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Abstract
This study comprehensively investigates the effect of DC voltage gradient (VG) on energy consumption and the removal of 
ions (total Cr, Na+, Clˉ, and K+) from salt-affected clayey soil. In this work, different VG (i.e., 0.5, 1, and 2 V cm−1) were 
applied over the artificially contaminated soil for 48 h during electrokinetic experiments to determine the electric potential 
distribution, electroosmotic flow (EOF), and electric current variation. The results revealed that the VG directly influences 
the EOF rate and electromigration of ionic species present in the pore solution of the soil samples. The higher removal of 
ions was achieved with the intensity of applied electric field (EF) due to electromigration and higher EOF rate. Therefore, 
the maximum ion removal was achieved at 2 V cm−1 [i.e., total Cr (71%), Na+ (91%), Clˉ (64%), and K+ (63%)]. In addition, 
the EOF rate decreased with increasing treatment time, which was attributed to the progression of acidic-alkaline fronts in 
soil samples. The collision of acidic-alkaline fronts resulted in a large VG in a narrow soil region of pH jump reducing the 
EOF and electromigration of ions. Regardless of low EF (i.e., 0.5 V cm−1), the EOF rate and removal of ions decreased [i.e., 
total Cr (36%), Na+ (58%), Clˉ (45%), and K+ (37%)]. Moreover, the higher EF (i.e., 2 V cm−1) resulted in higher energy 
consumption (218.6 kWh m−3) and a reduction in the electrical conductivityof soil from 5.2 to 1.29 dS m−1.
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1  Introduction

 Chromium (Cr) exists in several types of oxidation states, 
but the most common and steady states are hexavalent 
Cr(VI) and trivalent Cr(III) [1]. Usually, the Cr(VI) occurs 
in the form of chromate and dichromate ions (i.e., CrO2−

4
 , 

Cr2O
2−
7

 and FeOCr2O3 ), while the Cr(III) occurs in cations 
(i.e., Cr3(OH)5+4  and CrOH2+ ), which are vastly carcino-
genic to living organisms [2, 3]. Cr(VI) is widely used in 
industrial applications such as steel manufacturing, leather 
processing, fabric dyeing, and electroplating, resulting in 
the release of chromium-contaminated wastes into soil, 
water, and air due to poor waste leaching and unintentional 
spills [4]. Cr(VI) is highly soluble in water and can be 
included in the food chain via vegetables, fruits and fresh 
water. Usually, the Cr concentration in sea and fresh water 
varies from 0.5 to 50 µg L−1 and 0.1 to 117 µg L−1, respec-
tively [5]. In addition, naturally, the Cr concentration in 
the soil varies from 10 to 50 mg kg−1 but in agricultural 
soils, this concentration may reach up to 350 mg kg−1 [6]. 
Cr(VI) is the most harmful in all oxidation states, caus-
ing DNA, membrane lipids, cellular integrity, and effects 
on the kidney, liver, respiratory system, and skin cancer 
[7, 8]. Due to these circumstances, the desalination of 
agricultural soil is essential.

Several researchers have proposed various methods for 
removing heavy metals and organic contaminants from 
contaminated soil and water in situ and ex situ, such as 
electrokinetics (EK) [9]. It is one of the most precious 
methods for the reclamation of low-permeable contami-
nated soils. In 1930, the first EK experiment was con-
ducted in India by Puri and Anand for the reclamation of 
sodium-affected alkaline soil [10].

The EK remediation technique involves inserting the 
electrodes over the contaminated soil and applying a DC 
electric field (EF) via the electrodes [11, 12]. The main 
transport mechanisms in EK are electromigration (migra-
tion of ions), electrophoresis (movement of charged par-
ticles), and electroosmosis (movement of water) [13, 14].

The EK method has some benefits and drawbacks over 
former technologies, such as easy to handle, fast, and usa-
ble in both lab and field-scale experiments. However, on 
the other side, electrode corrosion, high buffering capacity, 
focusing, and thermal effects, as well as precipitation of 
ions are the main limiting factors in the EK method [15].

To optimize the removal of contaminants, living organ-
isms should be kept alive. Under the application of a 
potential gradient, the pH and thermal effect (Joule heat-
ing effect) are the main parameters for attaining a suitable 
environment for the organisms [16, 17].

During the EK process, proton (H+ ions) and hydroxyl 
(OHˉ ions) ions are generated by the electrolysis of water 

on the anode and cathode sides, respectively [18, 19]. To 
attain the neutral state, these ions move toward the oppo-
site electrodes via soil media due to electroosmosis and 
electromigration processes [13]. However, the acidic and 
alkaline fronts have different consequences in soil, such 
as the adsorption of H+ ions on soil particles at anode side 
which causes a reduction in electroosmotic flow (EOF). 
In addition, the OHˉ ions cause the precipitation of metal 
ions in the form of hydroxyl and carbonate complexes 
by reducing the pore space in soil [17, 20]. Therefore, in 
order to create a favorable habitat for microorganisms, it 
is imperative that the soil pH falls within the range of 3 
to 9 [21].

However, in circumstances of extreme acidity and alkalin-
ity, the growth of microorganisms is inhibited by distortion in 
microbial metabolism, low nutrient availability in soil and pore 
water [17, 21]. Therefore, many researchers have suggested 
different methods such as buffer solutions and chelating agents 
can be used on anode and cathode sides to maintain the pH 
value for biological and EK remediation of soil [22].

Particularly, the main challenge is to find a life-compat-
ible and environment-friendly reagent effective in both the 
anode and the cathode pH regulation. This strategy is not 
easy to apply due to cost-effective and fail to long-term treat-
ments. A different strategy is the low EF intensity applied to 
the contaminated soil. Initially, this is a simple solution for 
reducing the changes in the pH of soil [23 24].

In former studies, EK effects with different VG have been 
studied either to remove the salts (i.e., Na, Ca+, and K) from 
saline-sodic soil [25], organic materials (i.e., diesel hydro-
carbons) from clay soil [26] or only heavy metals (i.e., Pb 
and Cd) from loess [27], fluorine from red mud [28], and 
Cr(VI) from zeolite [29].

The aim of this study was to investigate the feasibility 
of different VG (0.5, 1, and 2 V cm−1) on energy consump-
tion and the removal of heavy metal (i.e., total Cr) and salt 
(Na+, Clˉ, and K+) ions from salt-affected clayey soils. For 
this purpose, the soil samples were artificially contaminated 
with 3.7 g kg−1 of NaCl and 1.9 g kg−1 of K2Cr2O7. Since 
the changes in soil’s pH, current, and electric potential dis-
tribution play a significant role in determining the effec-
tive EK energy consumption and removal of ions, therefore, 
these factors were measured during experiments by apply-
ing a continuous EF over the soil specimens via iron mesh 
electrodes.

2 � Materials and methods

2.1 � Soil sample

In this study, the soil was collected at depth of ~ 0–20 cm 
from an agriculture field near Sheikhupura, Punjab, Pakistan 
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(31° 42′ 40″ N, 73° 59′ 16″ E). The soil was air dried at room 
temperature. Three soil samples were taken to determine the 
physicochemical properties of soil and the average values are 
given in Table 1.

The hydraulic permeability of soil was determined by 
the Darcy’s law using the constant-head method, while the 
hydraulic flux (V) of soil was determined by the following Eq. 
[V = Ki] [30] where “K” is the hydraulic permeability (cm s−1) 
and “i” is the hydraulic gradient (−).

The bulk density (B) of soil was determined by the core 
method using the following Eq. 

[
B =

Mb

Vb

]
 , where “Mb” is the 

mass of oven-dry soil (g) and “Vb” is the volume of soil (cm3) 
[31].

Whereas, the particle density (P) was determined by the 
graduated cylindrical method using the following 
Eq. [P =

Mp

Vp

 ]: where “Mp” is the mass of oven-dry soil (g) and 
“Vp” is the volume of solids (cm3) [31]. The mean value of soil 
porosity was determined by Eq. (1) [30].

 where, “ 
∑n

i=1
Bi ” is the sum of all values of bulk density and 

“ 
∑n

i=1
Pi ” is the sum of all values of particle density.

(1)Soil prosity(%) =

�
1 −

∑n

i=1
Bi∑n

i=1
Pi

�
× 100

To determine the moisture content in soil, 20 g of soil was 
taken and dried at 105 ± 5 °C for 24 h and the mass of the 
dried soil was noted. The moisture content was calculated 
by Eq. (2) [31].

where “Mw” is the mass of wet soil (g) and “Md” is the mass 
of dry soil (g).

Thereafter, to determine the soil’s electrical conduc-
tivity (EC) and pH, the soil and distilled water ratio was 
used (1:2). The EC and pH was measured by the EC meter 
(HANNA, HI99300) and pH meter (HANNA, HI2002-01), 
respectively. To determine the concentration of Clˉ ions, we 
prepared a suspension of soil and distilled water in a gradu-
ated flask with a ratio of (1:5). The suspension was placed 
on a rotary shaker (Model-1050) for 1 h and then filtered by 
filter paper (Whatman, grade 42). The concentration of Clˉ 
ions was calculated by argentometric titration [30, 32]. To 
extract the Na+, K+, and Ca+2 ions from soil, 10 g of soil 
was stirred with 50 ml of 1 N ammonium acetate solution 
(NH4OAc) at 150 rpm for 1 h and filtered with filter paper 
(Whatman, grade 1). The concentrations of Na+, K+, and 
Ca+2 were determined by a flame-photometer (Sherwood, 
360). To prepare the 1 N NH4OAc solution, we added 57 and 
68 ml of concentrated acetic acid and ammonium hydroxide, 
respectively, into the 800 ml of distilled water and main-
tained the pH of the solution at 7 by adding more acetic acid 
and ammonium hydroxide [31].

The total Cr and Fe+2 ions were extracted via the block-
digester digestion method using concentrated HF, HCl, and 
HClO4. Therefore, 1 g of soil was mixed with 5 ml of dis-
tilled water and 2 ml of HClO4 and HF, and heated to near 
dryness. Thereafter, more 2 and 8 ml of HClO4 and HF were 
added, respectively, and heated to near dryness. Then 8 ml of 
HCl and 20 ml of distilled water were added to the residue. 
A further 75 ml of distilled water was added to bring the 
volume of the extracted solution to 100 ml and which was 
stored in a plastic bottle [31]. The concentration of total Cr 
and Fe+2 was determined by atomic absorption spectroscopy 
(AAS) [33].

The organic content and soil particle size distribution 
were determined by the loss on ignition method [34] and 
the hydrometer method [35], respectively. The results depict 
that the soil type is clay, based on the grain size distribution.

2.2 � Electrokinetic setup and sample preparation

The diagram of the EK setup is shown in Fig. 1. The EK cell 
comprises three sections, in which the soil section is sand-
wiched between the electrode sections (i.e., anode and cath-
ode). The filter paper was inserted between the electrodes 

(2)Soilmoisture(%) =

(
Mw

Md

− 1

)
× 100

Table 1   The physiochemical properties of collected soil

Measurements Results

Hydraulic permeability 1.71 × 10−6 cm s−1

Hydraulic flux 7.1 × 10−6 cm s−1

Bulk density 1.12 g cm−3

Particle density 1.42 g cm−3

Soil porosity 21%
Standard deviation of porosity 3.35
Moisture content 2%
EC1:2 1.22 dS m−1

pH1:2 8.1
Organic matter 3.52%
Soil type Clay
Grain size distribution
 Clay 59%
 Sand 25.5%
 Silt 15.5%

Initial ionic concentration
 Total Cr Nil
 Fe+2 0.351 g kg−1

 Na+ 0.561 g kg−1

 K+ 0.23 g kg−1

 Clˉ 0.697 g kg−1

 Ca+2 0.376 g kg−1
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and soil sample to avoid the movement of wet soil particles 
into the electrode section. The EK cell was made from an 
acrylic plexiglass sheet with a 7 mm thickness. The volume 
of the soil section was 9 (L) × 6.9 (W) × 7.3 (H) cm3, while 
the volume of the electrode section was 9.8 (L) × 9.2 (W) 
× 7.5 (H) cm3.

In this study, we performed the three EK experiments 
(E-1, E-2, and E-3) with different VG (0.5, 1, and 2 V cm−1), 
respectively, for 48 h. For each EK experiment, 670 g of dry 
soil was used. To prepare the contaminated soil, 3.7 g kg−1 
of NaCl (CAS No. 7647-14-5, DAEJUNG) and 1.9 g kg−1 of 
K2Cr2O7 (CAS No. 7778-50-9, DAEJUNG) were used. The 
saturated paste of soil was prepared, mixed with a known 
amount of salts and 227 ml of distilled water, and placed 
in the soil section of the EK cell. Each electrode section 
was filled with 710 ml of distilled water. In this study, iron 
mesh electrodes were used to provide an EF over the soil 
specimens. To avoid the effect of corrosion, mesh electrodes 
were changed frequently after 16 h up to the completion of 
experiments (i.e., 48 h).

To measure the electric potential distribution, platinum 
wires were introduced into the soil sample every centimeter 
and connected in parallel with the LabJack (U12), while the 
variation in current was measured by the digital-multime-
ter. The pH of the electrode sections was measured by the 
pH meter and pH strips were used to track the pH changes 
in the soil. During the EK experiment, the water was col-
lected in the graduated beaker at the cathode side due to 
electroosmosis.

2.3 � Soil analysis

After the completion of EK experiments, the soil samples 
were immediately segmented into nine equal parts and 
dried in a dry oven (DHG-9030 A) at 105 ± 5 °C for 7 h. To 
determine the EC and Clˉ ions, the soil and distilled water 
ratio was kept (1:2). The EC and concentration of Clˉ ions 
were measured by the EC meter and argentometric titration, 
respectively [32].

To extract the Na+ and K+ ions, the soil and 1 N of 
NH4OAc solution ratio was kept (1:5). The extractable Na+ 
and K+ were determined by a flame-photometer. In addition, 
the total Cr and Fe+2 were extracted via the block-digester 
digestion method [3] and concentration of total Cr and Fe+2 
ions was determined by AAS [33].

3 � Results and discussion

3.1 � Electric potential, current, pH of soil and water 
reservoirs

In this part of research, the electric potential distribution, 
current, and pH variation in soil and water reservoirs dur-
ing three EK experiments (i.e., E-1, E-2, and E-3) were 
noted. The three EK experiments were conducted for 48 h 
with different VG, i.e., 0.5, 1, and 2 V cm−1. The electric 
potential distribution in soil samples for 48 h is shown in 
Fig. 2a–c. The initial profiles (at t = 0 h) of electric potential 
in all experiments indicate the linearity instead the region of 
both electrodes (i.e., anode and cathode). The linear profiles 
show the homogeneous concentration of water, salts, and 
metal ions in the contaminated soil. While, the potential 
drop over the electrodes shows the soil-electrode interfaces, 
which indicates the less number of charges in the electrode 
compartments to carry the current because electrodes dipped 
into the distilled water [36]. Therefore, the initial values 
(at t = 0 h) of electric current were low during all experi-
ments as shown in Fig. 2d. The initial values of the current 
were 62 mA, 151 mA, and 321 mA, during E-1, E-2, and 
E-3, respectively. However, quickly the potential drop over 
the soil-electrode interfaces decreases and the maximum 
current passes through the soil samples due to the migration 
of ionic species toward the electrodes by electromigration 
and EOF [3].

The potential profile during E-1 (i.e., Fig. 2a) shows that 
the linearity sustains up to the end of EK experiment (48 h) 
and current progressively decreases due to the absence of 
high pH jump within the soil sample. While, during E-2 
and E-3, the potential profiles (i.e., Fig. 2b, c) deviate from 
its linear position after 10 and 4 h, respectively, and current 
also decreases due to the high formation of H+ (acid front) 
and OHˉ (basic front) ions within the soil samples. There-
after, a sharp potential drop (i.e., focusing effect or electro-
neutrality region) was observed by the collision of H+ and 
OHˉ ions in the soil samples at the ~ 1/3 part from the anode 
side after 10 and 20 h, respectively, as shown in Fig. 2b, c. 
This phenomena is also observed in the desalination of fired-
clay bricks by Ishaq et al. [32] and Kamran et al. [37], where 
removal of ions were stagnated.

During E-3, the development of a sharp potential drop 
10 h early as compared to the E-2 due to the high formation 

Fig. 1   Schematic diagram of the electrokinetic setup for reclamation 
of chromium-contaminated salt-affected soils
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of H+ and OHˉ ions by the higher EF. A similar trend of 
potential was noted by Hussain et al. within the soil and 
observed that the EOF rate and migration of Pb2+ ions were 
stopped by the collision of H+ and OHˉ ions [30]. Similarly, 
in our case the EOF and migration of ions may were stopped 
by the collision of acidic-alkaline fronts in the soil under 
high EF.

After applying the EF, the H+ and OHˉ ions produce at 
anode and cathode reservoir, respectively, by electrolysis, 
therefore the pH of the anode and cathode water reservoirs 
is shown in Fig. 3a. The initial pH of the anode and cath-
ode water reservoirs was almost 7 because distilled water 
was used for each EK experiment. The red lines depict the 
variation in acidic environment (i.e., H+ ions) at the anode 
reservoir, while the blue lines depict the variation in alkaline 
environment (i.e., OHˉ ions) at the cathode reservoir.

To the EF of 0.5 V cm−1 (i.e., E-1), the pH of the anode 
and cathode reservoirs changed from ~ 7 to ~ 4 and ~ 7 to 

~ 9.1 within 4 and 12 h, respectively, while during E-2 (i.e., 
1 V cm−1), the pH of the anode and cathode reservoir varied 
from ~ 7 to ~ 3 and ~ 7 to ~ 13 within 22 and 25 h, respec-
tively. During the EF of 2 V cm−1 (i.e., E-3), the pH of the 
anode reservoir decreased from ~ 7 to ~ 2.9 and to the cath-
ode reservoir the pH varied from ~ 7 to ~ 13 within 7 and 
14 h, respectively, and these values did not change up to the 
end of experiment. This difference in the pH values show 
that the initial applied EF over the soil samples influences 
the production rates of the H+ and OHˉ ions at the anode and 
cathode reservoirs, respectively.

The H+ and OHˉ ions concentration depends on the pres-
ence of ionic concentration in soil and the intensity of the 
applied EF, so the formation of the acidic-alkaline envi-
ronment increased with treatment time at the anode and 
cathode. Based on the Faraday’s law of mass and charge 
equation, the rate at which ions are formed at electrode is 
expressed in Eq. (3) [38].

Fig. 2   The electric potential a E-1, b E-2, c E-3, and electric current d in soil samples for E-1, E-2, and E-3 experiments after applying the elec-
tric fields of 0.5, 1, and 2 V cm−1 over the soil samples
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where, “J” is the current density (A cm−2), “Z” is the ionic 
valence (−), and “F” is the Faraday’s constant (96,485 C 
mol−1 electrons).

However, with the passage of time, the H+ and OHˉ ions 
moved toward the cathode and anode sides, respectively, via 

(3)Molar flux
(
mols−1cm−2

)
=

J

Z × F

soil samples. Therefore, the pH changes (i.e., H+ (acid) and 
OHˉ (alkaline) front’s positions) in the soil was tracked by 
pH strips during different treatment time up to 48 h as shown 
in Fig. 3b–d. The red profiles in Fig. 3b–d depict the H+ ion 
positions while the blue profiles depict the OHˉ ion positions 
in the soil samples. Under the lower EF of 0.5 V cm−1 (i.e., 
E-1), the H+ and OHˉ fronts reached up to ~ 2 and ~ 5.5 cm 
in the soil sample from anode side, respectively, within 48 h. 

Fig. 3   pH variation in the anode and cathode reservoirs a acidic-alka-
line front positions in soil b E-1, c E-2, and d E-3 during electroki-
netic experiments for 48 h. The pH changes in the soil samples after 

the all electrokinetic experiments (i.e., 48 h) is shown in e. Red color 
of the pH strips depicts the acidic environment while blue color of the 
pH strips depicts the alkaline environment. (Color figure online)
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It can be seen in Fig. 3b, the collision of H+ and OHˉ fronts 
did not occur due to the low production rate of H+ and OHˉ 
ions as well as their slow movement due to low EF (0.5 V 
cm−1). Whereas in E-2 and E-3, the H+ and OHˉ fronts col-
lided with each other at ~ 2.3 cm from anode side after 20 
and 10 h, respectively, and stagnated their migration up to 
the end of experiments (48 h). The pH changes in soil after 
48 h of experiment are shown in Fig. 3e. The red color of the 
pH strips depicts the acidic nature of soil while blue color of 
the pH strips depicts the alkaline nature of soil. The progres-
sion of the acidic environment was limited near the anode, 
although the mobility of H+ ions is 1.8 times faster than that 
of OHˉ ions, while the direction of EOF directed from anode 
to cathode [13]. This behavior is related to several factors, 
such as the initial high soil pH (i.e., 8.1), the high buffering 
capacity of soil against acidic environment and the forma-
tion of hydroxide compounds (i.e., NaOH and KOH) [39].

3.2 � Electroosmosis

During EK experiments, the EOF was collected from cath-
ode side, which shows that soil particle has a net negative 
charge. The effect of different VG (i.e., 0.5, 1, and 2 V cm−1) 
on the EOF rate and cumulative EOF is shown in Fig. 4a, b. 
The EOF rate for each EK experiment was calculated by the 
following Eq. (4) [40].

 Where, “V” is the total collected volume of water (ml) and 
“t” is the treatment time (h).

We can see in Fig. 4a, initially, the EOF rate was high in all 
EK experiments due to the high water content and the absences 
of acidic-alkaline fronts in the soil samples. Since, with the 

(4)Electroosmotic flow rate
(
ml h−1

)
=

V

t

passage of time, the EOF rate decreased due to the progression 
of H+ and OHˉ ions therefore, the EOF rate decreased due to 
the low pH value (< 3) at the anode side. Hussain et al. also 
reported that the electroosmosis dewatering performed bet-
ter at higher pH value (> 3) [41]. In addition, the adsorption 
of cations (i.e., H+, Na+, and Fe+2 ions) with soil particles 
reduced the thickness of diffuse double layer (DDL) [42] and 
made the soil zeta potential less negative thus decreased the 
EOF rate [19]. Moreover, the maximum cumulative EOF was 
observed in E-2 (i.e., Fig. 4b), where 1 V cm−1 was applied 
over the soil sample. In this case, the net EOF of water was 
∼ 94 ml after 48 h. It can be seen in Fig. 4b, the EOF almost 
stopped after 32 h by the collision of pH fronts within the soil. 
However, at higher EF (i.e., 2 V cm−1), the EOF decreased 
(i.e., ∼ 69) by reduction in DDL and the formation of a higher 
potential drop within the soil after 10 h.

The minimum cumulative EOF (∼ 64 ml) was observed 
during E-1, where lower EF, i.e., 0.5 V cm−1 was applied 
over the soil sample. During E-1, the cumulative EOF was 
not decreased due to the absence of high pH jump; therefore 
the EOF profile has a linear up to 48 h. In E-1, the EOF may 
surpass E-2 and E-3 if prolong the treatment time; hence, the 
high removal of ions was achieved by the continuous EOF rate. 
The net EOF of water with respect to different applied EF is 
shown in the inset of Fig. 4b.

The permeability of the soil depends on the water flow rate 
and the applied EF strength. The electroosmotic permeability 
of soil with respect to different treatment times is shown in the 
inset of Fig. 4a and determined by Eq. (5) [30].

 Where, “V” is the total collected volume of water (ml), 
“L” is the length of soil sample (cm), “E” is the electric 

(5)Electroosmotic permeability
(
cm2 V−1 s−1

)
=

VL

EtA

Fig. 4   The electroosmotic flow rate a and cumulative electroosmotic 
flow b  after applying the electric field of 0.5, 1, and 2 V cm−1 over 
the soil samples during all electrokinetic experiments. The electroos-

motic permeability of soil is shown in the inset of Fig. 4a, while the 
net electroosmotic flow of water after 48 h is shown in the inset of 
Fig. 4b
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potential (V), “t” is the treatment time (h), and “A” is the 
area of soil sample (cm2). The electroosmotic permeability 
of the soil changes with different applied EF strengths was 
due to the progression of acidic-alkaline environments. The 
electroosmotic permeability of soil after 48 h of experiments 
during E-1, E-2, and E-3 was 1.175 × 10−5, 8.76 × 10−6, and 
3.21 × 10−6 cm2 V−1 s−1, respectively.

3.3 � The variation in ions distribution and electrical 
conductivity in soil

The ionic concentrations of total Cr, Fe+2, Na+, Clˉ, and K+ in 
soil as well as EC of soil samples before and after the comple-
tion of E-1, E-2, and E-3 experiments with different applied 
VG (i.e., 0.5, 1, and 2 V cm−1) are shown in Fig. 5a–f. It can 
be seen in Fig. 5a–f, the dashed lines represent the initial ionic 

Fig. 5   The concentrations of total Cr (a), Fe+2 (b), Na+ (c), Clˉ (d), K+ (e), and EC (f) in soil segments before and after the all electrokinetic 
experiments
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concentration in soil segments and electrode reservoirs (anode 
and cathode) before the all EK experiments.

The total Cr profiles (i.e., Fig. 5a) indicate that the Cr(VI) 
migrates toward the anode due to the electromigration and dif-
fusion process in the form of oxygen anion or chromate ions, 
i.e., CrO4

2−, HCrO4
−, and Cr2O7

2− [3]. Therefore, the Cr(VI) 
may convert into the deoxidized and less toxic form Cr(III) 
according to following Eq. (6) [43].

In this work, the iron mesh electrodes were used to apply 
the EF over the soil samples. Therefore, Fe+2 ions produced by 
oxidation and moved toward the cathode due to the electromi-
gration and EOF. The variation in Fe+2 ion profiles before and 
after EK experiments is shown in Fig. 5b. After each experi-
ment, the higher concentrations of Fe+2 ions were observed in 
soil samples as compared to reference line which indicate the 
Fe+2 ions moved toward the cathode via soil samples. During 
EK experiments, the chromate ions may react with the Fe0 and 
Fe+2 ions to reduce the Cr(VI) to Cr(III) (i.e., less toxic form) 
according to following Eqs. (7, 8, 9, 10) [2, 19, 44, 45].

In EK experiments, the H+ and Fe+2 ions may cause the 
adsorption of Cr(VI) at the vicinity of anode within soil sam-
ples [46]. Therefore, the precipitation and accumulation of 
Cr(VI) are higher in more acidic environment as a result of 
the lower removal of Cr ions.

However, the distribution of Na+ and K+ ions in soil sam-
ples after the each EK experiment is shown in Fig. 5c, e. Under 
the influence of the applied EF (i.e., 0.5, 1, and 2 V cm−1), 
the Na+ and K+ ions moved toward the cathode reservoir 
and accumulated over there. It can be seen in Fig. 5c, e, the 
removal of ions is higher at the anode side with respect to the 
number of soil segments due to the electromigration, EOF, and 
diffusion process [47].

In the case of Clˉ ions, the Clˉ ions moved toward the anode 
due to the electromigration and diffusion. Therefore, due to the 
oxidation reaction at anode, some chloride ions accumulate in 
the anode water reservoir and some ions are converted into Cl2 
gas according to following Eq. (11) [48].

(6)Cr6+ + 3e− → Cr3+

(7)2Fe0 + Cr2O
2−
7

+ 14H+
→ 2Fe+3 + 2Cr3+ + 7H2O

(8)Fe0 + CrO2−
4

+ 8H+
→ Fe+3 + Cr3+ + 4H2O

(9)Fe0 + HCrO−
4
+ 7H+

→ Fe+3 + Cr3+ + 4H2O

(10)3Fe+2 + HCrO−
4
+ 7H+

→ 3Fe+3 + Cr3+ + 4H2O

(11)2Cl− → Cl2(g) ↑ +2e−

The variation in removal efficiencies of total Cr, Na+, Clˉ, 
and K+ ions from soil for E-1, E-2, and E-3 after the comple-
tion of EK experiments (i.e., 48 h) is shown in Fig. 6.

The EC of soil depends on the total concentration of ionic 
species in the soil [30]. The EC of soil after each experiment 
is shown in Fig. 5f. The dashed line represents the initial value 
of EC (i.e., EC1:2 = 5.2 dS m−1) in soil before the EK experi-
ments. After applying the EF, the ionic species move toward 
the respective electrodes due to the electromigration, EOF, and 
diffusion processes, so the value of EC decreases in the vicin-
ity of the central part of the soil and increases in the vicinity 
of anode and cathode side. The results demonstrate that the 
maximum number of ionic species was removed when an EF 
of 2 V cm−1 was applied over the soil sample. The residual 
and reduction in EC of soil after each EK experiment is given 
in Table 2.

3.4 � Removal efficiency of ions and energy 
consumption

The removal efficiency (RE) of ions and energy consumption 
depend on the applied EF strength [33]. Both parameters are 
significant to calculate the feasibility of EK for the extraction 
of contaminants from polluted soil. The removal efficiencies 
of ions (i.e., total Cr, Na+, Clˉ, and K+ ions), EC of soil, and 
energy density after 48 h of each EK experiment are shown 
in Fig. 6 and their values are given in Table 2. The removal 
efficiencies of ions was calculated by Eq. (12) [32].

(12)RE =

�∑9

i=1
Ci −

∑9

f=1
Cf

∑9

i=1
Ci

�
× 100%

Fig. 6   Removal efficiency of ions and reduction in EC of soil after 
the all electrokinetic experiments
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 where, “ 
∑9

i=1
Ci ” is the sum of the initial concentration of 

ions before the EK experiments and “ 
∑9

f=1
Cf  ” is the sum 

of the final concentration of ions after the EK experiments.
The results reveal that at high EF, i.e., 2 V cm−1, the maxi-

mum RE of total Cr, Na+, Clˉ, and K+ ions was achieved at 
71%, 91%, 64, and 63%, respectively, due to higher electroos-
mosis and electromigration as well as more energy was con-
sumed (i.e., 218.6 kWh m−3). While, at 1 V cm−1, the RE of 
total Cr, Na+, Clˉ, and K+ ions was 54%, 71%, 58%, and 54%, 
respectively, and low energy was consumed 94.4 kWh m−3 
as compared to E-3. During E-1, the low value of EF (i.e., 
0.5 V cm−1) causes low energy consumption, i.e., 35.7 kWh 
m−3 as well as the low removal of ions. The RE of total Cr, 
Na+, Clˉ, and K+ ions was obtained 36%, 58%, 45%, and 37%, 
respectively. To the effective removal of ions more treatment 
time is required under the low EF, i.e., 0.5 V cm−1.

However, at 1 and 2 V cm−1, the more treatment time will 
not be beneficially because the ions removal and EOF halted 
due to acidic-alkaline fronts by the formation of high VG zone 
within the soil. We concluded that the effectiveness of the EK 
process also depends on the maintenance of the EOF rate for a 
long time; therefore, more treatment time is required to obtain 
the higher removal of ions. This may be achieved by inhibiting 
the pH fronts within the soil with the proper flushing solution 
in the electrodes and using low EF strength.

In all EK experiments, the removal of cations (Na+ and K+ 
ions) was higher than that of anions (chromate and Clˉ ions) 
because the electromigration and the direction of EOF (from 
anode to cathode), while the anions migrate toward the anode 
by the electromigration. In addition, the Clˉ ions react with 
Mg2+ and Ca2+ in the form of complexes such as (MgCl2), and 
(CaCl2) [39]. Although the higher EF enhances the removal of 
ions, at the same time it may cause the destruction of organic 
matter in the soil due to the joule heating effect.

At the end of each experiment, the energy density was cal-
culated by Eq. (13) [49].

where, “V” is the volume of the soil sample (cm3) “I” is the 
electric current (A), “t” is the treatment time (h), and “E” is 

(13)Energy density
(
kWhm−3

)
=

E

V

(
t

∫
0

Idt

)

the electric potential (V). The values of energy density are 
given in Table 2.

The volume of each soil sample was 4.53 × 10−4 m3 while 
different electric potentials (4.5, 9, and 18 V) were applied 
over the 9 cm length of the soil samples. The values of 
energy density were 35.7, 96.4, and 218.8 kWh m−3 after 
the E-1, E-2, and E-3 experiments, respectively. The results 
indicate that the RE of ions and energy density increase with 
the applied EF strength. Higher EF enhanced the EOF and 
electromigration of ions, by which higher ionic charge spe-
cies were carried out of contaminated soil and accumulated 
in the vicinity of the anode and cathode reservoirs. We con-
cluded that in order to save energy consumption, the EF of 
0.5 V cm−1 is a preferable limit for the removal of ions under 
high salinity area in practical conditions.

4 � Conclusion

The aim of this research is to determine the effect of DC 
voltage gradient (i.e., 0.5, 1, and 2 V cm−1) on energy con-
sumption and the removal of salt (Na+, Clˉ, and K+) and 
heavy metal (Cr) ions from salt-affected clayey soil.

The results revealed that the higher electric field intensi-
ties resulted in more energy consumption and higher the 
EOF rate and electromigration process. The maximum 
removal of total Cr, Na+, Clˉ, and K+ ions was achieved 
71%, 91%, 64%, and 63%, respectively, at 2 V cm−1 by the 
higher EOF rate and electromigration. In addition, the high 
acidic-alkaline fronts were produced, which may affect the 
EOF rate and the removal of ions from contaminated soil. 
While in the case of lower EF, i.e., 0.5 V cm−1, the removal 
of total Cr, Na+, Clˉ, and K+ ions was achieved 36%, 58%, 
45%, and 37%, respectively.

The values of energy density were 35.7, 96.4, and 218.8 
kWh m−3 under the EF of 0.5, 1, and 2 V cm−1, respec-
tively. We concluded that the effectiveness of the EK process 
also depends on the maintenance of the EOF rate for a long 
time; therefore, more treatment time is required to obtain the 
higher removal of ions. This may be achieved by inhibiting 
the pH fronts within the soil with the proper flushing solu-
tion in the electrodes and using a low EF strength.

Table 2   The removal efficiency of total Cr, Na+, Clˉ, and K+ ions, the reduction in EC of soil, the cumulative water flow, and energy density 
after the all electrokinetic experiments

Experiments 
(electric field V 
cm−1)

Total Cr 
removal effi-
ciency (%)

Na+ removal 
efficiency (%)

Clˉ removal 
efficiency (%)

K+ removal 
efficiency (%)

Final 
EC1:2(dS 
m−1)

Reduction 
in EC1:2 (%)

Cumulative 
water flow (± 1 
ml)

Energy 
density (kWh 
m−3)

E-1 (0.5 V cm−1) 36 58 45 37 3.94 24 63 35.7
E-2 (1 V cm−1) 54 71 58 54 2.07 60 94 94.4
E-3 (2 V cm−1) 71 91 64 63 1.29 75 69 218.6
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