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Abstract Wanshan mercury mine is the largest cinnabar

deposit in Guizhou, China. Few effective methods had been

achieved to remedy Hg heavily contaminated field soils. In

this paper, a modified EK method with approaching cath-

odes (AC-EK) and an I-/I2 lixiviant was described to

remedy mercury-contaminated field soils near Wanshan

mercury mine. Paddy Soil I and Paddy Soil II were sampled

and contained 576.73 ± 45.50 and 491.35 ± 4.73 mg/kg

Hg, respectively. Although they contained 6.9 and 9.4%

organic matter respectively, more than 92 and 89% Hg were

removed by AC-EK within 5 days. Removal ratio increased

by 0.21 and 0.68 times using EK process with ACs over that

with one single cathode (SC-EK). AC-EK method saved

nearly 26.4–28.1% electric power as compared to SC-EK

method. As an I-/I2 lixiviant solution was used to solubilize

HgS(HgO) during EK process, the bonding of Hg to organic

functional S groups should be less important than the

binding to inner sites of organic matter in soil. The rela-

tionship between EK remediation effect and soil organic

matter content was fitted to a linear model. It turned out that

when soil OM increased by 1.0%, EK removal ratio (%) of

Hg would decrease by 2.63%.

Keywords Soil � Pollution � Electrokinetic remediation �
Mercury

Introduction

Mercury is one among the most highly bioconcentrated toxic

trace metals. Many national and international agencies have

expended considerable effort to monitor and control mercury

emissions (Lucchini et al. 2003; Mirlean et al. 2003). China

is the third largest mercury producer. Total annual output

was reported to be 200 tons in 2000 (Hylander and Meili

2003). Peak annual mercury emissions to the atmosphere in

the process of mining and refining have reached 11 tons

(Ji et al. 2006). Guizhou Province is the most important

mercury mining area in China. Wanshan mercury mine,

Guizhou is the largest cinnabar deposit in China, called the

‘‘mercury capital’’ of China. Exploration of mercury in

Wanshan has led to serious environmental pollution and

severely deteriorated local ecosystems (Ji et al. 2006; Tan

et al. 1997). Although numerous studies have been carried

out in Wanshan mercury mine, most of them have focused

merely on the distribution, characteristics, and environ-

mental behavior of mercury (Qu 2002; Horvat et al. 2003).

To date, few effective methods have been achieved to rem-

edy heavily contaminated field soils there.

During the past decades, electrokinetics (EK) remediation

is tested to be one of the most effective methods to remove
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heavy metals from soil (Acar and Alshawabkeh 1993; Pier-

zynski et al. 2000). During EK processing, H+ ions are

generated at the anode and OH- ions are generated at the

cathode. Low pH in soils favors desorption of contaminants

and dissolution of heavy metal contaminants, while high pH

in soils facilitates sorption of contaminants and precipitates

heavy metals. Nevertheless, OH- ions are inevitably gen-

erated through the electrolysis of water in a cathode

compartment. To avoid precipitation of heavy metals in soils

near the cathode, various enhancement techniques have been

proposed and developed: (1) adding or mixing strongly

complexing agents such as ammonia, citrate, oxalate, acetic

acid, and EDTA into soil, which compete with soil for metal

contaminants to prevent precipitation or solubilize precipi-

tates of cationic metal contaminants near the cathode (Reddy

and Chinthamreddy 2003). (2) conditioning the anode and/or

the cathode reservoirs or using ion exchange membrane

(IEM) to control the pH and zeta potential as well as

increasing mobility of contaminants (Ottosen et al. 2005).

The difficulty of EK remediation of Hg-contaminated

soils is the low solubility of Hg in most natural soils.

Enhanced EK remediation has recently been developed

using an I-/I2 lixiviant solution to solubilize Hg from

contaminated solids (Cox et al. 1996; Reddy et al. 2003;

Suer and Lifvergren 2003). Introduced near the cathode,

the lixiviant migrates through the soil to the anode by

electromigration. Hg, released by the oxidation of HgS

compounds by I2, was complexed as HgI4
2-. The negative

complex continued to electromigrate toward the anode.

Several experiments have been reported on the distribution

of mercury on soils in this method. However, mobilization

of mercury from field-contaminated soils has been less

successful (Suer and Lifvergren 2003). The relationship

between EK remediation effect and soil organic matter

content had not been quantificationally studied before.

This method can still be improved to save more energy

and time (Shen et al. 2007). An enhanced EK method with

approaching anodes (AAs) has been proposed to accelerate

electromigration effect with spiked soils. Soil remediation

could be accelerated and much energy and time be saved.

In this paper, a modified EK method with an I-/I2 lixiviant

assisted and approaching cathodes was proposed to remedy

mercury contaminated field soils, which were near Wan-

shan mercury mine, Guizhou, China.

Materials and methods

Soil samples used in the study

Mercury-contaminated field soil samples (Paddy Soil I and

Paddy Soil II) were taken from cultivated/recultivated

areas with paddy around Dashuixi Stream which flows

across the Wanshan mercury smelting workshop. They

were collected from the surface horizon (0–15 cm).

The pH values of soil samples in 0.01 M CaCl2 solution

(1:2.5) were measured using a pHS-3TC pH meter

(Shanghai Hongyi Instrument Factory, Shanghai, China).

Electrical conductivity (EC) was measured with Conduct-

meter (DDS-11A, Shanghai Hongyi Instrument Factory,

Shanghai, China). Cation exchange capacity (CEC) was

obtained using ammonia acetate method (Rhoades 1982).

Hydraulic conductivity was measured with constant-head

permeameter (Reynolds and Elrick 2002). Mechanical

analysis of the soils was carried out by gravity sedimen-

tation after dispersion of the soils with 5% sodium

hexametaphosphate. Bulk density and moisture content

were tested using stainless steel Kopecky rings of 100 cm3.

The samples were oven-dried at 105�C for 24 h. The

results were calculated as g/cm. Organic matter (OM) was

measured with a Multi N/C 3000 analyzer (Analytik Jena

AG, Jena, Germany).

Electrokinetic remediation apparatus and operation

Electrokinetic remediation experiments were carried out in

a rectangular translucent Plexiglas test cell (Fig. 1) that is

21-cm long, 5.5-cm wide and 11-cm high. Dimensions of

the filled cell are 20.0 9 5.0 9 7.0 cm. EK remediation

with one Single Cathode (SC-EK) was operated at constant

voltage of 20 V(1.0 V/cm) supplied by a power source.

Both the anode and the cathode are mesh Ti/Ru electrodes

which are made of 2.0 mm. Titanium stick with

3.0 9 9.0 mm lozenge meshes (Xinxiang Future Hydro-

chemistry Co., Ltd., Xinxiang, China). Each electrode has

an effective area of 40 cm2 and electrode compartments are

connected to either end of the cell using screws. At the

beginning, the cell was filled with a buffer solution

Soil
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Air 
vent
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Approaching 
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Fig. 1 Schematic diagram of electrokinetic laboratory apparatus with

approaching cathodes
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containing 0.1 M sodium citrate, 0.1 M KI and 0.025 M I2

at pH 6. Then the tested soil was slowly filled into the cell

[solid:liquid 2:1 (w:w)]. Air bubbles in the soil specimen

were slowly removed to decrease the electrical resistance.

Surplus buffer solution (2.0 l) was continuously pumped

into the cathode compartment and out of the anode com-

partment through hydraulic gradient during EK process.

Electrokinetic remediation with approaching cathodes

(AC-EK) was operated in the same apparatus, except that

there were four mesh Ti/Ru electrodes as ACs placed in the

soil bed. ACs were placed at a distance of 20, 15, 10, and

5 cm from anode. They were sequentially switched on at 0,

24, 48, and 72 h after EK process started. So, approaching

cathodes worked in turn from the first one at 20 cm.

Intensity of electric field was kept at 1 V/cm.

After the EK experiments were over and the cells were

disassembled, the residual Hg concentrations in the soil

were used to calculate the removal efficiency. No special

analysis was performed to extract and analyze the mercury

attached to the anode electrodes and on the cell walls or

trapped.

Analysis of mercury and quality assurance

Soil samples were digested in acid according to EPA

Method 3052-1996 (USEPA Method 1996). The reagents

used in the acid digestion were concentrated HNO3, HCl,

HF, and H2O2. The dwell time and control pressure in the

microwave system followed the sequence of 5 min at

415 kPa, 10 min at 275 kPa, and finally 20 min at 205 kPa.

The liquid obtained was filtered by a 0.45 lm membrane

filter. Mercury was analyzed with an atomic fluorescence

spectrometer (AFS-810, Beijing Titan Instruments Co.

Ltd). The testing procedure and the optimized conditions

were developed according to Martinez-Cortizas et al.

(1999).

Every sample was analyzed three times, and the mean

value was achieved. The accuracy of procedure was

monitored by analysis of reference materials BCR(No. 145,

certified Hg 8.82 ± 0.88 mg/kg) from Commission of the

European Communities. The certified standard samples

were included at every stage of analysis. Other chemical

analyses were repeated for three times.

The speciation of mercury in soil was divided into five

fractions (Shen et al. 2007): (1) exchangeable, (2) bound

to carbonates, (3) bound to Fe–Mn oxides, (4) bound to

organic matter, and (5) residual. Total Hg concentrations

tested using acid digestion method of Paddy Soil I and

Paddy Soil II were 576.73 ± 45.50 and 491.35 ± 4.73

mg/kg, respectively. Sum Hg concentrations of five spe-

ciations using sequential extraction were 536.73 ± 16.23

and 464.23 ± 5.88 mg/kg, respectively. Similarly, the

average percent recovery was about 93.06 and 94.48% for

the sequential extraction process conducted with the two

soil samples. The variation of chemical analysis was

thought to be acceptable.

Results and discussion

Soil physic-chemical characters

Various parameters such as pH, organic matter content,

sand, silt, clay, and cation exchange capacity in soils may

influence the transport of Hg during EK processes. Main

physic-chemical characterization of the experimented soils

was shown in Table 1. The experimented soils were

attributed to the sandy loam according to the USDA clas-

sification system. As the soils contained 6.9–9.4% organic

matter (OM), organic S functional groups (thiols), carboxyl

groups and others in natural organic matter may bind all Hg

in these tested soils. High organic matter content would

decrease the transport and transformations of Hg in soil (de

Oliveira et al. 2007).

Variation of electric current and electrical conductivity

Variation of electric current and electrical conductivity

during SC-EK and AC-EK processes are shown in Figs. 2

and 3, respectively. Electric current is an indication of the

amount of ion electromigration. Electric current decreases

quickly in the first few hours, and declines slowly after-

wards, even though the potential from the power supply is

kept constant. It is because of the loss of ionic strength in

the pore fluid and the increase of resistance polarization:

Ion transport in EK process is like that in electro-dialysis

process. Ions with different charges, positive or negative,

Table 1 Composition and properties of the experimental soil

specimen

Property Paddy Soil I Paddy Soil II

Density (g/cm3) 1.3 1.04

Initial pH (0.01 M CaCl2
solution:soil = 2.5:1)

7.18 7.59

ORP (mV) 180 182

Cation exchange capacity (cmol/

kg)

7.34 11.91

Organic matter (g/kg) 69.40 93.81

Moisture content (%) 10.36 3.06

Hydraulic conductivity (10-5 cm/s) 5.51 2.77

Texture

Sand (%) 77.37 51.15

Silt (%) 12.59 11.42

Clay (%) 10.04 37.43

Hg (mg/kg) 576.73 ± 45.50 491.35 ± 4.73

Environ Geol (2009) 57:1399–1407 1401

123



move to the two ends of the electric cell, which results in a

drop of ionic strength in soils (Ottosen et al. 1997; Shrestha

et al. 2003). Electric current in AC-EK is higher than in

SC-EK. It lied in that ACs method shortened the electrol-

ysis distance, i.e., ion transportation distances. So, more

mobile ions were maintained in the electric cell. This partly

explained the possible mechanism of enhanced Hg removal

in the AC-EK tests. The electrical conductivity near anode

increased gradually and that near cathode decreased

simultaneously during the remediation process in both

series of tests. It is mainly due to that most anions in soils

moved toward the anode and accumulated there.

Variation of pH and Eh (redox potential)

As soils were dunked with sodium citrate solution

(pH = 6.0, 0.1 M) before EK processes, soil pH values of

three samples decreased from the background values 7.18,

7.59 and 8.07–6.30, 6.51 and 6.81, respectively (Fig. 4). It

lies in the soil’s buffering capacity. The soil pH close to

the anode was less than 2.0 after EK (Fig. 4). It was

significantly lower than that of other soil parts, for H+ ions

are produced at the anode. As electrode was washed with

sodium citrate solution during EK, pH values in soil bed

are almost all below 7.0. It is necessary to maintain prop-

erly low pH in the soil specimen when heavy metals are to

be removed by means of EK remediation (Cao et al. 2001).

The soil pH values at anode during AC-EK are less than

those during SC-EK, for more H+ must be produced as

electrolysis distance becomes shorter.

Variations of Eh (redox potential) in the soils are shown

in Fig. 5. The initial Eh values of the tested soils are 180–

184 mV. Before EK treatment soils were soaked with KI/I2

solution (0.1 M KI, 0.025 M I2), and their Eh values reach

360–390 mV. During the 120-h EK treatment, Eh values

near the anode increase linearly, while those near cathode

decrease linearly. Generally, variation ranges of Eh during

AC-EK are less than that during SC-EK. The high Eh for

most of EK-treated soil near the anode indicates highly

oxidizing conditions, while the low Eh near the cathode

indicates reducing conditions. This is due to the electric

potential of DC and its redox reactions at electrodes. The

Eh greatly influences chemical association of Hg on soil

particulates. According to the former work, insoluble Hg in

soils at acidic and high-Eh conditions must be oxidized and

released from soil particles. Oxidation of reduced insoluble

Hg by I2 releases Hg(II), which is complexed as HgI4
2-.

Reactions describing the solubilization of various insoluble

Hg species are given as (Cox et al. 1996):

HgS + I2 + 2I� , HgI2�
4 + S ð1Þ

Hg(l)þ I2 þ 2I� , HgI2�
4 ð2Þ

HgOþ 4I� , HgI2�
4 þ O2�: ð3Þ

Variation of Hg concentration and speciation

Figure 6 gives changes of Hg concentration in soil sam-

ples, with 1 V/cm DC applied for 5 days. Hg concentration

in soils near the cathode decreases quickly and that near

anodes slowly during EK process, because electric field

causes HgI4
2- migration from cathode toward the anode. It

can be seen that migration velocity of Hg concentration is

larger in soil samples near cathode than that away from

cathodes. This difference of migration velocity at various

places lies in electromigration direction and distance of

HgI4
2-. As it is transported from sections near the cathode

to the anode, during EK remediation, the nearer the soil

samples are to the cathode, the higher the HgI4
2- removal

velocities are. After 5 days of SC-EK treatment, 82 and

53% of Hg were removed from soils on the average in

Paddy Soil I and Paddy Soil II, respectively. Simulta-

neously, after 5 days of AC-EK treatment, 92 and 89% of

Hg were removed. Removal ratio reached 1.21 and 1.68
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times as high as those after SC-EK process. It has been

demonstrated that more than half of the removed Hg was

transported to the anode compartment. As for a contami-

nated field soil, some 50% of the total mercury content had

migrated to the anode compartment, and another 25% was

recovered from the soil water in the vicinity of the anode

(Suer and Lifvergren 2003). The left Hg in treated soils was

less than 50 mg/kg and more than 60% of it belongs to

residual speciation (Fig. 7). Although the left Hg content is

still higher than the national standard level of China,

1.5 mg/kg [State Environmental Protection Administration

of China (SEPAC) 1995], it still indicated that this
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modified AC-EK method is effective to remedy mercury-

contaminated field soils. The remaining mercury was too

immobile to be removed by electroremediation with iodide

addition. It may be hypothesized that these compounds

may remain stable for longer periods of time even under

moderate changes in soil chemistry. Consequently,

mercury in soils after electroremediation may pose little

risk to humans and the environment.

The Hg removal ratio from the soil is greatly affected by

the complicated composition, such as the presence of car-

bonates and organic matter, which caused Hg to adsorb to

the soil and/or as an immobile chemical species. It has been
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testified that Hg has an affinity for organic matter (Reddy

et al. 2003). However, the relationship between EK

remediation effect and soil organic matter content has not

been quantificationally studied. Connected with several

types of soil studied by other scholars using EK method an

I-/I2 lixiviant solution before, the relationship between EK

remediation effect and soil organic matter content was

fitted to a linear model (Fig. 8). It showed a great signifi-

cance. It was calculated that when soil OM increases by

1.0%, EK removal ratio (%) of Hg will decrease by 2.63%.

As most field soil was polluted by wastewater-containing

soluble Hg, it could penetrate into the inner sites of OM

lattices. Apparently, diffusion out of deep sites during EK

process was slow. So contents of organic matters in field

soil were significantly negatively correlated with EK

remediation effect.

As an I-/I2 lixiviant solution was used to solubilize

HgS(HgO) during EK process, the bonding to organic

functional S groups (thiols) should be less important than

the binding of Hg to inner sites of organic matter soils. In

loam (4% OM) spiked with HgS, almost 99% of the Hg

was removed after 16 days of EK treatment, to a level of

less than 10 mg/kg. However, only 6% of the Hg was

removed after 14 days of EK treatment from East Fork

Poplar Creek (EFPC) field soil (11% OM), in Oak Ridge,

TN, USA (Cox et al. 1996). Humic and fulvic acids, parts

of OM, in soil have a very high affinity for Hg (Skyllberg

et al. 2000). Destruction of the active sites on humic and

fulvic acids, diffusion from the inner sites of OM lattices

should be the most important. The destruction and diffu-

sion reactions were accelerated when the electrolysis

distance was shortened and electric current increased in the

modified AC-EK. Hence, removal effect was enhanced

with ACs.

For future industrial application, it might be more fea-

sible to use cathode arrays. Besides, electrode distances

and numbers should be balanced when scaling up the

process. AC-EK operation with short distance would save

much time and energy, but it would need many electrodes

which would increase the investment.

Energy consumption and migration effect

With ACs, the distance between anodes and the cathode was

gradually shortened. After working cathodes approached,
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cleaned soils were not yet consume energy. So, less energy

was needed to provide the same migration effect of heavy

metals. Energy consumption per unit volume of soil is

calculated using the following equation (Shen et al. 2007):

Eu ¼
1

Vs

Z
VIdt ð4Þ

where, Vs is volume of soil processed; V is voltage dif-

ference between the electrodes; and I is electric current. Eu

is calculated as kWh m-3.

It is calculated that the energy consumption with ACs is

much lower than that with SC, as shown in Fig. 9. Not only

is treatment effect of 120-h EK with ACs better than that

with SC, but also ACs method can save nearly 26.4–28.1%

electric power. It shows great economic superiority to

remedy field soils heavily contaminated by Hg.

Mechanism

The mechanism that AC-EK method enhances the reme-

diation effect of mercury-contaminated field foils lies in

three main aspects:

(1) Enhance solubilization and transport of the contam-

inated Hg by adding KI/I2 solution (0.1 M KI,

0.025 M I2).

(2) Electromigration of HgI4
2- ions is expedited as

electrode distance is shortened step by step. During

AC-EK process, Eh variation range in soil profile is

reduced. It is tested that when Eh increased by

100 mV, desorption ratio of Hg increased by 17 and

15% from Paddy Soil I and Paddy Soil II,

respectively.

(3) EC is enhanced and cleaned soils do not yet consume

electric power with ACs. As I- ions and HgI4
2- ions

move from the cathode toward the anode, they must

react with active groups in soil solution and on soil

particles during its forward movement. Many types of

reactions occur during the remediation, including

desorption, ion exchange, decomplexation, dissolu-

tion, destruction of the active sites on the soil surface,

diffusion from the inner sites of the crystal lattices,

etc. The destruction and diffusion reactions were

accelerated when the electrolysis distance was short-

ened and electric current increased in the modified

AC-EK. Therefore, removal effect was enhanced with

ACs.

It can be concluded as follows:

HgS(Hg2Cl2) + IK/I2 ? HgI4
2- ? Electromigrating

towards anode ? EC increase and Eh variation decrease

with ACs ? HgI4
2- removal effect improved.
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