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Abstract: Soil restoration by exploiting the principles and basics of electrokinetic (EK) has been
extended to involve several categories, such as electrokinetic remediation in soil (SEKR), soil con-
solidation, the prevention of soil pollution, reclaiming salt-affected soil, the dewatering/dryness
of wet soils, water reuse, seed germination, sedimentation, etc. As an extension of our recently
published review articles on the soil electrokinetic (SEK) process intensification/optimization, the
present review illustrates the effect of a reverse-polarity mode (RPM) on the efficiency of the SEK.
Based on several searches of six database search engines, we did not find any relevant reviews focused
on SEK improvements using the RPM. The influences of the RPM are described by various features,
including (a) pollutant removal (organic, inorganic, and mixed pollutants) and (b) integration with
other processes (phyto/bioremediation and Fenton oxidation), geosynthetics (consolidation, stabi-
lization, and sedimentation), SEK operation conditions, and soil properties. Most of the RPM studies
have focused on the remediation of organic pollutants. Several benefits can be gained from applying
the RPM, such as (a) controlling the soil’s temperature, pH, and moisture values at desirable levels,
(b) reducing a large number of chemical additives, (c) high remediation efficiency, (d) maintaining
the indigenous fungal community’s appropriate diversity and abundance, (e) a stable and higher
electric current, (f) enhancing microbial growth, etc. However, the hindrances to applying the RPM
are (a) reducing the electroosmosis flow, (b) relatively high energy consumption, (c) reducing the
diversity of soil microbes with a prolonged experiment period, (d) providing oxygen for a microbial
community that may not be desirable for anaerobic bacteria, etc. Finally, the RPM is considered an
important process for improving the performance of the SEK, according to experimental endeavors.

Keywords: soil electrokinetics; reverse-polarity mode; pollutant removal; integrated processes;
process intensification/optimization; electrokinetic geosynthetics

1. Introduction

The pollution of soil with potentially toxic elements has risen recently, owing to rapid
economic development, which ultimately leads to a soil productivity reduction, in addition
to creating threats to human well-being and sustainable agriculture [1]. The damage rates
of soil pollution with potentially toxic elements over the past two decades reached 94.7,
77.4, and 68.4% in plants, humans, and animals, respectively, [1]. There has been a concern
since 1900 about the elevating release of inorganic pollution (heavy metals) because of the
rapid progress of urbanization and industrialization [2]. Human health can be affected by
inorganic pollution, owing to metalloids and heavy metals that are considered not to be
biodegradable [3]. The release of organic pollutants into the environment is also considered
a threat to human life because the existence of organic pollutants simultaneously with
their degradation metabolites may cause several harmful impacts/diseases for human
beings (e.g., genetic mutation, distortion, and cancer) [4,5]. Not only does pollution with
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inorganic and organic elements affect the environment, but the environment is also subject
to pollution with microplastics [6], anions [7], and radioactive materials [8].

Several approaches have been proposed to reduce the harmful impact of polluted
soils [9-13]. The remediation methodologies may be classified into four classes to be appro-
priated for different pollutant-containing soils (i.e., chemical, physical, biological, and cou-
pled/integrated methods) [14]. The SEKR is a physiochemical method [15] that is integrated
with other chemical [16], physical [17], and phyto/bioremediation approaches [18-20]. The
SEKR is based on imposing an electric field (direct current (DC) or alternating current (AC))
between electrodes that eventually results in movements of charged and uncharged ele-
ments from one location to another, as well as stimulating the bio/phytoremediation [17,21].
The application of DC and AC may be carried out individually or simultaneously [20,22].

The mechanism of the SEKR relies on four approaches that are created once the
electrical field is applied (i.e., electromigration, electroosmosis (EO), diffusion, and elec-
trophoresis) that create physiochemical and hydrological changes inside the treated me-
dia [23,24]. The basics and principles of the SEKR were introduced by several scientists
at the beginning of the 1990s [25-29]; consequently, various articles were published in
different fields of interest [11,21,30-36]. Several processes were introduced to guarantee
the optimization and intensification of the SEKR, such as modifying the SEK appara-
tus design [17,21], chemical additives for increasing the desorption and dissolvability
of elements [16], continuously reoriented /rotating, reciprocating, and rotational electric
fields [37-39], approaching/movement electrodes [40], incorporating perforated electrodes,
pipes, and nozzles [41], etc. According to the electrode installation technique, the design of
the SEK can be categorized into three sections, including vertical design, horizontal design,
and mixed design [17,21]. The application of an electric field is responsible for removing
bulk elements (heavy metals, cations, anions, etc.) [42-45] and other materials (organic
pollutants) [46-49]. Accordingly, soil polluted with inorganic and organic pollutants can be
remediated simultaneously [50,51]. The removal of heavy metals from polluted soil and
catholyte can be carried out simultaneously using the SEKR [52]. The RPM was integrated
with the pulsed mode of an electric field to remediate soils containing inorganic and organic
contaminants [51,53-59].

There are several books, reviews, book chapters, and conference papers published on
the enhancement approaches for optimizing the efficiency of the SEK; however, based on
several searches in six database search engines, we did not find any relevant reviews fo-
cused on the integrated SEKR-RPM except for a book chapter published by Inman et al. [60].
This book chapter, entitled “Electrokinetic Soil Remediation Using Novel Electrodes and
Modulated Reverse Electric Fields,” focused on modulating the RPM, and it did not discuss
its role in depth from different perspectives. The present review depended on a survey
of published articles relevant to the SEKR-RPM during the past 31 years (1993-2023). Six
search engines were exploited to collect the relevant articles. The roles of the RPM were
investigated from different points of view, including (a) pollutant removal (organic, inor-
ganic, and mixed pollutants), (b) integration with other processes (phyto/bioremediation
and Fenton oxidation), (c) electrokinetic geosynthetics (consolidation, stabilization, and
sedimentation), and (d) operation conditions and soil properties.

2. Data Collection Methodology

The published articles relevant to the SEK research were downloaded from six search
engines, including those of Elsevier, Springet, the American Chemical Society, MDP]I, Taylor &
Francis, and Hindawi, via a search for the following relevant words: “soil & electrokinetic.”
More than one thousand articles published during the past 31 years (1993-2023) were down-
loaded; subsequently, the materials and methods sections were carefully examined for the
RPM'’s application. The role of the RPM (the topic of the present review) was compared with
the lists of published books, book chapters, reviews, and conference papers (mentioned in our
published review series) to avoid the repetition of topics [16,17,21].
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3. Utilizing the Reverse-Polarity Mode (RPM) during the SEKR
3.1. The SEK-RPM Connection Mechanisms

Serval methods were proposed to ensure the proper application of the RPM during
the SEK operation. In the case of the long-term interval period of the RPM (i.e., after the
10th day [61]), polarity reversal may be carried out manually. However, with the short
RPM intervals’ periods (i.e., every 5 min [62]), a control unit is utilized to precisely ensure
the performance of the RPM.

The electrode installation approach plays an important role in implementing the SEK-
RPM. Guo et al. introduced an electrode matrix strategy for the proper application of the
SEK-RPM at any location of equal distance from fixed electrodes, as shown in Figure 1 [63].
The remediation of sandy loam soil artificially contaminated with phenol using in situ
SEKR-bioremediation was investigated by applying the electrode matrix, and a rotational
approach as shown in Figure 2 [39]. In this study, the RPM was first optimized, and
subsequently, the electrode configuration was optimized for the in situ remediation of
phenol using the SEKR-bioremediation. Three RPM intervals were investigated for 10 days
(1.5,3,and 12 h in a clockwise direction with an applied voltage of 1.0 V.cm™1).
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Figure 1. Design of an electrode matrix with polarity switching to produce the same intensity of
an electric field at any point of equal distance from the electrodes, redrawn from the work of Guo
et al. [63].

The integrated SEK-bioremediation and in situ capping were examined for the PAHs’
remediation from abandoned industrial soil. In this study, the anode was located at the bot-
tom of the SEK apparatus to provide a mode that eventually increases the degradation rates
of the PAHs’ chemical oxidation (owing to supplying more oxygen via water electrolysis)
located in deep soil compared to the equal time intervals of the RPM [64].

Sun et al. introduced a novel cyclic and progressive EO (CPE) method for soft clay
consolidation using EK geosynthetics (EKG) [65]. The CPE basically depends on the RPM
application. The CPE is proposed to impose the EO flow toward one direction for the
final converging at a certain electrode to avoid the obstacles of the traditional RPM, as
presented in Figure 3. The CPE operation mechanism is based on the installation of three
electrode layers (outer, middle, and inner) that are connected/linked with the same electric
wire. The first circuit was created by connecting the outer electrodes with the positive
pole (anodes) and the middle electrodes with the negative pole (cathodes). The second
circuit was created by connecting the middle electrodes with the positive pole (anodes) and
the inner electrode with the negative pole (cathode). The first and second circuits were
not connected simultaneously with a power source. The electrification mode was started
with the second circuit, followed by the first circuit, for a certain period. By repeating the
electrification mode of the second and first circuits several times, the soil pore water can be
moved toward the inner electrode [65].
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Figure 2. Schematic diagram of the rotational operation at an interval of 3 h through an electrode array
with four couples for one operation cycle, after Luo et al. [39] (Elsevier Copyright—License Number
5824280357745). The electrified anode ( o), cathode (o), and un-electrified electrodes (O) are shown.
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Figure 3. Schematic diagram of the cyclic and progressive electroosmosis (CPE) approach, redrawn
from the work of Sun et al. [65].

3.2. Applying the SEK-RPM to Remediate Soil Contaminated with Organic Pollutants

The studies that were carried out on applying the RPM to remediate organic pollu-
tants using the SEKR are listed in Table 1. The majority of research utilized an applied
voltage of 1 V. cm ™!, which is considered the most appropriate value for performing SEKR
research [16,17], whereas some studies utilized lower and higher values (e.g., 0.4, 0.5, 0.8, 1.3,
1.5,1.6,and 2 V em 1) [49,64,66-71]. Choosing the appropriate applied voltage was based on
trials and errors or according to previous investigations to achieve the exact purpose of the
SEKR. The RPM interval periods differed from one study to another, according to the main
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objectives. The short interval periods of the RPM were 1, 5, 10, and 30 min [64,72], whereas
the long interval periods were 5, 10, 14, and 15 days [61,71,73,74]. The experimental SEKR
periods ranged between 1 and 168 days [39,70,75].

The effects of applying the RPM during the SEKR of diesel-polluted soils were in-
vestigated [66,76]. Ramirez et al. performed a comparison of different approaches during
the integrated SEKR-bioremediation in situ (bioremediation, integrated SEK—flushing and
bioremediation (SEKF-Bio), daily RPM for SEKF-Bio (RPM-SEKEFE-Bio), and SEK—flushing
(SEKF), combined with a permeable reactive biological (SEKF-PRB)). A daily RPM of
1V em™! that lasted for 14 days was examined with SEKF-Bio (Table 1). The results
highlighted the role of the RPM in controlling temperature, pH, and moisture at desirable
levels. Both treatments, RPM-SEKF-Bio and SEKF-PRB, reduced the large number of buffer
additives for biological activity by improving the transport processes and creating ade-
quate operating conditions [76]. The remediation of diesel-spiked soil for the same period
(14 days) was also investigated using the daily RPM during SEK-bioremediation, whereas
different applied voltages were examined (0.5, 1, and 1.5V cm 1), as listed in Table 1 [66].
Compared to traditional SEK-bioremediation, the application of the RPM did not require
chemical additives to regulate pH variations; in addition, it represented more efficient
remediation. The removal of diesel was 35.10% with an applied voltage of 1.5 V cm™!,
whereas this value was reduced by 10.5% with the single bioremediation. The EO flow
achieved low values via the application of the RPM [66]. Another study for the same group
focused on the influences of the RPM and voltage gradients on the SEKF for the remediation
of insoluble organics (diesel hydrocarbons) from clayey soil integrated with the PRB using
identical operation parameters (Table 1) [67]. The results confirmed the positive role of the
RPM in maintaining the soil pH and temperature at desirable levels to stimulate organic
biodegradation, whereas the EO flow was affected. The highest diesel removal efficiency
was achieved (36%) with an applied voltage of 1.5V cm ™! [67].

A rotatory 2D SEKR was investigated in treating the total petroleum hydrocarbons
(TPHs) through the coupling of SEK-bioremediation [62]. The applied voltage was set to
1V em~!, and it was rotationally reversed each row and column every 5 min for 100 days
(Table 1). The results highlighted the effective role of electric intensity on the degradation
of TPHs, which was obvious with SEK-bioremediation compared to bioremediation or the
SEKR alone, owing to the superimposed effects of biological degradation and electrochem-
ical stimulation. The synergistic effect was concurrent with the changes in the microbial
community structure and could be expressed during the later phase of the experiment.
Applying the electric field associated with the RPM caused a reduction in the diversity of
soil microbes by prolonging the experimental period. Applying or not applying an electric
field associated with the RPM did not influence the temperature between the soil chambers,
whereas the soil pH was uniform during the experimental process. The microbial commu-
nity’s composition and bacterial numbers did not significantly shift spatially [62]. The RPM
period of 2 h was investigated during SEK-bioremediation for petroleum-contaminated
soil with an applied voltage of 1 V cm™! for 105 days (Table 1) [77]. The integrated
SEK-bioremediation and SEK-bioremediation-RPM improved the petroleum degradation
because of the soil’s organic carbon utilization enhancement and maintenance (i.e., P/S
value). The electric field stimulated the soil’s organic carbon and petroleum-derived carbon
degradation in biological oxidation zones. The metabolism of the soil’s organic carbon
enhanced the “abundance of functional bacteria and the alpha diversity of microorganisms
over a certain period and maintained similarity to the original microbial community,”
which was clear with the SEK-bioremediation-RPM [77].

It was favorable to run the SEKR-RPM to stimulate bacterial growth and preserve
soil properties uniformly in order to remediate heavy polycyclic aromatic hydrocarbons
(PAHs) [48]. Applying the RPM (altered directional operation) at 1 V em~! enhanced
the removal of PAHs compared to the control experiment, in addition to maintaining
the indigenous fungal community’s appropriate diversity and abundance. The uniform
distribution of fungal communities was more conducive with the RPM compared to the
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unidirectional approach [49]. The application of the RPM during the remediation of soil
contaminated with a PAH (pyrene) using SEK-bioremediation was investigated, and the
results revealed that the pH values stayed close to neutral (7.2, avoiding soil-pH changes)
and the electric current was relatively stable and five times higher than that observed with
traditional SEK-bioremediation. The SEKR-RPM-bioremediation of pyrene enhanced the
degradation rate (SEK oxidation and biological metabolism), as well as microbial counts
(microbial growth) [78-80]. Applying the RPM increased pyrene removal percentages and
bacterial counts adjacent to the electrodes compared to the middle of the apparatus, which
highlights the role of discrepancies in electrical intensity at different electrode positions.
Non-polar organic contaminants’ degradation may be compatible with the RPM [80].
Applying the RPM during the isolation and characterization of bacteria that degrade heavy
polycyclic aromatic hydrocarbons (PAHs) highlighted that P. fluorescens and Kocuria sp.
could be exploited for the remediation of PAH using integrated SEKR-bioremediation [81].

Li et al. highlighted several advantages associated with applying the RPM, including
(a) decreasing an electric field’s negative impact on degrading microorganisms and soil
properties, (b) stimulating contact between microorganisms, contaminants, and nutrients,
(c) avoiding the accumulation of ions surrounding electrodes, (d) making the soil pH stable
through the contaminated soil, (e) elevating the numbers of bacteria in the bio-barrier
and soil, (f) increasing the content of moisture adjacent to the bio-barrier, (g) making
the relative abundance of dominant degrading genera more uniform, and (h) modifying
the structure of the microbial community [64]. The low applied voltage (0.8 V em™1)
presented a limited influence in promoting the degradation of PAHs, whereas applying
a high voltage (1.6 V. cm™1) resulted in the penetration of PAHs through the bio-barrier,
and they ultimately migrated to the soil’s clean part. An intermitted voltage (1.2 V. cm™1)
improved the bio-barrier’s microbial quantity and eventually achieved removal efficiency
for PAHs; however, the effective migration of PAHs was blocked [64].

Guedes et al. showed that the effect of electro-polarization reversal did not enhance
the removal of any contaminants of emergent concern; the removal of caffeine and triclosan
was lower compared to the unidirectional EKR approach. The output of that study is
not coincident with the results revealed from the other investigations focused on organic
contaminants (e.g., hydrocarbons) [47]. Applying the RPM enhanced the dynamic processes
of the biodegradation of cycloparaffinic more than the application of the traditional SEKR.
The application of an electric field did not change the cyclododecane degradation pathway.
The cyclododecane degradation rate was 87.0% when the RPM was applied; however, 79.9%
was achieved with the regular SEKR. Electric field application stimulated the ring-breaking
of cyclododecane and increased the linear concentrations of substances that are more
susceptible to degradation via microorganisms [68]. The removal of hydrocarbons (TPHs
and PAHs) was increased by applying the SEKR-RPM [74]. Based on the quantitative PCR
of 165 rRNA genes and the function of the community, the RPM exerted a negative impact
on the abundance of bacteria (transient impact). The coupling of SEKR-bioaugmentation
resulted in the highest degradation of TPHs (76%) and PAHs (78.6%). The RPM can enhance
nutrient distribution and mitigate differences between remediation rates surrounding the
anode and cathode [74]. Wang et al. also confirmed the role of high frequencies of the RPM
on PAH degradation (especially with high PAHs), which was associated with an elevation of
the current intensity to the overall electrification time. The SEKR-bioremediation associated
with 10 and 30 min of the RPM resulted in the maximum degradation percentages. The
elevation of frequencies of the RPM enhanced the physicochemical properties of soil,
which ultimately ensured the effective performance of SEKR-bioremediation/degradation
and electrochemical oxidation [72]. Prolonging the electric field simultaneously with the
RPM'’s application delayed the attenuation of the soil’s microbial abundance (especially for
high-ring PAH-degrading bacteria and the total PAH-degrading bacteria) in addition to
preserving the initial community structure and microbial alpha diversity [72].
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Table 1. Summary of the reverse-polarity operation mode during the SEKR of organic pollutant-contaminated soils.
No. Organic Pollutant-Contaminated Soil Applied Voltage Reverse-Polarity Mode Experimental Period References
1 Diesel-contaminated soil e 1Vem—! e Daily (24h) e l4days [76]
2 Diesel-contaminated soil e 051,and15Vcm-L o Daily (24 h) e l4days [66]
3 Diesel-contaminated soil e 051,and15Vcm-L o Daily (24 h) e l4days [67]
4 Total petroleum hydrocarbon-contaminated soil e 1Voem-! e  Every5min e 100 days [62]
5 Petroleum-contaminated soil e 1Vem-! e 2h e 105days [77]
6 Polycyclic aromatic hydrocarbon (PAH)-contaminated soil 4 1V ¢! e Every12h e 90days [48]
7 PAH-contaminated soil e land2Vem! e Every12h e 23days [49]
8 PAH (pyrene)-contaminated soil e 1Vem-! e Every5min e 42days [78]
9 Pyrene-contaminated soil e 1Vem-! e Every 30 min e 9ldays [79]
10 Pyrene-contaminated soil e 1Vem-! e Every4h e 50days [80]
11 PAH-contaminated soil e 1Vom-! e Every12h e 50days [81]
12 Heavily PAH-contaminated soil e 0812 and1.6Vem lfor10min e 5min e 2l days [64]
13 Soil contaminated with contaminants of emergent concern o4  19mA e Every6,12,and24h e 7days [47]
14 Cycloparaffinic-contaminated soil e 13Vem—! e Every2h e 25days [68]
15 Chronically hydrocarbon-contaminated soil e 1Vem-! e After 5and 12 days e 20days [74]
16 PAH-contaminated soil e 1Vem-! e 12h,2h, 30 min, 10 min, e 60days [72]
and 1 min
17 Crude oil-contaminated soil e 1Vem—! e Every 30 min e  80days [82]
18 Pentachlorophenol-contaminated soil e 20V ¢  Current reversed from e 15days [61]
10th day
19 Pentachlorophenol-containing unsaturated soil e 10mA,314Am2 e Daily (24h) e  56days [83]
20 Phenanthrene-contaminated soil e 20V ~1Vem-! e Every12h e 20days [84]
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Table 1. Cont.
No. Organic Pollutant-Contaminated Soil Applied Voltage Reverse-Polarity Mode Experimental Period References
21 Phenol-contaminated soil e 1Voem-! Every 15 min e 1-l4days [39]
24,12, 8 and 4 h) in which
22 Herbicide (oxyfluorfen)-contaminated soil e 1Vocm-! the applied frequencies e l4days [85]
were1,2,3,and 6 day‘l,
respectively
23 Oxyfluorfen-contaminated soil e 1Vem-! Every 12h e l4days [86]
) ) Periodic frequency of
24 Oxyfluorfen-contaminated soil e 1Vem-! reverse polarity every e 2 weeks [87]
2 days (changed every 12 h)
25 Oxyfluorfen-contaminated soil e 1Vem-! Every 2 days * 2461l and [75]
24 weeks
26 Oxyfluorfen- and atrazine-contaminated soil e 1Vem-! Once a day e 15days [88]
27 Organochlorine herbicide (clopyralid)-contaminated soil e 38V Daily (24 h) . 30 days [89]
28 Soils contaminated with herbicides (2,4 chlorsulfuron . [46]
(CLSF) and dichlorophenoxyacetic acid (2,4-D)) e 1Vem~™ Once a day e 2 weeks
29 Antibiotic-contaminated soil e 08Vem-! Every 12 h e 7days [69]
30 Antibiotic resistance in soil e 08Vand04Vcem-! Every 12h e 1,2,and5 days [70]
31 Tetracycline-contaminated soil e 08Vem-! Every 12 h e 7days [90]
32 Soil contaminated with herbicide e 1Vem-! Daily (24 h) e 15days [91]
33 Phthalates ester-contaminated soil e 15Vem-! After 14 days e 28days [71]
34 Hexachlorocyclohexane-contaminated soil e 1Vem™! - e 15days [92]
35 Hexachlorocyclohexane-contaminated soil e 1Vem™! After 15 days e 30days [73]




ChemEngineering 2024, 8, 82

9 of 29

Applying the RPM to remediate crude oil-containing saline soil effectively stimulated
bacterial abundance (two times), which may be owing to much more uniform nutrient dis-
tribution, water, elements, and hydrocarbon oxidization into organic compounds [82]. The
uniform distribution of soil pH was observed during the coupled SEKR and permeable re-
active barrier (PRB) to remediate pentachlorophenol-contaminated soil [61]. Harbottle et al.
illustrated that the constant electric currents caused great variation in both moisture content
and pH values during the remediation of pentachlorophenol-containing unsaturated soil,
owing to the direct effect of electroosmotic flow and water electrolysis that ultimately
caused negative influences on biodegradation parameters (contaminant mineralization and
enzyme activity). However, applying the RPM resulted in little variation in the values of
moisture content and pH, which eventually increased both contaminant mineralization
and soil enzyme activity, as well as reducing the contaminant concentration in the majority
of the microcosms except for soil located immediately adjacent to the anode [83]. The
highest removal of phenanthrene was achieved with applying the RPM, owing to the better
injection and distribution of nutrients. The circulation of the mixed electrolyte could control
soil pH well, rather than applying the RPM [84].

The effect of the non-uniform SEKR method on phenol and dichlorophenol mobi-
lization was investigated in unsaturated soils (kaolin and a natural sandy loam soil) [93].
Applying the RPM every 6 h did not present a significant accumulation of phenol or 2,4-
DCP inside EK cells. The RPM arbitrarily reversed the directions of 2,4-DCP and phenol.
The application of a non-uniform electric field was capable of enhancing the movement
and desorption of 2,4-DCP and phenol in unsaturated soils. The driving forces for the
remediation of 2,4-DCP and phenol were the electromigration and EO flow that were
influenced by soil pH variation [93]. Luo et al. carried out another study that exploited
the non-uniform approach with the RPM for improving the phenol bioremediation in
situ [94]. The results highlighted that applying the non-uniform electric field method
enhanced the phenol movement, as well as in situ biodegradation. The biodegradation of
phenol was carried out more effectively in a bidirectional mode than in a unidirectional
mode. The removed phenol was increased (more uniform and higher removal) with the
application of the smaller interval of the RPM. The RPM was associated with an elevation
of the consumed energy while maintaining soil moisture and pH [94]. The RPM intervals
stimulated phenol bioremediation, and the more uniform and higher phenol removal was
achieved at smaller intervals (the RPM intervals that did not exceed 3 h in this study are
the more suitable value) [39]. The efficiency of bioremediation was elevated to ~5 fold,
achieving maximum phenol removal (58%) during ten days with a three-hour reversal
interval. The larger intervals may result in the accumulation of bacteria or phenols in the
specific zone, whereas the smaller/optimal intervals can force the movement back and
forth of the bacteria and phenol to primary positions. The bacteria and phenols can migrate
inside the soil, back and forth, under the effect of the RPM. Although the smaller intervals
of reverse polarity achieved the most desired remediation (uniform high removal), they
consumed more energy [39].

It was reported that increasing the RPM frequencies during the remediation of oxyflu-
orfen negatively affected the EO flow, whereas it controlled the soil’s pH, temperature,
conductivity, and moisture content [85]. Applying the RPM maintained a uniform micro-
bial distribution in the soil after the experiment was terminated, indicating the remaining
microbial activity throughout the soil. The microbial degradation of oxyfluorfen in soil
without applying an electric field was negligible, although it reached 100% for oxyfluorfen-
containing water. Applying the periodic RPM enhanced species’ transportation (promoting
interactions between nutrients and microbial cultures), ultimately achieving oxyfluorfen re-
moval rates of 5-15%. The optimal values of the periodic RPM were observed between 2 and
3 days. The incorporation of the PRB simultaneously with in situ SEK-bioaugmentation
may be considered a successful alternative for oxyfluorfen remediation; however, to achieve
higher removal efficiencies, higher retention times are required [75,86,87]. The SEK-RPM
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integrated with the adsorption barrier achieved a higher removal of herbicides and a lower
evaporation loss compared to SEK—flushing [88].

Rodrigo et al. highlighted that the RPM gained the best clopyralid retention in the
PRB (activated carbon); however, the SEKR-RPM-adsorption barrier achieved the higher
removal of clopyralids compared to the SEKR-adsorption barrier [89]. Souza et al. also
studied the role of the SEKR integrated with the RPM and adsorption barrier to remediate
soil artificially polluted with herbicides (chlorsulfuron (CLSF) and dichlorophenoxyacetic
acid (2,4-D)). The properties of the two herbicides were (a) very different adsorption
properties and volatility (2,4-D > CLSF in volatility) and (b) high water solubility [46]. The
SEKR-RPM-adsorption barrier reduced the 2,4-D and CLSF by 40% and 60%, respectively
via carbon bed retention, positively affecting pH regulation, avoiding soil salts” washing,
and reducing evaporation to the minimum values [46]. Compared to the traditional SEKR
system, applying the SEKR-RPM over 6-h periods enhanced the remediation efficiency of
2,4-D up to 94.5% [95].

H. Li et al. illustrated that the RPM mitigated abrupt pH changes, keeping it ap-
propriate for biological and EK remediation and avoiding soil-quality alterations while
reducing heavy metal contents and modifying heavy metal speciation (i.e., the reactive
forms increased; however, the residual forms decreased). The SKE removed 65.4-66.7%
of antibiotics, whereas 18.6-21.9% removal was achieved with indigenous microorgan-
isms [69,70]. Resistance to the electric field was observed with the anti-sulfamethoxazole
bacteria compared to anti-oxytetracycline bacteria. This may be owing to the “greater
constraints on their resistance enzymes.” The spread of antibiotic resistance genes was
accelerated in the presence of heavy metals (a 3.86-fold increase for sull and a 2.67-fold
increase for tetG). There was a significant correlation between Cu and antibiotic resistance
genes “consistent with the relatively stronger toxicity of Cu and its high potential to induce
the SOS response” [70]. The imposition of the electric field was capable of degrading
tetracyclines, owing to the increased concentrations of NH; in electrolytes and soils, and
the SEKR-RPM removed 22-84% of tetracyclines [90]. Electrolysis can generate oxida-
tive radicals participating in tetracyclines” degradation [90]. The removal of chloridazon
reached 100% and 63% for the traditional SEKR and the SEKR-RPM, respectively. The
traditional SEKR stimulated pesticide desorption; however, the SEKR-RPM favors pesti-
cide re-adsorption, owing to the continuous changing of the migration process. Although
the traditional SEKR achieved good removal rates, ultimately, it caused physicochemical
alterations in the soil (e.g., pH, electrical conductivity, and moisture). The SEKR-alternate
polarity overcame the undesirable alteration of properties [91].

The SEKR improved the phthalates esters’ (PAEs) removal, owing to the organic
pollutants desorption rendered via the EO flow that eventually augmented the bioavail-
ability. The microbial growth was not improved enough in the case of oxygen-releasing
compound injection into the anode compartment, owing to the negative impact of the SEKR
transportation that ultimately caused an oxygen-releasing compound loss [71]. Elevating
the applied voltage affected the soil’s conductivity, pH value, and electrolytes during
the remediation of hexachlorocyclohexane; however, this effect was less evident with the
application of 1 V cm~! operated with the RPM [92]. Fernandez-Cascan et al. observed
that applying an electric field to polluted soil (silt) was not very effective in remediating
aged hexachlorocyclohexane-contaminated soil, and both the EK fluxes and the EO flow-
dragging forces are ineffective, owing to the strong pollutant-soil interaction. The chlorine
substitution average number in the chlorinated organic compounds was reduced, which
was associated with the basic front that was enhanced by applying the RPM [73]. Kim and
Han utilized the RPM to solve the problem of nonuniform injection through the excessive
growth of microbes. Applying the RPM distributed ions containing target soil more uni-
formly, as well as achieving better ion injection to enhance microbiological degradation. The
biofouling problem was avoided when the RPM was applied, owing to microorganisms’ ex-
cessive growth, inherent ion migration, and organic matter adsorption. The distribution of
ions after the RPM relies on the injection period and direction after the RPM is applied [96].
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The removal of perchloroethylene was significantly enhanced via the application of the
RPM using the integrated SEKR-PRB [97]. The Lasagna process also utilized the SEKR-
RPM to remediate organic pollutants (p-nitrophenol- and trichloroethylene-contaminated
soils) [98-100]. A recent study also utilized the RPM in investigating the degradation of
chlorpyrifos and 3,5,6-trichloro-2-pyridinol during integrated SEKR—soil washing using an
anionic surfactant [101].

3.3. Applying the SEK-RPM to Remediate Soil Contaminated with Inorganic Pollutants

The remediation of inorganic pollutants (heavy metals) using the improved SEK via the
application of the RPM is shown in Table 2. The applied voltage of 1 V cm~! was tested
in the majority of experiments; however, other research utilized higher voltages (e.g., 2 and
3V em~1) [102,103] and lower voltages (e.g., 0.2, 0.5, 0.6, 0.8, and 3 V em™1) [53,103,104]. The
interval periods of the SEKR-RPM for inorganic pollutants ranged between 30 min [105] and
10 days [106]. The experimental periods lasted for 1-21 days, according to the experimental
endeavor and the SEKR apparatus design [107,108].

The integrated EK and cork-based PRB to avoid the pollution of groundwater was
studied using kaolinite that was artificially contaminated with Cr (hexavalent) as a case
study [109]. This study highlighted that applying the RPM (Table 2) caused high Cr
accumulation in soil, which may have been owing to the reciprocal migration of Cr [109].
Another study showed that the RPM achieved the highest energy consumption (62 W h=1)
during a lab-scale study of the SEKR of a Cr-contaminated aquifer (natural fine sand)
compared to other approaches (the SEKR-pulsed/intermittent mode and the traditional
SEKR) [110]. The application of the RPM (every 24 and 84 h) represented a slighter variation
in soil pH (the best results were observed with the RPM every 24 h); however, a reduction
in the removal efficiency of Cr was observed, owing to the repeated migration [111]. Zhou
et al. revealed that applying the RPM enhanced the Cr removal rate, particularly for Cr(III),
which may have been owing to an improvement in the electrical current and a reduction in
the focusing phenomena [55]. Liu and Zhuang revealed that applying the RPM adjusted
the pH of an electrolyte solution to below 7; in addition, 69.20% removal efficiency for
Cr(VI), associated with less energy consumption, was achieved within 4 h of the RPM [105].
The removal rates for Cr and Cd from abandoned industrial sites were observed with the
application of the RPM compared to the traditional SEKR. Applying the RPM controlled
the soil pH, keeping it between 5 and 7; in addition, either installing complex equipment
or chemical additives were not required [112]. The integrated RPM and installation of
the array adsorption zone optimized the removed Cd to 83%. It was also reported that
“the reciprocating motion of Cd caused by polarity exchange is no longer a side effect,”
owing to the installation of the array adsorption zone [104]. The concentrations of Cd
in wheat after the integrated remediation processes of the SEKR-RPM-array adsorption
zone were reduced as follows: root (86%), stem (93%), and leaf (95%) [104]. Applying the
RPM resulted in Cd migration from the two ends of the target soil toward the apparatus’s
middle, especially the exchangeable form of Cd. The moisture content should be controlled
so that it is above 0.35 g g1 with soil pre-acidification using citric acid [53]. Under the best
operation conditions of the SEKR-RPM (0.47 V cm ™!, reverse polarity of 19.77 h, and Cd
concentrations of 65.44 mg kg’l), 86% of Cd could be removed [103]. Also, the RPM was
utilized during the integrated SEKR-adsorption for Cd remediation using double-group
electrodes [113]. The removal percentages of Cd and Pb were slightly enhanced by applying
the RPM, whereas the removed nitrate was not enhanced [114].

Applying the RPM (48-h intervals) achieved the maximum removal of Pb (87.7%),
whereas a 61.8% was achieved in the case of the traditional SEKR. The application of RPM
was capable of avoiding the “focusing effect” phenomena associated with the traditional
SEKR; in addition, chemical additives were excluded, which is considered an economic
merit. Applying the RPM prevented Pb precipitation, as well as the re-dissolution of
precipitates [107]. Han and Kim revealed that applying the RPM after the addition of an
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anionic surfactant and citric acid reduced the Pb precipitation (three times) compared to
the SEKR unenhanced system [115].

Rojo et al. examined the SEKR of Cu mine tailings using high-frequency sinusoidal
electric fields [22]. The results showed that polarization could be reduced by applying the
RPM. The EKR process was enhanced by applying the high-frequency sinusoidal electric
field, and the remediation action was improved by increasing the effective voltage, particu-
larly in the presence of the RPM. More details about the application of sinusoidal electric
fields are presented in the literature [22]. During the remediation of Cu-contaminated soil
using carbonized foods as a PRB, the density of the electric current after performing the
RPM was lower than previous values. The RPM was capable of completely removing
precipitated heavy metals located surrounding the cathode. The PRB was also capable of
adsorbing the majority of Cu before the RPM was applied. The existence of heavy metal
close to the PRB required a longer removal time, even when the RPM was applied. The
farthest transport of Cu was achieved close to the cathode after 10 days of operation and
after the application of the RPM. During the elapsed operating time (beyond the RPM),
heavy metals containing PRB were migrated toward the soil. The interpretation of this
phenomenon may be owing to the excess adsorption capacity of PRB [106].

The feasibility of the SEKR for spiked kaolin containing heavy metal (Mn) was investi-
gated by applying the RPM to overcome metal precipitation, owing to the negative effect of
OH'" production surrounding the cathode [102]. Reducing the pH adjacent to the cathode
electrode is the key factor in the repeated dissolution of Mn, which could be achieved by
applying the RPM since it produces H* ions in the alkaline zone adjacent to the cathode.
Once the dissolution of Mn occurs, the original position of polarity is returned, which ulti-
mately encourages Mn transportation toward the desired direction. The traditional SEKR
achieved 14% removal percentages for Mn during 7.6 days, whereas 72% was obtained by
applying the RPM. The application of the RPM may achieve the complete decontamination
of polluted soil, whereas the consumed energy will be moderately elevated [102].

Based on the ANOVA, the most contributing factors for the remediation of Hg from
clayey soil were applied voltages > concentrations of Hg > reverse polarity. Applying the
RPM every 4 h with an applied voltage of 0.2 V. cm~!, and an initial concentration of Hg of
100 mg kg~ !, were the optimal circumstances for maximizing the SEKR (99.5% removal
of Hg and decreased consumed energy) [108]. Jiang et al. studied the remediation of
arsenic-contaminated paddy soil using the SEKR-RPM enhanced with ascorbic and fulvic
acid additives (to increase As mobility) [116]. The removal of As was 29.1% associated
with the addition of fulvic acid, which was higher than the control experiment (5.5%). The
mechanism of As removal in this study was because of “the reductive dissolution of iron
oxides and the activation of residual arsenic”. The removal efficiency of the associated
heavy metals (Cu, Pb, and Zn) reached 31.7% (highest removal) [116]. Acosta Herndndez
et al. examined the SEKR of heavy metal-contaminated mine tailings integrated with in situ
bioleaching through two series of experiments [117]. The RPM was examined through the
first stage of the two series of experiments. The purpose of the first series was to stimulate
metal sulfides’ biological dissolution, whereas the second stage was proposed to ensure the
removal of leached metals. The results showed that the applied voltage (AC) is considered
the best choice compared to the RPM performed within the first series of experiments [117].
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Table 2. Summary of reverse-polarity operation mode during the SEKR of inorganic pollutant-contaminated soils.
No. Inorganic Pollutant-Contaminated Soil Applied Voltage Reverse-Polarity Mode Experimental Period References
1 Cr-contaminated soil e 1Voem-! e 24hcyde e 15days [109]
2 Cr-contaminated aquifer e ~128Vem—l e Every5h e 25h [110]
3 Cr-contaminated soil e 1Voem-! e Every24and48h e 168h [111]
4 Cr-contaminated soil e MV e After72h e 144h [55]
) ) . Equal durations (0.5, 1, 2, 4,
5 Cr-contaminated soil e 1Voem-! and 8 h) and unequal e 5days [105]
durations (4:1 h and 4:2 h)
6 Cr and Cd-containing abandoned industrial sites e 1Vem-! e Every48and 96h o  48,96,144,and 192h [112]
7 Cd-contaminated soil e 02Vem-! e Every5days e 30days [104]
8 Cd-contaminated paddy soil e 0508and1Vem™! e Every24h e 6and 14 days (53]
9 Cd-contaminated saline-sodic soil e 02,06 and1Vcm! e Every12and48h e 3 weeks [103]
10 Inorganic contaminants e 2Vem-! e Every24h e 144h [114]
11 Pb-contaminated soil e 1Vem-! e Every48and96h . %;1,2‘;7 , 96,144, and [107]
) ) e  The RPM was carried out
12 Pb-contaminated soil e 1Vem! for 24 h in the 8th day e 12days [115]
after operation
) ) - ° DC values of 7.2, 15.3, 23.3, and 29.0
13 Cu-contaminated mine tailings V, whereas the AC (high frequency, o - e 7days [22]
50 Hz) values were 23 and 31 V
) ) e  After 8 and 10 days
14 Cu-contaminated soil e 1Vem! followed with operation e 20 days (maximum) [106]

times of 4, 6, 8, and 10 days
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Table 2. Cont.

No. Inorganic Pollutant-Contaminated Soil Applied Voltage Reverse-Polarity Mode Experimental Period References

e  Between the 4th and 6th
days for the experiment that
lasted for 7.6 days
15 Heavy metal (Mn)-contaminated soil e 3Vem-! e ~5thday, ~11th day, and e 76t0187days [102]

~14th day for the
experiment that lasted for
18.7 days

16 Hg-contaminated clayey soil e 0206and1Vem? e Every24and48h o  3weeks [108]

17 Arsenic-contaminated soil e 1Vem'! o  Every four days e 14 days [116]

18 Heavy metal-contaminated mine tailings e 15Vem-! e Every12h e l6days [117]
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3.4. Simultaneous Removal of Organic and Inorganic Pollutants Using the SEKR-RPM

Utilizing the RPM during the simultaneous remediation of mixed pollutants (organic
and inorganic) using the SEK was investigated in two studies [50,118]. The two studies
utilized the applied voltage of 1 V em ™!, with RPM interval periods (4, 12, and 24 h), and
the experiments lasted for 10.5 and 20 days, as listed in Table 3. Ma et al. evaluated the
integrated SEKR-RPM and activated bamboo charcoal for the simultaneous removal of
2,4-dichlorophenol (2,4-DCP) and Cd from polluted soils [118]. The RPM applications at
12 and 24 h achieved removal percentages of 40.13% and 24.98% for Cd and 2,4-DCP and
~75.97% and 54.92% for Cd and 2,4-DCP, respectively (i.e., applying the RPM every 24 h was
more effective). Under the two RPMs, a significant reduction in water content was observed,
but it was evenly distributed spatially. In addition, the RPM maintained a pH level close to
the initial value (7.2 to 7.4). The RPM of 24 h consumed less electricity compared to the RPM
of 12 h [118]. The results of the SEKR for soil artificially co-contaminated with cadmium-—
pyrene showed that applying the RPM-preserved soil pH values within 7.27-7.67 was
appropriate for microbial growth [50]. The electric field application increased the activity
and growth of microorganisms that are reasonable for pyrene degradation; however, the
solubility of Cd near electrodes is considered a restricting factor (a certain inhibitory effect).
The synergistic effect of pyrene-degrading microorganisms and an electric field near the
electrode achieved a pyrene removal rate of 56.38%. The efficiency of the removed pyrene
was positively correlated with the number of pyrene-degrading microorganisms far from
the electrodes [50].

Table 3. Summary of reverse-polarity operation mode during the SEKR of soils contaminated with
mixed pollutants (inorganic and organic).

Soils Contaminated with Inorganic and

No. Organic Pollutants Applied Voltage Reverse-Polarity Mode  Experimental Period  References
1 2,4-dichlorophenol- and Cd-contaminated soils o 1V em-! . Every12and24h e 10.5 days [118]
2 Cadmium-pyrene-contaminated soils [50]

e 1Vem! e Every4h e  20days

3.5. The SEKR-RPM Integrated with Phytoremediation

Based on the data presented in Table 4, most of the experiments that exploited the
integrated SEKR-RPM-phytoremediation utilized an electric field of 1 V cm~!, which
is considered the most coincident value for the SEKR. However, one study carried out
by Li et al. investigated the effect of an applied voltage of 2 V cm~! on remediating
uranium-contaminated soil [119]. The low values of the electric field (0.2-0.8 V cm™!)
were also examined for the germination experiment and remediation of atrazine-polluted
soils [51,120]. The interval periods of the RPM varied between 1, 2, 3, 4, 8, 12, and 24 h,
according to the experimental endeavor (Table 4). The experimental periods were relatively
longer than others of the above-mentioned integrated processes.

3.5.1. Removal of Inorganic Pollutants

Bi et al. investigated the effects of different types of electrical fields (DC and AC)
on decontaminating metal-polluted soils using phytoremediation by growing tobacco
(Nicotiana tabacum) and rapeseed (Brassica napus), as presented in Table 4 [20]. Applying
the RPM-DC field eliminated the variation of pH-adjacent electrodes. Applying the AC
increased the rapeseed biomass, whereas the DC application did not present a negative
effect. Under the application of AC, no improvements were achieved in the tobacco biomass,
whereas under the application of the DC field, the biomass production of tobacco plants
was negatively influenced. The application of AC improved the Cd content in tobacco and
rapeseed grown in soil section No. 2 compared to the control experiment. Applying the
AC enhanced the uptake of Cu, Cd, Pb, and Zn via rapeseed plant shoots in all soils [20].
The increased accumulation of heavy metals (Cd, Pb, Cu, and Zn) in Lolium perenne L.
was observed with the application of an applied voltage (AC) of 1 V. cm ™! compared to
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the control, whereas no significant increases in heavy metal uptake via the plant were
achieved when using the applied voltage (DC) associated with the RPM. Applying the AC
improved the heavy metals’ mobilization compared to the DC, although the negligible role
of electromigration and electroosmosis [121]. A recent study also utilized the RPM for the
enhanced remediation of multi-metal-polluted soil using integrated electro-bio-chemical
phytoremediation (sunflower and maize) [122].

The SEKR prompted the bioavailability of uranium in soils (water-soluble and ex-
changeable fractions of uranium), which ultimately enhanced the uptake of uranium via
ryegrass, as well as its bioaccumulation. The RPM adjusted the high pH values surrounding
the cathode to neutral values [119]. Applying the AC electric field enhanced the Solanum
nigrum growth and biomass compared to the control; however, applying the DC electric
field associated with the RPM did not present a significant impact. The SEKR (DC and
AC) elevated the concentration of Cd significantly in S. nigrum, and optimal results were
achieved with the DC-RPM [123]. Applying the SEKR with amendment additives (EDTA,
humic acid, and pig manure compost) significantly increased Cd phytoextraction. Apply-
ing the RPM avoided the pH variation surrounding electrodes without harmful effects on
shoot biomass production. The SEK increased the concentrations of soil DTPA-extractable
Cd [54]. The RPM preserved the stability of the soil pH. Applying an electric field im-
proved the efficiency of the phytoremediation of Pb, which was obvious with the improved
growth of plants. Moreover, the RPM increased the enrichment coefficient of Pb in tall
fescue and wheat seedlings. During the first 18 days of the electric field connection, the
Pb transportation from wheat roots to shoots was significantly increased, whereas after
passing 18 days, the transportation of Pb in tall fescue and wheat was restrained [124].

3.5.2. Removal of Organic Pollutants

Huang et al. examined the SEKR of crude oil integrated with phytoremediation/
rhizoremediation by planting ryegrass, and the results highlighted the increased removal
of total petroleum hydrocarbon content (TPH) using the integrated SEKR and ryegrass
compared to other tests [19]. Elevations of 16 StDNA, Nah, AlkB, dehydrogenase activity,
and Phe were reported. The integrated SEKR and phytoremediation improved microbial
activity, and the rhizosphere microorganisms were enlarged successfully [19]. Applying the
RPM improved plant germination and growth; in addition, high biomass production and
the removal of TPHs were achieved after the experiment had been terminated (20 days).
The RPM was more efficient for TPH removal, owing to its being capable of avoiding
the progress of alkaline and acidity fronts, which enhanced the microbial degradation
rate and the transportation of organic compounds. The RPM can effectively participate
in water evaporation flux reduction and mobilization, as well as the good distribution of
pollutants and nutrients inside soil [125]. Compared to the phytoremediation treatments
and natural attenuation, the coupled SEKR-RPM and phytoremediation improved atrazine
removal by 7% and 27%, respectively. Applying the electric field 24 h per day (continu-
ously) increased the atrazine accumulation inside ryegrass plants, particularly in shoot
biomass. The application of SEKR-RPM for 2 h caused a soil-pH reduction of less than one
unit [126]. Sanchez et al. highlighted that it is not easy to sufficiently expect the efficiency of
upscaling electrokinetic-assisted phytoremediation using data obtained from reduced-scale
investigations [120]. The integrated SEKR-RPM-phytoremediation (Ophiopogon japonica)
improved the phytoremediation efficiency; the removal rates of phenanthrene and pyrene
were increased. Applying an electric field also stimulated the release of root exudate, en-
couraged root growth, enhanced enzyme activity, and improved phenanthrene and pyrene
accumulation. This effect was clearer with an electric field application of 4 h per day (low
voltage) compared to 12 h per day [127].

3.5.3. Simultaneous Removal of Inorganic and Organic Pollutants

Acosta-Santoyo et al. studied the effect of EK on the improvement of ryegrass cultures
(the germination of seeds and development) in inorganic (heavy metals) and organic
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(PAHS) pollutant-containing soils [51]. The germination of ryegrass seeds was improved
by 75% in clean soil when applying a voltage of 0.2 V cm ™. The ryegrass germination and
growth were negatively affected by the existence of contaminants in the soil, whereas an
electric field application overcame this obstacle. Anodes made of stable materials are highly
recommended to avoid toxic ions’ release, and it is recommended to use anodes made of
graphite, owing to no toxicity being generated, as well as a low price. The integrated SEKR
and phytoremediation for multi-contaminated soil achieved good outputs, particularly
with the application of an AC electric field. Applying the AC electric field for 1 month
maximized biomass production, therefore increasing the removal percentages of PAHs and
heavy metals from polluted soil [51].

3.6. The SEKR-RPM Integrated with Phytoremediation and Bioremediation Simultaneously

The sustainability of SEK for n-hexadecane degradation was investigated by exam-
ining the integrated phytoremediation-assisted EK-bioremediation [18]. The RPM of 1 V
cm~! mode was applied every 2 h, and the results showed the enhancement of the EK
sustainability integrated with ryegrass. In the rhizosphere zone, a harmonious micro-
environment was constructed that eventually optimized the remediation of organically
polluted soil using the integrated EK-Bio technology [18]. Lohner et al. cited that apply-
ing the RPM provided oxygen for a microbial community that may not be desirable for
anaerobic bacteria, which may be one of the RPM’s disadvantages (“electrokinetic remedi-
ation seems not to be a feasible approach for the sequential anaerobic/aerobic bioelectro
process”) [128]. The germination rates of sunflower seeds were increased (60-80%) in
the case of adding solutions of citric acid and NaNOj to catholyte simultaneously with
the application of the SEKR-RPM. However, a germination reduction was significantly
observed surrounding the cathode and anode when the cathodic solutions contained EDTA
and NaNOj simultaneously to applying the traditional SEKR [129].

3.7. The Utilization of the SEK-RPM during Soil Consolidation, Stabilization, and Sedimentation

The EO flow’s unidirectional movement under the influence of an electric field (DC)
is considered a problem that arose in previous research (e.g., “seriously uneven strength
and difficult drainage collecting”), and it is mainly limited to EO practical engineering
applications [65]. Sun et al. introduced a novel cyclic and progressive EO (CPE) method
for soft clay consolidation using EKG [65]. The CPE basically depends on the RPM. The
CPE is proposed to impose the EO flow toward one direction for the final converging at
a certain electrode in order to avoid the obstacles of the traditional RPM, as previously
presented in Figure 3 (Section 3.1). The utilization of the CPE using kaolin clay as target
media revealed the omnidirectional enhancement of soil’s geotechnical properties. The EO
was enhanced by filling cracks better than sodium chloride-solution additives, although a
sodium chloride solution improved the voltage potential and current. Applying the CPE
increased the bearing capacity of fine-particle soil [65]. Keykha et al. studied soft soil’s
EK stabilization using the carbonate-producing bacteria; the RPM was utilized to ensure
CaCOj3’s homogeneous distribution. The CO5 2 produced from the bacterial activity was
injected for four days into the chamber of the cathode using regular polarity and four days
of the RPM [35]. The utilization of the RPM every 10-60 min was capable of removing the
calcareous deposits surrounding the cathode [128].
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Table 4. Summary of reverse-polarity operation mode during the integrated SEKR-phytoremediation of inorganic and organic pollutant-contaminated soils.

Pollutant-Contaminated Soil

Applied Voltage

Reverse-Polarity Mode

Experimental Period

References

Metal-contaminated soil

Heavy metal-contaminated soil

Uranium-contaminated soil

Cd-contaminated soil

Cd-contaminated soil

Pb-contaminated soil

Crude oil-contaminated soil

Petroleum-contaminated soils

DC,1Vcem™?
AC (1Vem™1,50 Hz)

1Vem™!

2Vem™!

1Vem™!

1Vem™!

1Vem™!

1Vem™!

1Vem™!

Every 12 and 24 h

Every4h

7 days (8 h day_l)

Every 3 h

Every day
Daily

Hourly

Daily

The application of an electric field started after 60
days of growth for rapeseeds and lasted for 30
days (harvested after 90 days).

For tobacco, the electric field application started
after 90 days and lasted for 90 days (harvested
after 180 days).

The applied voltage was connected for 8 h per day,
starting 44 days after sowing Lolium perenne L. for
14 days.

The ryegrass was grown for 14 days; subsequently,
the electric field wad applied for 7 days (8 h per
day).

The RPM was applied for another 7 days at
(8hday1).

Solanum nigrum germinated for 20 days; afterward,
the electric field was applied, and ultimately,
plants were harvested after 60 days of growth in
the growing vessels.

After growing Sedum alfredii for 30 days, an
applied voltage was connected for 6 h for 60 days.

The applied voltage was connected for 6 h per day
after growth (20 days), and the experiments lasted
for 30 days.

After 30 days of ryegrass growth, the electric field
was connected for another 30 days.

Twenty days.

[20]

[121]

[119]

[123]

[54]

[124]

[19]

[125]
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Table 4. Cont.
No. Pollutant-Contaminated Soil Applied Voltage Reverse-Polarity Mode Experimental Period References
e  The power supply was turned on after the spiking
o ) ) ) of atrazine within 24 h.
9 Pesticide (atrazine)-contaminated soil e 1Vem! e Every2h e The electric field connection was applied for 6 or ~ [126]
24 h day~!, and the experiments lasted for
20 days.
e  After ryegrass was grown (35 days after planting),
atrazine was added to the soil (superficially
10 Atrazine-contaminated soil e 06Vem-! e Daily spiked). ) ) [120]
e  The connection of an electric current was
conducted after the soil was spiked for 12 h, and
the experiments lasted for 19 days.
PAH (phenanthrene and e  The applied voltage was connected for 4 and 12 h
1 - i i e 1Vem! e Every2h er day. [127]
pyrene)-contaminated soil y p Y-
e  The experiments lasted for one month (30 days).
e Reverse polarity was
1Vem-1 carried out each time the
Soils contaminated with inorganic (heavy 8 1 power supply was e  The applied voltage was connected with a pulsed
12 . 0.2-0.8 Vcm™* was t d de (4 h on to 8 h off) two ti d [51]
metals) and organic (PAHs) pollutants applied for the urned on mode (4 h on to 8 h off) two times per day.
[ ]

germination experiment

° 3 h in the culture pots for
the germination
experiment

The experiments lasted for one month (28 days).
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The effect of integrated SEKR-sedimentation on the remediation and dewatering of
artificially contaminated sediments was investigated [36]. The applied voltages were 10,
20, and 30 V; however, the experiment periods lasted for 17, 20, 24, 42, 44, and 55 h. In
this study, the investigations were carried out in two stages, as follows: (a) sedimentation
and (b) consolidation/remediation. The sedimentation was carried out by imposing an
applied voltage in an upward direction (the cathode was positioned at the top, whereas the
anode was at the bottom). Under the effect of electrophoreses, clay particles will migrate
downward. In the second stage, the electrode positions (the anode was at the top, whereas
the cathode was at the bottom cathode) stimulate the movement of water and organic
substances downward via electroosmosis. In the second stage, the RPM was utilized while
opening the channels for bottom drainage [36].

Feijoo et al. studied the enhanced SEK for porous materials’ consolidation [130]. Uti-
lizing commercial products for consolidation faces some limitations, including (a) toxic
compounds’ release, owing to solvent evaporation, (b) low penetrability, and (c) no chemical
and mineralogical affinity with the material to treat. In this study, the RPM was associated
with EK-consolidation through two stages. In the first stage, anions (CO%‘) migrate from
the cathode compartment toward the anode, whereas cations (Mg?*) migrate toward the
cathode. Precipitation occurs when Mg?* and CO%f concentrations exceed the limit of
saturation, which ultimately causes the clogging of pores (total or partial). In the second
stage, the RPM is applied; the locations of poultices and solutions are changed. Also, the
migration of Mg?* and CO%f is reversed, which eventually causes MgCOj3 precipitation
within the stone’s superficial area (the surface is more vulnerable to process alteration).
Following these two stages, satisfactory results were obtained based on the penetrability
and durability with the merit of avoiding an extreme pH in the treated media [130]. Apply-
ing the RPM resulted in shear strength’s symmetrical distribution, which improved across
the electrodes, particularly when the short-duration mode of the RPM was applied [131].
The RPM caused a fairly uniform distribution of plastic limits and liquid in the electrodes’
gap. The shorter duration of the RPM caused a more even distribution of water content
in the electrodes’ gap [131]. Increasing the duration of the RPM and applied voltages
reduced the EO consolidation time. The application of the RPM during electroosmotic
consolidation was recommended to achieve a more soil-uniform development in the gap
between electrodes [131]. Bergado et al. cited that applying the RPM reduced the corrosion
of electrodes and avoided excessive desiccation, and it also stimulated a more uniform
distribution of shear strength and water content because of the enhanced pore pressure
development and a more uniform effective stress elevation [131]. Utilizing the prefabricated
vertical drains during electroosmotic consolidation was examined for soft Bangkok clay in
which different applied voltages (60, 80, and 120 V) and RPM durations (every 12, 24, and
48 h) were investigated [131].

Mwandira et al. studied the stabilization of clay using EK-biocementation in the
presence of carbonic anhydrase-producing bacteria [132]. In this study, the RPM was
utilized to preserve pH values, in addition to avoiding the unconducive conditions for
biocementation and the precipitation of calcite [132]. Malekzadeh et al. cited that the
RPM in time intervals is much more effective compared to the utilization of the RPM
at the end of the EK, owing to the RPM intervals avoiding complete anode corrosion in
addition to losses in soil conductivity. The RPM reduced the soil settlement rate, it did
not influence the draining water amount, and it consumed more energy compared to the
unidirectional approach [133]. Zhuang studied the utilization of the EKG approach for
the consolidation of large-scale soft ground, and the RPM was applied simultaneously
with an elevating voltage [134]. Utilizing an indigenous microorganism through coupled
SEK-biocementation (injected via EK or mixed with soil) is a feasible approach in terms of
unconfined compressive strength [135].
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3.8. The SEKR-RPM Integrated with Fenton Oxidation

Oonnittan et al. investigated the influence of the RPM to remediate hexachlorobenzene
using integrated SEKR-Fenton oxidation [136]. The experiments were operated under an
applied voltage of 30 V, remediation periods of 10 and 20 days, and the RPM after 5 and
10 days. In experiments run with the RPM, the electrolyte compartments were emptied
and cleaned before they were re-filled with catholyte and anolyte solutions. The H,O,
addition was also performed using injection wells that were kept undisturbed through-
out the experimental period. Applying the RPM is considered an effective approach to
oxidant reachability through contaminated soil within a shorter period. Applying the
RPM enhanced the removed hexachlorobenzene from 10 to 33% over 10 days (better and
more uniform hexachlorobenzene degradation was achieved). It was noticed that adding
hydrogen peroxide (H,O;) to the chamber of the anode was crucial for the degradation
of hexachlorobenzene, which suggested the integration with another oxidant-delivery
approach. Prolonging the RPM did not achieve the highest degradation of hexachloroben-
zene [136]. The remediation of iron-rich soil contaminated with phenanthrene using the
SEKR-Fenton process with anionic surfactant was examined by switching electrode polarity
and the introduction direction of reagents [137]. The applied voltage was set to 30 V. Five
experiments were investigated; two of them were run with the RPM and the direction of
reagents’ introduction (exchanged at 240 h). The results showed that applying the RPM
and the introduction direction of reagents resulted in the regeneration of EO flow because
of electric-field redistribution. After the electrode polarity and the introduction direc-
tion of reagents were switched, the residual phenanthrene was degraded homogeneously
(~70%) [137]. Yang et al. studied the degradation of phthalate esters and acetaminophen in
samples collected from river sediments by applying the integrated in situ SEKR-Fenton-like
process in which schwertmannite (nanoscale) was used as a catalyst [138]. The applied
voltage was 1.5 V cm ™!, and the RPM was applied after 7 and 14 days for experimental
periods that lasted for 14 and 28 days, respectively. The sole SEKR (1.5 V cm~!) can remove
both phthalates and acetaminophen from river sediments; however, applying the RPM
can maintain pH values close to neutrality. The SEKR was time-dependent (i.e., prolonged
experimental period from 14 to 28 days enhanced removal efficiency) [138].

3.9. Effect of the SEKR-RPM on Electrokinetic Operation Parameters and Soil Properties

The SEKR-adsorption process for treating saline-sodic soil was studied using the
response surface modeling in terms of fluids’ replenishing processing [139]. In this study,
the experimental condition was the RPM every 0, 24, and 48 h, an applied voltage of 0.2, 0.6,
and1Vem™1, and pollutant (heavy metals and kerosene) concentrations (20, 60, and 100 mg
kg™1). The results revealed that applying higher voltages (0.6 or 1 V. cm~!) was associated
with long interval periods of the RPM; some trials increased the volume of EO flow
significantly. The occurrence of zeta-potential reversal during the application of the RPM
was negligible. Increasing the RPM time intervals increased the catholyte replacement [139].
Kaniraj and Yee studied the EO consolidation of organic soil by evaluating the effect of
drainage (drainage at the bottom and drainage tubes), the pumping interval (3, 6, and
12 h), and the RPM (0, 8, 12, and 24 h) [140]. The results highlighted that applying the
RPM reduced the EO flow significantly, and a lesser increase in undrained shear strength
was achieved. The EO consolidation incorporated with the RPM was not based on the
intervals of the RPM. Applying the RPM increased the water content post-consolidation;
in addition, the undrained strength distributions were increased. Operating experiments
without applying the RPM reduced the content of water after the EO consolidation from
the end of the cathode to the end of the anode, which eventually increased the undrained
strength in the same location. It is recommended to perform the EO process not associated
with the RPM and apply shorter pumping intervals if a minimum target for strength
is achieved [140]. Hamdi et al. cited that utilizing the RPM can overcome the electric
double-layer accumulation during electrokinetic practices, in addition to the capability of
an energy-consumption reduction [11]. The RPM was recommended to avoid the dryness
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of the adjacent anode that ultimately causes cracks” appearance, reducing the EO flow and
reducing the current’s passing as a result of a loss in soil-electrode contact [133]. The RPM
reduced the long-term operation complications of the unidirectional EK in the soil matrix,
including the high, non-uniform potential and distribution of pH [141].

4. Conclusions

The present review has focused on the roles of the RPM during SEK operation for
different purposes. Data were collected from six search engines covering the past 31 years
(1993-2023). The roles of the SEKR-RPM were illustrated from eight perspectives, includ-
ing (a) pollutant removal (organic, inorganic, and mixed pollutants), (b) integration with
other processes (phyto/bioremediation and Fenton oxidation), (c) geosynthetics (consoli-
dation, stabilization, and sedimentation), and (d) SEK operation conditions and soil prop-
erties. Several positive outputs could be gained from utilizing the SEKR-RPM, as follows
(Figure 4):

(a). Controlling the soil temperature, pH, and moisture values at desirable levels;

(b). Reducing the large number of chemical additives;

(c). High remediation efficiency;

(d). Maintaining the indigenous fungal community’s appropriate diversity and abundance;

(e). Stable and higher electric current passing, owing to avoiding a loss in soil-electrode contact;

(f). Enhancing microbial growth;

(g). Decreasing the electric field’s negative impact on degrading microorganisms;

(h). Stimulating the contact between microorganisms, contaminants, and nutrients;

(i). Enhancing the nutrient distribution and mitigating differences between remediation
rates surrounding the anode and cathode;

(). Increased soil enzyme activity;

(k). Smaller/optimal intervals can force the movement back and forth of the bacteria and
phenol to primary positions;

(). Increasing reactive forms of heavy metals; however, decreasing residual forms;

(m). Distributing ion-containing soil more uniformly;

(n). Enhancing the Cr removal rate, particularly for Cr(Ill), which may be owing to
improving the electric current and reducing the focusing phenomena;

(0). Preventing Pb precipitation and the re-dissolution of precipitates;

(p). Reducing polarization;

(9. The RPM can completely remove the precipitated heavy metals located around
the cathode;

(r). Improving plant germination and growth, in addition to high biomass production
and the removal of TPH;

(s). The RPM can effectively participate in water evaporation flux reduction and mobilization;

(t). Reducing the corrosion of electrodes and avoiding excessive desiccation;

(u). Stimulating a more uniform distribution of shear strength and water content because of
the enhanced pore pressure development and a more uniform effective stress elevation;

(v). The occurrence of zeta potential reversal during the application of the RPM is negligible;

(w). Avoiding the dryness of the adjacent anode, which ultimately causes cracks” appearance.

On the other hand, ten hindrances appeared with the application of the RPM that
could be summarized as follows (Figure 5):

(@). Reducing the electroosmosis flow;

(b). Relatively high energy consumption;

(c). Reducing the diversity of soil microbes by prolonging the experimental period;

(d). The RPM does not enhance the remediation of the contaminants of emergent concern;

(e). The circulation of mixed electrolytes could control the soil pH well, rather than the
application of the RPM;

(f). The larger intervals may result in the accumulation of bacteria or phenol in a specific
zone;

(g). Cr accumulates in soil, which may be owing to the reciprocal migration of Cr;
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(h). in some cases, no significant increases in heavy metal uptake via plants were achieved;

(i). Applying the RPM provides oxygen for a microbial community that may not be
desirable for anaerobic bacteria;

(). Prolonging the RPM does not achieve the highest degradation of hexachlorobenzene.

Figure 4. The positive influences of the reverse-polarity mode (RPM) on various factors during the
application of soil electrokinetics.

—i\/ Reducing the electroosmosis flow. ||
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Figure 5. The negative influences of the reverse-polarity mode (RPM) on various factors during the
application of soil electrokinetic.
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Finally, the RPM is considered an important process for improving the performance of
SEK research, according to experimental endeavors.
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