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Abstract The electrokinetic (EK) is an in-situ
method for soil remediation, aiming to reduce exten-
sive excavation and mitigate risks associated with
exposure to hazardous substances. However, heavy
metal precipitation near the cathode under alkaline pH
remains challenging. This study employed recyclable
waste materials of sawdust crosslinked by glutaralde-
hyde with iron slag as a reactive filter media (RFM) for
single and mixed heavy metals from kaolinite and nat-
ural soils. Experiments were conducted over two and
three weeks, employing 20 to 30 mA electric currents.
Incorporating iron slag RFM into the EK process
resulted in a notable enhancement in copper removal
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from 3.21% to 23.76%. Mixing sawdust with iron slag
in the RFM further improved the efficiency of copper
extraction from the soil, reaching 71.80%. Also, cop-
per removal improved as the electric current increased
from 20 to 25 mA, reaching 88.10% in a three-week
experiment. A slight improvement in copper removal
was recorded due to the electric current increasing to
30 mA, indicating that copper removal is not linear
with the applied electric current. However, sawdust
treatment with HCI lowered the RFM pH, resulting in
a total copper removal of 90.30% at electrical currents
of 25 mA. Crosslinking sawdust with iron slag by 2%
glutaraldehyde achieved a remarkable 97.92% copper
removal at 0.18 kWh/kg specific energy from kaolinite
soil, while in natural soil, the removal rates for copper,
nickel, and zinc reached 26.72%, 54.36%, and 56.44%,
respectively after 5 weeks. The discrepancy in heavy
metals removal between kaolinite and natural soils
reflects the complicated environmental conditions in
natural soils on the efficiency of the electrokinetic pro-
cess when laboratory tests are applied to the field.

Keywords Electrokinetic - Copper treatment - Soil
remediation - Sawdust and iron slag - Reactive Filter
Media

1 Introduction

Contaminated soils by various heavy metals are an
urgent and prominent global environmental matter,
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presenting a substantial threat to the natural eco-
system and human well-being (Ganbat et al., 2023;
Hamdi et al., 2024; Wen et al., 2021). Soil samples,
for example, were collected from a previous wood
impregnation site in the northern region of Copenha-
gen, Denmark, and exhibited elevated levels of cop-
per, reaching concentrations as high as 1662 mg/kg,
along with diverse other heavy metals. Similarly, soil
from vineyards in France exhibited copper levels of
up to 800 mg/kg (Fagnano et al., 2020; Frick et al.,
2019). Consequently, there is an urgent need for
remediation technologies that can effectively elimi-
nate heavy metals while minimizing harm to the soil
ecosystem (Turan, 2024). One promising approach
for remediating soils with low permeability, which
are traditionally challenging to clean, is Electroki-
netic (EK) treatment. This method entails the appli-
cation of a low electric current between electrodes
inserted into the contaminated soil. Studies (Ghobadi
et al., 2021a; Gholizadeh & Hu, 2021; Wen et al.,
2021; Yuan et al., 2016) highlighted the effectiveness
of EK treatment in addressing soil contamination.
During the electrokinetic (EK) process, heavy met-
als dissolve in the acidic regions of the soil and accu-
mulate near the cathode. Thus, there is a growing
need to improve EK methods by slowing the advance
of the alkaline front to facilitate heavy metal removal
(Wen et al., 2021). Reducing the pH level promotes
the extraction of inorganic contaminants from polluted
soils by increasing the release of these metals from the
soil’s surface (Ganbat et al., 2023; Gholizadeh & Hu,
2021). Enhancement agents are often applied to adjust
the catholyte pH and promote acid transport (Fu et al.,
2017; Ganbat et al., 2023; Xue et al., 2017; Yu et al.,
2019). A study by Bahemmat and co-workers (2016)
investigated heavy metal-contaminated soil treatment
by catholyte conditioning with 0.1 M HNO;. Results
showed a two to three-fold enhancement in heavy
metal remediation efficiency after 3 weeks compared
to the unenhanced EK process. Yuan et al. (2016) sug-
gested using CaCl, and citric acid to remove inorganic
pollutants, reporting better EK remediation results,
reduced power consumption, and lowered environmen-
tal risks. In a study on chromium waste from industry,
Fu et al. (2017) looked at polyaspartic acid and citric
acid as two different conditioning electrolytes for EK
remediation. The study found citric acid was particu-
larly effective for total chromium removal. Compared
to DI water as the electrolyte, citric acid increased
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energy due to water electrolysis and heat loss. While
strong acids can effectively counteract the alkaline
front advancement in soil, they come with trade-offs,
including increased energy consumption and the EK
treatment period (Fu et al., 2017). Adding conditioning
agents can alter specific soil characteristics, including
pH levels and conductivity, as observed in the study
by Bahemmat et al. (2016). Additionally, it’s crucial to
consider the electrolyte recovery following EK treat-
ment to manage remediation costs effectively.

To address the limitations associated with con-
ventional EK processes utilizing chemical agents,
researchers have explored the use of Reactive Filter
Media (RFM) made from materials such as compost,
zero-valent iron, activated carbon, and activated bam-
boo charcoal (Ghobadi et al., 2020, 2021a, 2021b;
Xue et al., 2017). These RFMs have demonstrated
enhanced performance when compared to traditional
EK methods. However, the practical application of
these RFMs may need to be improved by cost, avail-
ability, and, notably, their life cycle. Consequently,
this combined approach to treating EK may need to
be more cost-effective (Ganbat et al., 2023; Wen et al.,
2021). Recent research has significantly emphasized
the development of environmentally sustainable meth-
ods to improve EK processes. Research into RFM-
enhanced electrokinetics has yielded promising out-
comes in various laboratory-scale tests, particularly
when employing industrial or agricultural waste mate-
rials as the RFM. This approach offers practicality and
sustainability by repurposing waste materials (Ganbat
et al., 2023; Ghobadi et al., 2021a).

Tests involving RFM-improved EK processes have
shown successful application in soils polluted with
organic chemicals. For instance, carbonized food
waste was utilized in EK processes for copper extrac-
tion, showcasing average treatment efficiencies rang-
ing from 53.4% to 84.6% (Han et al., 2010). Compost
was also used as an RFM in EK processes for copper
removal in a laboratory-scale study, resulting in an
impressive removal efficiency of 84.09%. After two
cycles of renewal and reuse, the elimination effec-
tiveness remained steady at 74.11% (Ghobadi et al.,
2021b). RFMs present numerous advantages in EK
processes, such as the adsorption, immobilization, or
degradation of contaminants in situ without surface
extraction (Cameselle and Reddy, 2012). In this con-
text, investigators have investigated the application
of cost-effective, environmentally compatible, and
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easy-to-regenerate RFMs, such as compost, biochar,
and granular activated carbon, which serve as environ-
mentally sustainable methods to improve the EK pro-
cess (Ghobadi et al., 2020, 2021b). In another study,
soil contaminated with heavy metals from wastewater
irrigation of arable lands was treated with charcoal
adsorbent from rice stubble (Farhad et al., 2024).

This study utilizes sustainable sawdust (as a cellu-
lose source)/iron slag hybrid RFM to remove copper
from kaolinite and heavy metals from contaminated
natural soil by the electrokinetic process. Kaolinite was
used as a representative model soil to study the effect
of experimental factors, without interferences of soil
organic and inorganic substances, on the efficiency
of the EK before its application to the soil obtained
from a contaminated site. Copper was selected as the
target contaminant, driven by its widespread presence
in contaminated soil (Ghobadi et al., 2020, 2021b).
Sawdust and iron slag, waste materials with outstand-
ing adsorption capacity for heavy metals, were mixed
to formulate an RFM of desirable physicochemical
properties for heavy metals removal by the EK pro-
cess. Although sawdust’s poor conductance to electric
current, the excellent electric conductivity of iron slag
renders the RFM suitable for the EK application. The
elevated alkalinity (pH of 11.38) of the RFM facilitates
capturing metal ions but cannot deter the advancement
of the alkaline front generated at the cathode. The iron
slag/sawdust was crosslinked with glutaraldehyde, and
sawdust was functionalized with HCI to enhance the
RFM retention capacity to heavy metals and alkaline
pH movement in the soil. The study’s novelty lies in
introducing an environmentally sustainable method
of soil treatment by coupling the EK process with a
hybrid organic—inorganic sawdust/iron slag RFM.
Also, to develop an innovative technique to optimize
the electrokinetic process for the removal of cop-
per from kaolinite soil and heavy metal contaminants
from natural soil. The research questions are: i) what
is the comparative efficiency of removing copper ions
from kaolinite with and without the sawdust/iron slag
RFM? ii) how does crosslinked glutaraldehyde saw-
dust/iron slag RFM affect heavy metals adsorption and
alkaline front movement in the soil? iii) what are the
environmental and soil remediation process implica-
tions of implementing the RFM-EK hybrid system?
The experiments also explored the impact of electric
current intensity and the duration of the EK process
on copper extraction from kaolinite soil. The results

of this research will provide insights into the most effi-
cient RFMs for the removal of heavy metals from soil
using EKR technology.

2 Materials
2.1 Sample Preparation

The kaolinite soil was sourced from Keane Ceramic
Pty, Australia. This soil type was chosen as a standard
material for conducting EK tests due to its well-char-
acterized properties. This choice was made due to spe-
cific attributes of the soil, namely its minimal organic
content, low permeability, and cation exchange capac-
ity. While natural soil samples from the sub-surface
at a depth of 15 to 20 cm were obtained from a con-
taminated site in Sydney (Australia), upon the removal
of debris, roots, and stones, the soil was initially air-
dried and subsequently sifted through a 600 pm sieve.
Table 1 provides detailed information on the charac-
teristics of both the RFM, kaolin soil, and natural soil
used in the experiments. The lack of organic matter
and the inert nature of the kaolin soil render it excep-
tionally suitable for investigating the mobility of cop-
per within the EK system under direct electric fields,
free from external influences.

Sigma-Aldrich (Australia) provided the copper sul-
fate (CuSO,) of 99% purity. Precisely 2.52 g of cop-
per sulfate were dissolved in 1 L of distilled water
to create a stock solution containing a concentration
of 1000 mg L-1 of Cu*. This initial stock solution
was then diluted to achieve a concentration of 1000
mg L™, a process repeated for each experiment. The
resulting 1L solution was meticulously blended with
1 kg of kaolin soil. Now enriched with copper, the
soil was left to stand at laboratory room temperature
for at least 72 h (Altaee et al., 2008). Periodic stirring
was performed to guarantee a homogeneous distribu-
tion of copper across the soil matrix. Finally, the fully
saturated soil was carefully packed layer by layer into
the EK cell, and uniform compaction was carried out
to guarantee an even contaminated soil distribution.

For the RFM, in this study, sawdust was combined
with iron slag obtained from an electric arc steel-mak-
ing furnace at InfraBuild, Australia, and sawdust from
a construction project by the Labour Revolution Com-
pany, Australia. Electrical conductivity and pH level
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Table 1 Characteristics of REM, Kaolin, and Natural soil

Parameter kaolin soil ~ Natural soil Iron slag Sawdust/Iron slag Treated Crosslinked gluta-
Sawdust/Iron raldehyde sawdust/
slag Iron slag

Particle size analysis (%)

Less than 1 mm 46.8 13.8 24.89 17.8 17.8 17.8

In between 1 to 2 mm 51.1 65.7 72.5 79.4 79.4 79.4

Greater than 2 mm 2.1 20.5 2.61 2.8 2.8 2.8

Permeability (m/s) 395x1071% 1.0x10°  1.67x10°  235x1072 228 %102 236 x1072

Density (g/cm?) 1.35 1.42 2.45 1.52 1.51 1.65

TDS (mg/L) 144 303.6 461.5 350.7 348.9 1394

pH 45+0.04 476+02 11.38+£0.04 10.19 +0.03 9.24 +0.03  9.55 +0.05

EC (mS/cm) 040 £0.05 0.292+0.2 0.643 £0.02 0.557 £0.02 0.483 +£0.02 1.478 +0.03

Elemental composition (%) Negligible  5.85 - - - -

C 91.29 - - - -

(0] 2.36 - - - -

Fe 1.2 - - - -

Others

Initial metal concentration (mg/ 1000 216 - - - -

kg) 581 - - - -

Cu 733 - - - -

Ni

Zn

of the soil were measured using a multimeter model
Thermo Scientific (EUTECH PC 450). The readings
were acquired by formulating slurries with a dry soil-
to-water ratio of 1:5 (weight-to-volume) (Ghobadi
et al., 2020). A variety of analytical methods were used
to investigate the physical and chemical characteristics
of RFMs comprehensively. Data was collected using
Energy Dispersive X-ray Spectroscopy (EDX), Zeiss
Evo-SEM, and Scanning Electron Microscopy (SEM)
techniques. This combination allowed for comprehen-
sive microchemical analysis. Shimadzu Miracle-10
instrument was employed for Fourier Transform Infra-
red Spectroscopy (FTIR) to examine the RFMs surface
functional groups in pre and post-electrokinetic (EK)
experiments. The analyses were conducted using a
Micrometrics 3Flex surface characterization analyzer
operating at 77 K.

2.2 EK Cell Experimental Setup and Design

The experimental arrangement for EK is depicted in
Fig. 1. EK experiments utilize a plexiglass reactor with
dimensions (cm) of 23 L, 8 D x 11 W. This reactor is
designed with two electrode compartments: one for soil
and the other for RFM. Inside the soil compartment,
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positioned at the boundary between the soil and the
cathode chamber, a 1.5 to 2 cm RFM is placed between
two filter papers. A perforated plexiglass plate rein-
forces the filter paper, size 5-13 um (LLG Labware),
acting as a barrier, separating the soil compartment
from the electrode chamber to stop soil from infiltrat-
ing the electrolyte chambers. A steady electrical cur-
rent was employed to uphold experimental integrity,
facilitated by a direct current power supply, model
EA-PS 3015-11B. Hourly measurements and record-
ing of electric current and voltage were carried out by
a multimeter (Keithley 175). The reactor’s electrode
compartments flanking the reactor were equipped
with 15 cm X 1 cm (graphite rod electrodes) obtained
from Graphite Australia Pty Ltd. Deionized water was
employed in both the anolyte and catholyte chambers.
To maintain water levels depleted by electroosmotic
flow, periodic infusions of ultrapure water were added
to the anolyte compartment. The experiment consist-
ently monitored and measured the electroosmotic flow
and current intensity. EK tests were conducted at room
temperature in the laboratory using constant currents
of 20 mA, 25 mA, and 30 mA without controlling the
pH level. Table 2 furnishes detailed information on
the eight EK experiments. Milli-Q water served as the
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Fig. 1 Schematic illustration of metal treatment by EK-RFM hybrid system

anolyte, and the solution level in the inflow reservoir
was meticulously controlled to sustain a consistent
level, ensuring a constant hydraulic gradient across the
soil sample. The EK experiments persisted for dura-
tions spanning two to three weeks.

To assess the efficacy of the enhanced RFM-EK
test, Expl served as a baseline experiment, focusing
on Cu removal from kaolin soil without an RFM at 20
mA steady currents. Exp2 delved into the effect of a
standalone iron slag RFM at 20 mA electric currents

Table 2 Description of the EK-RFM system

for copper extraction from the contaminated soil.
Exp3 investigated the impact of a mixture of sawdust/
iron slag-RFM at 20 mA current intensity. Exp4 and
Exp5 studied the impact of raising the electric current
from 20 to 30 mA on the efficiency of the sawdust/
iron slag RFM-EK system for copper treatment. Exp6
scrutinized the influence of treating sawdust with HCl
to lower its pH in the sawdust/iron slag RFM-EK
system at 25 mA electric currents for copper treat-
ment. Exp7 studied glutaraldehyde (Sigma-Aldrich,

Experiment Type of soil RFM type Metals Metal (mg/kg) RFM Current Period (day)
(mA)
Expl Kaolin Soil EK only Cu 1000 NA 20 14
Exp2 Kaolin Soil ~ EK- Iron slag Cu 1000 100% Iron slag 20 14
Exp3 Kaolin Soil EK- SD/Iron slag Cu 1000 50% Sawdust +50% 20 21
Iron slag
Exp4 Kaolin Soil  EK- SD/Iron slag Cu 1000 50% Sawdust +50% 25 21
Iron slag
Exp5 Kaolin Soil EK- SD/Iron slag Cu 1000 50% Sawdust +50% 30 21
Iron slag
Exp6 Kaolin Soil  EK- TSD/Iron slag Cu 1000 50% Treated Sawdust 25 21
+50% Iron slag
Exp7 Kaolin Soil  EK- SD/Iron slag Cu 1000 50% Sawdust +50% 25 21
+GA Iron slag and 2%
glutaraldehyde
Exp8 Natural Soil EK- SD/Iron slag Cu, Ni, and Zn 216,581, and 733 50% Sawdust +50% 25 35
+GA Iron slag and 2%
glutaraldehyde

@ Springer
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Australia) crosslinking with sawdust in the RFM. A
2% glutaraldehyde was mixed with sawdust and iron
slag to ensure homogeneity of the RFM in the EK
process operating at a 25 mA electric current. The
concentration of glutaraldehyde was 2% i) to reduce
the environmental toxicity of glutaraldehyde, ii) to
maintain a desirable biodegradability of glutaralde-
hyde compounds in soil, iii) over-crosslinking will
reduce the RFM flexibility and surface area, block
active functional groups, and change the surface
charge of the crosslinked REM. Finally, Exp8 utilized
an RFM-EK process with sawdust/iron slag and 2%
glutaraldehyde, conducted over 35 days for Cu’T,
Ni**, and Zn?* mixture removal from a contami-
nated site. EK optimization considered the following
critical operating factors: RFM use, electrical current,
sawdust pH adjustment, and EK operating time.

2.3 RFM Adsorption/Desorption Tests

The adsorption performance of the composite mate-
rial, composed of sawdust and iron slag, was evalu-
ated utilizing a temperature-controlled shaker oper-
ating under a precise environment at 24 +1 °C. The
shaker operated at a constant rotational speed of 150
revolutions per minute (rpm) throughout the assess-
ment, which extended from 4 to 24 h. The concentra-
tions of solid-to-liquid ratios for copper sulfate and
the composite solution were standardized at 2.52 g/L.
The adsorption capabilities of the composite adsorbent
(a blend of sawdust and iron slag in a 1:1 proportion)
were investigated for their affinity towards copper. Post
adsorption, the composite material (sawdust/iron slag)
was separated via centrifugation at 10,000 rpm for 15
min. The levels of copper in the isolated samples were
determined through analysis using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS). The capacity of
adsorption, expressed in milligrams per gram (mg/g),
was determined utilizing Eq. (1).
Capacity of adsorption

qg<@> _ (C;—C,) =V

p W ey

The formula for adsorption capacity takes into
account C,;;,; (mg L-1) as the initial Cu®* concen-
tration, C, qua (Mg L-1) is the equilibrium Cu con-
centration, V (liters) is the volume of the solution,
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and W (grams) is the weight of sawdust/iron slag.
The assessment of copper adsorption onto the saw-
dust/iron slag involves the construction of elution
curves utilizing the C¢/C; ratio. In this context, C;
denotes the initial concentration of pollutants, while
C; represents contaminants concentration at a spe-
cific period, t. Breakthrough curve tests are crucial
for identifying the point of breakthrough, which
indicates the effluent concentration reaching a speci-
fied percentage of the influent concentration (Rah-
chamani et al., 2011).

Following the completion of the adsorption test,
desorption experiments were carried out to evaluate
the reversibility of the process and measure the copper
released from adsorption. In vials, sawdust mixture
and iron slag were subjected to a 0.1 M hydrochlo-
ric acid (HCI) solution (50 mL). Desorption was also
conducted on a temperature-controlled shaker at 24 °C
and 150 rpm for 24 h. After desorption, the solution
was separated from the sawdust/iron slag mixture by
centrifugation at ten thousand rpm for fifteen minutes
to isolate the components effectively. Inductively cou-
pled plasma (ICP) measured the copper concentrations
in the RFM specimen. Desorption capacity (expressed
in mg per g) and measured by Eq. (2).

C.)xV
Desorpti0n<@> = ()— 2)
g w
C,osiavas (mg per litre) represents the equilib-

rium residual concentration of Cu, W (g) stands for
sawdust/iron slag weight, and V (L) is the solution
volume.

Utilizing adsorbents over multiple cycles dem-
onstrates clear cost-saving benefits by reducing
expenses related to the adsorption process, making
them highly valuable for various industrial uses. The
adsorbents’reusability was assessed through adsorp-
tion—desorption experiments within a singular cycle.
Desorption assessments were conducted under acidic
conditions of pH 1.4, and employing Eq. (3) to calcu-
late the desorption (D).

D(%) — (Cdesorbed> % 100 (3)

adsorbed

In Eq. (3), the desorbed Cu ions are represented
by Cosorbeas a0d Cyomveq TEPresents the adsorbed Cu
ions.
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2.4 Analytical Methods

After completing the EK tests, the soil was parti-
tioned into six equal segments labeled Sect. 1 (S1)
through Sect. 6 (S6). Each segment was thoroughly
mixed and dried in the oven for 12 h at 100 °C.
Afterward, the soil segments were analyzed for Cu®*
concentrations in Expl to Exp7 (kaolin soil) and for
Cu?*, Ni**, and Zn>* ion concentrations in Exp8 (nat-
ural soil). A soil suspension was prepared by mixing
dry soil with DI water in a 1:5 ratio (weight/vol-
ume). The mixture was agitated for more than 5 min
prior to utilizing a (HACH HQ40 d model) multi-
meter for pH levels and electric conductivity (EC)
measurements of the soil. ICP-MS was employed
to determine copper concentration. Following the
drying and homogenization of the soil sections, two
samples were taken from each section. Every sam-
ple was subjected to a digestion procedure involving
2 M of HNOj (nitric acid), adding 10 ml of HNO,/g
dry soil, following the methodology detailed. The
mixture of soil acid was shaken at 250 rpm for four
hours. Subsequently, soil suspension underwent cen-
trifugation (Three thousand rpm for three minutes)
to facilitate the separation of the solution from soil
particles (Groenenberg et al., 2017). The RFM was
extracted in a manner similar to the soil samples
and subsequently analyzed for copper concentration.
Equations (4) and (5) were utilized to assess copper
removal efficiency and determine specific energy
consumption (SEC) during the electrokinetic pro-
cess, respectively (ref).

Removal efficiency = e 7 100% 4)
107 [

E, = Vidt

! Vs /O (5)

C, (mg/kg) represents the Cu”** preliminary con-
centration, and C; (mg/kg) denotes the remaining
Cu" concentration following EK tests. E, (meas-
ured in kWh kg~!) stands for the specific power con-
sumption, V (measured in V) represents the applied
voltage, and I (measured in A) indicates the electric
current. The experimental period is denoted by t
(measured in hours), and V (measured in kg) signi-
fies the total mass of the treated soil.

3 Results and Discussion
3.1 The Electric Current

During water electrolysis, hydronium ions (HsO") are
generated at the anode, while hydroxide ions (OH")
are produced at the cathode electrode. Consequently,
an acid and alkaline front emerges, migrating toward
their respective electrodes within the soil (Hamdi
et al., 2024; Hawal et al., 2023). Acid front transport
through the soil solubilizes metal ions and carries
them toward the cathode. Figure 2 illustrates soil volt-
age and electric current variations across different EK
tests. A clear connection exists between the electric
current and the quantity of electric charge moving
through the soil pores, exhibiting an inverse relation-
ship with the transfer of electrons (Hamdi et al., 2024;
Hawal et al., 2023).

At the onset of different EK experiments, the ini-
tial electric currents were approximately 20 mA, 25
mA, and 30 mA (Table 2) and gradually declined
after 48 to 96 h. The correlation between the elec-
tric current in the soil’s EK cell and the concentra-
tion of free ions underscores the significant impact
of electric current on the movement of contaminants
through the soil. The initial stability in electric cur-
rent for several hours can be attributed to the occur-
ring anode electrolysis reaction and the subsequent
increase in dissolved ions within the solution pores.
Nevertheless, an overtime decrease in electric current
results from the merging of acid and alkaline fronts
and the buildup of charged molecules within the soil
sample. The reduction in charged particles in the soil
led to a decrease in the electric current. Therefore, the
presence of charged soil particles decreased, reducing
the electric current (Ganbat et al., 2022, 2023; Hamdi
et al., 2024; Hawal et al., 2023).

Figure 2a depicts a noticeable decline in electric
current between 48 and 96 h across Experiments 1-8.
The most pronounced drop was observed in Expl,
conducted without RFM, facilitating alkaline front
progression near the cathode zone within the soil. A
similar trend was observed in Experiment 2, where
all iron slag RFM was used. In this instance, after 72
h of operation, the electrical current decreased from
an initial 20 mA to 17 mA and further dropped to
3.10 mA after 240 h. Subsequently, an unexpected
increase occurred, rising to 4.20 mA after 264 h
and eventually reaching 4.80 mA by the end of the

@ Springer
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Fig. 2 (a) Electric current 35.0
variation during EK tests at 325 (a) —=—Exp. 1
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: 30.0 4o . P
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Time (hr)
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experiment, possibly attributed to the dissolution of
ionic components due to the advancing acid front in
the later stages of the EK test. Exp3 aimed to miti-
gate the progression of the alkaline front by utiliz-
ing a mixture of 50% sawdust (SD) and 50% iron
slag, coupled with an extension of the EK duration to
three weeks. During Experiment 3, which extended
over three weeks and involved mixing iron slag
with sawdust, the electric current held steady at 20
mA for 96 h. The lower pH of SD-iron slag RMF in

@ Springer

1
72 144 216 288 360 432 504 576 648 720 79
Time (hr)

Experiment Exp3 than in Exp2 suppressed the alka-
line from movement in the soil and maintained the
electric current for a longer time. Subsequently, elec-
tric current experienced a gradual decrease, drop-
ping to 7.5 mA by the third week attributed to metal
hydroxide precipitation and the interaction between
alkaline and acid fronts in the soil.

Exp4 replicated the operating conditions of Exp3,
with an increase in the electrical current to 25 mA
to facilitate the acid front transport through the



Water Air Soil Pollut (2025) 236:565

Page 9 of 27 565

Kaolin soil. The electric current experienced a signifi-
cant decline from 25 mA to 20.2 mA after 48 h due to
the precipitation of metal hydroxides and the conver-
gence of the acid and alkaline fronts within the soil.
Following this, it continued to decrease to 17.1 mA
after 72 h and ultimately reached 6 mA by the conclu-
sion of the experiment. During Experiment 5, when the
EK electric current was raised to 30 mA, it initially held
at 29.49 mA for 24 h, gradually decreased to 12.6 mA
after 120 h, and subsequently fluctuated between 9.10
and 11 mA. Exp6 was conducted at an electric current
of 25 mA, treating sawdust with HCI to lower the pH
of the RFM, aiming to mitigate the progression of the
alkaline front in the soil. The maximum electric current
reached 24.26 mA, slightly lower than that observed
in Experiment 4. This reduction can be attributed to
the reduced EC of the RFM used in Exp6 (Table 1).
Notably, there was a significant decline in the electric
current, dropping from 24.26 mA to 15 mA after 96 h.
This decline likely resulted from the precipitation of
metal hydroxides and the convergence of the acid and
alkaline fronts. By the conclusion of Exp6, the electric
current had decreased even further to 4.5 mA. Exp7
was conducted at 25 mA, using an RFM composed of a
50% sawdust (SD) and 50% iron slag mixture. The mix-
ture was treated with a 2% glutaraldehyde to enhance
its adsorption properties. The primary objective of this
experiment was to mitigate the progression of the alka-
line front in the soil, which is a common challenge in
electrokinetic treatments. The use of glutaraldehyde
aimed to improve the structural integrity and reactivity
of the RFM, enhancing its ability to capture and immo-
bilize metal ions while controlling the pH changes in
the soil section near the cathode. The electric current
remained constant at 23 mA for 72 h, then gradually
decreased and stabilized at around 10 mA until the end
of the experiment. In Exp8, conditions from Exp7 were
replicated with a key modification that the duration was
extended to 5 weeks, and natural soil replaced kaolin-
ite to evaluate the effectiveness of the EK process in
removing Cu”*, Ni**, and Zn*" ions from a contami-
nated site. The electric current initially dropped from
25 mA to 19.35 mA after 168 h, then fluctuated slightly
before declining again due to metal hydroxide precipi-
tation and the convergence of acid and alkaline fronts
in the soil. By the experiment’s end, the current had
decreased further to 6.45 mA.

As illustrated in Fig. 2b, there is a discernible
adverse correlation between the electric current and

the voltage change. The precipitation of metal ions
decreased the electric current while simultaneously
leading to an increase in voltage, which can be attrib-
uted to the heightened soil resistivity. Across all
EK tests, a consistent trend was observed wherein
the voltage declined initially within the initial 24-h
period. This decline was probably attributed to the
solubilization of metal ions and a subsequent rise in
the concentration of ions within the soil’s pore fluid.
Initial voltage readings ranged from 10.44 to 20.5 V,
declining to approximately 9 V after 24 h.
Interestingly, a subsequent voltage surge to nearly
35.12 V was observed in Experiments 1, 2, 4, and 5
after 48 h and in Experiments 3, 6, 7, and 8 after 120 h.
This increase was attributed to the greater soil conduc-
tivity and ionic strength observed in Experiments 3, 6,
7, and 8. Compared to standard processes, EK experi-
ments involving RFM exhibited higher electric currents
since the alkaline front movement was slowed down,
preventing early metal ions precipitation in the soil.

3.2 Electric Conductivity and pH

Figure 3a illustrates the pH distribution across soil
sections S1 through S6, ranging from the anode to the
cathode, after the EK tests. It is essential to highlight
that the EK tests were conducted without controlling
the pH. By the conclusion of the EK treatment, the
pH of the soil in regions proximal to the anode com-
partment decreased below the initial pH, subsequently
increasing gradually towards the cathode zone. At the
anode, soil sections S1 to S3 displayed acidity due to
the advancement of the acid front resulting from elec-
trolysis, leading to the generation of H* ions. This phe-
nomenon is influenced by the higher ionic mobility of
hydrogen ions, which move approximately 1.8 times
faster than hydroxide ions (Ganbat et al., 2023; Gho-
badi et al., 2021b).

Figure 3a represents pH differences in the soil sec-
tions Expl and RFM-enhanced Exp2 to Exp8. In Expl1,
soil sections S1 to S5 consistently maintained acidic
pH levels. In contrast, section S6, close to the cath-
ode, recorded a pH of 6.5 due to the rapid migration of
OH™ ions. On the contrary, in RFM-enhanced Exp2, a
discernible pH increase is observed from the soil sec-
tion S1 toward the RFM. The high pH of the RFM is
due to its initial alkalinity of 11.38 (Table 1), which
negatively affected the transport of H* ions close to
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the cathode. Interestingly, the pH in the cathode tank
remains stable at pH 12.71, while the pH of sections
S4 to S6 adjacent to the cathode fluctuates. Specifically,
in Exp2, the pH across soil sections S1 to S5 increased
from 2.20 to 4.08. In contrast, the alkaline nature of the
RFM facilitated the rapid migration of OH™ ions in the
soil, resulting in section S6 reaching a pH of 7.04.
However, the incorporation of 50% sawdust into
the iron slag RFM acted as a buffer, impeding the
movement of alkaline pH toward the anode. Sawdust
contains cellulose that interacts with hydroxyl ions in
an alkaline solution, potentially reducing pH through
absorption. The cellulose hydroxyl groups have an
affinity to the hydroxyl generated at the cathode,
slowing down alkaline from movement in the soil.
As a result, the acid front progressed faster towards
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the cathode in Exp3 compared to Exp2. In Exp3,
pH levels ranged from 3.00 to 4.06 across soil sec-
tions S1 to S5, while section S6 reached a pH of 5.43.
The lower pH of section S6 in Exp3 is attributed to
the RFM pH of 10.19 compared to the RFM pH of
11.38 in Exp2. The lower RFM pH in Exp3 hindered
the rapid movement of the alkaline front in the soil,
thereby enabling the propagation of the acid front in
soil section S6. In Exp4, the electrical current was
increased to 25 mA. It was observed that there was
a decrease in soil pH of sections S1 and S2, reaching
pH 2.6, while for sections S3 to S6, the pH ranged
between 3.15 and 4.60. Notably, the RFM’s pH was
9.63, which decreased from the initial pH of 10.19.
The decline in soil pH likely resulted from increased
electrical currents, facilitating the movement of acidic
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Fig. 3 (continued)

components toward the cathode zone. However, rais-
ing the electric current to 30 mA in Exp5 slightly
increased sections S1 and S2 pH to 3.15 compared to
pH 2.6 in Exp4. For sections S3 to S6, the pH ranged
between 3.70 and 4.80. Also, the pH of the RFM
was 10.25 at the end of the test. In Exp6, the sawdust
was treated with HCI to lower its pH from 8.11 to 5
before mixing with iron slag to reduce the RMF pH to
9.24 (Table 1). Sections S1 to S5 recorded pH values
lower than the initial pH, ranging from 2.50 to 3.30,
while section S6 showed a slightly higher pH than the
initial value, measuring pH 4.57.

Nevertheless, the integration of 50% sawdust
with 50% iron slag RFM and 2% Glutaraldehyde in
Exp7 facilitated slowing down the advancement of
the alkaline pH toward the anode. All sections from

S1 to S6 exhibited pH levels lower than the initial
value, ranging between 2.80 and 4.10. Compared
to other experiments, Exp7 demonstrated the low-
est range of pH level in S1-S6 because of the initial
RFM low pH of 9.55, deterring alkaline front rapid
movement in the soil and enabling the mobility of
H* ions toward the cathode. Notably, the elevated pH
levels in soil sections adjacent to the cathode result
in a negative soil surface charge, thereby enhancing
the adsorption of Cu?* through increased electro-
static interaction with the positively charged Cu’*
ions (Ghobadi et al., 2021b). In Exp8, the sawdust/
iron slag was crosslinked with 2% Glutaraldehyde to
effectively slow down the advancement of the alka-
line pH toward the anode and reduce the RMF pH to
9.55 (Table 1). Sections S1 to S5 recorded pH values
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lower than the initial pH, ranging from 3.36 to 4.02,
while section S6 showed a higher pH than the initial
value, measuring pH 6.60.

As depicted in Fig. 3a, in Expl without RFM, soil
pH in sections (S1-S5) was acidic (ranging from pH
3.18 to pH 3.75) and increased toward the cathode,
reaching pH 6.5 in section S6. In Exp2 (Fig. 3b),
the pHs of sections (S1-S5), from 2.20 to 4.08, were
lower than the initial soil pH and increased to 7.04
in S6. The elevated pH level in the cathode zone of
Exp2 is likely due to the higher iron slag content in
the RFM. In Fig. 3c, Exp3 displayed soil pH from
3.00 to 4.06 in sections (S1 to S5), increasing to pH
5.43 in section S6. The decrease in pH of soil S6
was likely due to the lower pH of the sawdust/iron
slag RFM (10.19), contributing to the acid front
advancement in the soil. In Exp4 (Fig. 3d), sections
(S1 to S5) recorded pH values from pH 2.49 to 3.73,
slightly increasing to 4.60 in soil section S6 near the
cathode. Figure 3e illustrates that in Exp5, the pH in
sections (S1 to S5) ranged from pH 3.12 to 3.93, sig-
nificantly increasing to pH 4.80 in section S6. Exp6
(Fig. 3f) exhibited a low pH of 2.56 to 2.80 in soil
sections S1 to S3, increasing to pH 3.14 and 3.29 in
sections S4 and S5 and further increasing to pH 4.57
in section S6. Exp 7 (Fig. 3g), the pH levels across
sections (S1 to S6) were consistently low, ranging
from 2.80 to 4.10, which was lower than the initial
pH. In Exp8 (Fig. 3h), the pH across sections S1 to
S5 remained consistently low, ranging from 3.36 to
4.02, below the initial pH of 4.76 (Table 1), while
section S6 pH was 6.60.

Prior studies corroborate these results, suggest-
ing an inverse relationship between soil pH and soil
electrical conductivity (EC) (Ghobadi et al., 2021a,
2021b; Hamdi et al., 2024). The EC of soil is piv-
otal in the electrokinetic (EK) process, facilitating
the migration of pollutants and charged particles
in response to direct electric current. Throughout
the EK process, the migration of charged particles
towards the positive and negative electrodes estab-
lishes a gradient in concentration, influencing soil
resistivity and pH modification. When the soil has
high electrical conductivity (EC), it can conduct elec-
trical charges. However, the removal of ionic species
during EK treatment can lead to a decrease in EC. In
this study, an SD-iron slag, strategically placed near
the cathode to capture metal ions and prevent the
advancement of an alkaline front, exhibited slightly
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higher conductivity than the kaolinite soil (Table 1).
Figure 3 indicates a lower EC in soil with low ion
concentrations. Soil’s EC exhibited a consistent
decrease from the anode to the cathode zone across
Expl to Exp8, indicating a higher concentration of
free ions near the anode. Generally, using RFM with
acid-treated sawdust mixed with iron slag assisted in
maintaining the soil pH below the initial levels in all
sections and prevented the advancement of the alka-
line front in the soil (Fig. 3f). The EC of soil S1-S3
in all EK experiments increased, resulting from the
increase of ionic species, notably associated with free
protons. Across all experiments, a decline in EC was
observed in soil S4-S6, attributed to the convergence
of acid and alkaline fronts close to the cathode zone.

3.3 Removal of Contaminant

Figure 4a shows the distribution of Cu** across kao-
linite soil sections and the RFM, while Fig. 4b pre-
sents the distribution of Cu®*, Ni**, and Zn** ions
across natural soil sections and the RFM at the end
of the EK process. The positively charged Cu?*, Ni**,
and Zn?* ions dissolved and migrated toward the cath-
ode. In the Ek tests without RFM, significant depo-
sition of Cu®* occurred near the cathode due to the
alkaline pH, leading to the precipitation of metal
hydroxides (Ghobadi et al., 2021a, 2021b; Hamdi
et al., 2024; Hawal et al., 2023). Based on these
results, iron slag and sawdust/iron slag RFMs were
employed to capture metal ions in experiments Exp2
to Exp8. Figures 4a&4b show a substantial Cu®*,
Ni%*, and Zn?" migration and accumulation near the
soil Sect. 6 and in the RFM.

Expl to Exp7 were conducted to extract Cu"
ions from the polluted kaolinite soil, and Exp8 was
conducted to extract Cu?*, Ni%*, and Zn?* ions from
a contaminated site (Table 2). In Expl to Exp3, an
electric current was 20 mA, while Exp4, Exp6, Exp7,
and Exp8 employed 25 mA, and Exp5 used 30 mA
to study the impact of increasing electric current and
RFM on EK performance. Expl and Exp2 had a dura-
tion of 2 weeks, whereas Exp3 to Exp7 were carried
out over 3 weeks, and Exp8 was 5 weeks with natural
soil. In Expl, copper concentration was nearly elimi-
nated from section S1, gradually increasing across
sections S2-5 and spiking to 3486 mg. L™! in section
S6 (Fig. 4a). Nevertheless, the total depletion of cop-
per from the soil amounted to approximately 3.21%
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(Fig. 4c). In Exp2, iron slag RFM closed to the cath-
ode notably boosted the removal of Cu?" throughout
soil sections S1 to S5. A considerable amount of cop-
per precipitated in section S6, which is attributed to the
alkaline pH of the soil. The concentration of Copper
ranged from 44 mg. L™! in S1 to 4242 mg. L' in S6.
The alkaline conditions in S6 promoted the precipita-
tion and adsorption of copper onto the soil surface.
The correlation between soil pH and Cu?* adsorption
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confirms that Cu®** adsorption is pH-dependent (Gho-
badi et al., 2021b; Hamdi et al., 2024). When pH lev-
els fall below the point of zero charge (pHzpc), the soil
exhibits a positive charge, which shifts to a negative
charge as the pH surpasses the pHzpc. Cu®* adsorp-
tion intensifies when the soil exhibits a negative charge
near the cathode region, characterized by a pH higher
than the pHzpc of 4.5. Conversely, Cu adsorption
diminishes in the vicinity of the cathode area due to
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the elevated soil pH, exceeding the pHzpc of 4.5. Only
216.4 mg. L' of copper concentration was detected in
the iron slag RFM. Iron oxide, the predominant com-
ponent of iron slag, demonstrates a strong affinity for
adsorbing heavy metals (Yeongkyoo, 2018). Iron oxide
retains heavy metals through mechanisms such as sur-
face complexation, electrostatic interactions, and pre-
cipitation (Hu et al., 2018). While achieving a higher
rate of removing copper (seven times higher than
Expl), Exp2 still exhibited a relatively low removal
efficiency, capturing approximately 21.76% of the
Cu?* in the RFM (Table 3). Moreover, the alkaline pH
of RFM promoted the movement and propagation of
OH™ ions from the cathode to the anode. Exp3 utilized
sawdust with iron slag to reduce the RFM pH from
11.38 to 10.19, slowing the rapid movement of the
alkaline front from the cathode (Table 1). Sawdust also
releases acidic components when exposed to hydroxyl
ions. Its alkaline nature helps neutralize excess
hydroxyl ions, maintaining a stable pH environment.
Exp3 achieved a notable removal improvement of cop-
per across the majority of soil sections, with 67.66% of
the copper accumulating in the RFM and achieving an
overall removal rate of 71.8% (Table 3). The concen-
tration of copper decreased from 21.5 mg. L™ in soil
S1 to 1539.5 mg. L™! in S6, achieving 5638.5 mg. L~!
in the RFM (Fig. 4a). The predominant acidic condi-
tions observed in the majority of soil sections during
Exp3 significantly improved the extraction of copper
compared to Exp2.
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EK Experiments

The electric current was increased in Exp4 to
Exp8 to enhance the electrolysis reaction and copper,
nickel and zinc removal from the soil. As depicted in
Figs. 4a&4b, copper was extracted from soil S1-6 and
gathered in the RFM during Exp4. Copper concentra-
tion in S1 was 16 mg. L™! and increased incrementally
in subsequent sections, peaking at 646.5 mg. L™" in S6
and reaching 6801.5 mg. L™! in the RFM. Approxi-
mately 82.22% of the copper was retained in the RFM
(Table 3), resulting in an overall copper removal rate of
88.10% for Exp4. The improved extraction of copper
noted in Exp4, compared to Exp3, was attributed to the
rise in electric current from 20 to 25 mA. This increase
effectively bolstered the progression of the acid front
within the soil. Consequently, the acid front propa-
gated through the soil, solubilizing and transporting
the copper ions towards the RFM. Increasing the elec-
trical current from 25 to 30 mA in Exp5 did not lead
to a significant improvement in copper concentration
(Fig. 4a). The copper concentration for sections S1 to
S6 was slightly less than that for the soil sections in Exp
4, and it reached 6939 mg. L~! in S6. The RFM accu-
mulated 83.27% of the copper, resulting in a total cop-
per removal of 88.91% by the end of Exp5 (Table 3),
approximately 1% higher than in Exp4. EK experiments
show that increasing the electric current from 25 to 30
mA led to only a slight improvement in copper removal
(< 1%) from 88.10% to 88.91%, highlighting a non-lin-
ear relationship between current intensity and EK effi-
ciency. While higher currents can boost ion migration
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Table 3 Removal efficiency and Mass Balance of EK experiments

ExpNo Typeofsoil Metalions Initial Metal Residual Metal in RFM  Electrolyte/ Mass Balance (%) Total metal
in soil (mg) Metal in (mg) pore water removal (%)
Soil Metal (mg)
(mg)
Expl Kaolin Soil  Cu 1000 968.19 N/A 1.5 102.17 3.21 £0.31
Exp2 Kaolin Soil  Cu 1000 761.94 216.4 0 101.72 23.76 +£0.38
Exp3 Kaolin Soil  Cu 1000 281.50 676.62 4.5 101.15 71.80 £0.19
Exp4 Kaolin Soil  Cu 1000 118.58 822.18 4.5 102.50 88.10 £0.30
Exp5 Kaolin Soil  Cu 1000 111.00 832.68 1 101.88 88.91 +£0.24
Exp6 Kaolin Soil  Cu 1000 97.25 841.38 1.5 102.48 90.30 +£0.20
Exp7 Kaolin Soil  Cu 1000 20.82 976.02 0.5 100.29 97.92 +0.23
Exp8 Natural Soil Cu 216 158.29 209.69 0.2 103.30 26.72 +£0.26
Ni 581 265.14 505.85 0.1 101.92 54.36 £0.25
Zn 733 319.27 514.41 0.1 100.80 56.44 +£0.29

and electroosmotic flow, they also intensify water elec-
trolysis, creating sharp pH gradients that may cause
Cu?* precipitation or immobilization before reaching
the RFM. Additionally, increased current raises energy
consumption and costs without proportional gains in
performance. Issues like electrode polarization and
overheating may also arise. The results suggest that a
25 mA electric current is more effective for running the
EK-RFM system, while a higher electric current offers
no benefit. Thus, careful current optimization is crucial
to balance efficiency, energy use, and system stability.
Therefore, Exp6 was conducted at 25 mA electric cur-
rent, with sawdust treated with HCI to lower the pH
of the RFM, aimed at buffering the advancement of
the alkaline front. The concentration of Cu®** in (S1)
was 15.5 mg. L™! and increased to 490 mg. L™! in S6
while reaching 7011.5 mg. L™! in the RFM, as shown
in Fig. 4a. The RFM accumulated 84.14% of the cop-
per, resulting in a total copper removal of 90.30% at
the end of the 3-week EK process (Fig. 4c). In addi-
tion, the introduction of glutaraldehyde to sawdust/iron
slag RFM in Exp7 significantly improved the efficiency
of Cu?* removal. Glutaraldehyde created a homog-
enized and reactive composite material, enhancing the
adsorption capacity of the sawdust/iron slag RFM (Fig-
ure Alc), leading to more effective immobilization of
Cu™?, thereby increasing the overall efficiency of the
EK process compared to experiments Expl to Expb6.
Introducing glutaraldehyde in Exp7 modified the sur-
face property of RFM by increasing surface polarity

and enhancing interactions with OH™ ions through
hydrogen bonding or electrostatic attraction. Thus
impeding alkaline front migration toward the anode
and maintaining a lower pH throughout the experiment.
This reduction in pH was responsible for enhancing the
removal of Cu®*, creating an acidic environment condu-
cive to the dissolution and migration of metal ions, and
ultimately improving the efficiency of the EK process.
The concentration of copper in S1 was 0.155 mg. L™
and increased to 123.5 mg. L' in S6 while reaching
8133.5 mg. L™! in the RFM (Fig. 4a). The RFM cap-
tured 97.60% of the Cu**, resulting in 97.92% removal
(Table 3).

Exp8 evaluated the effectiveness of the EK com-
bined with sawdust with iron slag RFM and gluta-
raldehyde for Cu?*, Ni**, and Zn>* ions removal
from contaminated soil. The concentrations of Cu*™,
Ni%*, and Zn** were 216, 581, and 733 mg. L7},
respectively (Table 1). The concentration of Cu**
in soil sections S1 to S6 ranged from 35.5 to 291.5
mg. L™!, while Ni?* and Zn?* concentrations were
lower than Cu®*. Ni** concentrations ranged from
475 mg. L' in S1 to 1107.5 mg. L™! in S6 and
Zn* concentrations ranged from 5.5 mg. L' in S1
to 1305 mg. L~ in S6. The concentrations of Cu?*,
Ni?*, and Zn** in the RFM were measured at 199,
1469.5, and 1984.5 mg. L™!. The RFM was effec-
tive in capturing 21.03% of Cu**, 50.58% of Ni**,
and 54.14% of Zn** (Table 3), achieving 26.72%,
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54.36%, and 56.44% removal for Cu®*, Ni**, and
Zn>* by the end of the EK process (Fig. 4c).

The application of sawdust-iron slag RFM signifi-
cantly enhanced copper removal across Experiments
3 to 7. Initially, copper removal was 3.21% in Expl,
increasing to 23.76% in Exp2 with the introduction of
iron slag RFM. Exp3 demonstrated further improve-
ment in copper removal by combining sawdust with
iron slag, leveraging sawdust’s affinity for alkaline
pH. In Exp4, increasing the electric current to 25 mA
achieved 88.10% removal. Exp5 showed marginal
enhancement in copper elimination with an electric
current of 30 mA, indicating non-linear effects that
should be optimized during the EK process. Exp6,
where sawdust was treated with HCI to lower RFM
pH, achieved a total copper removal of 90.30%. Exp7,
the integration of sawdust with iron slag RFM and
glutaraldehyde effectively slowed down the advance-
ment of the alkaline pH towards the anode, achieving
a total copper removal of 97.92%. These results high-
light the critical role of optimizing both the electric
current and the process duration to achieve the desired
removal rates efficiently. In Exp8, the crosslinked
sawdust/iron slag RFM-EK system achieved 26.72%,
54.36%, and 56.44% removal, respectively.

While EK tests with kaolinite achieved excel-
lent removal of metal ions, the decontamination of
real soils is far more complex due to the presence of
organic matter, microbial activity, and mineralogy
that can affect metal mobility and binding. These fac-
tors may reduce the decontamination efficiency by
altering metal behavior. Since heavy metals removal
from the soil is a dynamic process during the EK
process, the efficiency of the EK will be affected by
several factors, such as various in the pH of the soil
and other organic and inorganic metal ions in the soil
that may interfere with the removal of metal ions.
Therefore, pilot-scale studies in heterogeneous soils
are essential to assess the practical applicability of
the EK-RFM system under realistic conditions.

3.4 Specific Energy Consumption

It is essential to determine the specific energy con-
sumption (SEC) to evaluate the overall energy usage
and treatment expenses, as described in Eq. 5. This
equation computes the SEC across all experimen-
tal scenarios (Ghobadi et al., 2021a, 2021b). The
fluctuations in the copper removal (Cu**) and the
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corresponding energy requirement throughout the
RFM-EK experiments are shown in Fig. 4c. These
variations are illustrated across different experimen-
tal conditions in Table 2. The investigation exam-
ined how higher electrical current and extended
processing time affect the removal rate of Cu** and
energy consumption. A thorough examination of
these factors was conducted, and their influence is
depicted in Fig. 4c. Substantial Cu®* removal was
observed across all tests, and the power consump-
tion analysis revealed a notable increase in energy
requirements of the EK process when the electrical
current changed from 20 to 30 mA in Exp3 to Exp5.

A comparison of Exp 3 and Exp 4 revealed a gen-
eral increase in the removal rate of Cu?" with the
transition of the electrical current from 20 to 25 mA
at the experiment’s outset. Notably, the improvement
in copper removal coincided with an energy con-
sumption decrease from 0.153 kWh. Kg™! to 0.145
kWh. Kg~!. As the electrical current was increased
to 30 mA in Exp5, the energy consumption reached
0.202 kWh/kg, with a slight increase in the Cu*
removal from 88.1% in Exp4 to 88.91 in Exp5.

In contrast, the energy consumption in Exp6 con-
ducted at 25 mA electric current was 0.146 kWh/
kg, and total copper removal reached 90.30%. Results
reveal that Exp6 achieved higher Cu** removal than
Exp4, conducted at the same electric current, but energy
consumption was the same in both experiments. Con-
trarily, the Cu?* removal increased at 25 mA in Exp4
compared to 30 mA in Exp5; all was achieved at higher
energy consumption (Fig. 4c). The higher SEC in Exp8
is attributed to the greater complexity of heavy metals
removal from contaminated sites where soil heteroge-
neity, elevated organic content, and stronger metal-
binding properties increase resistance to EK treatment,
necessitating more energy to disrupt these bonds. The
presence of competing ions and the longer treatment
duration (35 days) further raised energy requirements,
leading to a substantial SEC increase relative to kaolin-
ite-based experiments.

3.5 Characteristics of RFM

Sawdust garners significant attention among agri-
cultural byproducts due to its cost-effectiveness and
remarkable efficacy in eliminating heavy metals from
wastewater. Its composition, comprising cellulose,
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lignin, and carboxyl groups, enhances its capac-
ity to attract cations to its active sites, rendering it an
intriguing candidate for water purification purposes.
The heavy metals’adsorption onto sawdust follows the
Freundlich or Langmuir isotherms, demonstrating the
potential for adsorption in single-layer and multiple-
layer arrangements. Typically, the adsorption mecha-
nism on sawdust follows the pseudo-second-order
kinetic model, indicating a chemisorption process
(Meez et al., 2021). Treatment with glutaraldehyde
crosslinks the hydroxyl groups in sawdust, enhanc-
ing its structural integrity, reducing biodegradability,
and introducing aldehyde (-CHO) groups that further
facilitate metal binding. Acid treatment, typically using
dilute mineral acids, removes impurities, increases the
surface area, and exposes more reactive sites on both
sawdust and iron slag. These chemical modifications
improve the material’s porosity, surface reactivity,
and overall metal uptake capacity, thereby increasing
the effectiveness and durability of the RFM in copper
removal. Moreover, iron slag exhibits notable features
of excellent specific surface area and significant poros-
ity, making it a cost-effective adsorbent for soil treat-
ment. The efficacy of iron slag in metal ions removal
depends on its distinctive properties and chemical
composition (Ganbat et al., 2023; Hamdi et al., 2024).
This investigation employed a blend of sawdust and
iron slag RFM to maximize Cu’" adsorption by the
RFM. Ligning in the sawdust contains hydroxyl, car-
boxyl, and methoxy groups, which can act as binding
sites for heavy metal ions through complexation. Inter-
action between copper and ligning can involve coordi-
nation between the metal ions and the oxygen atoms
in the functional groups of lignin, forming complexes
known as chelates. These chelates are typically more
stable than simple ion interactions. Further, oxides and
hydroxides functional groups in iron slag adsorb cop-
per iron through electrostatic attraction and complexa-
tion reactions. Iron slag also induces copper precipita-
tion due to its alkaline pH (Table 1).

Figure 5a displays the outcomes of X-ray diffrac-
tion (XRD) analysis regarding the iron slag’s composi-
tion originating from the steel-making procedure. The
data indicate that iron oxide is the primary component
in the slag waste matrix. Iron oxide exhibits notable
adsorption capabilities, effectively removing contami-
nants (Diaz-Piloneta et al., 2022). Although the specific
mechanism by which heavy metals interact with iron
oxide is still being studied, it is known that iron oxide

can bind to or adsorb these elements on its surface. This
ability is attributed to iron oxide’s inherent properties,
including its infinitesimal particles and notable porous
nature that provide a substantial surface area, making
it a remarkable RFM. Heavy metal adsorption onto
iron oxide is characterized by electrostatic interactions
among the metal molecules, which are subsequently
followed by developing inner-sphere Fe-carboxylate
complexes via ligand exchange (Jain et al., 2018).

Figure 5b illustrates the FTIR spectra of untreated
RFMs, iron-slag-treated RFM, sawdust/iron-slag-
treated RFM, and treated sawdust/iron RFEM. The FTIR
bands of iron slag, sawdust/iron slag, treated sawdust/
iron, and sawdust/iron slag with 2% glutaraldehyde
before and after EK treatment showed comparable fea-
tures. Nevertheless, the bands exhibited greater promi-
nence in the sawdust/iron slag both before and after EK
treatment, underscoring the considerable efficacy of
EK-treated sawdust/iron slag in removing Cu®*. Fol-
lowing EK tests, the FTIR bands of slag, sawdust/slag,
and treated sawdust/slag (Fig. 5b) displayed peaks in
3787, 3743, 1603, and 1525 cm™! regions, indicative
of OH™ stretch. The band 3787 cm™! showed dimin-
ished intensity in Exp2, although it exhibited similar
stretching in most EK tests. The band 3743 cm™! inten-
sity, to some extent, increased after the EK treatment in
Exp5 and Exp6, attributed to added OH™ groups intro-
duced by the sawdust/slag, causing intensity changes.
In all experiments, there was no observable alteration
in this band when the soil was treated with sawdust or
iron slag. Additionally, in Experiment 2 with iron slag
RFM, the FTIR band at 1603 cm™! decreased.

Figures 5c to 5x present the results of the scanning
electron microscope (SEM) with energy-dispersive
X-ray spectroscopy (EDS) analysis performed on vari-
ous configurations of RFM, including iron slag, saw-
dust/iron slag, treated sawdust/iron slag, and sawdust/
iron slag mixed with a 2% glutaraldehyde solution.
These analyses were conducted before and after the EK
treatment to examine the changes in surface morphol-
ogy. In Fig. 5k, the SEM analysis of the iron slag RFM
exhibits semi-smooth surfaces and solid structures after
the EK treatment. In contrast, Figs. Sm to 5r display
rougher surfaces for the sawdust/iron slag combination
after the EK treatment. Figure 5s shows similar rough
surfaces for the treated sawdust/iron slag. These obser-
vations suggest that the treatment led to an increase
in the surface area of the sawdust/iron slag, thereby
enhancing its sorption capacity. The rougher surface
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Fig. 5 (a) the XRD spectrum of iron slag, (b) FTIR bands of slag, and SD/slag mix with 2% GA SEM images with EDS
slag, SD/slag, TSD/iron slag, and SD/slag mix with 2% GA before and at the end of the EK treatment
before and after EK treatment, and (c to x) slag, SD/slag, TSD/
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0 8 K-series 23.82 23.82 33.31 0.80
Ca 20 K-series 33.16 33.16 18.52 1.08
Si 14 K-series 6.37 6.37 5.07 0.15
Fe 26 K-series 11.02 11.02 4,42 0.45
Al 13 K-series 3.30 3.30 2.73 0.16
Mn 25 K-series 2.29 2:29 0.93 0.16
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Fig. 5 (continued)

@ Springer



565 Page 20 of 27 Water Air Soil Pollut (2025) 236:565

(k) Iron slag After EK Treatment (Exp. 2) (I)
El AN Series unn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]
C 6 K-series 36.26 36.26 52.37 1.19
0 8 K-series 28.70 28.70 31.12 0.93
, gl |Ca 20 K-series 16.89 16.89  7.31 0.58
hoastnsp| 65 14 K-series  5.81  5.81  3.59 0.14
Al 13 K-series 3.45  3.45  2.22 0.16
Fe 26 K-series 5.99  5.99  1.86 0.28
Mg 12 K-series 1.54 1.54  1.10 0.10
6 Mn 25 K-series 1.35 1.35  0.43 0.12
4
é ‘ P Total: 100.00 100.00 100.00
: 5 b '
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C 6 K-series 27.51 26.80 38.52 4.29
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10‘(!; Al 13 K-series 2.02 1.97 1.26 0.14
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s = El AN Series unn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]
0 8 K-series 38.57 43.56 46.01 5:53
C 6 K-series 27.02 30.52 42.93 4.10
ool [Ca 20 K-series 8.86 10.01  4.22 0.32
—haustoni| po 26 K-series  7.23  8.16  2.47 0.31
Si 14 K-series 2.62  2.95 1.78 0.15
Mg 12 K-series 1.35 1.53  1.06 0.12
Al 13 K-series 1.47 1.66  1.04 0.11
Mn 25 K-series 1.42  1.60  0.49 0.11
Total: 88.53 100.00 100.00
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Fig. 5 (continued)
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(q) SD/Iron slag After EK Treatment (Exp. 5) (r)
8 EL AN Series unn. C norm. C Atom. C Error (1 Sigma)
(wt.%] [wt.%] [at.%] [wt.5]
C 6 K-series 31.18 31.18 47.35 1.04
0 8 K-series 27.90 27.90 31.81 0.91
—hgistinspr]| C8 20 K-series 18.67 18.67  8.50 0.64
Si 14 K-series 8.13  8.13  5.28 0.16
Al 13 K-series 4.80  4.80  3.25 0.20
Fe 26 K-series  6.09  6.09  1.99 0.29
Mg 12 K-series 1.81  1.81  1.36 0.11
Mn 25 K-series 1.41  1.41  0.47 0.12
Total: 100.00 100.00 100.00
TSD/Iron slag After EK Treatment (Exp. 6) (t)
B[ E1 AN Series unn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]
BlIC 6 K-series 37.95 37.95 54.71 1.24
310 8 K-series 25.87 25.87 28.03 0.85
Ca 20 K-series 17.65 17.65  17.63 0.61
Si 14 K-series 5.66  5.66  3.49 0.14
Al 13 K-series 3.93 3.93 2.53 0.17
Fe 26 K-series 5.59  5.59 1.74 0.2
Mg 12 K-series 1.89 1.89 1.35 0.11
Mn 25 K-series 1.47  1.47  0.46 0.12
Total: 100.00 100.00 100.00
SD/Iron slag + 2% GA After EK Treatment (Exp. 7) (v)
El AN Series unn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]
0 8 K-series 54.32 50.57 56.75 1.91
C 6 K-series 17.96 16.72 25.00 3.66
Mg 12 K-series 8.03  7.48  5.52 0.50
Si 14 K-series 7.53  7.01  4.48 0.38
‘3“; Ca 20 K-series 8.13  7.56  3.39 0.33
3:0_&2: Al 13 K-series 4.44 4,13 2.75 0.27
Z-S-L'C“MQA'SI & wl G Fe 26 K-series 5.59  5.20  1.67 0.30
o Mn 25 K-series 1.42  1.33  0.43 0.13
103 i
053 ]L " \ Total: 107.42 100.00 100.00
0,03 sl —

Fig. 5 (continued)
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~:|El AN Series unn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]

0 8 K-series 36.79 50.26 48.93 6.34
C 6 K-series 26,06 35.60 46.17 4,63
Ca 20 K-series 6.25 8.54 3,32 0.29
Al 13 K-series 0.65 0.89 051 0.08
Si 14 K-series 0.55  0.76  0.42 0,07
Ir 71 M-series 2.38 3.25 0.26 0.18
P 15 K=-series 0.35  0.48 0.24 0.06
Mg 12 K-series 0.17  0.23  0.15 0.05

Total: 73.19 100,00 100.00

Fig. 5 (continued)

morphology indicates that the material’s ability to
adsorb contaminants was improved due to the increased
surface area available for interaction. The treatment
of sawdust/iron slag with 2% glutaraldehyde solution
enhances its surface properties, making it more effec-
tive for contaminant adsorption. The aldehyde groups
in glutaraldehyde likely react with functional groups
on the sawdust and iron slag, such as hydroxyl and
carboxyl groups, leading to cross-linking or chemical
modification. This process can result in the formation of
additional active sites and a more uniform surface mor-
phology, as observed in Fig. Su to 5x.

Generally, sawdust possesses a porous structure
ideal for adsorption applications, enabling it to bind
heavy metal ions effectively. Its efficacy as an adsor-
bent in heavy metal removal has been well-established
in wastewater treatment (BoZi¢ et al., 2009; Meez et al.,
2021). Sawdust is also characterized by its composi-
tion, which includes cellulose, lignin, and carboxyl
groups, which enhances its ability to homogenize with
iron slag. Iron slag also has features that contribute to
the homogenization process, including its high surface
area and extensive porosity. These properties make it a
desirable choice as a material that can be homogenized
with other materials. However, the introduction of 2%
glutaraldehyde into sawdust and iron slag significantly
improved the adsorption process and Cu?* removal
efficiency. The glutaraldehyde helped to form a more
homogeneous and reactive composite material, which
enhanced the adsorption capacities of the sawdust and
iron slag, resulting in a more effective stabilization of
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Cu™2, thus increasing the overall efficiency of the elec-
trical process comparatively. The comparative analysis
confirmed that the glutaraldehyde-treated composite
exhibited superior adsorption capacity compared to
untreated combinations of sawdust and iron slag or
their components. This indicates that glutaraldehyde
not only enhances surface properties but also promotes
synergistic effects within the composite, making it an
effective solution for heavy metal remediation in EK
systems, as observed in Fig. 6¢c. The glutaraldehyde
also contributed to the pH reduction by crosslinking
with the cellulose in the sawdust. This crosslinking pro-
cess likely stabilizes the RFM mixture, thus reducing
alkaline migration toward the anode and maintaining a
lower pH throughout the experiment. This decrease in
pH can be beneficial to enhance the removal of Cu*".

4 Implications

EK experiments demonstrated a great potential for
using industrial waste materials as an adsorbent in
copper removal from the soil. Copper removal from
kaolinite soil was 3.21% in the EK process without
RFM, then increased to 23.76% when iron slag RFM
was coupled with the EK process. Although iron slag
is a good adsorbent for heavy metals, it was unable to
prevent the rapid advancement of OH™ in the soil due
to its alkaline pH (Table 1). Therefore, most copper
was precipitated in section S6, adjacent to the RFM in
Exp2. Using sawdust-iron slag RFM in Exp3 increased
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copper removal to 71.8%, with 67.7% of the copper
captured by the RFM. Sawdust-iron slag RFM of pH
10.19 (Table 1) was able to suppress the advancement
of OH™ in the soil, allowing copper transport toward
the RFM. Treated sawdust-iron slag RFM of pH 9.24
(Table 1) further improved copper removal to 90.3%,
with >84% of the copper captured in the RFM. In
Exp7, the total copper removal efficiency increased
to 97.92% with the incorporation of a 2% glutaralde-
hyde. This improvement is likely due to the enhanced
properties of the RFM, which consisted of a mixture
of sawdust and iron slag. The glutaraldehyde improved
copper removal by modifying the cellulose structure
in the sawdust and by reducing the pH of the RFM
(Table 1). These modifications likely enhanced the
RFM’s effectiveness in adsorbing and removing con-
taminants during the electrokinetic process. The total
removal efficiency in Exp8 using natural soil was lower
compared to kaolin soil due to the inherent complex-
ity of natural soil. Factors such as its heterogeneity,
elevated organic matter content, and stronger metal-
binding properties contribute to greater resistance to
electrokinetic (EK) treatment, making the remediation
process less effective. The results emphasize the poten-
tial of applying industrial waste materials as adsorbents
in soil treatment, reducing the environmental impact,
cost, and waste generation from the remediation pro-
cess. Although EK requires low energy for operation,
coupling the EK-RFM with solar energy will reduce
the operation cost of the remediation process. The EK-
RFM system will also reduce the human risk associ-
ated with conventional ex-situ remediation processes.
Combining the EK with RFM will ensure not only bet-
ter heavy metal removal but also easier heavy metal
extraction and control since the relatively high perme-
ability RFM will capture most contaminants at the end
of the remediation process. The RFM-EK hybrid sys-
tem will facilitate soil decontamination and resource
recovery, encouraging more work on recycling waste
materials for environmental remediation processes. It is
noteworthy that the effectiveness of the RFM decreases
at the end of the EK process due to the variation in the
soil pH, affecting the functional groups of the FMS and
its adsorption capacity. Also, the desorption process
is carried out in an acidic environment that alters the
surface characteristics and charge of the RFM media
(Fig. 6¢), rendering it less effective for use in multiple
cycles (Ganbat et al., 2023; Hamdi et al., 2024).

5 Conclusion

Hybrid RFM consisting of organic and inorganic
adsorbents was tested for heavy metals removal from
kaolinite and contaminated site soil. Using recyclable
and eco-friendly waste materials in the RFM aims to
achieve sustainable land-remediation processes. Iron
slag, iron slag/sawdust, and treated sawdust/iron slag
were investigated for Cu>* removal. Cu?* removal rose
from 3.21% in the EK process to 23.76% in the iron
slag-EK test. The iron slag’s alkaline pH promoted the
adsorption and precipitation of copper ions. Still, most
Cu?* was found to be precipitated outside the RFM due
to the rapid progression of the alkaline front in the soil.
Cu?* removal was significantly enhanced by combin-
ing the EK method with the sawdust-iron slag RFM,
achieving a 71.80% removal. In Exp6, 90.30% copper
removal was reached when RFM containing treated
sawdust and iron slag was utilized. The glutaraldehyde
crosslinked sawdust/iron slag RFM-Ek system attained
97.92% Cu** removal efficiency from kaolinite soil.
Glutaraldehyde crosslinker of pH 4 to pH 5 reduced
the pH of the iron slag RFM from pH 11.38 in Exp 2
to pH 9.55 in Exp 7; hence, there is no need for fur-
ther enhancement. In the natural soil, the removal rates
were lower due to the complicated chemistry of natu-
ral soils and the interaction between pollutants and the
soil’s organic matter. Future research should focus on
further improving the conditions of the RMF-EK sys-
tem by optimizing the experimental conditions, includ-
ing increasing the amount of RFM in the soil, test dura-
tion, and using chemical enhancement agents to prevent
alkaline front advancement in soil. RFM-EK pilot plant
tests are recommended in future work to confirm the
technology’s efficiency and cost-effectiveness in the
real environment. The environmental impact of the EK
process should also be evaluated to develop mitigation
systems. For example, the electrokinetic process can
cause substantial pH changes in the soil, which may
mobilize other harmful metals or disrupt soil ecosys-
tems. There is also a risk of secondary pollution from
the improper disposal of spent RFM saturated with
heavy metals. A thorough life cycle assessment (LCA)
and cost-benefit analysis would be necessary to evalu-
ate the method’s sustainability and practical feasibility
on an industrial scale.
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Appendix
RFM Adsorption/Desorption

Figures 6a and 6b illustrate the results of dynamic
adsorption using a combination of sawdust and iron
slag. A pseudo-second-order (PSO) adsorption model
was employed to evaluate the adsorption of metal ions
onto the surface of RFM. This model is based on the
following assumptions: i) the adsorbent surface is
homogeneous, ii) the adsorption of metal ions onto
RFM is governed by chemisorption, and iii) the reaction
rate depends on the availability of active sites. The Cu**
behaviour during adsorption was thoroughly investi-
gated, revealing that the highest adsorption capacity,
reaching 26.66 mg/g Cu**, is achieved within 20 min
using sawdust or HCl-treated sawdust combined with
iron slag and sawdust/iron slag mix with 2% GA solu-
tion. At first, the absorption of Cu>* happens swiftly,
demonstrating a notable rate of adsorption. However,
as equilibrium is approached, the adsorption and des-
orption rates gradually equalise. Variables such as the
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contact duration and the distinct properties of the saw-
dust/slag blend influence the extent of Cu** adsorption
and the absorption rate (Kulal & Badalamoole, 2020).

The slowing down of adsorbate interactions at spe-
cific sites compared to those in the bulk phase influ-
enced the extraction rate. The speed at which adsorb-
ate molecules were removed from the solution varied
based on their movement in the adsorbent from the sur-
face to the inside. Characterized by a balance between
adsorption and desorption rates, equilibrium was
achieved within 200 min for the Cu®* (Rahchamani
et al., 2011; Zhuang et al., 2016). The magnetite nan-
oparticles with embedded Fe?* ions serve as electron
donors (Castro et al., 2018). The primary techniques
utilized for ions removal from solution include elec-
trostatic adsorption, Cu>* binding to surfaces of metal
oxide, and ion exchange with H* from OH~ groups
on the surface of the adsorbent, forming complexes.
Adsorbents possessing various chemical functionali-
ties like carboxyl, aldehyde, ester, hydroxyl, and ketone
groups can interact with copper ions. The effectiveness
of this interaction depends on variables such as the
number of binding sites, accessibility, chemical struc-
ture, and the binding involved (Jain et al., 2018).

Three cycles of adsorption and desorption were
conducted using a feed concentration of 2.52 g/L. of
Cu?* ions, 24 h each cycle, aimed at evaluating the
sequential removal process. Throughout the adsorp-
tion cycles, the removal percentages of Cu®" ions
from the initial content in sawdust/iron slag were
57%, 48.54%, and 41.94% in cycles 1 to 3. Simi-
lar results were obtained for sawdust/iron slag mix
with 2% GA solution, with removal percentages of
58.54%, 48.60%, and 40.37% in cycles 1 to 3. Addi-
tionally, the desorption concentrations at the end of
the three cycles were 50.22%, 39.96%, and 36.86%
for sawdust/iron slag and 50.86%, 37.15%, and
35.59% for sawdust/iron slag with 2% GA (Fig. 6c).
The desorption process of sawdust/slag includes
the release of formerly bound molecules/ions,
which occurs via various methods such as diffusion,
exchange reactions, and solvent and external stimuli.
Distribution occurs as adsorbed species move along
concentration gradients, moving from areas of higher
to lower concentrations. The exchange reactions sub-
stitute less tightly bound species with those that have
a higher affinity, whereas solvents can modify the
interactions involving sawdust/slag and the adsorbed
species. Protons compete with binding sites in acidic
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environments, deteriorating interactions and facilitat-
ing the release of adsorbed copper ions, highlighting
the significance of solution conditions in desorption
phenomena.

Adsorption experiments are being conducted
to evaluate the potential for RFM reuse, revealing
moderate to high recovery rates of adsorbed cop-
per when using acid regeneration methods. Typically,
dilute hydrochloric or nitric acid solutions can des-
orb 70-90% of the copper from the media, depend-
ing on contact time and acid concentration. However,
repeated sorption—desorption cycles tend to degrade

the structural and chemical integrity of the materials.
In sawdust, prolonged acid exposure may hydrolyze
cellulose components or leach out functional groups,
reducing its adsorption capacity. Iron slag may also
undergo surface alterations, including dissolution
or passivation of active sites. As a result, the perfor-
mance of RFM generally diminishes after 3 to 5 cycles,
beyond which the cost of regeneration may outweigh
the benefits. While RFM can be reused to a certain
extent, its service life is finite, and periodic replace-
ment or supplementation with fresh media is necessary
to maintain high removal efficiency.
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Fig. 6 Cu** adsorption tests, (a) The Cu®** adsorption
on sawdust/slag, (b) The influence of the duration on the
Cu?*adsorption, (c) Adsorption, and desorption of Cu>* across

three successive cycles, sawdust (SD), treated sawdust (TSD)
with slag, and sawdust/iron slag with 2% GA RFM
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