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bstract

Effects of sodium hypochlorite (NaClO), applied as an oxidant in catholyte, and high pH buffer solution on soil Cr removal and the functional
iversity of soil microbial community during enhanced electrokinetic treatments of a chromium (Cr) contaminated red soil are evaluated. Using
H control system to maintain high alkalinity of soil together with the use of NaClO increased the electrical conductivities of soil pore liquid and
lectroosmotic flux compared with the control (Exp-01). The pH control and NaClO improved the removal of Cr(VI) and total Cr from the soil. The
ighest removal percentages of soil Cr(VI) and total Cr were 96 and 72%, respectively, in Exp-04 when the pH value of the anolyte was controlled
t 10 and NaClO was added in the catholyte. The alkaline soil environment and introduction of NaClO in the soil enhanced the desorption of

r(VI) from the soil and promoted Cr(III) oxidation to mobile Cr(VI), respectively. However, the elevated pH and introduction of NaClO in the

oil, which are necessary for improving the removal efficiency of soil Cr, resulted in a significantly adverse impact on the functional diversity of
oil microbial community. It suggests that to assess the negative impact of extreme conditions for enhancing the extraction efficiencies of Cr on
he soil properties and function is necessary.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, electrokinetic soil remediation has shown
ast development and its application has gained an increasing
nterest around the world [1–3], in which a direct current is
pplied in polluted soil to drive the transport of pollutants from
oil towards electrodes by electromigration, electroosmosis and
lectrophoresis. However, its application on Cr contaminated
oils is complex because Cr usually exists in two different
alences; Cr(III) and Cr(VI), depending on the soil environment.
r(III) exists as cations, while Cr(VI) usually existed as toxic
xyanions hydrochromate (HCrO4

−), dichromate (Cr2O7
2−)
nd chromate (CrO4
2−). As a result of electric field application,

r(VI) oxyanions migrate towards the anode [4]. On the other
and, cationic Cr(III) migrates towards the cathode. Although

∗ Corresponding author. Tel.: +86 25 86881180; fax: +86 25 86881180.
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nctional diversity

r(III) is less toxic than Cr(VI) and less practically removed
rom soil, it can be oxidized into mobile and toxic Cr(VI) in
ertain conditions such as by MnO2 [5].

Several studies exist on the electrokinetic treatment of soil
r(III). Using lactic acid [6], citric acid, ethylene diamine

etraacetic acid (EDTA) and sodium dodecyl sulfate (SDS)
7,8] as complexing reagents, improved solubility and mobility
f Cr(III) in clays and correspondingly enhanced its removal.
ut, it is difficult to meet similar removal efficiencies in real

oil because Cr(III) strongly adsorbed in soil or existed as
hromite. When pH > 11, the remediation efficiency of soil
r(III) improves, because it can form mobile anionic hydroxyl
omplexes Cr(OH)4

− and Cr(OH)5
2− [9].

Adding oxidant in soil is an alternative for increasing the
reatment and extraction effectiveness of Cr(III) by oxidizing

r(III) into Cr(VI). The extent and effect of Cr(III) oxidation
n the electrokinetic remedial efficiency in manganese-enriched
lay has been assessed. In the presence of manganese, oxida-
ion of Cr(III) to Cr(VI) ranged from 67% in kaolin to 28% in

mailto:dmzhou@issas.ac.cn
dx.doi.org/10.1016/j.jhazmat.2006.07.067
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Table 1
Selected soil physicochemical characteristics

pH1:2.5 EC (�S cm−1) OM (g kg−1) CEC (cmol kg−1) Soil texture (�m, %) Heavy metal (mg kg−1)
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.81 28 22.5 12.2 24.6

lacial till, before the application of electric potential [5]. How-
ver, Cr(VI) adsorbed to soil surfaces near anode region due
o low soil pH environment which was resulted from the H+

roduction at anode during electrokinetic [10–13], and corre-
pondingly limited Cr(VI) removal from soil. For a glacial till
ith high pH, Cr(VI) adsorption was low which resulted in a
igh Cr(VI) removal during the electrokinetics [9]. NaClO can
xidize soil Cr(III) into mobile Cr(VI). Therefore, to obtain a
uantitative removal of chromium with electrokinetic treatment,
he success of the process is governed by the control of alkaline
H and by the injection of oxidant in the soil sample [14]. The
se of alkaline and oxidizing environments resulted in removal
f almost all chromium from kaolinite after 18 day and removal
f 74% of chromium from natural soil after 27 day.

However, the effect of increasing the alkalinity and adding an
xidant in electrokinetic treatment on soil properties is unclear.
he objective of this paper is to optimize the treatment condi-

ions and to evaluate the effect of injecting NaClO together with
lectrolyte control at high pH in a chromium-contaminated red
oil on the electrokinetic processes and the functional diversity
f soil microbial community performed by BIOLOG analysis.

. Materials and methods

.1. Soils

The red soil (Hapludults) was sampled from the top 20 to
0 cm of an uncultivated land in Yingtan, Jiangxi province. The
oil was air-dried, ground, and sieved through a 0.84 mm diam-
ter sieve. Physicochemical characteristics of the soil are listed
n Table 1. Soil pH and EC were measured by preparing a slurry
f 1:2.5 soil to water ratio and using a pH meter and an EC
eter, respectively. Soil Cu, Pb, Zn, Cr, Cd were analyzed by
Hitachi 180–80 atomic absorbance spectrometer (AAS) after
igesting 0.5 g of soil with HF–HNO3–HClO4. Two certified
eference soil samples were used for quality control of the ana-
ytical results. Soil Cr(VI) was analyzed by USEPA method

060A. According to the method, 2.5 g of soil was extracted
y 50 mL of 20 g L−1 NaOH and 30 g L−1 Na2CO3 and 0.5 mL
f 1.0 mol L−1 phosphate buffer (pH 7.0) at 90–95 ◦C for 1 h,
nd then adjusted with 5.0 mol L−1 HNO3 to pH 7.5 ± 0.5 and

i
a
c
e

able 2
xperimental design of the electrokinetic treatments (t = 492 h)

Anolyte Catholyte V

xp-01 Deionized water Deionized water 2
xp-02 Phosphate buffer Deionized water 2
xp-03 Phosphate buffer Phosphate buffer 2
xp-04 Phosphate buffer Phosphate buffer + 0.1% NaClO 2
10–50 50–250 >250 Cr Cu Zn Pb Cd

22.5 24.3 4.0 78.1 19.3 57.0 31.3 0.07

ltered through a 0.45 �m membrane. The Cr(VI) concentration
n the supernatant was determined by AAS.

The Cr polluted soil was prepared by spiking 1 L of
000 mg Cr(VI) L−l solution with 1000 g soil to produce a final
r concentration of 1000 mg kg−1. The soil was thoroughly
ixed, maintained in a pot, and was covered with 2 cm water

t room temperature. After curing the mix for 1 month, the soil
as air-dried, crushed, sieved through a 20-mesh sieve again,

nd was preserved for experimental testing. The pH, EC, total
r and Cr(VI) of the contaminated red soil after the cultivation
ere 4.56, 2.65 × 102 �S cm−1, 1009 and 488 mg kg−1, respec-

ively.

.2. Methods

The set-up used for the electrokinetic experiments consists
f a soil column, two electrode reservoirs, an electric power
upply, and a four-channel peristaltic pump, as shown in Fig. 1.
he peristaltic pump was used for circulating the electrolyte in

he electrode reservoirs at a flow rate of 18 mL min−1. Square
itanium alloy sheets (3 cm × 3 cm) were used as the working
lectrodes. The soil column was a 12 cm long PVC cylinder
ith an inner diameter of 6.6 cm. Two porous plates of fritted
lass were used for preventing soil dispersion or leakage from
oil column to electrode reservoirs.

About 580 g of soil was compacted in the soil column. The
et-up was assembled and deionized water was cycled for 24 h
rior to the application of electric current. A DC voltage was
pplied to the cell and water or pH buffer solutions (pH 10),
epending on the test conditions, were cycled through the anode
nd cathode reservoirs. A pH control system was used to control
he rate of addition of the buffer solution and to keep its pH at
0. Four experiments were performed, and shown in Table 2.
xp-01 is a control without any enhancing conditions, Exp-02

s a treatment by controlling the anolyte pH at 10, Exp-03 is
o examine the electrokinetic treatment using phosphate buffer
olutions (pH 10) as the anolyte and catholyte both, and Exp-04

s another treatment similar to Exp-03 except 0.1% NaClO was
dded in the catholyte. The amount of electroosmotic flow was
alculated by measuring the change of anolyte volume. At the
nd of testing, the DC source was disconnected, the set-up was

oltage pH control at 10

0 V No control
0 V Anolyte only
0 V and then decreased to 10 V after 350 h treatment Anolyte only
0 V and then decreased to 10 V after 160 h treatment Anolyte only
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ig. 1. A schematic of the electrokinetic laboratory apparatus. 1, DC power su
ritted glass membrane; 8, anode chamber; 9, cathode chamber; 10, anodic solu
ottle; 14, pH electrode.

ismantled and the soil column was cut into five equal sections
hat were labeled S1 to S5 from the anode to cathode.

.3. Soil subsamples analysis

The pH and EC of soil subsamples after electrokinetic treat-
ents were measured by preparing a slurry of 1:2.5 fresh soil

o water ratio and using a pH meter and an EC meter, respec-
ively. The soil subsamples, used for the analysis of total Cr,
r(VI) and BIOLOG, were air-dried, and ground to pass through
0.149 mm diameter screen.

The soil subsamples were analyzed by BIOLOG (Hayward,
alifornia, USA) to determine the response of soil microbial
ommunities to the electrokinetic treatment. There are 96 reac-
ion wells in the BIOLOG EcoPlatesTM, which are equally
ivided into three groups. Each group consisted of one con-
rol, four polymers, six amino acids, seven carbohydrates, two
mines, nine carboxylic acids, and three phenols. The com-
ositions of the soil microbial communities were analyzed
ccording to the well color change induced by their utiliza-
ion of various C-sources. The samples for BIOLOG analy-
is were S1 and S5 in Exp-01, S3 in Exp-03, S2 and S5 in
xp-04. An uncontaminated red soil sample (S0) was used as
ontrol.

Soil suspensions were used for BIOLOG analysis. The soil
upernatants were prepared as follows: first, 5.0 g of dried fresh
oil was placed in a plastic tube, equilibrated with 45 mL of
terilized 0.85% NaCl solution, and shaken for 30 min. The soil
olution was then held for 5 min. Five millilitre of the suspen-
ion was fetched, diluted in 45 mL of sterilized 0.85% NaCl
olution, and added into the BIOLOG ECO test plate. One hun-
red and twenty-five microliter of the solution was added to each
ell by an eight-channel injection. After 0, 24, 48, 72, 96, 120,

68 and 240 h, the absorbance was read by a Microtiter-plate
eader (Microstation 3, BIOLOG Inc., Hayward, CA) at 590 nm,
espectively, and the average well color development (AWCD)
as calculated using the equation of AWCD = �(C − R)/31,

i
w
r
d

2, soil cell; 3, anode; 4, cathode; 5, peristaltic pump; 6, passive electrode; 7,
reservoir; 11, cathodic solution reservoir; 12, pH controller; 13, stock solution

here C and R are absorbance in each C-source well and
he control, respectively [15]. After 168 h of cultivation, the
tilization of various C-sources by soil microbial community
as analyzed. The repeatability of the test results was within
5%.

. Results and discussion

.1. Electric current and electroosmotic flow

Fig. 2 shows the changes of electric current and electroos-
otic flow across the soil column with time in different treat-
ents. The electric current in Exp-01 (no pH control) was rel-

tively low. A similar result was obtained in Exp-02, although
he anolyte pH was controlled at 10. However, the current in
xp-03 increased to a high value with treatment time when both

he anolyte and catholyte were pH 10 phosphate buffer solu-
ion, which is ascribed to the ions in the anolyte and catholyte
iffused and electromigrated into the soil column together. The
ons broke through the column, and correspondingly increased
he current. The results of soil EC were also consistent with this
esult.

In Exp-04, the electric current was very small at the beginning
f the tests. It started to gradually increase after about 200 and
00 h in Exp-03 and Exp-04, respectively. The difference of the
ime for the initial increase of the electric current in Exp-03
nd Exp-04 is due to the presence of NaClO. The increase in
he electric current in Exp-04 occurred sooner and was more
ronounced than that in Exp-03, because NaClO addition in the
atholyte increased its EC.

Due to the significant increase in the electric currents, the
pplied voltages were reduced from 20 to 10 V in Exp-03 and
xp-04 after 350 and 160 h, respectively. This was not observed
n Exp-01 and Exp-02 because water applied in Exp-01 and
ater and pH buffer solution applied as catholyte and anolyte,

espectively, in Exp-02 resulted in small quantity of ions intro-
uced into the soil column.
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ig. 2. Change of electric current (A) and cumulative electroosmotic flow (B) wi
oltage drop from 20 to 10 V. Positive and negative values in (B) represent the e

Electroosmosis is affected by soil surface charge, pore liquid
onic strength, and voltage applied [1]. The electroosmotic flux
rom the cathode towards the anode were small in Exp-01 and
xp-02. As shown in Table 1, the red soil is a variably charged
oil (PZC 3.30), and has significantly positive surface charge at
ow pH value. This is consistent with the previous results [16].
owever, the soil surface charge was predominantly negative

n Exp-03 and Exp-04 due to the high alkalinity of both the
nolyte and catholyte. Accordingly significant electroosmotic
ow occurred towards the cathode and the flow rate increased
long with the increase of the electric current.

.2. Soil pH and EC

Fig. 3 shows the pH and EC of the subsamples collected
rom different electrokinetic experiments. The soil pH varied to
ifferent extent compared with the initial conditions because of
lectrode reactions and pH control of the electrolytes.

In Exp-01, soil pH in the sections 5 (close to the cathode, as

5) and 1 (close to the anode, as S1) increased and decreased,
espectively, compared to the initial value, which is due to the
ormation and transport of H+ and OH− ions at the anode and
athode, respectively [2,17]. In Exp-02, the anolyte pH was con-

d
b
t

Fig. 3. Soil pH (A) and EC (B) before a
e during electrokinetic treatment. Arrows in (A) means the change of application
osmotic flow towards the cathode and the anode, respectively.

rolled at pH 10, but soil pH in the S1 increased only slightly
ompared with the soil pH before treatment. It is ascribed to the
igh buffer capacity of the red soil for OH− ions and only lim-
ted ions introduced into the soil column, which was affirmed
y the low current in Exp-02. The soil pH close to the cathode
lightly increased compared to the initial value. When pH 10
hosphate buffer solution was used as the anolyte and catholyte
imultaneously (Exp-03 and Exp-04), they increased to high
alues, suggesting a successful pH control of the electrolytes.
ompared with the pH control solution (pH 10), the soil pH after

he electrokinetic treatments increased to 12, which is due to the
ntroduction of OH− ions from the catholyte.

Soil EC after the treatments increased compared to the ini-
ial conditions (Fig. 3B). It is ascribed to the transport of ions
rom electroytes into the soil as a consequence of pH control
f the electrolytes. The soil EC values in Exp-03 and Exp-04
ere higher than that in Exp-01 and Exp-02. This tendency was

n accordance with the change of electric current, as described
bove.
The EC profile of the soil subsamples in Exp-01 and Exp-02
ecreased from the anode towards the cathode. However, the
ehaviors were different in Exp-03 and Exp-04 as the conduc-
ivity increased from the anode towards the cathode. In Exp-01

nd after electrokinetic treatment.
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Fig. 4. Concentrations of Cr(VI) (A) and total Cr (

nd Exp-02, the OH− ions migrated from the catholyte into the
oil column and reacted with cations Cr3+, Ca2+, Mg2+ in soil
ore liquid to form metal hydroxide precipitation. The soil EC
lose to the cathode was correspondingly reduced. However, the
C in the catholyte containing NaClO was higher than that in

he anolyte in Exp-04, which resulted in higher soil EC in the
ections close to cathode.

.3. Soil Cr(VI) and total Cr

Fig. 4 shows the final concentration profiles of Cr(VI) and
otal Cr in the soil subsamples after electrokinetic treatments. In
xp-01 and Exp-02, the distribution of soil Cr showed accumula-

ion and a peak in the middle sections, and the total concentration
f soil Cr was low in the sections closed to the cathode. Cr(VI)
xists in soil as oxyanions HCrO4

−, Cr2O7
2− and CrO4

2−,
hich migrate towards the anode in the electric field. There-

ore, the concentrations of Cr(VI) decreased in the subsamples
ollected near the cathode and increased in the soil sections close
o the anode in both Exp-01 and Exp-02. In Exp-03 and Exp-
4, the concentrations of Cr(VI) and total Cr in the soil were
ignificantly lower than initial values.

Table 3 shows the amounts of total soil Cr before and after
he electrokinetic treatments. The result indicates that Cr mainly

igrates towards the anode reservoir in the form of Cr(VI) and
ts concentration in the catholyte was very small. While most
f the Cr remained in the soil column in Exp-01 and Exp-02,

ignificant amount of Cr migrated and was extracted at the anode
s Cr(VI) in Exp-03 and Exp-04.

The mass balance was underestimated in Exp-03 and over-
stimated in Exp-04. In fact, the underestimation of Cr mass

C
t

C

able 3
hromium mass balance

reatment Initial total
Cr (mg)

Initial Cr(VI)
(mg)

Cr amount after treatment

Residual soil
Cr (mg)

Remova
percenta

xp-01 566 251 524 7.4
xp-02 571 254 550 3.7
xp-03 571 254 159 72
xp-04 566 251 161 72
the soil subsamples after electrokinetic treatment.

alance in Exp-03 means that the residual Cr should be higher
han our determination because of the difficulty to accurately
nalyze the remaining Cr in soil column. It also means that
here are more Cr residual in the soil column in Exp-03 than that
hown in Fig. 4B. So, although the Cr results in Fig. 4 are similar
etween Exp-03 and Exp-04, the remediation result in Exp-04 is
etter than in Exp-03. The better results are due to the enhanced
xidation of soil Cr(III) to mobile Cr(VI) when NaClO was
ntroduced into the soil column. In addition, the recovered total
r(VI) amount in the anolyte in Exp-04 (456 mg) was higher

han the initial soil Cr(VI) amount (251 mg). No such signif-
cant change occurred in Exp-03. It means that the increased
r(VI) was due to the oxidation of Cr(III) in soil column during

he electrokinetic treatments.
Since the soil was spiked by potassium dichromate, Cr(VI)

eacted with the soil components, such as the soil organic matter,
o form Cr(III) which precipitates and/or is highly adsorbed in
he soil. The soil pH increased and a highly alkaline environment
eveloped across the soil column as a result of the enhanced
lectrokinetic treatment by using phosphate buffer solution as
he anolyte and catholyte both in Exp-03 and Exp-04. Fig. 3
hows that the soil pH was around 12 after the electrokinetic
reatment. Under this strongly alkaline environment, Cr(III) will
ndergo the following reactions:

r(OH)3(s) + 3OH− → Cr(OH)6
3−
r(OH)6
3− could be written as CrO2

−, which can be oxidized
o Cr(VI) [14]:

rO2
− + 4OH− → CrO4

2−(yellow) + 2H2O + 3e−

Recovery (%)

l
ge (%)

Anolyte Cr (mg) Catholyte Cr (mg)

31.8 0 98
59.0 0 107

307 0.3 82
456 0 109
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ig. 5. Change of AWCD of soil subsamples after electrokinetic treatments with
ultivation time (S0 is the control).

Under the applied electric field, CrO4
2− will migrate towards

he anode, which is why Cr(VI) appeared, in amounts that exceed
he initial soil Cr(VI), in the anolyte in Exp-03 and Exp-04.

When NaClO was used as oxidant in the system, more
mounts of Cr(III) was oxidized into Cr(VI) causing higher
emoval of Cr(VI) in Exp-04 than in Exp-03. The effect of
ypochlorite on oxidation and extraction of Cr can be described
y the following equation:

ClO− + 2CrO2
− + 2OH− → 2CrO4

2− + 3Cl− + H2O

.4. Soil microbial functional diversity

As a result of the electrokinetic treatment, changes in the
oil environmental conditions, such as pH and Eh, due to elec-
rolysis and amendments will impact the microbial function.
owever, there are limited studies on the potential impacts of

he electrokinetic treatment on microbial culture and behavior.
ecently, Lear et al. [18] investigated the effect of electrokinetic

reatment on the microbial communities of an uncontaminated
oil and reported that such effect was weak.

Fig. 5 shows the change of AWCD of the soil subsamples after
he electrokinetic treatments with cultivation time. For the con-
rol (S0), the change of AWCD with time was greater than that of
1 in Exp-01, S3 in Exp-03, S2 and S5 in Exp-04, and the order
as S0 > S1 in Exp-01 > S5 in Exp-04 > S2 in Exp-2 > S3 in Exp-
3. However, the S5 in Exp-01 showed a significant increase
ith the cultivation period, especially after 168 h of cultivation.
ompared with the control, fewer C-sources were utilized in S1

n Exp-01, S3 in Exp-03, S2 and S5 in Exp-04, suggesting that
he activities of the microbial community in these soils were
educed. The decreased activities of soil microbial community
re possibly ascribed to the big change of soil pH in these soil
ections.

The microbial community of S5 in Exp-01 effectively uti-
ized various C-sources. Although S1 and S5 in Exp-01 are soil

ubsamples collected from the same experiment, their AWCD
alues differed, which is mainly due to the difference of soil EC
nd soil pH. The pH values of S0 and S5 in Exp-01 were 4.8
nd 5.9, respectively. S1 in Exp-01 has a low pH (3.0), and S3 in

F
o
C

ig. 6. Utilization of different C-sources by soil microbial community after
68 h of cultivation (PY, polymers; AC, amino acids; CB, carbohydrates; AN,
mines; CA, carboxylic acids; PN, phenols).

xp-03, S2 and S5 in Exp-04 have high pH (varied from 11.9 to
2.4). The ECs of S0, S1 and S5 in Exp-01 were in the range of
8–92 �S cm−1. However, the ECs of S3 in Exp-03, S2 and S5
n Exp-04 varied from 3100 to 5700 �S cm−1, respectively. The
ifferences are significant. Clearly, the changes of soil microbial
ommunity are related to the soil pH and EC.

Fig. 6 shows the utilization of various C-sources by the soil
icrobial community after 168 h of cultivation. Soil subsam-

les exhibited various capacities to utilize various C-sources.
or the control, the soil microbial community mainly utilized
olymers, carbohydrates and phenols. For S1, the soil micro-
ial community utilized more amino acids and amines, and
ess polymers, carboxylic acids and phenols. For S5, the soil
icrobial community utilized more polymers, carbohydrates

nd carboxylic acid and less amines. However, the utilization
f C-sources by soil microbial community in S3 in Exp-03, S2
n Exp-04, and S5 in Exp-04 were low, especially of polymers,
arbohydrates and phenols. These results indicate the treatments
xp-03 and Exp-04 had adverse effect on the soil microbial

unction. It suggests that electrokinetic treatment had a negative
mpact on the microbial although contaminants were effectively
educed.

. Conclusions

The enhanced electrokinetic treatment of the chromium-
ontaminated red soil is successful for the removal of soil
r, especially soil Cr(VI), but the functional diversity of soil
icrobial community decreased when high pH buffer solution

nd NaClO were applied. Therefore, new enhancing conditions
hich can not only improve soil Cr removal but also restore the

unction of Cr contaminated soil simultaneously will be neces-
ary for the practical application of this technology.
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