhibit soil alkalization and 
remove heavy metal ions. Harn et al. (2015) found that 
the addition of small molecular organic acids 
significantly increased the removal rate of heavy metal 
Cd (II) in soils by simulating the preparation of Cd (II)-
contaminated soils and adding oxalic acid and tartrate as 
complexing agents. In addition, electrokinetic 
remediation can be combined with other methods to 
form composite technology. Li et al. (2015) combined 
permeable reaction wall with electrokinetic remediation 
to treat organic chlorine-contaminated soil. It was 
found that the combined treatment not only enhanced 
the adsorption capacity of pollutants but also reduced 
the toxicity. Li et al. (2015) used Bentonite-chitosan 
composite adsorbent combined with in-situ 
electrokinetic remediation. It was found that the 
adsorption rate of 200 mg/L Cd2+ solution was as high 
as 99%. 

In this study, a hexagonal electrokinetic remediation 
test rig was set up by artificially simulating the 
configuration of Cd-contaminated soil to study the 
optimization of working conditions for electrokinetic 
remediation of Cd-contaminated soil and the 
electrokinetic remediation enhancement technology by 
using circulating electrolyte and adding bentonite, 
which provided a basis for further treatment of Cd-
contaminated soil. 

MATERIALS AND METHODS 

Test Soil 
The soil used in the test was collected from the 

farmland near Changzhou University in Jiangsu 
province. The soil samples were placed in a cool place 
to dry slowly, and then ground with a plexiglass bar and 
passed through a 2mm nylon screen to remove gravel 
and plant residues. The above-mentioned soils were 
repeatedly quartered, leaving enough for test analysis, 
and then ground with agate to pass through 100-mesh 
nylon sieve. The Cd-contaminated soil was artificially 
simulated, and the simulated Cd-contaminated soil had 
a pH of 7.61 and a total Cd concentration of 4.9 mg/kg. 

Test Device and Methods 
Referring to and consulting the relevant literatures 

at home and abroad, it is found that hexagon is the best 
electrode setting method (Peng 2013) in the common 
two-dimensional electrode setting, which can not only 
improve the removal efficiency of pollutants, but also 

maintain the stability of the system. According to the 
characteristics of electrokinetic remediation and the 
requirements of the actual test, a set of electrokinetic 
remediation device was designed. The whole device 
consisted of three parts: a constant voltage DC power 
supply, a soil sample chamber and an electrode 
chamber. The electrokinetic disc reactor was made of 
plexiglass with a radius of 15cm and a depth of 14cm. 
The cathode chamber with a radius of 3 cm was located 
in the center of the device. The electrode was arranged 
in a regular hexagon shape, and the distance between the 
anode and the cathode was 14.5 cm. The cathode was a 
high purity columnar graphite electrode (1cm in 
diameter), and the anode was a stainless steel electrode, 
and included a DC power supply, a baffle, a copper wire 
and a non-woven filter screen. The test device is shown 
in Fig. 1. 

Firstly, 500g prepared Cd-contaminated soil was 
laid flat in the reactor and compacted under suitable 
pressure. Next, 600mL electrolyte was added to the 
cathode chamber to connect the power supply and apply 
constant voltage. The current and the pH value of the 
cathode and anode electrolyte were measured every 6h. 
After electrification, the soil in the reactor was air-dried 
and divided into 15 parts. Soil pH, total Cd and various 
forms of Cd concentration were determined. The 
speciation of Cd in the soil was analyzed by BCR 
method. 

Test Scheme 
The main factors affecting electrokinetic 

remediation include electrode materials and setting 
methods, electric field strength, composition of 
electrolyte and pH value, and physical and chemical 
properties of soil. Therefore, under the same running 
time, different gradient electric field intensity and 

 
Fig. 1. Schematic diagram of test device 
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different kinds of electrolyte were set to optimize the 
conditions of electrokinetic remediation. The effect of 
bentonite wall (thickness = 1cm) on the efficiency of 
electrokinetic remediation was investigated by placing 
bentonite wall in the soil sample chamber with 
continuous circulation electrolyte of peristaltic pump. 
Specific test schemes are shown in Table 1 to Table 3. 

 
 

Analytical Methods 
The change of pH value of electrolyte was 

determined by glass electrode method. The Cd-
contaminated soil was dried, ground and sifted, then 
digested by nitric acid-hydrofluoric acid-perchloric acid 
digestion method (Han et al. 2014). The content of Cd 
was determined by flame atomic absorption 
spectrophotometer according to the national standard. 
The type of flame atomic absorption spectrophotometer 
used in this experiment is Agilent 240FSAA. The device 
has an automatic dilution function, so only 0.50 mg/L 
Cd standard solution needs to be prepared. The 

speciation and distribution of residual Cd in the 
remedied soil were also analyzed, and BCR four-step 
extraction method was used (Li 2015). 

Computing Methods 
1）Total Cd removal rate 

 𝑄𝑄𝑄𝑄𝑄𝑄 =
𝐶𝐶0 − 𝐶𝐶
𝐶𝐶0

 (1) 

Where,  

𝑄𝑄𝑄𝑄𝑄𝑄=Removal rate of total Cd; 

𝐶𝐶0=Total Cd content before treatment; 

𝐶𝐶=Total Cd content after treatment. 

2）Energy consumption calculation 

 𝐸𝐸 = 𝑈𝑈�𝐼𝐼𝑄𝑄𝐼𝐼 (2) 

Where, 

Table 1. Optimized test schemes for electrokinetic remediation conditions 
No. Electric field intensity (V/cm) Electrolyte (0.1mol/L) Running time (h) Anode Cathode 
T1 1 Distilled water 120 Stainless steel Graphite 
T2 2 Distilled water 120 Stainless steel Graphite 
T3 3 Distilled water 120 Stainless steel Graphite 
T4 2 Acetic acid 120 Stainless steel Graphite 
T5 2 EDTA 120 Stainless steel Graphite 
T6 2 Citric acid 120 Stainless steel Graphite 

 

Table 2. Electrokinetic remediation test schemes for circulating electrolyte 
No. Electrolyte (0.1mol/L) Electrolyte circulating or not? Electric field intensity (V/cm) Running time (h) 
X1 Distilled water × 2 120 
X2 Distilled water √ 2 120 
X3 Acetic acid × 2 120 
X4 Acetic acid √ 2 120 

 

Table 3. Electrokinetic remediation test schemes for adding bentonite 
No. Electrolyte (0.1mol/L) 

Electrode tip 
bentonite addition 

Adding position 
of bentonite wall 

Electric field 
intensity (V/cm) 

Running time 
(h) 

Electrolyte 
circulating or not? 

Y1 EDTA × - 2 120 √ 
Y2 EDTA √ - 2 120 √ 
Y3 EDTA √ Close to the cathode 2 120 √ 
Y4 EDTA √ Middle of the disc 2 120 √ 
Y5 EDTA √ Close to the anode 2 120 √ 

 

Table 4. BCR four-step extraction method 
Steps Binding form Specific operations 

Ⅰ Weak acid 
extractable 

0.5g soil was weighed, 20mL 0.11mol/L CH3COOH4 solution was added, and the supernatant was analyzed by high-
speed centrifugation after 16 hours of oscillation at room temperature. The residue was added to 20mL distilled water 
to oscillate for 15min, then centrifugally removed the supernatant. 

Ⅱ Reducible 
A 0.1mol/L hydroxylamine solution of pH 2 was added to the remaining residue. After shaking for 16h, it was 
removed by high speed centrifugation, and the supernatant was analyzed. The residue was shaken in 20mL of distilled 
water for 15min, centrifuged, and the supernatant was removed. 

Ⅲ Oxidizable 

The residue was digested for 1h at room temperature with 8.8 mol/L hydrogen peroxide added at pH 2 for 5ml and 
then bathed at 85℃. After digestion for 1h, 5mL of hydrogen peroxide was then added, and it was bathed at 85℃ and 
digested for 1h. 25mL of1.0mol/LCH3COONH4 solution at pH of 2 was added after it was cooled down and then 
centrifugally at high speed after 16 hours of oscillation at room temperature, and the supernatant was analyzed.  

Ⅴ Residual The content of residual state was calculated by subtraction method, that is, the total amount of Cd in soil samples 
minus the content of Cd in the above three forms. 
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𝐸𝐸= Power consumption for electrokinetic 
remediation (kW h); 

𝑈𝑈=Impressed voltage; 

𝐼𝐼=Current intensity; 

𝐼𝐼=Running time. 

RESULTS AND DISCUSSION 

Current Changes during Electrokinetic 
Remediation 

Fig. 2(a) shows the current change with the 
running time at different electric field strengths during 
the electrokinetic remediation. It can be seen from the 
Fig. that the changes in current are basically the same, 
and both appear to increase first, then decrease, and then 
remain stable. At the same time, the current increases 
with the increase of the applied electric field intensity. 
In the test, the distilled water was used as electrolyte to 
determine the appropriate electric field strength in the 
process of electrokinetic remediation. Because the 
distilled water contained less electrolyte, the initial 
current was smaller. With the production of H+ by 
anodic electrolysis, the speed of heavy metal ions 
entering the soil pore solution was accelerated, and the 
conductivity of soil was increased, so that the current 
gradually increased. In the later stage of electrolysis, 
most of the ions in the soil had already completed the 
electromigration process. During the process of 
electromigration, H+ produced by cations and OH— 
produced by cathodes met to precipitate heavy metal 
ions (Wang et al. 2013), which led to the plugging of soil 
voids, the decrease of current and the increase of energy 
consumption. It is thus concluded from Fig. 2(b) that 
the greater the electric field intensity, the higher the 
removal rate of total Cd, and the greater the energy 
consumption. As the electric field strength increased, 

the energy consumption in the electrokinetic 
remediation increased (Cang and Zhou 2011). When 
the electric field strength was between 1v/cm-2v/cm, 
the energy consumption did not increase particularly as 
the voltage increased. When the electric field strength 
was greater than 2v/cm, the increase in energy 
consumption was relatively rapid. The test data show 
that when the voltage intensity is 2v/cm, the migration 
rate of heavy metal Cd ions is faster, and the removal 
rate of total Cd is relatively high, reaching 18.34%. 
Therefore, considering the energy consumption and 
current change, it is more suitable to use 2v/cm as the 
electric field strength in the electrokinetic remediation. 

The change of soil pH has great influence on the 
forms of heavy metals in soil and the speed of 
electrodialysis, so controlling the change of soil pH is 
the key of electrokinetic remediation (Lu and Feng 
2009). Because the metal complexes formed by organic 
acids as electrolytes are water-soluble, biodegradable 
and environmentally friendly, citric acid, acetic acid and 
EDTA are used as electrolytes to control the pH of the 
cathode region and enhance the electrokinetic 
remediation. Fig. 3(a) shows that when citric acid and 
acetic acid is used as electrolytes, the current increases 
first, then decreases and finally stabilizes. Organic acids 
contain large amounts of electrolytes, so the initial 
current is large. With the increase of electrolysis time, 
the soil acidity increases gradually, and the stable heavy 
metal ions change into free state, which makes the 
current increase. The peak current of citric acid as 
electrolyte reaches 38.6 mA, and that of acetic acid as 
electrolyte reaches 33.8 mA. Fig. (b) shows that the 
removal rate of Cd is positively correlated with energy 
consumption. When EDTA is used as electrolyte, the 
current changes little and is lower than 6mA during the 
whole electrokinetic remediation, because the 
conductivity of EDTA itself is weak (Chu and So 2010). 

 
Fig. 2. Current change, energy consumption and total Cd removal rate for different electric field strengths 
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EDTA as electrolyte has the highest removal rate of Cd 
and the highest energy consumption. From the test 
data, the addition of organic acids can inhibit the 
increase of pH value in the cathode region, prevent the 
precipitation of heavy metal ions, and make more ions 
desorbed out. 

It can be concluded from the above analysis that the 
removal rate of total Cd by EDTA and acetic acid as 
electrolyte is higher than that by citric acid in the 
process of electrokinetic remediation. Because EDTA 
itself is a non-conductive organic molecule (Peng and 
Tian 2010), its conductivity is weak and energy 
consumption is relatively high, acetic acid is selected as 
the circulating electrolyte for further test analysis. 

Fig. 4 shows the change of current in circulating and 
non-circulating electrolyte during electrokinetic 
remediation, and the change of current shows 
fluctuation and rise, and then decline. Because organic 
acids contain a certain amount of electrolytes, the 
maximum initial current of acetic acid as an electrolyte 
is 20.92mA, far greater than the initial current of 

distilled water 1.38mA. Circulating electrolyte is 
beneficial to the neutralization reaction of H+ produced 
by anode and OH-produced by cathode, reducing H+ 

and OH-entered the soil, and alleviating the 
precipitation caused by resistance polarization and 
concentration polarization (Chen et al. 2004, Wang et 
al. 2007, Yuan et al. 2006), so the current generated by 
circulating electrolyte is larger than that of non-
circulating electrolyte. At the same time, the removal 
rate of Cd in circulating electrolyte increased by 27.89% 
and 17.3% respectively, and the energy consumption 
increased by 14.53% and 21.37% respectively compared 
with the non-circulating electrolyte. 

In order to prevent the secondary pollution of soil 
caused by EDTA infiltration (Babel and del Mundo 
Dacera 2006) and improve the efficiency of 
electrokinetic remediation, bentonite was placed near 
the electrode end and in the middle of the hexagonal 
disc. The adsorption, ion exchange and waterproof 
properties of bentonite were used to further improve 
the efficiency of electrokinetic remediation. 

 
Fig. 3. Current change, energy consumption and total Cd removal of different electrolytes 

 
Fig. 4. Current change, energy consumption and total Cd removal in circulating and non circulating electrolytes 
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Fig. 5 shows that the variation amplitude of the 
current of the five groups of test data is basically the 
same, Because the ion exchange between positive ions 
in soil and bentonite and the action of H+ produced by 
anode during electrokinetic remediation are isoelectric 
interchange (Liu 2014), the current of adding bentonite 
is slightly lower than that of not adding. Bentonite can 
form chelate with heavy metals. The removal rate of 
total Cd by adding bentonite is 26.83% higher than that 
without bentonite, and the energy consumption is 
15.73% lower. So adding bentonite can increase the 
removal rate of total Cd, further improve the efficiency 
of electrokinetic remediation and reduce energy 
consumption. 

Changes in pH Value of Electrolyte and Soil after 
Electrokinetic Remediation 

Fig. 6 shows the trend of the pH value of the 
electrolyte in the cathode and anode with the time of 
remediation. Because the pH value of organic acids is 
low, the initial pH value of acetic acid is about 4.12. 
With the increase of remediation time, hydrolysis 
produces a large amount of H+ which slows down the 

decrease of anodic pH value. The pH value in the non-
circulating electrolyte is maintained at around 4, so it is 
shown in the diagram that a slight increase followed by 
a decrease in the trend. Distilled water is neutral, so the 
initial pH value is about 7.24, and the variation of pH 
value is relatively stable. During the change of pH value 
of cathode electrolyte, with the increase of remediation 
time, the OH- produced by hydrolysis reaction 
increases the pH value of cathode electrolyte, and finally 
tends to be stable (Fan et al. 2015). Through the 
circulation of electrolyte, the adverse effect of pH value 
of electrolyte and nearby soil on electrokinetic 
remediation can be alleviated, and the efficiency of 
electrokinetic remediation can be improved. 

The average value of pH at each sampling point after 
the end of electrokinetic remediation is shown in Fig. 
7(a). It is evident from the Fig. that the pH value of the 
four groups of test soil with bentonite is higher than that 
of the soil without bentonite, which may be due to the 
ion exchange reaction between the cation on the 
bentonite wall and the H+ produced by the anode 
during the electrokinetic remediation, and has a certain 
hindrance to the migration of H+ to the cathode (Zhang 

 
Fig. 5. Current change, energy consumption and total Cd removal by adding bentonite 

 
Fig. 6. PH changes of cathode and anode electrolyte with running time 
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et al. 2008). The pH value of soil in each group changes 
in the same trend. The higher the pH value of soil near 
the cathode, the lower the pH value gradually with the 
increase of distance. Using EDTA as electrolyte, it is 
found that the soil pH near the anode maintains good 
acidity, while the cathode region farther away from the 
anode shows weak alkalinity. Because of the buffering 
ability of the soil itself, the change of the whole soil pH 
is maintained in the pH range of the electrolyte. The 
soil pH value can be further reduced by increasing the 
amount of EDTA and prolonging the electrokinetic 
remediation time (Qian et al. 2009). Fig. 7(b) reflects 
the total Cd content in all parts of the soil after 
electrokinetic remediation. It shows that the closer to 
the cathode, the higher the total Cd content, and the less 
the total Cd content, the nearer to the anode. Compared 
with the cathode, the removal rate of total Cd is as high 
as 20.89%. Therefore, the addition of bentonite wall can 
further reduce the total Cd content in the soil, reduce 
energy consumption and improve the efficiency of 
electrokinetic remediation. 

Migration and Distribution of Cd in 
Electrokinetic Remediation 

After the electrokinetic remediation, the soil was 
divided into four parts according to the cathode to the 

anode, each of which was 4cm in length. The speciation 
ratio of Cd in soil was determined, as shown in Fig. 
8(a). In the original sample, the residue was 0.9%, the 
oxidizable state was 6.4%, the reducible state was 18.1%, 
and the weak acid extractable state was 74.6%. It can be 
seen from Fig. 8(a) that since the content of the 
residual state itself is small, the amount of the residual 
state is hardly changed, the oxidizable content is 
increased, and the weak acid extractable state is the 
largest (Hamed et al. 2016). Because most of Cd exists 
in dissolved form, the content of oxidizable and 
reducible Cd in Cd-contaminated soil is relatively 
small. The percentage of different forms of Cd in the 
process of electrolytic remediation is related to the 
addition of different kinds of organic acids as 
electrolytes. When acetic acid and citric acid were used 
as electrolyte, the soil was in acidic environment, which 
was beneficial to the transformation of unstable state of 
Cd to reducible state. When EDTA was used as 
electrolyte, Cd in alkaline soil near cathode region had 
good migration effect because of its effective chelation, 
and the reducible state content of Cd increased (Luo et 
al. 2004). The surface of soil particles was negatively 
charged, and the heavy metals extracted from weak acid 
were adsorbed on the surface of soil particles by 

 
Fig. 7. Soil pH changes after electrokinetic remediation 

 
Fig. 8. Distribution of Cd in soil after electrokinetic remediation 
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electrostatic adsorption. Fig. 8(b) shows that in the 
anode part, the total Cd in the circulating electrolyte 
increases due to the transfer of Cd from the cathode to 
the anode due to the cycling action of the electrolyte. 

CONCLUSIONS 
The high environmental pH will favor the sorption 

of heavy metals by increasing their affinity for the soil 
surfaces, and favor formation of heavy metal 
precipitates, thus decreasing the mobility of heavy 
metals. 

(1) The migration capacity of total Cd in soil is 
related to the electric field intensity. The greater the 
electric field intensity, the faster the Cd migration 
speed, the higher the removal rate of total Cd, and the 
best migration effect is at 2V/cm. Therefore, the electric 
field intensity of 2V/cm is more suitable for remediation 
of Cd contaminated soil. 

(2) In the test, acetic acid, EDTA and citric acid were 
used as electrolyte to control the change of pH value of 
cathode. The citric acid had the best pH regulation, 
followed by acetic acid. When EDTA was used as the 

electrolyte, the soil near the cathode showed weak 
alkalinity. At the same time, when the electrolyte of 
acetic acid was used for electrokinetic remediation, it 
was found that the circulating electrolyte could increase 
the current and control the pH value of the cathode 
effectively to reduce the concentration of Cd in the 
cathode. 

(3) In the process of electrokinetic remediation, the 
addition of bentonite could passivate all forms of Cd in 
soil to a certain extent. The highest removal rate of total 
Cd was 20.89%, and the energy consumption was 
reduced by 11.02%. 

(4) Using organic acid as electrolyte can not only 
enhance the migration ability of Cd in soil, but also 
change the distribution of Cd in soil. It is the transfer of 
Cd from stable state to unstable state, which greatly 
improves the efficiency of electrokinetic remediation. 
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