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Improper disposal of chromium (Cr) and its compounds, especially hexavalent chromium (Cr(VI)), results in

soil and ground water pollution and is consequently harmful to human health. In this study, three-

dimensional electro-kinetic remediation of Cr-contaminated soil is investigated by coupling a two-

dimensional electrode with a permeable reactive barrier (PRB) with a graphite electrode as the third

electrode. Mixed zero-valent iron and zeolite are used as filling materials in the PRB. Moreover, three

experimental conditions, i.e. two-dimensional electro-kinetic remediation with and without PRB and

three-dimensional electro-kinetic remediation with PRB, are investigated herein. The results are

evaluated based on the removal rate and leaching efficiency both in the pre- and post-experiments.

Upon comparing the three conditions, the results show that three-dimensional electro-kinetic

remediation with PRB has a better effect on both leaching efficiency and removal rate of contaminated

soil. Single and multifactor experiments were designed to explore the optimum conditions on the basis

of three-dimensional remediation. Graphite particles with a 5% dosage, resulted from the single-factor

experiments, are used in the multi-factor experiments. The results show that the best remediation

efficiencies are achieved after 12 d using 0.05 mol L�1 citric acid and a voltage gradient of 1.5 V cm�1 in

three-dimensional electro-kinetic remediation coupled with PRB.
1 Introduction

Soil is a natural resource and an important component of the
ecological environment. In recent years, with the development
of industrialization, soil contamination has reached at an
alarming level worldwide.1,2 In China, about 1/5 (2 � 107 h m2)
of the cultivated soil area is contaminated by heavy metals such
as chromium (Cr), arsenic (As), and lead (Pb). Among these
heavy metals, Cr and its compounds are commonly used in
metallurgy, electroplating, tanning, and pigment industries.
Therefore, during the production and processing of Cr salts,
large amounts of wastewater and residues are generated. The
improper treatment of Cr residues causes air pollution.3

Furthermore, hexavalent chromium is highly soluble and
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causes soil pollution as a result of runoff and inltration during
rainfall. These metals not only deteriorate the soil quality but
also affect crops during water uptake and are ultimately
a hazard to the human health. Therefore, the remediation of Cr-
contaminated soil is a major concern.

Electro-kinetic remediation has been an effective technique
to remediate heavy metals from contaminated soil in recent
years. It is highly economic as compared to other technologies
and has the following characteristics: less labour-intensiveness,
simple maintenance, and quick response without the produc-
tion of secondary pollution. Therefore, more studies have been
conducted on electro-kinetic remediation using two-
dimensional electrodes across the world, and some European
countries have successfully applied it in the eld.4–7 Herein,
a new chemical treatment technology called three-dimensional
electrode is introduced. It is based on a two-dimensional elec-
trode that is lled with granular materials. These granular
materials act as a third electrode/working electrode and have
a greater specic surface area as compared to the two-
dimensional electrode. Thus, electrochemical reactions are
carried on the higher surface area working electrode, which
effectively increases the mass transfer effect, current efficiency,
and space-time yield.8–10 Recently, three-dimensional electrodes
RSC Adv., 2017, 7, 54797–54805 | 54797
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Table 1 Semi-quantitative elemental analysis (%) of the soil sample

O Ca Si Cr Fe Al

48.8788 12.2459 11.8837 9.4001 7.5956 7.3101

Mg S K Na Ti Ni

5.7814 1.3629 0.6121 0.3473 0.3001 0.0580

V Sr P Zn Co Zr

0.0573 0.0437 0.0404 0.0363 0.0362 0.0101
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have been widely used for the treatment of wastewater. Chu
et al. used them for the removal of COD and colour from
wastewater and regarded them as the best technique.11 In
another study, Paidar et al. also achieved good results using the
abovementioned electrodes for the removal of copper and zinc
ions from synthetic solutions.12 However, their scope is limited
for the treatment of contaminated soils.

Electro-kinetic remediation has good results at the laboratory
scale as compared to those in eld studies. Herein, the electro-
kinetic remediation technique coupled with PRB technology is
used. Permeable reactive barrier technology is an in situ reme-
diation technique that involves the use of tools to dig out soil
and then ll a reactive medium to treat the soil and ground-
water.13,14 Currently, the PRB technology is oen used with zero-
valent iron as the medium to treat contaminated soil and
groundwater, and it has been proven as an effective technique to
treat several contaminants. The reliability of this technique was
proven by Natale et al. where they used an activated carbon PRB
for the removal of cadmium from a contaminated shallow
aquifer.15 Similarly, Erto et al. also used an activated carbon PRB
for the in situ treatment of aquifers contaminated by chlorinated
organic compounds and obtained excellent results.16 On the
other hand, Liu et al. achieved good results using natural pyrite
as a reactive medium for the treatment of Cr(VI)-contaminated
groundwater.17 Zero-valent iron is used because of its economic
value, abundant sources, and high reducibility. It can transform
free heavy metal ions (Cr(VI)) into less mobile ions (Cr(III)) or
form precipitates.18,19 Zeolite has good adsorption and ion
exchange function; thus, it is oen used as a lling material and
adsorbent.20 Basically, electro-kinetic remediation involves the
migration and precipitation of ions in the presence of an electric
eld. During migration, ions come in contact with the PRB and
are reduced by zero-valent iron for example Cr(VI) into Cr(III).
Moreover, Cr ions are adsorbed by the absorber (zeolite); this will
improve the electro-kinetic remediation effect. Therefore,
herein, a mixture of zero-valent iron and zeolite is used as the
reactive material in the PRB.

The main objective of the current study was to explore the
effect of a three-dimensional electrode coupled with a PRB on
the treatment of Cr-contaminated sites. In this study, we have
discussed (a) the comparison between three-dimensional and
two-dimensional electro-kinetic remediation of Cr-
contaminated soil; (b) the enhanced utility of a self-made PRB
containing a reducer and absorber; and (c) the optimal experi-
mental parameters of three-dimensional electro-kinetic reme-
diation. The leaching toxicity and heavy metal contents before
and aer electro-kinetic remediation were measured to evaluate
the experimental results. X-ray diffraction (XRD) and morpho-
logical analysis (Tessier) were used to further analyse the
characteristics of the soil samples and explore the removal
mechanism of heavy metals.

2 Materials and methods
2.1 Materials

Soil samples were obtained from Minfeng Chemical Industry,
Wellhead Industrial Park, Chongqing City, which was chosen
54798 | RSC Adv., 2017, 7, 54797–54805
because of the excess of Cr ions in its soil. Samples were ob-
tained from 4 points randomly and sealed in plastic bags, and
the sampling depth was about 0–15 cm. Aerwards, the samples
were dried at 105 �C for 12 h, ground for 6 h in a roller ball
grinder, and sieved through a 200-mesh. Herein, leaching
toxicity tests were carried out on the soil samples, and the
leachate with themaximum concentration of Cr was selected for
further experiments. In addition, the PRB medium contained
a lter fabric that was lled with zero-valent iron and zeolite as
the reactive medium on an equal mass basis.
2.2 Physical and chemical analysis

2.2.1 Elemental properties of the soil. Semi-quantitative
elemental analysis and different phases of the soil samples
were measured via X-ray uorescence (XRF, 1800CCDE)
(Table 1) and X-ray diffraction (Shimadzu XRD-6000) (Fig. 1),
respectively. It can be seen from Table 1, the major elements in
the soil sample are O, Ca, and Si, and their cumulative
percentage is 73.0084%. The Cr content in the soil is 9.4001%.
The major phases were obtained using the MDI Jade soware by
standardizing the FOM value (<10) as the matching criterion.
The analysis result showed that Cr was mostly found as inor-
ganic Cr oxide. Trivalent-chromium (Cr(III)) compounds were
observed such as CrOCl. Some compounds have both Cr(III) and
Cr(VI); thus, KCr3O8 can also be written as KCr(III)(Cr(VI)O4)2. In
addition, the soil sample has some organic compounds of Cr
(C4H16Cr2CuN4O7).

2.2.2 Particle size distribution analysis. Soil samples have
large particles with an uneven distribution. Therefore, the soil
was ground for 4 h and sieved through a 100-mesh. The soil
particles were in the range of 1–100 mm, as shown in Fig. 2. It is
concluded from the results that D10, D90, and D50 have the
particle sizes of 4.71, 137.8, and 40.26 mm, respectively.21

2.2.3 Content and leaching toxicity analysis of Cr. The
leaching toxicity of Cr(VI) in the original soil sample was
extracted in accordance with the HJ/T299-2007 solid waste
leaching toxicity of sulfuric and nitric acid method, which was
38.85 mg L�1 and greatly exceeded the standard value of solid
waste leaching toxicity (GB5085.3-2007). On the other hand, the
contents of total Cr and Cr(VI) in the sample were determined by
ame atomic absorption spectrophotometry. They were
10512.5 mg kg�1 and 423.16 mg kg�1. It can be seen from the
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 X-ray diffraction pattern of the soil sample.

Fig. 2 Particle size distribution of the soil sample. Fig. 3 Electro-kinetic remediation experimental set-up. (a) Two-
dimensional electrolytic cell and (b) three-dimensional electrolytic cell
coupled with PRB.
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results that the Cr content is much higher than the soil resi-
dential land secondary standards (GB15618-2008).
2.3 Experimental device

The electro-kinetic remediation experiments were conducted in
a rectangular glass reactor with the dimensions of 10 cm� 7 cm
� 8 cm (Fig. 3). Activated carbon and graphite worked as the
third electrode/particle electrode in the three-dimensional
electrode reactor.22,23 In the current study, graphite particles
were used as the third electrode. On the other hand, graphite
and stainless-steel plates were used as the anode and cathode
electrodes, respectively, and power was supplied via an
aluminium wire. The experimental sample was Cr-
contaminated soil with a 50% moisture content. Potassium
chloride (0.1 mol L�1) was used as the electrolytic solution in
the anode and cathode regions. In the three-dimensional
electro-kinetic remediation coupled with PRB, a 150 g
uniform mixture of Cr-contaminated soil and graphite particles
were placed in the sample reaction region (Fig. 3(b)) according
to its capacity. The sample was evenly divided into three
regions, as shown in Fig. 3, T1 (near the anode region), T2
(middle area), and T3 (near the cathode region). According to
the literature and experimental conditions, the PRB grid was
placed between the T1 and T2 regions, as shown in Fig. 3(b).24
This journal is © The Royal Society of Chemistry 2017
2.4 Design of experiment

2.4.1 Design of three experimental conditions. Herein,
three electro-kinetic remediation conditions were used: (A) two-
dimensional electro-kinetic remediation (EKR), (B) two-
dimensional electro-kinetic remediation coupled with PRB
(EKR + PRB), and (C) three-dimensional electro-kinetic reme-
diation coupled with PRB (T-EKR + PRB). In the three experi-
ments, remediation was carried out for 5 d at a voltage gradient
of 1.5 V cm�1. Moreover, a 5% graphite particle dosage was used
in the C experimental condition. The remediation results were
compared for the three experimental conditions. The main
purpose of this was to determine the remediation effect of the
three-dimensional electrode coupled with PRB using the
experimental device shown in Fig. 3.

2.4.2 The single-factor experiment. According to the liter-
ature, voltage gradient, repair time, graphite particle ratio, and
diameters of the particles are important factors that inuence
the remediation efficiency. In single-factor experiments, the
graphite dosage ratio with respect to the soil sample was
considered as a variable factor. On the other hand, graphite
particle diameter (5 mm � 6 mm), voltage gradient (1.5
V cm�1), and repair time (5 d) were constant factors. The
RSC Adv., 2017, 7, 54797–54805 | 54799

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra10913j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/2
5/

20
25

 1
0:

03
:4

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
purpose of the single-factor experiment was to analyse the effect
of graphite particle dosage on electro-kinetic remediation with
other constant factors, and the experimental layout is presented
in Table 2.

2.4.3 Multifactor orthogonal experiment. The optimum
dosage ratio was selected on the basis of single-factor experi-
ments and used in orthogonal experiments. Citric acid
concentration, voltage gradient, and repair time were the main
factors with three levels in the orthogonal experiments
(Table 3). The orthogonal experimental layout [L9 (34)] is shown
in Table 4. Herein, soil samples were treated with citric acid and
then placed in the sample region for remediation.
2.5 Calculation of results

To investigate the effectiveness of this technique, Cr leaching
toxicity and Cr contents were determined both pre- and post-
experiment. Then, the post-experiment results were compared
with the pre-experiment results. Chromium removal rate and
leaching efficiency were determined using the following
formula:

y ¼ U0 �U

U0

� 100%
Table 2 Single-factor experimental layout

Group Dosing ratio Voltage gradient Repair time

A1 0% 1.5 V cm�1 5 d
A2 5% 1.5 V cm�1 5 d
A3 10% 1.5 V cm�1 5 d
A4 15% 1.5 V cm�1 5 d
A5 20% 1.5 V cm�1 5 d

Table 3 Factors and their levels used in the orthogonal experiments

Factor

Levels

1 2 3

Citric acid (CA) 0 mol L�1 0.05 mol L�1 0.1 mol L�1

Voltage gradient (VG) 1 V cm�1 1.5 V cm�1 2 V cm�1

Repair time (RT) 4 d 8 d 12 d

Table 4 Orthogonal experimental layout

Group Citric acid Voltage gradient Repair time

A1 1 1 1
A2 1 3 2
A3 1 2 3
A4 2 1 2
A5 2 2 1
A6 2 3 3
A7 3 1 3
A8 3 2 2
A9 3 3 1

54800 | RSC Adv., 2017, 7, 54797–54805
where y is the heavy metal removal rate or leaching efficiency of
Cr. U0 is the content or leaching efficiency in the original soil
sample, and U represents the contents or leaching efficiency
aer electro-kinetic remediation.

3 Results and discussion
3.1 Macro phenomena

Similar experimental phenomena were observed under all
experimental conditions. In the B and C experimental condi-
tions, more bubbling and a darker yellow colour were observed
at the anode region than those under the A experimental
condition. The intensity of these phenomena is more prom-
inent under the C experimental condition. The phenomena
generated in the three experimental conditions and brief
explanations are as follows.

(a) A bubbling phenomenon due to a hydrolysis reaction is
observed at the cathode and anode electrodes upon connection
with the power source. The following reactions take place as the
power is supplied:

Anodic reaction:

H2O� 2e�/2Hþ þ 1=2O2[

Cathodic reaction:

2H2O + 2e� / 2OH� + H2[

(b) The electrolytic solution changes to yellow brown in the
anode region and becomes darker with time; this phenomenon
is because of migration of Cr(VI) from the cathode to the anode
tank.

(c) During the experiment, the soil within the sample area
gradually became compacted and hardened as precipitation
occurred due to the presence of OH� ions in the alkaline envi-
ronment at the cathode area.

3.2 Three experimental conditions

3.2.1 Change in current with respect to time. The current
variations under the three experimental conditions with respect
to time are shown in Fig. 4. Generally, the current in a system is
related to the amount of charge moving through the sample
area in a unit of time. The current variation trend under the
three conditions is same: sudden decrease and increase can be
seen during the early and middle phase of the experiments,
respectively, followed by a gradual decrease in current. The
current variations are due to the following reasons: (i) the initial
current is higher due to the addition of an electrolytic solution
in the anode and cathode regions. With time, the amount of
free ions in the electrolytic solution decreases due to their
participation or migration towards the sample area; this results
in a decrease of current; (ii) the fast migration of H+ ions creates
an acidic environment and causes more metal ions to be
released; this ultimately increases the current due to presence
of a high concentration of free ions; and (iii) the gradual
decrease in current is due to precipitation, which lowers the
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Change in current versus time.
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concentration of free ions and increases the resistance. It can
also be seen that the C experimental condition has higher
current values at all time intervals as compared to A and B,
whereas their initial parameters are the same. It can be seen
from Fig. 4 that the current variations are nonsignicant
between the A and B experimental conditions. This means that
the PRB has no signicant effect on the current variations. In
contrast, the addition of graphite particles as a third electrode
increased the current values due to high conductivity of these
particles.

3.2.2 Change in pH with respect to time. pH is one of the
most important factors that inuences the migration of Cr in
soil samples. Moreover, the chemical phases, speciation of the
minerals phases, and electro-osmosis are signicantly affected
by the pH in the sample chamber. The pH of 8.84 was observed
in the T1, T2, and T3 sample regions before supplying the
power. In contrast, the following mechanisms are observed
aer connecting the power source: hydroxyl ions (OH�) and
hydrogen (H2) are produced at the cathode, whereas hydrogen
ions (H+) and oxygen (O2) are produced at the anode due to
water electrolysis, as has already been discussed. Therefore,
bubbles were generated continuously in the anode and cathode
zones. The pH variations can be seen in Fig. 5. Basically, the
same pH trend was observed for the three experimental condi-
tions. A gradual increase in pH was observed in the T1–T3
Fig. 5 Change in pH versus time.

This journal is © The Royal Society of Chemistry 2017
sample regions. The lower pH at T1 and higher pH at the T3
region are due to the presence of H+ and OH� ions, respectively.
The H+ ions are exchanged with cationic contaminants by
releasing them from the matrix/soil surface. Moreover, a higher
pH gradient is seen in the B and C experimental conditions as
compared to that in A. The reason for this phenomenon might
be the presence of graphite particles and PRB materials that
resulted in the faster migration of ions and intense
reactions.25–27

3.2.3 Removal rates and leaching efficiency of Cr. Electro-
kinetic remediation in the three conditions is investigated by
the removal rates of Cr(VI) and total Cr and leaching efficiency of
Cr(VI) in three sample regions (T1, T2, and T3). The experi-
mental result layout and average values are shown in Table 5.
The removal rates and leaching efficiency of Cr(VI) in the three
conditions are in following order C > B > A. This indicates that
the three-dimensional electro-kinetic remediation coupled with
PRB (C), especially the addition of the PRB medium, is effective
for the remediation of Cr-contaminated soil. Comparatively, the
removal rate (20%) of total Cr is not signicant among the three
conditions; this is due to the precipitation of Cr(OH)3 during
the migration of Cr(III) towards the cathode; this results in a low
removal rate of total Cr. As can be seen from Table 5, the
removal rate and leaching efficiency of Cr(VI) gradually
increased from the T1 to T3 region, and this was because of
CrO4

2� anion migration towards the anode during the electro-
kinetic remediation process. This phenomenon leads to
a higher removal rate of Cr(VI) in the cathode region as
compared to that in the anode region.
3.3 Single-factor experiment

3.3.1 Change in current with respect to time. In this
section, the effect of graphite particles on current with respect
to time has been discussed, as shown in Fig. 6. Initially, current
is supplied at the same voltage. The current and graphite
particle dosing ratio have strong correlation, and it can be seen
(Fig. 6) that the addition of graphite particles has increased the
overall current, whereas the other conditions are constant.
Therefore, it is concluded that the graphite electrode causes an
increase in surface area, electrolysis, and ion exchange reaction
under an electric eld. The reasons for the current changes have
been discussed in the Section 3.2.1.

3.3.2 Removal rates and leaching efficiency of Cr. The
average removal rates and leaching efficiency of the T1, T2, and
T3 regions in the ve groups are shown in Fig. 7. It is concluded
from Fig. 7 that the graphite particle ratio has a signicant
effect on three-dimensional electro-kinetic remediation. The
results show that a higher dosage of graphite particles results in
a lower removal rate due to the inhibitory effect.

The highest removal rates and leaching efficiency of Cr are
observed at the graphite particle dosage of 5%. This means at
this level, the Cr(VI) and total Cr contents are lowest in the
contaminated soil. In contrast, a higher concentration of
graphite (20%) causes the worst experimental result. This is
because excess graphite particles may cause blockage of the ion
migration paths;
RSC Adv., 2017, 7, 54797–54805 | 54801
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Table 5 Removal rates and leaching efficiency of Cr

Group Region
Removal rate
of Cr(VI) Average

Removal rate
of total Cr Average Leaching efficiency Average

A-EKR T1 11.57% 23.51% 21.94% 21.54% 41.79% 53.92%
T2 16.23% 20.75% 50.09%
T3 42.72% 21.94% 69.87%

B-EKR + PRB T1 25.35% 40.53% 21.20% 20.16% 62.21% 72.21%
T2 42.86% 14.95% 72.42%
T3 53.37% 24.32% 81.99%

C-T-EKR + PRB T1 25.76% 42.99% 20.32% 21.76% 67.79% 75.66%
T2 44.45% 21.74% 75.05%
T3 58.75% 23.22% 84.13%

Fig. 6 Change in current versus time.

Fig. 7 Removal rates and leaching efficiency of Cr in the single-factor
experiment.
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This results in high resistance, affects current, and ulti-
mately hinders ionsmovement. Therefore, a high dosing ratio is
not proportional to a good remediation effect, and it is
concluded that a 5% dosage ratio is optimum for the remedi-
ation of Cr-contaminated soil.
Fig. 8 Change in current versus time.
3.4 Multi-factor experiment

3.4.1 Change in current with respect to time. Herein, nine
experiments were conducted using three factors, each with
54802 | RSC Adv., 2017, 7, 54797–54805
different levels (Table 3). The orthogonal experimental layout
[L9 (34)] is shown in Table 4. It is concluded from Fig. 8 that the
initial current values are different because of the different
voltage gradients i.e. (A2, A6, and A9 ¼ 2 V cm�1), (A3, A5, and
A8¼ 1.5 V cm�1), and (A1, A4, and A7¼ 1 V cm�1). The acidied
pre-treatment also increased the current; this was due to the
release of more free ions under the acidic environment. The
signicance of the acidied pre-treatment in the orthogonal
experiments is conrmed; hence, this shows its importance in
the electro-kinetic remediation of contaminated soil.

3.4.2 Removal rates and leaching efficiency of Cr. In the
orthogonal experiment, three-dimensional electro-kinetic
remediation coupled with PRB [T-ERK + PRB(C)] was used
with the optimum dosage ratio of 5% (achieved from the single-
factor experiments). Herein, nine groups were tested, and the
average experimental results are shown in Tables 6–8. The
results of orthogonal experiments were analysed by range
analysis. It can be seen that A8 is the best group having a 50%
removal rate of Cr(VI). However, the optimum removal rate of
total Cr (23%) and leaching efficiency of Cr(VI) (74%) are noted
in group A6. The R values show that the three factors have
varying inuences on the removal rate and leaching efficiency of
Cr. Both the removal rate and leaching toxicity of Cr(VI) are
inuenced by the three factors in following order CA > VG > RT.
Therefore, this proves that the acidication pre-treatment of the
sample with citric acid has a signicant effect on Cr(VI). The
underlying reasons for this phenomenon might be the increase
This journal is © The Royal Society of Chemistry 2017
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Table 6 Analysis of the Cr(VI) removal rate

Group CA VG RT
Removal rate
of Cr(VI)

A1 1 1 1 18.06%
A2 1 3 2 36.70%
A3 1 2 3 46.26%
A4 2 1 2 45.10%
A5 2 2 1 43.34%
A6 2 3 3 49.59%
A7 3 1 3 43.01%
A8 3 2 2 50.31%
A9 3 3 1 44.24%
kj1 33.67 35.39 35.21
kj2 46.01 46.64 44.04
kj3 45.85 43.51 46.29
Optimal levels CA2 VG2 RT3
R 12.34 11.25 11.07
Main sequence CA > VG > RT

Table 7 Analysis of the total Cr removal rate

Group CA VG RT
Removal rate
of total Cr

A1 1 1 1 12.77%
A2 1 3 2 20.36%
A3 1 2 3 21.53%
A4 2 1 2 17.66%
A5 2 2 1 15.99%
A6 2 3 3 23.81%
A7 3 1 3 19.41%
A8 3 2 2 8.64%
A9 3 3 1 6.94%
kj1 18.22 16.61 11.90
kj2 19.15 15.39 15.55
kj3 11.66 17.04 21.58
Optimal levels CA2 VG3 RT3
R 7.49 1.65 9.68
Main sequence RT > CA > VG

Table 8 Analysis of the Cr(VI) leaching efficiency

Group CA VG RT Leaching efficiency

A1 1 1 1 26.84%
A2 1 3 2 27.72%
A3 1 2 3 66.04%
A4 2 1 2 61.83%
A5 2 2 1 62.79%
A6 2 3 3 74.04%
A7 3 1 3 57.42%
A8 3 2 2 70.06%
A9 3 3 1 66.09%
kj1 40.20 48.70 51.90
kj2 66.22 66.30 53.20
kj3 64.52 55.95 65.83
Optimal levels CA2 VG2 RT3
R 26.02 17.60 13.93
Main sequence CA > VG > RT
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in pollutant desorption from the surface of the soil matrix and
the enhancement of the complex reaction on the surface of the
PRB materials with the action of acidication pre-treatment.
However, in the case of total Cr, the factor RT has a greater
effect on the removal rate than VG followed by CA. This indi-
cates that the total Cr is signicantly affected by the repair time
since more Cr participates in the reaction with time and results
in a decline of the removal rate. From the K values, the best
removal rate and leaching efficiency of Cr(VI) are achieved at the
VG2 level, and VG3 is considered the best voltage gradient for
the removal of total Cr. However, the difference among VG1,
VG2, and VG3 is non-signicant; thus, VG2 is selected as the
best level for voltage gradient. The optimal levels for repair time
and concentration of acidication pre-treatment are RT3 and
CA2, respectively. Therefore, the optimum levels are obtained
with the citric acid concentration of 0.05 mol L�1, voltage
gradient of 1.5 V cm�1, and repair time of 12 d in this remedi-
ation system.
This journal is © The Royal Society of Chemistry 2017
3.5 Removal mechanisms of Cr

3.5.1 Phase changes. Based on the abovementioned
discussion, the samples with the best experimental results were
subjected to XRD analysis. The existence of Cr in the organic
form (C8H24CrN2O4) is conrmed by the XRD pattern, as shown
in Fig. 9. However, CrOCl and KCr3O8 are not detected by XRD.
Basically, the XRD results show that the soil samples, which are
remediated by the T-EKR + PRB system, have fewer phases as
compared to the original soil samples phases; this indicates
that more contaminants are dissolved, and electro-kinetic
remediation is suitable for water-soluble and acid-extractable
ions. Hence, its effect on the removal of organic and residual
Cr is not signicant. Therefore, this proves that the present
study is useful for the removal of inorganic Cr.

3.5.2 Changes in morphology. Chromium in soil shows
different morphologies by dissolution, cohesion, precipitation,
complexation, and other reactions. Thus, the migration and
transformation mechanisms are different for different
morphologies of Cr in electro-kinetic remediation. The samples
were analysed using the Tessier method before and aer the
treatment, and the results are shown in Fig. 10. Most of the Cr in
the soil existed with the residual form. Obviously, the
exchangeable and carbonate fraction in the sample decreased
Fig. 9 XRD analysis of the soil samples after remediation.
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Fig. 10 Results of Tessier morphological analysis.
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signicantly aer remediation. This indicates the reduction of
the acid extractable Cr. The results further verify that the three-
dimensional electrode coupled with PRB is very effective to deal
with acid-extractable heavy metals in soil; however, the oxida-
tion state and organic matter are not affected. Furthermore, the
residual form of Cr is present in a higher proportion, but it
cannot be released due to its high stability. Therefore, its impact
on the environment is relatively small.

From the abovementioned analysis, macro-phenomena (e.g.
bubbling and precipitation), system current, and pH value were
observed at regular intervals. The experimental results were
analysed using the removal rates and leaching efficiency. The
removal mechanisms contain the following steps: (a) the
remediation is mainly focused on acid-extractable Cr. (b) Acid-
extractable Cr(VI) is reduced by PRB medium and reduced
Cr(III) forms complexes with Fe. (c) Moreover, the addition of
a certain amount of graphite particles enhances the reaction
efficiency, and more extractable Cr(VI) is reduced. (d) Higher
precipitation of Cr [Cr(OH)3] is experienced in the cathode
region because of high pH. Hence, the remediation of total Cr is
not ideal in this region. (e) In the acidication-enhanced
experiments, the addition of organic acids not only plays an
important role in neutralizing the pH of the cathode region but
also accelerates the release of ions.28,29 Our results are sup-
ported by Yang Jiewen,30 who have also concluded that iron
oxide and organic acids play a vital role in reducing the toxicity
of Cr(VI) and can be used for the remediation of Cr from soils.
4 Conclusion

The soil used in the experiments had higher Cr contents as
compared to residential land secondary standards (GB15618-
2008), and its leaching toxicity also exceeded the standard
value of the solid waste leaching toxicity (GB5085.3-2007). The
following conclusions were made from this study: (1) three
electro-kinetic experiments were carried out to determine their
effectiveness for Cr remediation. The coupling experiments
using the PRB (EKR + PRB, T-EKR + PRB) had better results than
the traditional two-dimensional electro-kinetic remediation. In
contrast, the maximum efficiency was observed in the three-
dimensional electro-kinetic experiment coupled with the PRB
54804 | RSC Adv., 2017, 7, 54797–54805
(T-EKR + PRB); (2) the graphite particle dosage ratio of 5% had
a more reliable effect as compared to the higher dosages, which
had inhibitory effects on the remediation process; (3) in the
multi-factor orthogonal experiments, Cr(VI) and total Cr reme-
diation were greatly inuenced by acidication pre-treatment
and repair time, respectively, based on the analysis of indi-
vidual factors. Moreover, the orthogonal multi-factor experi-
ment results showed that the best results were achieved using
citric acid at a concentration of 0.05 mol L�1, voltage gradient of
1.5 V cm�1, and repair time of 12 d in the T-EKR + PRB system;
and (4) nally, three-dimensional electro-kinetic remediation
coupled with PRB had a good inuence on exchangeable and
acid extractable-Cr rather than that on organic and residual Cr.
Thus, this technique can be recommended for the remediation
of Cr-contaminated soils.
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R. Milačič and J. Ščančar, Chem. Eng. J., 2017, 321, 20–30.

14 H. Pullin, R. A. Crane, D. J. Morgan and T. B. Scott, J. Environ.
Chem. Eng., 2017, 5, 1166–1173.

15 F. Di Natale, M. Di Natale, R. Greco, A. Lancia, C. Laudante
and D. Musmarra, J. Hazard. Mater., 2008, 160, 428–434.

16 A. Erto, I. Bortone, A. Di Nardo, M. Di Natale and
D. Musmarra, J. Environ. Manage., 2014, 140, 111–119.

17 Y. Y. Liu, H. Y. Mou, L. Q. Chen, Z. A. Mirza and L. Liu, J.
Hazard. Mater., 2015, 298, 83–90.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra10913j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/2
5/

20
25

 1
0:

03
:4

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
18 A. Galdames, A. Mendoza, M. Orueta, I. S. de Soto Garćıa,
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