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In this paper, contaminated kaolin soil containing copper ions was remediated using the electrokinetic
(EK) method combined with a solidification/stabilization (S/S) remediation technique by applying
different voltages. The electric current changes during remediation, soil moisture contents, soil pH, soil
electrical conductivity (EC) in each area before and after remediation, changes in copper content of the
soil before and after remediation, and energy consumption analysis were systematically studied to
evaluate the remediation effect on the contaminated soil. The results showed that, when 30 V was applied,
the removal efficiency of the EK-S/S combined remediation technique was 66.51%, which was 20%
higher than the EK remediation efficiency, and the energy consumption was only 14.62 kWh/m?>. The
solidifying agent in the region near the cathode (S1) can effectively solidify the copper ions migrating
to this location. It had a high EC, which is conducive to the migration and fixation of metal ions, and its
pH was between 11-12, which means it is an environmentally friendly solidifying agent that does not
cause harm to the environment. After the leaching toxicity test, the Cu** concentration of the solidifiers
was approximately 20 mg/kg, and, as the remediation time increased, the more fully it reacted internally,
improving its solidifying effect.

Keywords: Combined remediation technology; Voltage gradient; Cu?*-contaminated kaolin; Energy
consumption analysis.

1. INTRODUCTION

With the continuous development of the economy, soil heavy metal pollution, with pollutants
such as Cu, Zn, Pb, As, Ge, Hg, and Ni, has become increasingly severe. It has become one of the major
environmental problems in China[1,2]. The types of soil pollution in China are diversified, and the
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pollution sites are complex, including farmland, mines and construction sites. These heavy metals will
eventually enter the human body through various channels, which will cause great harm to human
health[3,4]. In response to heavy metal contamination pollution, many researchers have developed a
series of remediation technologies for purifying soil, such as solidification/stabilization (S/S) techniques,
soil flushing techniques, electrokinetic (EK) remediation techniques, bioremediation techniques, and
combined remediation techniques[5-9]. Among them, the S/S remediation technique is the most widely
used, but the single use of this technique requires a large number of solidifiers and water resources. It is
easy to cause extensive soil disturbance and only changes the fugitive form of heavy metals without
fundamentally removing them[10]. The EK remediation technique is also a promising technology that
is suitable for the remediation of high-moisture content, dense and low permeability soils with organic—
inorganic composite contamination[11]. EK remediation of heavy metal soils mainly relies on
electromigration and electroosmosis under a direct current (DC) electric field to concentrate heavy
metals and minerals in the soil in a fixed location, and then centralized treatment is applied. However,
the traditional single EK remediation technique has problems such as high cost, tendency to cause
secondary pollution of water resources, the need for secondary treatment of its electrolyte, and difficulty
in promotion. The high cost of EK remediation is the main obstacle to its widespread application[12].
The specific costs mainly include the fabrication and assembly of electrode materials, labour, electrical
energy consumption[13,14], and secondary treatment of electrolytes and soil at the location of heavy
metal accumulation[15].

The starting point of this research is to overcome the shortcomings of the EK remediation
techniques and the S/S remediation techniques and to combine them (EK-S/S combined remediation
techniques). Specifically, a solid waste solidifying agent synthesized from red mud (RM) and fly ash
(FA) as the main raw materials combined with a small amount of high belite sulfoaluminate cement
(HBSC) and quicklime is placed in the area near the cathode during the EK remediation process. Under
the action of the electromotive force, the copper ions will migrate to the region near the cathode, where
the solidifier will effectively cure them.

In particular, different voltage strengths have an effect on the migration of copper ions, the
electrodialysis rate, and the loss of electrode material during the EK remediation process. Chio et al.[16]
systematically studied the electrical conductivity (EC) electrodialysis flow rate, pH, and phosphate
migration changes in agricultural soils by setting a voltage gradient of 0.5 V/cm, 1.0 V/cm, and 2.0 V/cm.
The results showed that, under electric field conditions of 0.5 V/cm and 1.0 V/cm, the soil EC and the
pH of the cathode and anode had no obvious changes, and the electrodialysis flow rate and removal
efficiency were also much lower than 2.0 V/cm. Torabi et al.[17] used an electrokinetic method to
remove Cd and Cu from the contaminated soil of the Koushk mine tailings dam. Comparing two voltage
gradients of 1 V/cm and 2 V/cm showed that higher voltages favoured the removal of heavy metals.
Cang et al.[18] studied the effect of different voltage gradients on the uptake of heavy metals Cd, Cu,
Pb, and Zn by mustard, applying 0 V/cm, 1.0 V/cm, 2.0 V/cm, and 4.0 V/cm of DC voltage for 8 hours
per day for 16 days. The results showed that the applied electric field could promote the uptake of metals
by plants, and the voltage gradient of 2.0 V/cm had the highest plant metal accumulation. Therefore, it
is necessary to study the remediation effect of EK-S/S combined remediation techniques at different
voltage intensities.
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In this study, 4 voltage gradients were set up to systematically study various parameters,
including electric current changes, changes in soil moisture contents, pH, EC, and Cu®" content in the
soil. Combined with energy consumption analysis and remediation efficiency calculations, we used this
data to determine the optimal value of the DC voltage applied for the EK-S/S combined remediation
techniques.

2. EXPERIMENTAL

2.1. Experimental materials

The soil samples were taken from kaolin produced by the Henan platinum run. The samples are
composed of a single component, and such soil is widely distributed in China, convenient for
experimental research. The chemical composition of kaolin is listed in Table 1. The particle size was
measured by a BT-9300S laser particle size analyser. As shown in Figure 1, the sizes of D10, D50, and
D90 of kaolin were estimated to be 1.343 pum, 14.02 um, and 42.52 pm, respectively. This means that
particles smaller than 42.52 pum accounted for 90% of the sample, and the specific surface area was
measured as 580.3 m?/kg. The mineralogical phases of kaolin were also tested by XRD. As depicted in
Figure 2(a), the main mineralogical components of kaolin were cristobalite (SiOz) and mullite
(AlsS12013).

The RM used in this study was selected from the Bayer method RM produced by an aluminium
plant in Wenshui of the Shanxi province of P.R. China. As illustrated in Table 1, the main chemical
composition included SiO2, Al,0O3, and CaO. The raw material was sieved through a 0.5 mm screen after
drying and crushing. According to the particle size distribution in Figure 1, the specific surface area was
estimated to be 1079 m?/kg. In addition, the mineralogical phases of RM were tested by XRD, and the
data showed that RM was mainly composed of gibbsite [Al(OH)3], katoite [CazAl,Si04(OH)g], calcite
(CaCO03), and cancrinite [NagCazAlsS16024(CO3)2 * 2H20] (Figure 2(b)). FA was obtained from Gongyi
Longze Water Purification Material Co., Ltd. of P.R. China. The grade consisted of secondary ash with
the main chemical composition of SiO2 and Al,Os. The particle size distribution is shown in Figure 1.
The specific surface area was estimated to be 489.4 m?/kg. The mineralogical phases of FA were tested
by XRD, and the data are summarized in Figure 2(c). FA was mainly composed of SiO», mullite
(AleS12013), haematite (Fe203), and calcite (CaCOs3).

HBSC was supplied by the Polar Bear Cement Plant in Tangshan, Hebei Province of P.R. China.
The strength grade of the cement was 42.5 grade. The particle size distributions of HBSC are shown in
Figure 1. The specific surface areas of both materials were estimated to be 438.5 m*/kg and 590.1 m?*/kg,
respectively. The main chemical composition is shown in Table 1. The XRD results also showed that the
main mineralogical components of HBSC were of CaSOa, C»S, and C4A3S (Figure 2(e)).

The quicklime was used in combination with analytically pure CaO produced by Tianjin Tianli
Chemical Reagent Co., Ltd. The copper-based ions employed for testing were analytically pure
Cu(NOs3)2-3H>0 produced by Founder's Reagent Factory in Beichen, Tianjin. All chemicals used in the
experiments were of analytical grade, and distilled water was used throughout testing.
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Table 1. The main chemical composition of test materials.

Chemical composition (%)

Al O3  SiO2 FexO3 CaO MgO KO TiO2 NaO SOz LOSS

Kaolin 4442 5268 0.48 0.24 0.17 1.11 4442 - - 0.9
RM 22,72 2143 998 16.49 - 0.42 3.98 1151 - 13.41
FA 3115 53.97 4.16 4.01 1.01 2.04 - 0.89 0.727 -

HBSC 1859 1398 202 50.74 215 0.21 - - 11.75 -

2.2. Cu?*-contaminated soil and solidifying agent

In this experiment, commercial kaolin clay was used as a soil model. Cu(NOs3)>-3H>O (analytical
grade) was used to configure the Cu** contamination solution to a pH of 4.26. The kaolin and the
contamination solution were thoroughly mixed using a mortar mixer and loaded into an electrolytic cell
(as shown in Figure 3). The physical and chemical properties of the soil and solidifiers are shown in
Table 2. The solidifying agent used in the experiment was the low-energy HBSC synergistic solid waste
solidifier previously developed by our research group. The solidifier consists of RM and FA, the total
amount of which is 35%; the red mud-fly ash ratio is 8:2 and the water-cement ratio is 0.45 with 7%
HBSC and 3.5% quicklime.

Kaolin

= Mortar mixer
Cu**-contaminated kaolin Solidifying agent

' ]
| —Quicklime

Figure 3. Loading of Cu?*-contaminated soil and soil solidifying agent into a plexiglass tank.
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Table 2. Physical and chemical properties of the soil and Solidifying agent

Moisture content (%) pH EC (ps/cm) Cu** (mg/kg)
Clean soil 0.02 6.75 213 0
Contaminated soil 45 5.32 348 398
Solidifying agent 45 11.46 1612 398

2.3. Test Instruments and Equipment

The main instruments and equipment used in the test were a GPC-H linear DC power supply
(Guwei Electronics Industrial Co., Ltd., China), mixer barrel and blade, FE28 benchtop pH metre
(Mettler-Toledo Instruments (Shanghai) Co., Ltd., China), inductively coupled plasma spectrometer
(SPECTRO ARCOS, Germany), Raycom DDS-307A EC metre (Shanghai Yidian Science Instruments
Co. Ltd., China), BT100-12 constant flow pump (Shanghai Qingpu Huxi Instrument Factory, China),
THM industrial paperless recorder (Fai Control Co., Ltd., China), electric centrifuge, YKZ-08 flip-type
oscillator, and horizontal oscillator. As shown in Figure 4, the EK remediation device is a self-designed
Plexiglas tank, including a soil chamber (30 cmx7.5 cmx10 cm) with two porous partitions on both sides
of the electrolysis tank separating the soil chamber from the electrode chambers. The partitions are
wrapped with qualitative filter paper to prevent soil particles from entering the electrode chambers. The
soil was divided into five equal parts in the cathode to anode and numbered S1 to S5 to facilitate sampling
studies.

(4
(4

S2 1 S3 | S4
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Figure 4. A schematic view of the electrokinetic laboratory setup: (1) Soil chamber, length: 30 cm,
width: 7.6 cm, height: 10 cm. (2) DC power supply. (3) Current recorder. (4)Porous glass plate
and filter paper. (5) Electrode plate. (6) Lead wire. (7) Hose. (8) Wide mouth bottle (provides
electrolyte). (9) Peristaltic pump. (10) Electrolyte reservoirs.

2.4. Experimental process

The S1 area of the electrolysis tank was filled with a solidifying agent with a mass ratio of 8:2 of
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RM and FA and Cu?'-contaminated kaolin soil mixed thoroughly. The S2-S5 area was filled with Cu?*-
contaminated kaolin soil (as shown in Figure 5(a)). Distilled water was used as the electrolyte in both
electrode chambers. Two-litre Teflon bottles were filled with 1.5 L of distilled water. The water was
introduced into the electrode chambers at a rate of 30 ml/min through a constant flow pump. Holes were
opened in the outer wall of the electrode chamber where the soil height was level, and the electrolyte in
the electrode chamber circulated into the bottles when it reached a certain height, equilibrated for a while
and connected to the power supply. After balancing for a period of time and connecting to the power
supply, the remediation time is 72 hours, and the voltage gradients are set to 0.5 V/cm, 1 V/cm, 1.5 V/cm,
and 2 V/ecm; 15V, 30V, 45V, and 60 V are applied. A control group was also established with a voltage
gradient of 1 V/cm (*30 V), and all contaminated soils were placed in the soil chamber area S1-S5 (as
shown in Figure 5(b)), while other conditions were kept the same. During the remediation process, a
paperless recorder was used to record the primary electric current for half an hour. Measurements of pH,
EC, and copper ions in soil and electrolyte and the moisture contents of the soil were taken at the end of

the experiment.
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Figure 5. Experimental diagrams: (a) Combined remediation; (b) EK remediation.
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2.5. Analysis methods

2.5.1. Moisture contents of the soil and solidifying agent

The aluminium box was first weighed (m1) and numbered. After the remediation was completed,
the soil samples of each area were removed, placed in an aluminium box and weighed (m2). Three
parallel samples were set in each area and then dried in an oven, removed, and allowed to cool; finally,
the samples were weighed (m3). The moisture content was calculated according to Equation 1.

mz—ms

w =T 100% (1)

mz—m
Where o is the moisture content (%), m is the weight of the aluminum box (kg), m is the weight
of the aluminum box humidified soil (kg), and m3 is the weight of the aluminum box plus dry soil (kg).

2.5.2. Soil pH

The weighed 10.00 g air-dried soil samples were placed in a 50 mL polypropylene centrifuge
tube, 25.00 mL of deionized water was added, then the bottle was sealed and placed it in a horizontal
shaker for vigorous shaking for 2 min. The pH of the supernatant was determined by inserting the
electrode into the solution[19].

2.5.3. Electrolyte pH

Twenty millilitres of electrolyte was placed in a 50 mL centrifuge tube and allowed to stand for
30 min. The pH metre electrode was inserted into the solution, and the pH value of the supernatant was
measured.

2.5.4. EC of soils and solidifiers

After the soil samples were removed, they were air-dried, subdivided, ground, and passed
through a 2 mm sample sieve. A 5.00 g soil sample and 25 mL of deionized water were placed in a 50
mL polypropylene centrifuge tube. The tube was placed in a duplex horizontal constant temperature
oscillator and shaken at 20+£1 °C for 30 min. After fully mixing the soil and water, the mixture was
allowed to stand for 30 min and filtered with qualitative filter paper. The filtrate was collected in a 100
mL beaker and measured by an EC metre[20].

2.5.5. Soil Cu?* concentrations

A total of 3.0 g of air-dried contaminated soil was added to a 50 mL centrifuge tube containing
30 mL of 1 mol/L HCI, shaken at 200 rpm for 6 h, and centrifuged at 4000 rpm for 15 min[21]. The
concentrations of copper ions in the supernatant were filtered through a 0.22 mm filter and measured by
inductively coupled plasma—optical emission spectrometry (ICP—OES).
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2.5.6. Cu?* concentrations in catholyte

A total of 20 mL of electrolyte was placed in a 50 mL centrifuge tube, and 1-2 drops of dilute
nitric acid were added dropwise. The tube was shaken well to reduce the pH, filtered, and measured by
ICP-OES.

2.5.7. Toxic leaching tests

The leaching toxicity was tested since the solid waste sufficiently mixed and reacted with the
Cu**-contaminated soil. According to the Chinese standard[22], the following steps were specifically
tested.

1) The moisture content of the solidified soils was determined. To this end, a 50-100 g
sample was then weighed in a covered container, dried at 105 ° C, repeatedly weighed until the error of
two weighing values became less than £1%, and finally tested for the water content.

2) The leaching agent was prepared by adding a mixture of concentrated sulfuric acid and
concentrated nitric acid at a mass ratio of 2:1 to distilled water (approximately 2 drops of the mixture in
1 L of water). The pH of the prepared leaching agent was fixed at approximately 3.2+0.05.

3) The volumes of the leaching agent and mass of the cured soil sample were calculated
according to the moisture content of the sample at a liquid to solid ratio of 10:1 (L/kg). Both were then
loaded into 2 L Teflon bottles.

4) The bottle on the YKZ-08 tilting oscillator was fixed, the rotation speed was adjusted to
30+2 r/min, and the vibration was set to 23+2 °C for 18+2 h.

5) The bottles were removed and left to stand, the supernatant was collected by filtration,
and the Cu®* concentration was measured using a Spectrol Arcos ICP—OES instrument.

2.5.8. pH of solidifiers

According to the Chinese standard[23], the following steps were specifically tested.

1) The solidifying agent was dried and passed through a 5 mm sieve. Then, 100 g of sample
was weighed and placed in a polyethylene bottle containing 1 L distilled water and sealed with the bottle
cap.

2) Polyethylene bottles were vertically fixed on the horizontal oscillation instrument (the
oscillation frequency was 110110 times/min, amplitude was 40 mm, temperature was 23 °
C),oscillated for 8 h, then left standing for 16 h.

3) The samples were filtered with filter paper, and the supernatant was collected and

measured with a pH metre.

2.5.9. power consumption

Equation 2 was used for electrical energy consumption analysis[24].
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-1
E = [Vidt 2)

Where E is the electrical energy per unit volume (kWh/m?), I is the applied electric current (mA),
V is the voltage (V), t is the remediation time (h), and Vs is the soil volume (m?).

3. RESULTS AND DISCUSSION

3.1. Changes in current during processing

The electric current changes over time during the remediation process are shown in Figure 6,
showing that the electric currents of 15V, 30 V, 45V, and 60 V with different voltage gradients and 30
V in the control group increased to the peak first, then decreased continuously, and finally stabilized at
2.6 mA, 6.8 mA, 5.6 mA, 7 mA, and 1.5 mA, respectively. After treatment for approximately 50 h, the
electric current tends to be stable. With the increase in voltage, the corresponding peak value also
increased; the electric current of the control group after stabilization was lower than that of the other
four groups.

The electric current increases first mainly due to the initial phase of energization, the time
required for the electrodes to fully react, and the presence of numerous mobile ions in the soil chamber,
to which the electric current is proportional[25]; therefore, the electric current starts with an increasing
trend. As the remediation process proceeds, the migrating OH™ generated by the cathode enters the soil,
and the solidifying agent combines with Cu** to form a nonmigratory precipitate[26]. The solidifying
agent near the cathode undergoes a hydration reaction to form a gelling-like substance that traps and
adsorbs copper ions, increasing the resistance of the soil chamber and reducing the number of mobile
ions in the soil chamber, thus reducing the electric current in the remediation process. The resistance of
the soil is fixed when it starts to be energized, and, according to Ohm's law, when the resistance is certain,
the higher the voltage is, the higher its electric current. Therefore, the voltage gradient of 2 V/cm in this
test has the highest peak. After 50 hours of remediation, the electric current eventually stabilize within a
certain range due to the continuous migration of the dissolved state ions in the soil chamber under the
action of the electric field, and the two form a dynamic equilibrium.

During the test, a large number of bubbles were observed covering the surface of the electrode
plate, which may also be the reason for the low electric current at the latest stage of remediation. Cu(OH)>
precipitation in the cathode chamber of the control group also affects the operation of the electrode to

some extent.
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Figure 6. Changes in electric current with time under different voltage.

3.2. Soil moisture content

The changes in soil moisture contents in the soil chamber after the completion of the remediation
test are shown in Figure 7, showing that the soil moisture contents in the S3 area in the middle part of
the soil chamber are higher than those in both sides, the soil moisture contents in the S1 area near the
cathode area are higher than those in the S5 area near the anode area, and the soil moisture contents
decrease as the voltage increases. The moisture contents of the soil in the control group are high, at an
initial soil moisture content of approximately 45%. The moisture contents of the soil in the area near the
two poles are not very different.

The moisture contents of the soil in the middle region are higher than those on both sides,
probably due to the migration of H* produced by the anode and OH" produced by the cathode meeting
in the soil to form water molecules, resulting in a high moisture content of the soil in the soil chamber.
The ionic mobility of H' is 3625x10°¢ cm?/(V-s), while the ionic mobility of OH" is 2058x10 cm?/(V-s),
and the migration rate of hydrogen ions is 1.8 times higher than that of hydroxide ions[27], so the
moisture contents in the S2-S4 regions are generally higher. The solidifying agent in the S1 region
consumes some water during the hydration reaction. Since the test time is not very long, there are still
large pores inside the solidifying body, which do not cause pore blockage while fixing copper and have
little effect on the electroosmotic water flow from the anode to the cathode; therefore, the moisture
contents of the soil in the S1 region are higher than those in the S5 region. The larger the voltage is, the
more rapid the electrode reaction, and the faster the speed of electroosmotic water flow is, the lower the
soil moisture content is.

The control group belongs to the fully EK remediation process, during which Cu?" precipitates
near the cathode because of alkalinity, and there is an aggregation effect which impedes the
electroosmotic water flow to a certain extent.
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Figure 7. Changes in soil moisture contents at different locations under different voltage gradients.

3.3. Soil pH after treatment

The pH of the soil is an important factor affecting the removal of copper ions from the soil, and
a lower pH promotes the dissolution of copper ions in soil and facilitates their removal by electrodialysis
and electromigration[28]. The pH values of the soil, solidifying agent, and electrolyte before treatment
were 5.32, 11.46, and 7.01, respectively. After the remediation was completed, the pH of the soil in the
soil chamber is shown in Figure 8. During the combined remediation experiment, the electrode reaction
occurred in the electrode plate, and the oxidation reaction in the anode chamber produced H”, resulting
in the pH of the anode electrolyte decreasing to between 1.5 and 2.2; the reduction reaction in the cathode
chamber produced OH", resulting in the pH of the cathode electrolyte increasing to approximately 11.
The S1 area was loaded with the solidifying agent, and the pH was high and stable between 11-12 under
different remediation voltage conditions. The main reasons are that the OH" generated by the cathode
migrates into the soil under DC voltage, and the materials that make up the solidifying agent undergo a
series of chemical reactions with their own high pH values. The pH changes in the S2-S5 regions are
large, and the pH of the soil gradually decreases from the anode to the cathode. This is mainly due to the
migration of H" generated in the anode chamber to the soil through electromigration and electroosmotic
flow, resulting in a decrease in pH in the soil region near the anode[29]; conversely, the migration of
OH generated in the cathode chamber leads to an increase in pH in the soil region near the cathode[30].
The pH of the soil in the control group showed a decreasing trend from the anode to the cathode,
but the change was not large and close to the pH of the initial contaminated soil, probably because the

electric current was small, the electrolysis reaction was not very violent and the ion migration rate was
not too fast; therefore, the pH did not change much.

12
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3.4. Soil EC after treatment

Soil EC can significantly affect the efficiency of EK remediation. Typically, a higher soil EC
means a higher number of ions that can migrate in the soil and thus a shorter time spent on the EK
remediation processes[31]. The changes in soil EC in the soil chamber after the remediation was
completed are shown in Figure 9. In general, the higher the voltage in the same area is, the smaller the
EC during the combined remediation. This may be because the higher the voltage intensity is, the more
actively the soil ions migrate and the more they migrate to the electrode chamber, i.e., the fewer mobile
ions are present in the soil. Specifically, the S1 region is a solidifier, and its EC is high at approximately
1600 ps-cm™!, which is mainly because the solidifying agent itself has a high EC and cation migration to
the S1 region is high. In the S2-S5 regions, EC performance from S5 (near the anode) to S2 soils EC
gradually decreased, which may be due to the role of electric current and electroosmotic flow along with
cation migration from the anode to the cathode. The EC of the soil in the area near the anode is close to
the initial EC of the contaminated soil, which indicates that the ions in this area maintain a dynamic
balance of migration in and out of the region.

The EC of the control group was lower, and the soil EC tended to decrease from the anode to the
cathode, mainly because the aggregation effect tended to occur near the cathode during the remediation
process, and the EC of the migratory ions decreased, while the anode maintained a dynamic equilibrium
near the initial EC of the contaminated soil.
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Figure 9. Changes in soil EC at different locations under different voltage gradients.

3.5. Changes in soil Cu?* concentrations after remediation treatment

The residues of Cu** in each region of the soil chamber after the remediation treatment and the
toxic leaching concentrations in the S1 region in the combined remediation experiment are shown in
Figure 10. Under DC voltage, copper ions in soil are mainly transported to the cathode by
electromigration, electroosmotic flow, and diffusion[32].

As shown in Figure 10, after the EK remediation treatment, the copper ion contents of the soil at
all locations were lower than the initial contaminated soil Cu** content of 398 mg/kg. The toxic leaching
Cu?" concentration of the soil in the S1 region was much lower than that in the other locations in the
combined remediation, and the overall ion concentrations in the S2-S5 regions gradually decreased from
cathode to anode. The main reason is that the copper ions in the soil migrate from the anode to the
cathode and are enriched near the cathode. The S1 area is loaded with the solidifying agent, which can
solidify a high concentration of copper ions. At this point, our group used a solidifying agent to remediate
6000 mg/kg high concentration contaminated kaolin with 99.9% remediation efficiency. When copper
ions in the soil migrate to the area, they are fixed by the solidifying agent and trapped as well as being
involved in the reaction. Due to the short remediation time, the chemical reaction in the solidifying agent
is incomplete, so the Cu** concentration after the leaching toxicity test is approximately 20 mg/kg, which
still meets all values lower than the leaching limit of 100 mg/L for Cu®* specified in the Chinese
standard[23]. If the remediation time is extended, the solidifying effect will improve[33]. Moreover, at
the end of the experiment, the cathode electrolyte was also sampled for Cu?* concentration, and the result
was that almost no copper ions entered the cathode chamber, thus avoiding the disadvantage of secondary
treatment of the electrolyte by the EK mediation technique. When the voltage intensity was 15 V, the
copper ion content was higher in the S2-S5 regions than at the other voltage intensities, especially in the
S2 and S4 regions. This may be due to the voltage, lower electric current, slower migration of copper
ions, and low remediation efficiency due to the short remediation time. The remediation efficiencies
were classified as 57.61%, 66.51%, 65.99%, and 68.01% after different voltage intensity (15V, 30V, 45



Int. J. Electrochem. Sci., 17 (2022) Article Number: 221021 15

V, and 60 V) treatments.

The copper ion residues at each location after the completion of remediation in the control group
are shown in Figure 10. Again, the copper ion content gradually increases from the anode to the cathode
and is enriched in the region near the cathode (S1). This is because the copper ions combine with the
OH" generated in the cathode chamber during the migration to the cathode, forming a precipitate and
enriching it. The higher concentration of copper ions in the S4 region may be due to the short remediation
time, where Cu?* migrates to the S4 region without having time to migrate to the cathode. Its remediation
efficiency was 44.98%. Moreover, a large amount of black—green precipitate was observed in the
electrolyte in the cathode chamber at the end of the test, which might be the generated Cu(OH)>
precipitate. Excessive accumulation of precipitate would adhere to the electrode plate and affect the
electrolysis reaction, which might be the reason for its low electric current.

In summary, the EK-S/S remediation technique is approximately 20% more efficient than the EK
remediation technique, can overcome the aggregation effect and the disadvantages of secondary
treatment of electrolytes in the EK remediation process, and can also bring together copper ions in one
place for solidifying treatment, saving the disadvantages of disturbing the soil in a large area during the
solidifying process. The solidifying agent is an environmentally friendly material that can be used for
resource utilization of solid waste without causing harm to the environment and organisms. Therefore,
this remediation technology is a proven means of enhanced electric remediation.
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Figure 10. Cu®" concentrations after remediation treatment at different locations under different voltage
gradients.

3.6. Energy Analysis

The remediation efficiency and power consumption after combined EK-S/S and EK remediation
treatments at different voltage gradients are shown in Table 3.

The results show that the higher the voltage is, the higher the electric current generated during
the remediation process (Figure 1) is, resulting in higher electrical energy consumption. In the EK-S/S
combined remediation test, the removal efficiency at a voltage of 30 V was approximately the same as
that at voltages of 45 V and 60 V, but the electrical energy consumption was much lower than that at



Int. J. Electrochem. Sci., 17 (2022) Article Number: 221021 16

voltages of 45 V and 60 V. Although it consumes more electrical energy than the 15 V and control groups,
its remediation efficiency is much higher. Therefore, a constant voltage intensity of 30 V was chosen in
this study, which has some advantages in terms of remediation efficiency and energy consumption. In
subsequent studies, various enhancements, such as the addition of chelating agents, control of electrolyte
pH, polarity exchange techniques, and variations in electrode materials and configurations, can be
combined. Solar-powered technologies can also be combined to enhance the removal efficiency and
reduce the energy consumption of copper ions from contaminated soil.

Table 3. Removal efficiency and power consumption

Number Removal efficiency (%) Power consumption (kWh/m?)
15V 57.56 5.14
30V 66.51 14.62
45V 65.99 26.80
60V 68.01 39.96
*30V 44.98 4.84

3.7. Migration mechanism of anions and cations

Under the action of DC voltage, the migration patterns of anions and cations in soil are shown in
Figure 11[34]. Specifically, an oxidation reaction occurs in the anode chamber, producing hydrogen ions
(H"), which move towards the cathode under a series of effects, such as ion migration, electrodialysis,
and concentration diffusion, during which they continuously exchange ions with the cations in the soil
contaminants (as shown in Equation 3). Moreover, the pore fluid in the soil chamber also moves towards
the cathode under the effects of electrodialysis and diffusion, and the copper ions flow out of the soil on
the way[35]. This combined remediation test is mainly to purify the soil by transporting copper ions to
the S1 area near the cathode and using the solidifying agent to fix and trap the copper ions. This is similar
to the approach of Ghobadi[36], where activated carbon and biochar were added mainly near the cathode
area to immobilize the copper migrating to this location. Reduction reactions occur in the cathode
chamber to produce hydroxide ions (OH’), in addition to neutralization reactions (Equation 4),
precipitation reactions (Equation 5), complexation reactions (Equation 6), and reduction reactions of
copper ions (Equation 7) [37]. Among them, the precipitation reaction is the main reason for the
aggregation effect in the electric remediation process[38]. The solids formed by the precipitation reaction
will fill the pores in the soil and lead to the blockage of copper ion migration channels.

M M —>nH M 3
H*+0OH —H;0 4)
M +n OH -M(OH),.¥ (5)

M +n OH — M(OH)T™* (6)
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Figure 11. Migration mechanism of anions and cations: 1-Horizontal hydraulic pressure Xn=(knin)T, 2-
Diftusion, 3-Electroosmotic flow Xe=(kele)T, 4-Ion migration Xm=(uie)T.

The EK-S/S combined remediation (30 V) and EK remediation (*30 V) in this experimental
study were in sharp contrast to one another. The electric current of EK remediation reached a low value
soon after a period of remediation and then always maintained a lower value. After remediation, copper
ions were aggregated in the S1 and S4 regions, so the remediation efficiency was not high. In contrast,
the combined remediation electric current decreases smoothly and always maintains a higher value
afterwards, the copper ions are fixed in the S1 region, and the concentration of leaching toxic ions is
smaller, so its remediation efficiency is higher. This is consistent with the improved electrokinetic
removal of copper from contaminated soils by reactive filter media in the study[36], enhancing their
remediation efficiency.
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3.8. Solid waste solidification mechanisms

In this study, an HBSC-based solidifying agent RM:FA ratio of 8:2 was determined to be the
optimal ratio, where FA and large amounts of both SiO; and Al,Os3 can be used as raw materials for the
hydration products. Additionally, the silica-aluminium gel formed by silica-oxygen tetrahedra SiO4 and
aluminium-oxygen tetrahedra AlO4 in FA at the same time resulted in a more compact structure, which
could trap and fix Cu?" to reduce the migration rate of copper ions[39-41]. Note that the amount of RM
used in this solidifying agent was large. Bayer RM mainly contains minerals, such as gibbsite, katoite,
calcite, and cancrinite. Additionally, RM dissolved in water can be eliminated by anions such as OH,
COs%, and AI(OH)*, as well as cations such as AI**, Ca®’, and Na*. The active material in RM
participates in the hydration reaction to generate a gel material, thereby filling the pores and improving
the strength of the solidifying body[42]. Solidifying agents with small amounts of cement, as well as
HBSC containing large amounts of CaSOs and C,S, may provide Ca** and SO4> for the chemical
reaction to promote the formation of AFt and other cementitious substances[43]. With the increase in
curing time, AFt with a large specific surface area and certain expansion stress gradually interpenetrated
with other hydration products in the form of microcrystals[44], reducing the pore space between soil
mass grains and making the cured soil structure denser. This, in turn, increased the strength of the
solidified body. In addition, Cu?" in an alkaline environment forms Cu(OH), precipitates[45,46], thereby
reducing the content of Cu?" in contaminated soil and decreasing the migration ability of Cu?*, as shown
in Figure 12. The addition of small amounts of cement was not only conducive to solidifying Cu** but
also increased the strength of the solidifying body. In the hydration slurry, the needle and rod-like
calcium alumina phase interspersed between the gel to form a calcium vanadium skeleton. The presence
of large amounts of silica-alumina gel and other gels filled the middle of the skeleton so that the entire
solidifying body formed a denser structure to improve the strength of the solidifying body.

Ca(OH),|

8 & -
l'\ NV > casanl | !
- :

Wcsn| l : -

Figure 12. The solidification mechanism of the solidified body.

4. CONCLUSIONS

(1) The EK-S/S combined remediation technique had a remediation efficiency approximately 20%
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higher than that of EK remediation alone, while avoiding the occurrence of the aggregation effect and
enhancing the removal rate of Cu?".

(2) Two types of solid wastes, low-energy HBSC and a small amount of quicklime, were selected
as solidifying agents, which not only achieved the resource utilization of solid wastes but also effectively
solidified the copper ion that migrated to the area near the cathode during the remediation process. The
ability of the solidifying agent to solidify copper ions will increase with increasing remediation time.

(3) During the remediation process, an oxidation reaction occurs at the anode, which reduces the
anode electrolyte pH to between 1.5-2.2, and a reduction reaction occurs at the cathode, which reduces
the anode electrolyte pH to 11 or less. This causes a change in the acid-base conditions of the soil in the
soil chamber, in addition to a series of changes in EC, moisture contents, and copper ion residues.

(4) When 30 V was applied, the remediation efficiency of the combined remediation technology
was 66.51%, which was 20% higher than the electric remediation efficiency, and the energy consumption
was only 14.62 kWh/m>. 30 V is a good choice as the voltage for the EK-S/S combined remediation
process, both in terms of remediation efficiency and energy analysis.
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