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ABSTRACT

The contamination of agricultural sandy soils by zinc (Zn) presents not only a risk for the
quality of crops but also a problem for the quality of groundwater. Common enhancing
agents used in electrokinetic remediation (EKR) of heavy metals, such as EDTA, present
persistence in the environment. This work evaluates an EKR technique that involves a
biodegradable chelating agent, tartaric acid, and a barrier of untreated rice husk installed in
front of the cathode. The experimental design includes a sandy soil (93.4% sand) artificially
contaminated with 300 mg/kg Zn and treated for 5 days under the voltage gradient of 1
V/cm. Besides three experiments without enhancement, where the purging solutions were
tap water adjusted to pH 3, 7 and 11, there was one experiment with tartaric acid at pH 3 as
the anolyte. All experiments were done once. The removal of Zn decreased from 77.8% at
pH 3t069.7% at pH 7 and 53.2% at pH 11 due to the higher desorption and electromigration
of Zn in acidic conditions and the precipitation of Zn as Zn(OH), in neutral and alkaline
conditions. In all experiments, the residual amount of Zn decreased along the direction from
the anode to the cathode. The removal of Zn in the tartaric acid-enhanced experiment was
the highest (90.8%), which corresponds to 13 percentage points more than in the
experiment without enhancement at pH 3, with the residual amount of Zn being 15-43
mg/kg in the soil column. This fact is due to the formation of soluble Zn-tartrate complexes
and buffering action of tartaric acid that maintained soil pH within 4.2-5.7. The amount of
Zn retained in the rice husk barrier was up to 38 mg/kg. Therefore, the EKR enhanced by
biodegradable tartaric acid can be considered a potentially useful technique for the
remediation of Zn-contaminated sandy soils. Replicate tests, the cost evaluation, the effect
of the technique on soil quality and quantification of the barrier contribution are needed.
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1. INTRODUCTION

Soil contamination with heavy metals due to industrial practices, insufficient waste
management, and misuse of agrochemicals poses a serious environmental problem across
the globe (Masindi and Muedi, 2018). Zinc (Zn) is a micronutrient, but its excess
concentrations are toxic. This is usually caused by sewage sludge application, electroplating
and mining wastes, and over-fertilization with Zn (Park et al., 2011; Alloway, 2013). The
excess concentration of Zn impairs the enzymatic activity and nutrient uptake, reduces crop
productivity and could leach to the groundwater (Nagajyoti et al., 2010; Holtra and
Zamorska-Wojdyla, 2020). Electrokinetic remediation (EKR) is an in-situ method that uses
low-intensity direct current for contaminant removal through electromigration,
electroosmosis, and electrophoresis, and water electrolysis creates an acidic front near the
anode and an alkaline front near the cathode (Acar and Alshawabkeh, 1993; Hansen et
al,, 2016; Reddy et al., 2019). In sandy soil, high permeability and low cation exchange
capacity provide good conditions for ions migration; however, the lack of buffer ability leads
to precipitation of metal hydroxides near the cathode, which is the main drawback of the
process (Virkutyte et al., 2002; Yeung and Gu, 2011).

Enhancement agents are used to ensure that metals remain soluble and mobile (Rozas and
Castellote, 2012; Jamshidi-Zanjani and Khodadadi Darban, 2017; Gomes and Bustos,
2021). While the man-made chelators like EDTA work efficiently, they are not readily
biodegradable and can remain in the soil and groundwater (Pan et al., 2024). Thus, there is
a search for alternatives with high biodegradability. Reported removals of Zn include
95.05% by sodium alginate (Wang et al., 2021) and 63.9-94.5% by citric acid in soft clay
(Sun et al,, 2023, 2024). Environmentally-friendly enhanced electrokinetic remediation
(EKR) was used for contaminated with cobalt soil (Hawal and Al-Sulttani, 2024). Tartaric
acid, the naturally occurring hydroxy-dicarboxylic acid, forms soluble complexes with Zn**
ions (Wasay et al., 1998a; 1998b) but has not been studied sufficiently as an EKR enhancer.
Meanwhile, cheap lignocellulosic waste like rice husk can act as sorptive barriers (Nguyen
etal.,, 2013), and sawdust was recently used to enhance EKR for mercury capture in sandy
soil (Jameel and Jawad, 2025). Nevertheless, the majority of Zn-EKR studies were
conducted on fine-grained soils. Enhancement agents and reactive barriers were also
studied independently. The combination of tartaric acid with a rice husk barrier for Zn-
contaminated sandy soil has rarely been examined. Thus, the goals of the current study are:
(i) investigation of the impact of purging-solution pH (3, 7,and 11) on migration and removal
of Zn, (ii) assessment of the contribution of tartaric acid and (iii) evaluation of rice husk
barrier ability to capture Zn around the cathode.

2. MATERIALS AND METHODS
2.1 Soil Sample

A sample soil was collected from a farm area and classified as sandy soil. About 20 kg of bulk
soil was collected using a stainless-steel auger to prevent metallic interference. After
collection, the soil was spread on clean polyethylene sheets and air-dried for 48 hours to
remove moisture and ensure good homogenization, and large organic materials (roots,
leaves, stones, etc.) were removed manually. The dried soil was then passed through a 2 mm
sieve to ensure uniform particle size. The size distribution of particles was analyzed based
on (ASTM D422-63, 2007), while the other physicochemical characteristics were tested
using the techniques described in Table 1. These baseline properties are important in
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determining the electrokinetic behavior of the soil during remediation, because ion
migration, electroosmotic flow, and adsorption capacity are affected by particle size,
porosity, cation exchange capacity, and organic content (Virkutyte et al., 2002).

Table 1. Physical and chemical properties of the sandy soil and the standard methods used.

Property Value Standard / method

Sand (%) 93.37 (ASTM D422-63,2007)

Silt (%) 3.24 (ASTM D422-63,2007)

Clay (%) 3.39 (ASTM D422-63,2007)
Texture classification Sand USDA textural triangle
Specific gravity (Gs) 2.65 (ASTM D854, 2014)
Organic matter content (%) 0.06 (ASTM D2974, 2014)
Initial pH 7.2 ASTM D4972-19 (1:2.5 soil-water)
Cation exchange capacity (meq/100 g) 3.1 (USEPA, 1986) Method 9081
Porosity, n (%) 39.4 Calculated from Gs and dry density

2.2 Rice Husks (RH)

The rice husks used in this study were collected from a local rice processing plant. The husks
were washed using distilled water to remove dust and other contaminants, dried under solar
irradiation for 48 hours, and then milled to particle sizes ranging from 1-2 mm. The husks
did not undergo any chemical pre-treatment but were used as raw rice husks. Raw rice husks
can be able to absorb metal ions through the hydroxyl and carboxyl groups that are present
in the lignocellulosic matrix of the rice husks and also the silanol groups in biogenic silica
(Ahmaruzzaman and Gupta, 2011; Nguyen et al., 2013). For raw rice husk, (Zhang et al.,
2013) obtained a maximum adsorption capacity of zinc of 12.41 mg/g.

2.3 Zinc Contaminant

The solution simulating zinc contamination consisted of 5.7926 g of zinc nitrate [Zn(NO3z);]
having a molecular weight of 189.36 g/mol. Dissolved in 1000 ml of deionized water, the
concentration of zinc turned out to be 2000 mg/L. Then the calculated volume of this
solution was added to 5 kg of dry soil, and thus a contamination rate of 300 mg/kg was
obtained (Cameselle et al., 2020). The selection of this concentration is based on the upper
limit for zinc in agricultural soils set by the EU Sewage Sludge Directive 86/278/EEC (150-
300 mg/kg (Yunta et al.,, 2024), and therefore, it is the concentration of the soil at the
remediation threshold.

2.4 Tartaric Acid

Tartaric acid (C4H¢O¢) was employed as a biodegradable chelating enhancing agent since it
was known for its excellent chelation capacity of divalent metal ions like Zn**. With the help
of the functional groups - COO™ and - OH, tartaric acid can easily complex with metal ions
and form water-soluble metal-ligand complexes that improve the mobility of zinc ions in the
soil under electrokinetic treatment (Cameselle et al.,, 2021; Ge et al,, 2022). A 5 M stock
solution of tartaric acid was made by dissolving 750 g of tartaric acid (MM = 150.09 g/mol)
in deionized water and diluting to a volume of 1000 mL. A 0.1 M working solution was
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prepared by diluting the stock solution with deionized water. In EX-4, the working solution
was slowly added to the tap water in the anode chamber until the anolyte pH became 3,
without adding any HCl in this experiment. The amount of the working solution added was
not measured; however, based on the dissociation constants of tartaric acid, the
concentration of tartaric acid at pH = 3 is around 2 mM.

3. ELECTROKINETIC TEST SETUP

Three-dimensional schematic representation of the electrokinetic cell employed in the
present investigation is presented in Fig. 1. Dimensions of the glass cell were 60 cm length,
15 cm width, and 15 cm height. Soil chamber was packed with 30 cm long soil sample (Al-
Hamdan and Reddy, 2005). A rice husk barrier (15 cm high and 6 cm thick), consisting of
approximately 220 g of untreated rice husk packed in a fine cotton cloth (cheesecloth) bag,
was placed between the soil and the cathode chamber.

Dimension of each electrode chamber was 12 cm x 15 cm x 15 cm and there existed a valve
located 10 cm above its bottom for regulating fluid flow. Graphite electrodes were cylindrical
in shape (10 cm height and 6 cm diameter) with perforations in the top end for the electrical
contact. Perforated plastic sheets (15 cm x 15 cm) were used to separate the rice husk
separator from both soil and cathode chambers. Plastic sheet contained circular holes of 7
mm diameter at 1 cm interval and there was a placement of Whatman Grade 40 filter paper
in the front surface of each sheet. DC source (LDESTAR, LP 3005D) of constant voltage was
used for energizing the electrodes and electric current through the soil was measured with
a multimeter.

Figure 1. 3D schematic diagram of the electrokinetic remediation cell.

4. EXPERIMENTAL WORK

Prior to the testing, the electrokinetic cell was washed with distilled water, and filter papers
were placed between the soil chamber and the electrode chambers. After that, the polluted
soil was introduced to the soil chamber up to the designed height, leveled, and compacted
by means of a special tool; then, it was left untouched for 24 hours before the beginning of
the tests (Hawal and Al-Sulttani, 2024). During the course of experiments, the level of the
solution in both electrode chambers was maintained the same in order to exclude any
hydraulic gradient in the soil. The electrodes were introduced into the electrode chambers
and connected to a constant voltage source, supplying a voltage gradient of 1 V/cm (Reddy
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and Chinthamreddy, 2003). The electrolyte, with the exception of the enhanced test, was
ordinary tap water. Four types of electrokinetic tests were carried out to evaluate the
influence of pH and the addition of tartaric acid on the effectiveness of zinc extraction. In the
case of EX-1, EX-2, and EX-3, tap water with pH of 3, 7, and 11, correspondingly, was used as
the purging solution. The electrical conductivity of these solutions was between 565 and 620
uS/cm. In the test of EX-4, tartaric acid solution was used as the anolyte in order to observe
the effect of tartaric acid on the process of mobilization and removal of zinc. All the other
parameters, such as the initial concentration of zinc (300 mg/kg), voltage, soil, and duration
of the treatment, remained the same in all four experiments. The purging solutions for EX-1,
EX-2 and EX-3 were prepared by adjusting tap water to pH 3, 7 or 11 by adding 1 M HCI or
NaOH solution, as required. During the tests, water electrolysis made the anolyte
increasingly acidic and the catholyte increasingly alkaline; therefore, the pH and EC of both
electrolytes were monitored throughout the 5-day period, and HCl or NaOH was added as
needed to return each electrolyte to its target pH (Faisal et al., 2022). In EX-4, the anolyte
was acidified with tartaric acid instead of HCl (Section 2.4) (Faisal et al., 2022). After
completion of each test, the soil specimen was separated into five equal parts along the
length of the cell. The soil samples from each part were extracted in polyethylene containers
marked for further zinc determination via AAS. Besides that, the rice husk barrier was also
removed and analyzed for adsorption of zinc. To measure the pH and EC of the soil after
treatment, 5 grams of each sample were added to 12.5 mL of deionized water (soil-to-water
ratio is 1:2.5); then, the soil-water mixture was thoroughly stirred and left untouched for 1
hour; after that, the pH and EC were measured (ASTM D4972-19, 2019). Due to the long
duration (5 days) of each test and the large size of the cell, each electrokinetic test was
carried out only once. Since each test was done only once, the results are provided in a
descriptive form. For each test, the efficiency of removal was estimated based on the average
residual concentration of Zn in the five soil samples, while SD of these samples was used to
estimate the spatial variability of Zn in the soil sample column. No inferential statistics were
applied to compare the tests. Operational conditions of the tests are described in Table 2
below.
Table 2. Operational conditions for each experiment.

EX. No. Zinc Tartaric Rice Husk Voltage| pH of Objective of the
Concentration (mg/kg) Acid (V/cm) |Solution Experiment
EX-1 300 No Yes 1 3 Baseline /Acidic
EX-2 300 No Yes 1 7 Baseline /Neutral
EX-3 300 No Yes 1 11 Baseline/Alkaline
EX-4 300 Yes Yes 1 3 Effect of Tartaric Acid

5. ANALYTICAL METHODOLOGY

Soil samples were digested using an adapted acid digestion procedure that was based on
USEPA Method 3050B (USEPA, 1996). Contrary to Method 3050B that employs HNO3, H,0,
and HCI, digestion was conducted using a combination of concentrated acids of nitric,
perchloric and hydrochloric acids in a ratio of 5:1:3, as proposed by (Fabunmi et al., 2014).
The method involved adding 5 mL of the acid solution into 1 g of dried soil samples that was
left overnight. The sample was then heated to near dryness on a hot plate and left to cool
down. After that, deionized water was added to the samples and filtered to obtain a digest
which was made up to a final volume of 25 mL. Determination of zinc was done using flame

220



A. 0. Al-Sulttani et al. Journal of Engineering, 2026, 32(11)

atomic absorption spectrometry (AAS; Shimadzu AA-7000, Japan) using the wavelength
213.9 nm using calibration standards made from Zn stock solution. Analytical quality-
control data (procedural blanks, replicate measurements and spike recoveries) were not
available from the original laboratory records; this is acknowledged as a limitation of the
analytical data.

6. RESULTS AND DISCUSSION
6.1. Influence of pH on Zinc Removal Efficiency

As for Zn removal efficiency, the influence of the purging solution pH is obvious (Fig. 2). Five
days after electrolysis began, Zn removal was 77.8% in EX-1 (pH 3), 69.7% in EX-2 (pH 7)
and 53.2% in EX-3 (pH 11), i.e,, with an increase in pH, removal becomes less efficient (Han
et al., 2021; Ge et al., 2022). In each of the three tested scenarios, residual Zn
concentrations in the soil drop monotonically from the anode side toward the cathode side:
from 98 to 35 mg/kg in EX-1, from 114 to 60 mg/kg in EX-2, from 171 to 110 mg/kg in EX-3
(X/L = 0.1 to 0.9), at all points following the order EX-1 < EX-2 < EX-3. Considering the low
cation exchange capacity (CEC) (3.1 meq/100 g) and negligible amounts of organic matter
(0.06%) (Table 1) in this soil, Zn is retained mainly by cation exchange and surface
complexation on the limited clay and oxide surfaces. With low pH levels, hydrogen ions
compete for available ion-exchange sites, resulting in Zn desorption in form of free Zn ions
that can further undergo transport toward the cathode through electromigration (Acar and
Alshawabkeh, 1993; Virkutyte et al., 2002).

200
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0 0.2 0.4 0.6 0.8 1
Normalized distance from anode (X/L))

Figure 2. Residual zinc concentration under different pH values.

171

Residual Zn concentration (mg/kg)

At neutral and alkaline pH values, the hydrolysis of Zn®* takes place (ZnOH"), and the
formation of zinc hydroxide (Zn(OH),) begins, thus removing Zn from the mobile phase
(Reddy and Chinthamreddy, 2003; Faisal et al., 2022). The decreasing concentrations of
Zn in soil from the anode toward the cathode mean Zn transport to the cathode region and
leaving Zn from the soil at the cathode side while slowest Zn removal occurred in the anode
region. There are two reasons explaining this trend: first, Zn desorbed near the anode must
migrate through the whole soil column before it leaves the soil, whereas Zn near the cathode
needs to travel only a short distance. Furthermore, residual concentration of Zn also includes
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the portion of Zn that has not yet left the soil but dissolved in the pore solution. Second, EC
was highest near the anode (Fig. 4); since the same current passes through every cross-
section of the column, the local electric field, and therefore the electromigration velocity of
Zn?**,is lowest in the anode region (Acar and Alshawabkeh, 1993; Virkutyte et al., 2002).
In EX-3, alkaline purging solution (pH 11, regulated by addition of NaOH) neutralizes the
acidity at the anode side produced by hydrogen ions, thus no acid front enters the soil from
the anode and the pH in this area remains near 7.1 (Fig. 3); hence, Zn desorption does not
occur but its partial precipitation as Zn(OH)2 took place, which results in the highest residual
concentration in this scenario (171 mg/kg) (Yeung and Gu, 2011).

The obtained pH profiles (Fig. 3) correlate well with electrolysis reactions occurring at the
electrode. Water electrolysis reactions at the anode (2H,0 — O, + 4H" + 4e7) and the cathode
(2H,0 +2e™ —» H, + 20H7) lead to the formation of H" and OH™ ions (Acar and Alshawabkeh,
1993).

—
(=]

—4A—pH=3 @ pH=7 <©—pH=11
73 7.49 7.64 7.73

pH of treated soils
S = N W kA L N 9 0 O

0 0.2 0.4 0.6 0.8 1
Normalized distance from anode (X/L)
Figure 3. Soil pH distribution in soil profiles under different pH values.

5

—A—pH=3 @—pH=7 ——pH=11

EC of treated soils (uS/cm)
N

0 0.2 0.4 0.6 0.8 1
Normalized distance from anode (X/L))

Figure 4. EC distribution in soil profiles under different pH values.
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In the case of uncontrolled electrolysis reactions, due to the higher ionic mobility of H*
compared with OH™ (about 1.8 times higher) the acid front would progress from the anode
side across most of the soil, while the basic front is formed near the cathode. However, in
this research the pH value of the electrolyte was maintained at a target level due to additional
additions of HCI and NaOH. This resulted in neutralization of the produced H* and OH™ ions
in great quantity, thus neither strongly acidic nor strongly alkaline zones are formed.
Therefore, the soil pH in all scenarios rises slowly from the anode to the cathode region: from
4.9 t0 5.83 in EX-1, from 5.9 to 6.67 in EX-2 and from 7.1 to 7.73 in EX-3. The overall pH level
of each profile followed the order of the purging-solution pH, indicating that the purging
solution, rather than electrolysis alone, controlled the soil pH. Hence, the lower Zn removal
efficiency in the EX-2 and EX-3 cases is caused by the near-neutral and alkaline conditions
(pH 5.9 - 7.73) favoring Zn sorption, hydrolysis and precipitation (Faisal et al., 2022;
Hawal and Al-Sulttani, 2024; Bokde et al., 2025).

According to the graphs (Fig. 4), the EC values in all three samples without enhancement
decreased from the anode to the cathode and varied from 3.08 to 1.78 uS/cm in EX-1, from
2.76 to 1.40 uS/cm in EX-2 and from 2.34 to 1.17 uS/cm in EX-3. There were two reasons for
that trend: 1) anions (NO3~, which is added with the contaminant, and CI~, which is added
with HCI for pH correction) migrated to the anode and accumulated there; 2) the low pH
near the anode (Fig. 3) prevented ion precipitation, while high pH near the cathode caused
sorption and precipitation of Zn and other ions. At every position, EC followed the order EX-
1 > EX-2 > EX-3, i.e. it decreased as the soil pH increased, in agreement with the order of
removal efficiency. This once again confirms that the amount of Zn remained in solution was
the key factor determining the removal (Virkutyte et al., 2002).

6.2 Effect of Tartaric Acid as an Enhancer

Incorporating tartaric acid into the anolyte (EX-4) yielded the highest removal efficiency,
90.8%, which is 13 percentage points higher than that of the control treatment at identical
purging-solution pH (EX-1, 77.8%). The residual Zn levels dropped from 43 mg/kg at the
anode to 15 mg/kg at the cathode (Fig. 5), in the same order as in the other treatments, but
at the markedly lower levels, whereas the soil pH increased from 4.2 at the anode to 5.66 at
the cathode, keeping the entire profile acidic (Fig. 6). As the experiment was conducted only
once, the result needs to be verified via replicated tests.

This improvement could be due to the following three mutually connected mechanisms. (i)
Proton supply and pH buffering: the tartaric acid is a diprotic acid (pKa; = 2.98, pKa, = 4.34).
Being supplied to the soil, the acid releases protons that desorb Zn from exchange and
surface sites, whereas the buffer H,T/HT™/T?” system regulates the soil pore solution acidity
around its pKa and neutralizes OH™ arriving from the cathode side, thus maintaining the
entire profile acidity below the value when the precipitation of Zn(OH), occurs. (ii)
Complexation: within the investigated pH range (4.2-5.66), tartrate is predominantly
presented as HT™ and T?" that complex with Zn?* via their carboxyl and a-hydroxyl groups
forming soluble Zn-tartrate complexes (Wasay et al.,, 1998a; Cameselle et al., 2021). The
complexation lowers the activity of free Zn** and prevents its adsorption onto soil surfaces
and precipitation and keeps it dissolved in the form of the complex, enabling its migration
both as the free ion by electromigration and as the complexed form by electroosmosis. (iii)
Increase in the ionic strength: the dissociation of tartaric acid and dissolved Zn raises the
ionic strength of the pore fluid, evidenced by its electrical conductivity values of 6.9 uS/cm
at the anode and 5.9 puS/cm at the cathode (Fig. 7), 2-3 times higher than those for EX-1. The
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increase in conductivity lowers the soil electrical resistance, enabling the larger current and,
consequently, higher electromigration flux at identical voltage gradient (Virkutyte et al.,
2002).

As tartaric acid is the natural biodegradable organic acid, it is expected to have a lower
environmental impact compared to the persistent synthetic chelators like EDTA (Pan et al.,
2024). However, the effects of tartaric acid on soil fertility and vegetation and fates of the
remaining tartrate in the treated soils were not assessed during the present study and
require further research.
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Figure 5. Residual zinc concentration (mg/kg) after enhancement conditions.
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Figure 6. Soil pH distribution in the soil profile after enhancement conditions.
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Figure 7. EC Distribution in the soil profile after enhancement conditions.

6.3 Zinc Adsorption by Rice Husks

The rice husk barrier acted as a physical partition separating the soil and the cathode
chamber and as a sorbent for the Zn arriving at the cathode side. In all experiments, Zn was
detected in the barrier, with a maximum concentration of 38 mg/kg. Given a barrier mass of
approximately 220 g, this corresponds to at most about 8.4 mg of Zn retained in the barrier.
Sorption sites of rice husk include hydroxyl and carboxyl groups of its lignocellulosic matrix
and silanol groups of its biogenic silica (Ahmaruzzaman and Gupta, 2011; Li et al., 2026).
Zn** can be bound to these groups by ion exchange and surface complexation. Such
processes are strongly dependent on the pH value: at an acidic pH value, the protonation of
functional groups and competition with H" ions decrease the capacity of Zn sorption, while
zinc bound in tartrate complexes is less available for sorption than Zn?* ions. It can thus
explain the low value of measured retention (38 mg/kg, i.e. 0.038 mg/g) compared with the
maximum capacity of untreated rice husk reported in batch experiments (12.41 mg/g)
(Zhang et al., 2013). Since Zn was not measured in the catholyte and no mass balance was
made in this experiment, the role of the barrier in the reduction of Zn transfer to the
catholyte cannot be estimated in this study. The current results therefore provide only
evidence that some amount of the mobilized Zn was retained by the barrier, and the main
part of Zn removal is connected with its transport from the soil. The effect of the barrier on
the catholyte needs further investigation including the measurement of Zn in the electrolytes
and barrier.

7. EFFICIENCY OF ZINC REMOVAL

The percentage of zinc removed in each experiment was calculated using the formula
(Brahmi et al., 2015):
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n (%) = =" x 100% (1)

Where:
e (iis the initial zinc concentration (mg/kg),
e Cris the final residual concentration (mg/kg).

As shown in Fig. 8, acidic conditions (pH 3) gave higher Zn removal than neutral and alkaline
conditions, and the highest removal (90.8%) was obtained in EX-4, where tartaric acid was
used as the anolyte at pH 3. These results show the strong influence of pH and of a
biodegradable organic mobilizing agent on Zn mobility and removal from the soil.
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Figure 8. Removal efficiency for each experiment.

Table 3 shows the residual Zn concentrations of the five soil columns of each experiment.
The average residual concentrations were 66.6 * 25.5, 90.8 + 23.0, 140.4 + 24.6 and 27.6 *
11.0 mg/kg for EX-1, EX-2, EX-3 and EX-4, respectively (average * standard deviation of the
five soil columns). The standard deviation is an indicator of the variation of Zn
concentrations along the soil column in each experiment, and it is smallest in EX-4, which

demonstrates a uniform removal of Zn along the soil column in the case of tartaric acid
addition.

Table 3. Residual Zn concentrations in the five soil sections of each test (mean #+ SD of five sections
from a single test).

Test Purging solution / Mean residual Zn + SD (mg/kg) Range along Removal
anolyte the column efficiency
(mg/kg) (%)
EX-1 Tap water, pH 3 66.6 +25.5 35-98 77.8
EX-2 Tap water, pH 7 90.8 +23.0 60-114 69.7
EX-3 Tap water, pH 11 140.4 + 24.6 110-171 53.2
EX-4 Tartaric acid, pH 3 27.6+11.0 1543 90.8
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7.1 Comparison with Previous Studies

Table 4 provides a comparison between the efficiency of zinc (Zn) removal in the present
study and those obtained from various studies on electrokinetic remediation (EKR) process.
The efficiency of Zn removal obtained in the experiment without any enhancement (77.8%)
lies within the reported range of citric acid enhanced EKR treatment of Zn contaminated soft
clay (63.9 - 83.5%), (Sun et al., 2024). However, the efficiency of Zn removal using tartaric
acid (90.8%) is very close to the maximum value reported for other biodegradable
enhancers, such as citric acid 94.5%, (Sun et al., 2023) and sodium alginate 95.05%, (Wang
et al,, 2021), and much higher than that of EDTA 38.2%, (Sun et al., 2023). Due to the
differences in the type of soil, the initial Zn concentration, applied voltage and duration of
the treatments, the results cannot be directly compared to each other. Nevertheless, it can
be concluded that the same efficiency of Zn removal can be reached in a 5-day period in the
sandy soil using the proposed method.

Table 4. Comparison of Zn removal efficiency with recent electrokinetic studies.

Reference Soil type Enhancing agent / Initial Zn Zn removal
configuration (mg/kg) (%)
(Sun etal., 2023) Soft clay 0.2 M citric acid (anolyte ~3175 94.5
and catholyte)
(Sun etal,, 2023) Soft clay EDTA %3175 38.2
(Sun etal,, 2024) Soft clay Citric acid (0.2-1.0 M) 500-1000 63.9-83.5
(Wang etal., 2021) | Contaminated soil | Sodium alginate (2 wt%) - 95.05
This study (EX-1) Sandy soil Tap water, pH 3 + rice 300 77.8
husk barrier
This study (EX-4) Sandy soil Tartaric acid, pH 3 + rice 300 90.8
husk barrier

7.2 Limitations and Field-Scale Applicability

Several issues are associated with the current study. Each test was performed only once;
therefore, the results are presented descriptively, and the SD of the five soil sections
represents spatial variability rather than experimental reproducibility. The tests were
carried out under laboratory conditions using artificial soil of sand composition with a single
Zn concentration (300 mg/kg) and a short incubation period (5 days). The mobility of Zn in
real-life contaminated soils might have aged and been partially bound to carbonates, oxides,
and organic matter, along with other metals that would compete with the enhancing agent.
Therefore, the removal efficiencies observed in this study cannot be directly translated to
soils containing larger amounts of clay, carbonate, or organic matter. To use the technique
at a field scale, certain factors need to be taken into account: the configuration and spacing
of electrodes, energy usage, soil heterogeneity, electrolyte pH control, consumption of
tartaric acid, and recycling of used rice husks with Zn content. Future studies should include
replicate tests and different soils and Zn concentrations, field-contaminated and multi-metal
soils, and longer treatment times.

8. CONCLUSIONS

The effectiveness of electrokinetic remediation (EKR) of zinc contaminated sandy soil (300

mg/kg) using tartaric acid, a degradable chelating agent, combined with an untreated rice

husk barrier placed in front of the cathode, was tested. EKR treatments were carried out for
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5 days with 1 V/cm of voltage gradient and tap water (pH 3, 7, 11) as the purging solution
and tartaric acid (pH 3) as the anolyte in a one-time test for each condition. The main
outcomes of the research are described as follows: 1. The purging solution pH determined
the level of Zn removal, which varied from 77.8% (pH 3) to 69.7% (pH 7) and 53.2% (pH
11), due to the precipitation of Zn(OH), and a low rate of desorption with higher pH of the
medium. With any treatment regime, residual amounts of zinc decreased with the distance
from the anode to the cathode. 2. Tartaric acid increased Zn removal to 90.8%, 13 percentage
points higher than in the control test with the same purging solution pH due to the formation
of soluble complex of Zn-tartrate and soil pH stabilization at 4.2-5.7. 3. The amount of zinc
retained in the rice husk barrier reached 38 mg/kg (at most about 8.4 mg of Zn); its impact
on Zn transfer to the catholyte was not assessed. There were the following limitations in the
test: single laboratory-scale tests were made under fixed conditions for one soil type, spiked
contamination of soil with one metal (zinc), voltage gradient and treatment time. For future
research, replicates of laboratory tests and measurements, field-contaminated and multi-
metal polluted soils, measurement of zinc concentration in electrolytes for making a mass
balance, evaluation of the cost and impacts of tartaric acid on the soil quality should be
considered.
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