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Abstract In this study, bioleaching was coupled with

electrokinetics (BE) to remove heavy metals (Cu, Zn, Cr

and Pb) from contaminated soil. For comparison, bi-

oleaching (BL), electrokinetics (EK), and the chemical

extraction method were also applied alone to remove the

metals. The results showed that the BE method removed

more heavy metals from the contaminated soil than the BL

method or the EK method alone. The BE method was able

to achieve metal solubilization rates of more than 70 % for

Cu, Zn and Cr and of more than 40 % for Pb. Within the

range of low current densities (\1 mA cm-2), higher cur-

rent density led to more metal removal. However, the metal

solubilization rates did not increase with increasing current

density when the current density was higher than

1 mA cm-2. Therefore, it is suggested that bioleaching

coupled with electrokinetics can effectively remediate

heavy metal-contaminated soils and that preliminary tests

should be conducted before field operation to detect the

lowest current density for the greatest metal removal.

Keywords Bioleaching � Electrokinetics � Heavy metal-
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Anthropogenic activities in agriculture and industry have

caused serious environmental problems, including soil

contamination by toxic heavy metals such as Cu, Zn, Cr,

and Pb (Lee et al. 2011). Unlike most organic pollutants,

heavy metals persist in the environment for very long pe-

riods as they are generally non-biodegradable and are

mainly distributed in the soil as either exchangeable, car-

bonate-bound, Fe/Mn oxide-bound, organic matter/sulfide-

bound or residual (Tessier et al. 1979) components. The

exchangeable, carbonate-bound, and Fe/Mn oxide-bound

components are more mobile and bioavailable and conse-

quently more dangerous, whereas the organic matter/sul-

fide-bound and residual fractions are more stable and less

bioavailable (Liu et al. 2008). Heavy metals accumulate in

the pedosphere (Han et al. 2001), are transported to the

groundwater, and enter the food chain, which poses a threat

to plants, animals, and human beings (Maksymiec 2007;

Nahmani et al. 2005). Therefore, effective remediation of

heavy metal-contaminated soils is of great importance for

ecosystems and human health.

Many in situ and ex situ remediation technologies have

been developed for remediating heavy metal-contaminated

soils. Generally, these technologies can be classified into two

categories: the physio-chemical and biological treatments

(Mulligan et al. 2001). Physio-chemical technologies include

solidification/immobilization, extraction, and electrokinetics,

whereas biological methods involve phytoremediation, mi-

crobial precipitation, and bioleaching. Traditional physio-

chemical methods usually have high operational cost and re-

quire high energy with correspondingly low efficiency
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(Martin and Ruby 2004). Biological approaches are consid-

ered cost-effective, efficient and environmentally friendly

(Seidel et al. 2004). As one of the possible bioremediation

techniques, phytoremediation has gained tremendous atten-

tion. However, its disadvantages are that it is time-consuming

and requires the disposal of the harvested plants (Cunningham

et al. 1995). Bioleaching based on the ability of microorgan-

isms to transform solid compounds into soluble and ex-

tractable elements that can be recovered has been rapidly

developed in recent decades (Olson et al. 2003). During bi-

oleaching, iron-oxidizing bacteria (Wong et al. 2004) or sul-

fur-oxidizing bacteria (Villar and Garcia 2006) oxidize the

reduced sulfur or ferrous ions and create acidic conditions

favorable to metal removal. Bioleaching technology has the

advantages of a mild reaction condition without the need for

additives (e.g., acids, chelators) that are needed in physio-

chemical processes, low energy consumption, simplicity

compared with excavation and soil washing, and low envi-

ronmental damage. Yet, because of the time it takes for the

bacteria to be stimulated, the method requires a long op-

erational period, which has prevented its practical application

on a large scale (Nareshkumar et al. 2008).

Electrokinetic remediation technology can simultane-

ously recover multiple metal pollutants (Wang et al. 2005).

A combination of electrokinetics and bioremediation has

been reported to enhance the biodegradation of organic

pollutants (Wick et al. 2007), but few attempts have been

made to apply the integrated method to remove heavy

metals. This is likely because of the non-degradable nature

of heavy metals. Maini et al. (2000) demonstrated that

bioleaching can be combined with electrokinetics to en-

hance Cu removal from contaminated soil by amending

sulfur.

In this study, bioleaching was coupled with electroki-

netics to remove Cu, Zn, Cr, and Pb from the polluted soils.

In addition, FeSO4 was amended to the soil to activate the

indigenous iron oxidizing bacteria.

Materials and Methods

Soil used in this study was taken from a demolished

electroplating plant site located in Jingzhou City, China.

After stones and plastic debris were removed from the soil

surface, a soil composite sample from the top 20 cm layer

was taken using a plastic scoop, immediately transported to

the laboratory in airtight polythene bags using a cooler at

4�C, and stored at 4�C until use. The soil had an organic

matter content of 8.3 % and a cation exchange capacity

(CEC) of 19.5 cmol kg-1. The soil consisted of 12.3 %

clay, 42.6 % silt, and 45.1 % sand. The soil pH was de-

termined with a water/dry soil ratio of 2.5:1 using a pH

meter. To determine the total heavy metal contents, the soil

sample was digested using the method of Ure (1995) and

the metal concentrations were measured using an atomic

absorption spectrophotometer (Vario-6, Analytik Jena,

Germany). Fractionation of the heavy metals present in the

soil was carried out by selective sequential extraction fol-

lowing the methods of Tessier et al. (1979).

The concentrations of Cu, Zn, and Cr exceed the En-

vironmental Quality Standards for Soils (GB15618-1995)

in China, whereas the total content of Pb was close to the

standard (Table 1). Only a minor fraction of the four metals

was exchangeable (Fig. 1). The predominant fraction of

Cu, Zn and Cr was organic matter/sulfide-bound, followed

by the component in the residual form. For Pb, nearly 50 %

was in the residual form; the second largest fraction was

the Fe/Mn oxide-bound metals.

All chemicals used were of analytical grade and were

used as received. Deionized water was used for all

analyses.

The collected fresh soil sample was incubated for iron-

oxidizing bacteria enrichment. A 10 g soil sample was

mixed with 250 mL deionized water in a 500-mL Erlen-

meyer flask, and FeSO4�7H2O was added at a final con-

centration of 20 g L-1 as an energy source for the iron-

oxidizing bacteria. The Erlenmeyer flask was agitated on a

gyratory shaker (HZQ-X300C, China) at 200 rpm and

30�C until the pH dropped to 2.0. Then, 25 mL of the soil

suspension was taken and transferred to a 500-mL Erlen-

meyer flask containing 250 mL of deionized water and

20 g L-1 of FeSO4�7H2O. The above enrichment proce-

dure was repeated three times, and the soil slurry obtained

was used as an inoculum.

A self-designed experimental device, as shown in Fig. 2,

was used in the bioleaching experiment. The main body of

the device is an open PVC cell of 26 cm 9 10 cm 9

15 cm (length 9 width 9 height). Two clapboards of

10 cm 9 15 cm (length 9 height) with fiberglass filter

papers (0.45 lm) on both sides were used to separate the

cell into three subcells with sizes of 3 cm 9 10 cm 9

15 cm (length 9 width 9 height), 20 cm 9 10 cm 9

15 cm (length 9 width 9 height), and 3 cm 9 10 cm 9

15 cm (length 9 width 9 height). Two graphite electrodes

with a diameter of 1 cm and a length of 15 cm were in-

serted into the two smaller subcells, and the electrodes

were connected with a direct current power supply

(WYK301B4, EKSI). An aerator pipe with a diameter of

10 mm and a length of 16 cm was placed so that it was

approximately 1 cm away from the bottom of the middle

soil chamber. The PVC cell was placed in a constant

temperature water bath (GDH-0530, China) at 30�C for the

entire experiment.

Many studies have noted the importance of the solid

content in bioleaching efficiency. For example, high solid

content may result in a decrease in the metal solubilization
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(Kim et al. 2005) as collision and friction between solid

particles could cause a decrease in the oxidation activity of

bacterial cells (Liu et al. 2007). In this study, a solid

content of 4 % was employed when preparing the soil

slurry. Considering that the fluid shear rate had little ad-

verse effect on the oxidation activity of the bacterial cells

in the bioleaching process (Liu et al. 2007), an agitation

speed of 200 rpm was used.

To evaluate the advantages of a combination of bi-

oleaching and electrokinetics over chemical extraction,

bioleaching or electrokinetics alone for the removal of

heavy metals from contaminated soils, four treatments

were set up: bioleaching combined with electrokinetics

(BE), electrokinetics (EK), bioleaching (BL), and chemical

extraction (CE). For the BE treatment, the soil suspension

was prepared by mixing a 40 g soil sample with 1000 mL

of deionized water and FeSO4�7H2O was added at a final

concentration of 10 g L-1. Inoculum was added at 10 %

(v/v). The mixture was added to the middle soil chamber of

the PVC cell. The aerator pipe was pumped with air to

ensure an effective supply of oxygen and to ensure ho-

mogeneity of the soil suspension. Using peristaltic pumps,

tap water was pumped into the anode and cathode com-

partments to be used as electrolyte solutions. The EK

treatment was identical to the BE treatment except that no

FeSO4�7H2O was added and the soil suspension was not

inoculated. Samples were taken every day for 6 days for

the BE and EK treatments. For the BL treatment, only

220 mL of soil slurry of the same solid content (4 %) was

used and FeSO4�7H2O was added at a final concentration of

10 g L-1. The slurry was incubated at 30�C and 200 rpm

for 18 days. Samples were taken every day for the first

6 days and every other day for another 12 days. For the CE

treatment, 200 mL of soil slurry of the same solid content

(4 %) was prepared, acidified to a pH of 2.0 using

0.1 mol L-1 H2SO4 and incubated at 30�C and 200 rpm for

24 h. For the BE treatment, the effects of current density on

the heavy metal solubilization rate were also evaluated by

applying direct current densities of 0, 0.25, 0.5, 0.75, 1,

1.25 and 1.5 mA cm-2.

All the experiments were conducted in triplicate, and the

results were reported as the mean ± SD (standard

deviation).

Results and Discussion

The pH is the most important operating parameter influ-

encing the metal solubilization during bioleaching (Du

et al. 1995). The soil had an initial pH of 6.8. As shown in

Fig. 3, in all three treatments (BL, EK and BE), the pH

dropped rapidly with time and the pH in the BE treatment

decreased most rapidly, followed by those in the BL and

EK treatments. At day 6, the pH in the BE treatment

dropped to 2 and the pH in the EK treatment was just

slightly lower than 4. In addition, it took as long as 18 days

for the pH to drop to 2 in the BL treatment. A rapid de-

crease in the pH led to a rapid dissolution of the metals,

which is favorable for efficient metal removal and has been

commonly documented in the literature (Zagury et al.

1994). The acidification can be attributed to the precipita-

tion of ferric ions in the form of jarosite because the net

Table 1 Heavy metal contents

(mean ± SD) in the soil sample

* Environmental quality

standards for soils in China

(GB15618-1995)

Heavy metal Content (mg kg-1 soil DW) GB15618-1995* (mg kg-1 soil DW)

Cu 632.86 ± 20.14 \400

Zn 1584.35 ± 44.25 \500

Pb 483.64 ± 18.52 \500

Cr 864.75 ± 23.61 \300

Cu Zn Cr Pb
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Fig. 1 Metal fractions in the contaminated soil used

Fig. 2 A schematic diagram of the experimental device
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reactions resulting in jarosite formation are acid yielding

(Blais et al. 1993). The protons released into the liquid

phase can replace heavy metals adsorbed on the soil par-

ticles (Chen and Lin 2001) and can also help dissolve the

carbonate-bound fraction. The reason for the rapid pH drop

in the BE treatment was that the growth and metabolic

activities of iron oxidizing bacteria created a favorable

acidic condition for electrokinetics, which in turn

stimulated the growth of the bacteria. Consequently, the pH

continuously decreased as a result of this feedback.

After the soil was treated via bioleaching, electrokinetics

or a combination of the two, the four metals began to

dissolve into the soil solution due to the decreasing pH in the

systems (Fig. 4). Metal solubilization rates increased with

time in all the treatments. It is expected that the soluble

fraction mainly came from the exchangeable and carbonate-

bound portions of the heavy metals. Previous studies have

shown that copper bound to the exchangeable and carbonate

states were completely solubilized by bioleaching (Naresh

Kumar and Nagendran 2009). The Fe/Mn oxide-bound

fraction might be partly solubilized, whereas solubilization

of the residual fraction might be minimum. Among the three

treatments, BE displayed the highest efficiency in metal

solubilization, achieving the highest metal solubilization

rates within the same time period. For 6 days, the solubi-

lization rates of Cu, Zn and Cr in BE treatments achieved

approximately 70 %, followed by 60 % in BL and 40 % in

EK. In other words, the coupling of electrokinetics with

bioleaching can effectively lower the metal contents in the

soil to environmentally safe levels, improve remediation

efficiency and shorten the operation time of bioleaching. All

three remediation methods appeared to be more effective on

Cu, Zn and Cr solubilization than Pb solubilization. Low Pb

solubilization had also been observed by other scientists

(Nareshkumar et al. 2008), which may be related to the high

proportion of the residual fraction of Pb. Another causal

factor may be the presence of high amounts of sulfate (as

FeSO4 was amended), which led to the formation of lead

sulfate, a compound with very low solubility (Ksp = 1.62 9

10-8) (Mercier et al. 1996).
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Fig. 3 pH changes during the implementation of the remediation

methods
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Fig. 4 Metal solubilization

rates in the different treatments
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As observed in Fig. 5, the current density influenced the

metal solubilization when the heavy metal-contaminated

soil was treated with a combination of bioleaching and

electrokinetics. Generally, when a higher current density

was applied, a higher metal solubilization rate was

achieved. This was more prominent when the current

density was \1 mA cm-2. When the current density was

higher than 1 mA cm-2, a further increase in the current

density did not produce a better metal solubilization rate

than the value at 1 mA cm-2. That is to say, a higher

current density does not necessarily produce greater metal

solubilization. In real operations, preliminary studies

should be performed to determine the optimum current

density value at which the highest metal removal rate can

be achieved with minimal energy input.

It is clearly shown in Fig. 6 that of the five remediation

methods, BE achieved the highest metal solubilization

rates. The five methods can be ordered by decreasing

solubilization rates as BE, 18-day BL, 6-day BL, CE, and

EK for Cu, Zn and Cr, or as BE, 18-day BL, EK, 6-day BL,

and CE for Pb. In other words, the combination of bi-

oleaching and electrokinetics can remove more metal than

bioleaching or electrokinetics alone in an equivalent or

even shorter amount of time. After remediation with the

integrated technology of bioleaching coupled with elec-

trokinetics, the contents of the four heavy metals decreased

to below their corresponding critical values based on the

Environmental Quality Standards for Soils in China

(GB15618-1995) (Table 2). In addition, the advantage of

this method over the other four methods was most clearly

exhibited for Cr as none of the other four methods was able

to decrease the Cr content to an environmentally safe level.

For BL, after the reduced sulfur or ferrous ion is oxidized

by the bacteria, heavy metals coexisting with the primary

sulfide minerals lose their stability. In addition, the final

product of the oxidation process, H2SO4, increases the

metal mobility by decreasing the soil pH. However, the

mobilized heavy metals are not effectively separated from

the soil. Applying an electric field, as is done for the

electrokinetics method, can enhance metal migration by

reducing the electrical resistance of the soil (Lee et al.

2009). This explains the synergistic effect of the BE

method in metal removal from contaminated soils.

Lee et al. (2011) have also reported that the BE ap-

proach improves the metal removal performance compared

to that of EK. However, lower metal removal efficiencies

(20 %–50 % for Cu, Zn, Cr and Pb) were achieved in their

study, which can be attributed to the fact that the metals

existed in relatively strongly bound chemical forms. The

findings in this study show that BE is a promising tech-

nology for the cleanup of heavy metal-contaminated soils

as it is less time-consuming compared with phytoreme-

diation and has been proven to work well for soils with a

high content of fines (silt/clay) (Lee and Kim 2010), for

which soil washing fails to yield good results. When
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Fig. 5 Effects of current density on metal solubilization rates (only

the results for the BE treatment are shown)
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Table 2 Heavy metal contents

(mg kg-1 soil DW,

mean ± SD) in soil after

remediation

Method Cu Zn Cr Pb

6-day BL 313.90 ± 10.65 640.08 ± 22.18 396.06 ± 14.58 395.62 ± 9.78

18-day BL 225.93 ± 8.21 467.38 ± 16.54 309.58 ± 10.69 327.42 ± 11.37

CE 346.17 ± 11.30 838.12 ± 25.66 546.52 ± 22.08 458.01 ± 12.9

EK 425.28 ± 16.49 891.99 ± 30.72 592.35 ± 19.60 376.76 ± 13.85

BE 159.48 ± 6.87 437.28 ± 18.12 261.15 ± 9.15 277.61 ± 8.62
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implemented in practice, EDTA can be employed to en-

hance the performance of BE in terms of Pb removal (Lee

and Kim 2010).
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