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Abstract 

Severe Cu and Pb enrichment in loess areas of northwestern China, mainly associated 

with mining and smelting activities, has increased the demand for efficient soil decontam-

ination. Electrokinetic (EK) remediation is a promising in situ technology because it can 

drive ionic contaminants through low-permeability porous media with limited excavation 

and relatively low secondary disturbance. In this study, the effects of electric field strength, 

electrode type, and catholyte pH on Cu and Pb removal from contaminated loess were 

systematically evaluated using a large-scale EK reactor. The full name of EKG is electro-

kinetic geosynthetics. During treatment, pH, electrical conductivity, electric current, cu-

mulative electroosmotic flow (EOF), and the spatial distributions of Cu and Pb were mon-

itored. Increasing the electric field from 1.0 to 2.0 V cm−1 increased current and EOF and 

accelerated anodic acid-front propagation, but it also strengthened cathodic alkalization 

and precipitation. Compared with graphite electrodes, electrokinetic geosynthetics (EKG) 

electrodes maintained higher current and EOF, generated stronger acidification, and in-

creased Cu and Pb removal by approximately 25% and 5%, respectively. Among the tested 

catholyte conditions, pH 7.0 provided the best balance between electromigration and elec-

troosmosis, achieving overall soil-phase removal efficiencies of approximately 19.0% for 

Cu and 8.0% for Pb. These results show that coordinated regulation of the electric field, 

electrode architecture, and electrolyte chemistry can mitigate the focusing effect in loess, 

although further enhancement is still required for field-scale decontamination. 

Keywords: loess soil; electrokinetic remediation; heavy metal; electrodes; controlling  

electrolyte pH 

 

1. Introduction 

Accelerated industrial development, urban expansion, mining, and smelting activi-

ties in northwestern China have resulted in the continuous input of Cu and Pb into loess 

areas. Once released into the vadose zone, these metals can be retained by loess particles, 

migrate with infiltrating water, and accumulate around foundations, slopes, and under-

ground structures. Therefore, heavy-metal contamination in loess is not only an environ-
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mental pollution issue, but also a coupled soil–groundwater–geotechnical problem in-

volving groundwater security, soil structural stability, and potential human exposure 

risks [1,2]. Mining and smelting activities are recognized as the major anthropogenic 

sources of these pollutants, and nearly 20% of China’s cultivated land has been reported 

to exceed heavy metal limits, with the western loess region being particularly vulnerable 

[1]. Owing to its highly porous structure, weak interparticle bonding, and limited water-

holding capacity under unsaturated conditions, loess readily permits the infiltration and 

retention of heavy metals. At the same time, its pronounced hydromechanical sensitivity 

makes the soil structure highly susceptible to degradation upon wetting, thereby increas-

ing remediation difficulty and compromising engineering stability [3–6]. The long-term 

persistence, toxicity, and subsurface mobility of heavy metals further complicate site man-

agement [7]. Therefore, developing practical and scalable treatment strategies capable of 

reducing Cu and Pb contamination while preserving the engineering integrity of loess is 

of considerable importance. 

A variety of technologies have been applied to heavy-metal-contaminated soils, in-

cluding phytoremediation, thermal desorption, soil replacement, stabilization/solidifica-

tion, chemical leaching, microbial remediation, and electrokinetic (EK) treatment [8–20]. 

Among these methods, EK remediation has attracted growing attention, particularly for 

low-permeability soils, because it relies on externally applied low-voltage direct current 

to induce contaminant transport through the soil matrix [15]. During EK treatment, water 

electrolysis at the electrodes produces acidic and alkaline fronts, generating a pronounced 

pH gradient, with H+ accumulating near the anode and OH− near the cathode. Under such 

conditions, electroosmosis drives pore-water movement, whereas electromigration gov-

erns the transport of ionic species; together, these processes constitute the main removal 

pathways in EK systems [15,21]. Anodic acidification generally promotes the dissolution 

and desorption of metal species from soil surfaces, while cathodic alkalization tends to 

induce hydroxide precipitation, thereby immobilizing heavy metals and suppressing both 

electroosmotic flow and ionic migration. These constraints are especially pronounced in 

loess, which is typically weakly alkaline, unsaturated, highly porous, and metastable in 

structure. Under EK treatment, the transport and release of heavy metal ions in loess are 

therefore further restricted, and wetting-induced structural collapse may narrow pore 

channels and reduce ionic conductivity [1,7]. As a result, the remediation efficiency of 

contaminated loess remains limited, and a better understanding of metal migration be-

havior in this special soil medium is needed to improve Cu and Pb removal and reduce 

groundwater risk. In addition to total metal concentration, the chemical speciation of Cu 

and Pb is also critical for understanding their electrokinetic removal behavior in loess. 

Owing to the alkaline environment and carbonate-rich mineral background of loess, Cu 

and Pb may exist not only as soluble and exchangeable species, but also as carbonate-

bound, oxide-bound, organic-bound, and residual fractions. Among these forms, car-

bonate-associated metals are particularly sensitive to pH variation. The H+ front generated 

at the anode can promote carbonate dissolution and release carbonate-bound Cu and Pb 

into the pore solution, whereas OH− accumulation near the cathode can induce secondary 

precipitation as hydroxides or carbonates. Therefore, the apparent removal efficiency in 

EK remediation should be interpreted together with possible speciation transformation 

and metal redistribution within the soil–electrolyte system. However, the coupled effects 

of pH-front evolution, metal speciation transformation, and loess structural alteration re-

main insufficiently clarified. 

To improve EK performance, many previous studies have focused on the enrichment 

of heavy metals near the cathode, where the rise in pH favors precipitation of metal spe-

cies that have migrated from the anode mainly via electromigration and, secondarily, via 
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electroosmotic transport. One common strategy has been to optimize power supply con-

ditions, for example by adjusting voltage gradients, current modes, or pulsed operation, 

as these parameters strongly influence contaminant removal efficiency and energy con-

sumption [22–29]. However, remediation efficiency is still frequently restricted by elec-

trode polarization caused by direct connection of conventional electrodes to the power 

source. Consequently, increasing attention has been directed toward the development of 

alternative electrode materials and configurations. Among these alternatives, electroki-

netic geosynthetics (EKG) electrodes have attracted attention because they combine elec-

trical conductivity with geosynthetic-type drainage and reinforcement functions. Com-

pared with conventional graphite or metal electrodes, EKG electrodes usually provide a 

larger electroactive surface area, more distributed current pathways, and better contact 

with the soil matrix. These characteristics can reduce electrode polarization, improve 

charge transfer, sustain electroosmotic flow, and regulate pH-front propagation during 

EK treatment. Recent studies have further emphasized the importance of electrode archi-

tecture, voltage-gradient optimization, and hybrid EK systems for improving heavy-metal 

transport and reducing energy consumption [30–35]. Electrode type has been shown to 

exert a decisive influence on EK performance [36,37]. For instance, composite and auxil-

iary electrodes, such as PET-CNT yarns and conductive polymer systems, can enhance 

current density, strengthen electroosmotic transport, and modify pH evolution, thereby 

improving metal removal in fine-grained soils [38–40]. Electrolyte regulation provides an-

other important means of process enhancement. Appropriate selection of anolytes and 

catholytes, including organic acids such as citric acid, may promote metal desorption and 

complex stabilization compared with deionized water, although inadequate pH control 

can still result in secondary precipitation and constrain overall removal efficiency [41–43]. 

Although meaningful progress has been achieved in enhanced EK treatment, recent 

studies have focused mainly on voltage-gradient optimization, EK–permeable reactive 

barrier systems, hybrid EK processes, and advanced electrode materials in sands, clays, 

tailings, and other fine-grained soils [31–36]. By contrast, carbonate-rich loess has received 

far less attention, despite its weakly alkaline condition, metastable structure, strong buff-

ering capacity, and sensitivity to wetting-induced structural disturbance. These character-

istics may strongly influence acid-front propagation, metal speciation transformation, 

electroosmotic flow, and cathodic focusing. In particular, the coupled effects of electric 

field intensity, EKG electrode architecture, and catholyte pH regulation on Cu and Pb 

transport in loess remain insufficiently clarified. Therefore, this study systematically in-

vestigates these factors to identify the key mechanisms controlling metal mobilization, 

focusing mitigation, and soil-phase removal in Cu- and Pb-contaminated loess. 

2. Materials and Methods 

2.1. Sampling and Specimen Preparation 

In northwestern China, wind-transported aeolian dust has accumulated extensively 

across the Loess Plateau and undergone progressive pedogenic evolution through leach-

ing, illuviation, and renewed aeolian deposition. Geomorphologically, the region is char-

acterized mainly by loess ridges, loess hills, and bedrock-incised gullies. Borehole inves-

tigations have shown a typical stratigraphic sequence consisting of Palaeosol overlying 

Malan (Q3) loess, which in turn rests on sandstone bedrock, with corresponding thick-

nesses of approximately 22–31 m and 2–5 m, respectively [1,44]. In the present study, loess 

samples were collected from Lantian, Shaanxi Province, located about 22 km southeast of 

Xi’an, at a sampling depth of 3.0–4.5 m. The basic physical properties of the soil were 

determined in accordance with the Standard for Soil Test Method of P. R. China [45], and 

the results are listed in Table 1. The loess had a specific gravity of 2.69 and a natural water 
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content of 16.5%. Particle-size analysis using a laser particle analyzer (WJL-602, Rise In-

struments Co., Ltd., Nanjing, China) showed that the soil consisted of 87.40% silt, 9.30% 

clay, and 3.30% sand, while the plasticity index was 12.1%. Major soluble ions were ana-

lyzed using an Ion Analyzer IA-300 (Toa DKK, Tokyo, Japan). No detectable Cu or Pb was 

found in the original loess, indicating that the collected soil was suitable for use as a clean 

background matrix in subsequent spiking experiments designed to simulate Cu and Pb 

migration during EK remediation. 

The zeta potential (ζ) represents the electrostatic potential at the shear plane relative 

to the bulk solution. Because loess particles generally carry negatively charged mineral 

surfaces, a cation-rich Stern layer forms adjacent to the particle surface, followed by an 

outer Gouy–Chapman diffuse layer (Figure 1a). An increase in the absolute value of ζ 

generally indicates a thicker diffuse double layer and a higher concentration of counteri-

ons. When a direct current electric field is applied, hydrated counterions within the diffuse 

layer migrate toward the cathode. Owing to viscous drag between the moving ionic layer 

and pore fluid, electroosmotic flow is generated in the direction of the negative electrode 

(Figure 1b). However, EOF in an EK system is not governed solely by ζ potential. It is also 

affected by the effective electric field, current intensity, pore-water ionic strength, hydrau-

lic connectivity, and precipitation-induced pore blockage. Therefore, changes in pH may 

influence EOF through both surface-charge modification and indirect effects on ion 

transport and pore structure. This phenomenon further confirms that loess particles pos-

sess an overall negative surface charge. The BET specific surface area (BET-SSA) refers to 

the total surface area per unit mass of loess particles and can be used as an indicator of the 

soil’s potential capacity to adsorb different cationic species. 

To prepare contaminated specimens, air-dried loess was artificially spiked with 

Cu(NO3)2 and Pb(NO3)2 solutions to obtain target concentrations of 500 mg kg−1 for each 

metal. This approach ensured a well-controlled contamination condition for mechanistic 

investigation under laboratory settings. After spiking, the soil was sealed and allowed to 

equilibrate in a humid chamber for 72 h to promote uniform distribution of the contami-

nants and to adjust the water content to 15%. The conditioned loess was then filled into 

the electrokinetic reactor and compacted to a degree of compaction of 0.80 at the target 

water content of 15%. For each specimen, the prepared soil was divided into five equal 

portions and placed into the reactor in five successive layers. Each layer was tamped using 

a wooden block to achieve a uniform density throughout the specimen. All reagents used 

for soil digestion, including CH3COOH, MgCl2, NaNO3, HCl, and NaOH, were of reagent 

grade. Cu(NO3)2 and Pb(NO3)2 were of analytical grade. All chemicals were supplied by 

Shanghai Macklin and Sinopharm, China. 

Table 1. Physicochemical properties of the loess used in this study. The basic soil properties were 

reported in our previous related work and are reused here as background characterization for the 

present EK tests (adapted from [46]). © 2025 by the authors. Licensee MDPI, Basel, Switzerland. This 

article is an open access article distributed under the terms and conditions of the Creative Commons 

Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). 

Property Loess 

Sand (%) 3.3 

Silt (%) 87.4 

Clay (%) 9.3 

Void ratio, e 0.898 

Bulk unit weight, γ (kN/m3) 16.2 

Specific gravity, Gs 2.69 

Water content, ωn (%) 16.5 

Liquid limit, ωL (%) 31.6 
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Plastic limit, ωP (%) 19.5 

USCS symbol CL 

Permeability (m s−1) 2.55 × 10−6 

Organic matter (mg g−1) 4.1 

pH 7.8 

Electrical conductivity (μs cm−1) 244 

BET specific surface area (m2 g−1) 24.1 

Composition of ions  

Ca2+ (mg/kg) 126 

Mg2+ (mg/kg) 40 

Na+ (mg/kg) 103 

K+ (mg/kg) 4.6 

 

Figure 1. Schematic illustration of the diffuse double layer model and EOF in loess soil. 

2.2. Electrokinetic Reactor and Experimental Design 

A wide range of electrokinetic remediation systems for soils contaminated by heavy 

metals or organic pollutants has been reported in previous studies [8,47–52]. In general, 

these systems are designed based on the basic principles of electrokinetic remediation and 

commonly consist of a central soil chamber and two electrode chambers located at oppo-

site ends. One electrode chamber contains the anode and the corresponding electrolyte, 

whereas the other contains the cathode and catholyte. Once connected to a direct-current 

power supply, electrolysis occurs in both chambers, producing H+ in the anodic compart-

ment and OH− in the cathodic compartment. Previous studies have employed reactors of 

various dimensions. For example, Yuan et al. (2017) [29] used a soil chamber of 15 cm × 

3.8 cm × 6 cm (length × width × height) to investigate heavy-metal-contaminated black soil. 

Pedersen et al. (2018) [53] evaluated EK treatment of copper-contaminated tailings using 

a reactor with a soil chamber of 10 cm × 8 cm (length × diameter). Millán et al. (2020) [54] 

constructed a device with a chamber size of 14 cm × 10 cm × 8 cm (length × width × height) 

for studying enhanced electrokinetic remediation of herbicide-contaminated soils. Alt-

hough most of these investigations were performed at laboratory scale, the soil chamber 
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volume in many reported systems was generally below 1000 cm3. Such small-scale reac-

tors are valuable for clarifying the fundamental features of electrokinetic transport, but 

larger experimental systems have been shown to provide results that are more representa-

tive and more useful for guiding scale-up and field application [55–60]. In particular, 

larger specimens allow clearer observation of current response, electroosmotic flow, and 

temperature evolution, thereby improving the reliability of trend analysis. Guzman et al. 

(2015) [61] further demonstrated that the use of larger-scale models in acid-enhanced EK 

remediation of real contaminated soils yields results of greater engineering relevance. On 

this basis, a relatively large electrokinetic reactor was designed in the present study to 

better capture the behavior of Cu and Pb migration in loess under conditions more in-

formative for practical application. 

The experimental reactor consisted of a plexiglass soil chamber, two electrode com-

partments positioned on both sides of the soil chamber, two electrodes, two external elec-

trolyte reservoirs, two peristaltic pumps, a regulated DC power supply, and a data acqui-

sition system (Figure 2). The internal dimensions of the soil chamber were 500 × 150 × 150 

mm, whereas each electrode compartment measured 100 × 150 × 150 mm. A geotextile–

porous plate assembly was installed between the soil chamber and the electrode compart-

ments to provide hydraulic separation. To monitor the spatial variation in electrokinetic 

behavior, the soil chamber was divided longitudinally into six sections, designated S1 to 

S6. A liquid-level overflow controller was used to maintain a constant electrolyte level in 

both electrode compartments throughout the test. The electrodes installed in the side com-

partments established the electric field across the soil specimen. Two external electrolyte 

reservoirs, each with a diameter of 150 mm and a height of 250 mm, were connected to 

the electrode compartments by peristaltic pumps. To regulate catholyte pH during treat-

ment, 1.0 M NaOH and 1.0 M HCl solutions were introduced through this circulation sys-

tem. For the catholyte pH-controlled tests (Exp-06 to Exp-08), 0.01 M NaNO3 was used as 

a background supporting electrolyte during electrolyte circulation. The purpose of adding 

NaNO3 was to maintain a comparable ionic strength and initial conductivity among the 

pH-controlled tests, thereby reducing the influence of conductivity fluctuation on ion 

transport. NaNO3 was selected because Na+ and NO3− do not form strong complexes or 

precipitates with Cu and Pb under the tested conditions, compared with complexing elec-

trolytes such as chloride- or organic-acid-based solutions. During the tests, the catholyte 

pH was adjusted to 4, 7, or 9 using 1.0 M HCl or 1.0 M NaOH, while 0.01 M NaNO3 pro-

vided the same background electrolyte condition for Exp-06, Exp-07, and Exp-08. There-

fore, the catholyte pH effect was evaluated mainly by comparing these three tests under 

the same NaNO3 background. During EK operation, current, electrical conductivity, pH, 

and electroosmotic flow in each section were recorded through the data acquisition unit. 

After completion of each test, the removal efficiencies of Cu and Pb were determined and 

compared among the different treatment conditions. 

A total of eight treatments were designed to evaluate the effects of electric field 

strength, electrode type, and electrolyte pH regulation (Table 2). Due to the relatively large 

size of the EK reactor and the substantial amount of contaminated soil, electrolyte, and 

operation time required for each run, each treatment was conducted once in the present 

study. Therefore, the experimental results were mainly used to identify spatial–temporal 

trends and mechanistic responses under different operating conditions, rather than to per-

form statistical significance testing. Three electric field intensities, namely 1.0, 1.5, and 2.0 

V cm−1, were applied in the EK experiments. Two electrode materials, graphite and EKG, 

were compared, with BET specific surface areas of 1.116 and 8.900 m2 g−1, respectively, as 

determined by nitrogen adsorption. In addition, a recirculating electrolyte control system 

was employed to regulate solution pH during electrokinetic treatment. 
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Figure 2. Schematic illustration of the electrokinetic reactor (Hu et al. (2022) and Liu et al. (2025) 

[4,46]). © 2022 Hu, Cheng, Wen and Kang. & © 2025 by the authors. Licensee MDPI, Basel, Switzer-

land. This article is an open access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). 

Table 2. Experimental design of the enhanced electrokinetic remediation of copper and lead-con-

taminated loess. 

Test Electrode Type Pollutant Voltage Gradient/Vcm−1 Pretreatment Control Catholyte pH Duration Time/h 

Exp-01 
Graphite 

0.125 
Cu + Pb 1.0 / / 48 

Exp-02 
Graphite 

0.125 
Cu + Pb 1.5 / / 48 

Exp-03 
Graphite 

0.125 
Cu + Pb 2.0 / / 48 

Exp-04 Graphite Cu + Pb 1.5 / / 72 

Exp-05 
EKG 

0.75 
Cu + Pb 1.5 / / 72 

Exp-06 
EKG 

0.75 
Cu + Pb 1.5 

0.01 M 

NaNO3 
4 72 

Exp-07 
EKG 

0.75 
Cu + Pb 1.5 

0.01 M 

NaNO3 
7 72 

Exp-08 
EKG 

0.75 
Cu + Pb 1.5 

0.01 M 

NaNO3 
9 72 

Note: “/” indicates that no additional background electrolyte or catholyte pH control was applied. 

In Exp-06 to Exp-08, 0.01 M NaNO3 was used as the background supporting electrolyte, and the 

catholyte pH was controlled at 4, 7, or 9 during EK treatment. 
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2.3. Analytical Procedure 

After EK treatment, the soil chamber was divided into six equal sections from the 

anode to the cathode, denoted as S1–S6. The removal efficiency of Cu or Pb in each section 

was calculated according to Equation (1). The overall removal efficiency reported in this 

study was obtained as the arithmetic average of the six section-specific removal efficien-

cies. Therefore, the term “removal efficiency” in this work refers to the decrease in metal 

concentration in the soil phase, rather than a complete system-level metal mass balance. 

Since the Cu and Pb concentrations in the anolyte, catholyte, and electrode chambers were 

not systematically measured in the original experimental design, a complete mass balance 

could not be established in the present study. 

After EK treatment, the soil specimens were oven-dried to a constant mass and then 

digested with HNO3. It should be noted that the present study focused on the total soil-

phase concentrations of Cu and Pb before and after EK treatment. Sequential extraction 

for distinguishing soluble, exchangeable, carbonate-bound, reducible, oxidizable, and re-

sidual fractions was not included in the original experimental design. Therefore, the dis-

cussion of metal speciation transformation in this work is based mainly on the measured 

pH, EC, EOF, and spatial removal patterns, together with the known alkaline and car-

bonate-buffering characteristics of loess. This limitation should be considered when inter-

preting the removal mechanism. The resulting digests were analyzed by atomic absorp-

tion spectrophotometry (Hitachi, Japan). The removal efficiency was calculated as follows: 

Removal efficiency (%) = (C0 − Cf)/C0 × 100% (1) 

where C0 is initial heavy metal concentration (mg/kg) of loess, and Cf is the final concen-

tration of heavy metals (mg/kg) after EK treatment in loess. Because each EK treatment 

was performed once, standard deviations, error bars, and inferential statistical compari-

sons were not provided. Accordingly, the following discussion focuses on the consistency 

of current response, pH evolution, EC variation, EOF development, and spatial Cu/Pb 

removal patterns. Small differences among treatments, especially for Pb removal, should 

therefore be interpreted as indicative trends rather than statistically verified improve-

ments. 

3. Results and Discussion 

3.1. Effect of Electric Field Intensity 

Electric field intensity is a key parameter controlling EK performance because it di-

rectly influences both current response and electroosmotic flow (EOF). As the applied 

field increased from 1.0 to 1.5 and then to 2.0 V cm−1, both the current and EOF increased 

accordingly. In all cases, the temporal evolution showed a similar pattern, characterized 

by an initial increase followed by a gradual decline or stabilization (Figure 3). The increase 

in field strength also intensified pH polarization within the soil, resulting in lower pH 

values near the anode and higher pH values near the cathode (Figure 4). The electrical 

conductivity distribution further reflected the influence of field intensity on ion transport 

and precipitation behavior. The lowest conductivity was consistently observed near the 

cathode, and the conductivity in this region decreased from 290 to 175 μS cm−1 as the elec-

tric field strength increased from 1.0 to 2.0 V cm−1. This trend suggests that stronger ca-

thodic alkalization promoted the precipitation of Cu- and Pb-bearing hydroxides, thereby 

reducing the concentration of dissolved ions in the pore solution. In carbonate-bearing 

loess, the variation in pH may also induce speciation transformation of Cu and Pb. The 

acid front generated near the anode can dissolve carbonate minerals and carbonate ce-

mentation, thereby releasing part of the carbonate-bound Cu and Pb into the pore solution 

and enhancing their subsequent electromigration. Conversely, the alkaline front near the 
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cathode may favor the re-precipitation of dissolved metals as hydroxide or carbonate 

phases. Therefore, the removal observed in the anodic and middle sections was likely as-

sociated not only with the migration of initially soluble and exchangeable species, but also 

with the partial mobilization of carbonate-associated Cu and Pb. The spatial distribution 

of metal removal did not follow a simple monotonic trend (Figure 5). In the S2–S3 sections, 

Cu removal at 1.5 V cm−1 was comparable to, and in some locations even slightly higher 

than, that obtained at 2.0 V cm−1, while requiring a lower energy input. In contrast, beyond 

S3, the 2.0 V cm−1 condition showed a clear advantage over the lower field strengths, 

whereas the performance of 1.0 V cm−1 progressively deteriorated from S4 to S6. These 

results indicate that the influence of electric field intensity varied along the transport path. 

Therefore, the effect of field intensity involved a trade-off between enhanced mobilization 

and intensified cathodic precipitation. Overall, the results suggest that the optimal field 

strength is spatially dependent: a moderate field may provide better energy efficiency in 

zones close to the anode, whereas a higher field is more beneficial in downstream regions 

despite its greater energy demand [22]. 

 

Figure 3. Relationships of electric current versus time and relationships of accumulated electroos-

mosis flow (EOF) versus time under the effect of electric field intensity. 

 

Figure 4. Variation in pH and electric conductivity (EC) against six soil sections during the electro-

kinetic experiment subjected to the effect of electric field intensity. 
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(a) (b) 

Figure 5. Removal of heavy metals across six soil sections after the EK remediation: (a) copper re-

moval and (b) lead removal. 

Extensive laboratory- and field-scale studies have demonstrated the applicability of 

EK remediation to a wide range of porous media, including sands, kaolin, clays, black 

soils, sludge, natural soils, tailings, and marine sediments. As summarized in Table 3, soil 

type exerts a primary influence on both contaminant removal efficiency and energy con-

sumption. In sandy media, electrode configuration has been shown to substantially affect 

remediation performance. For example, Hsueh et al. (2022) reported Ni and Cr removal 

efficiencies of 27.3–39.3% and 6.1–30.1%, respectively, using a honeycomb electrode ar-

rangement, whereas a square layout achieved Ni and Cr removals of 46.2–48.5% and 3.1–

12.2%, but at an operating cost approximately five times higher. Telepanich et al. (2021) 

further showed that alginate–graphite electrodes enabled 70% Cr removal within only 0.5 

h. In fine-grained systems, the contrast among different soil matrices is even more pro-

nounced. Behrouzinia et al. (2022) obtained a Cu removal efficiency of 17.5% in kaolin 

using geosynthetic electrodes, whereas Yuan et al. (2017) reported 94.84% Cu removal in 

black soil, and Torabi et al. [56] observed only 4.59% in sludge, clearly indicating a strong 

matrix-dependent response. For Pb, the findings of Muazu et al. (2020) and Yuan et al. 

(2017) likewise confirm that intrinsic soil properties are critical determinants of EK per-

formance. Among these properties, carbonate content plays a particularly important role, 

because higher calcite levels enhance soil buffering capacity, suppress acid-front propa-

gation, and increase contaminant retention, thereby slowing metal removal [52]. Under 

this framework, the Cu and Pb removal efficiencies achieved in the present loess, 19.0% 

and 8.0%, respectively, were markedly lower than those reported for many sand- and 

black-soil systems. This relatively poor performance is likely associated with the high fine-

particle content of loess, especially clay minerals, which strengthen metal adsorption and 

impede ion migration, as well as with its abundant carbonate minerals, which inhibit the 

advance of the acidic front [1,2]. In addition, the potential effects of particle morphology 

and soil fabric on ion transport in loess remain insufficiently understood and deserve fur-

ther targeted investigation. Therefore, the removal efficiencies obtained in this study 

should be interpreted as process-level improvements under a single-stage EK treatment, 

rather than as final cleanup efficiencies sufficient for practical remediation. 

Table 3. Comparison of studies with the research about soil type and remediation efficiency. 

Electrode Contaminants 
Initial Concentration 

C0 (mg/kg) 

Time 

t (h) 
Intensity (V/cm) Soil Type Removal Efficiency (%) References 

Aluminum electrode Cr, Ni 186, 132 72 0.6–1.0 Sand 3.1–30.1, 27.3–48.5 Hsueh et al., 2022 [48] 

Hydroel electrode Cr 200 0.5 4.8 Sand 70 Telepanich et al., 2021 [49] 

Composite electrode Cu 200 60 1.25 kaolin 17.5 Behrouzinia et al., 2022 [50] 
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Graphite Pb 120 168 1.08 Clay 14.15 Muazu et al., 2020 [52] 

Graphite Cu, Pb 
327.8 

240.8 
705 1.0 Black soil 

94.84, 

95.85 
Yuan et al., 2017 [29]  

/ Cu, Cd 
248.4, 

82 
240 1.0 sludge 

4.59, 

30.65 
Torabi et al., 2021 [51] 

/ Al 16400 240 1.0 / 10–60 Ouhadi et al., 2010 [55] 

3.2. Effect of Electrode Materials 

When electrodes are directly connected to the power supply, they carry the full cir-

cuit current, which can readily induce polarization at the electrode–electrolyte interface 

due to charge-transfer limitations [40]. Compared with graphite, the EKG electrode exhib-

ited a much larger BET specific surface area, increasing from 1.116 to 8.900 m2 g−1. This 

larger electroactive surface reduced the interfacial current density and thereby alleviated 

electrode polarization. As a consequence, a greater proportion of the applied voltage was 

effectively distributed across the soil specimen rather than being lost at the interface, re-

sulting in a stronger effective electric field and a higher sustained current during remedi-

ation (Figure 6). The enhanced current also accelerated the generation of H+ at the anode 

and OH− at the cathode, which promoted ionic transport, particularly during the early 

stage of EK treatment. Although the more rapid production of OH− could intensify pre-

cipitation near the cathode, the current in the EKG system remained consistently higher 

than that in the graphite system during stage II, indicating lower polarization losses and 

less pronounced blockage at the cathodic side. A similar trend was observed for electroos-

motic flow (EOF), which was also higher with EKG. The transient negative EOF values 

recorded at the beginning of the experiment likely reflected a short-term reversal in flow 

direction caused by local hydraulic or chemical gradients; nevertheless, fluid migration 

across the cathodic boundary was maintained even in the presence of precipitation (Fig-

ure 6). 

The evolution of pH and electrical conductivity further highlights the influence of 

electrode material on EK performance. Along the soil column, pH gradually increased 

from the anode toward the cathode, whereas electrical conductivity (EC) showed the op-

posite trend and decreased in the same direction (Figure 7). Relative to graphite, the EKG 

electrode produced lower pH values throughout the loess column, indicating more effec-

tive propagation of the acidic front from the anode. This stronger acidification favored the 

desorption and dissolution of Cu and Pb species from soil particles, while the associated 

increase in ionic concentration contributed to higher EC, both of which facilitated contam-

inant transport and removal. The spatial distributions of metal removal clearly demon-

strate the superiority of the EKG electrode (Figure 8). Both Cu and Pb removal efficiencies 

were higher under the EKG condition than under the graphite condition, and in all sec-

tions Cu was removed more effectively than Pb. This difference is consistent with the 

stronger retention of Pb in loess, which is related to its greater tendency for specific ad-

sorption and interactions with carbonate minerals, thereby reducing its mobility com-

pared with Cu. 

From a mechanistic standpoint, the enhanced performance of the EKG electrode 

should be interpreted as the net result of several coupled electrochemical and electrohy-

draulic processes, rather than as the effect of pH or ζ potential alone. The larger BET spe-

cific surface area of the EKG electrode reduced the interfacial current density and elec-

trode polarization, allowing a greater proportion of the applied voltage to be distributed 

across the soil specimen. This maintained a higher current and a stronger effective electric 

field, thereby enhancing electromigration and electroosmotic transport. Meanwhile, the 

stronger acid-front propagation in the EKG system promoted the desorption and dissolu-

tion of Cu and Pb from loess particles and carbonate-related binding phases. It should be 

noted that acidification may protonate negatively charged loess surfaces and reduce the 
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absolute value of ζ potential, which, if considered alone, would tend to decrease electroos-

motic mobility. However, in the present EKG system, this potential weakening effect was 

offset by the higher effective electric field, increased ionic concentration, reduced elec-

trode polarization, and less severe precipitation-induced blockage. Therefore, the ob-

served increase in EOF under the EKG condition reflects the combined system response, 

while the lower pH mainly contributed to metal mobilization by enhancing desorption 

and dissolution. 

 

Figure 6. Variation in electric current and EOF at different time during the electrokinetic experiment 

subjected to the effect of electrodes. 

 

Figure 7. Variation in pH and electric conductivity (EC) at different time during the electrokinetic 

experiment subjected to the effect of electrodes. 
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Figure 8. Removal of Cu and Pb after the electrokinetic experiment subjected to the effect of elec-

trodes. 

Overall, the EKG electrode outperformed graphite by providing a larger specific sur-

face area, lower surface current density, weaker polarization, and a higher effective cur-

rent. These characteristics promoted faster ionic transport and enhanced the removal of 

Cu and Pb from loess. Thus, the apparently competing effects of lower pH on metal de-

sorption and ζ potential are not contradictory; rather, they represent different aspects of 

the coupled EK process. Under the EKG condition, the enhancement in effective electric 

field, current continuity, and contaminant mobilization outweighed the possible reduc-

tion in electroosmotic mobility caused by ζ-potential decrease. At the same time, the 

stronger acidification induced by EKG reduced the absolute ζ potential of loess particles, 

facilitated heavy metal desorption, and improved electroosmotic transport, especially in 

the anodic region. Together, these effects explain the superior remediation efficiency 

achieved with the EKG electrode. This observation is consistent with previous studies 

showing that increasing the electroactive surface area and improving electrode–soil con-

tact can reduce electrode polarization and enhance current continuity in fine-grained soils. 

However, the improvement in loess remained lower than that reported for some sand or 

black-soil systems, suggesting that electrode optimization alone cannot fully overcome 

the transport resistance caused by fine texture and carbonate buffering. 

3.3. Effect of Catholyte pH 

To isolate the influence of catholyte pH, Exp-06, Exp-07, and Exp-08 were conducted 

under the same 0.01 M NaNO3 background electrolyte condition. Therefore, the compar-

ison in this section focuses mainly on the relative differences among pH 4, 7, and 9, rather 

than a direct comparison with the tests without NaNO3 addition. Figure 9 illustrates the 

temporal evolution of electric current and EOF under different catholyte pH conditions. 

In EK remediation, the transport of dissolved Cu and Pb is controlled by both electromi-

gration and electroosmotic advection, but their contributions are not equivalent. For cati-

onic Cu and Pb species, electromigration driven by the electric field is generally the dom-

inant transport pathway, whereas EOF mainly provides advective pore-water transport 

and affects hydraulic connectivity. Therefore, the remediation performance under differ-

ent catholyte pH conditions should be interpreted by jointly considering current response, 

cumulative EOF, pH evolution, and the spatial removal profiles. In all cases, the electric 

current increased rapidly during the first 4 h, after which the rate of increase slowed and 

the current gradually approached a stable level. Among the three treatments, the system 

with the catholyte adjusted to pH 7 exhibited the highest current throughout most of the 
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experiment. After 72 h, the current continued to rise gradually in the pH 7 and pH 9 sys-

tems, whereas it tended to level off when the catholyte was maintained at pH 4. In contrast, 

EOF increased as the catholyte pH decreased. This behavior can be attributed to the re-

duction in precipitation near the cathode under more acidic conditions. Lower catholyte 

pH suppressed hydroxide accumulation, enhanced soil acidification, and promoted the 

development of a more aggregated soil structure. Such a structure likely provided wider 

and less tortuous transport pathways, thereby facilitating electroosmotic flow. 

The spatial distributions of pH and electrical conductivity after EK treatment further 

demonstrate the important role of catholyte chemistry (Figure 10). With decreasing cath-

olyte pH, the soil pH generally decreased, whereas the electrical conductivity increased. 

When the catholyte was controlled at pH 4, the soil pH increased from S1 to S4 and then 

declined from S4 to S6. This pattern suggests that OH− released at the cathode was partly 

neutralized by the acidic catholyte, thereby altering the pH profile near the cathodic side. 

By contrast, when the catholyte pH was maintained at 7 or 9, soil pH increased progres-

sively from the anode toward the cathode, which is consistent with the migration of OH− 

from the catholyte into the soil column. The corresponding spatial removal profiles for Cu 

and Pb are presented in Figure 11. In all treatments, Cu removal was consistently higher 

than Pb removal, indicating that Pb remained more strongly retained in loess. When the 

catholyte pH was adjusted to 4, both Cu and Pb removal efficiencies were lowest near the 

anode and became higher toward the cathode. Although the pH 4 condition produced the 

highest cumulative EOF, it did not result in the highest Cu and Pb removal. This indicates 

that EOF alone was insufficient to determine metal removal. Under acidic catholyte con-

ditions, cathodic precipitation was suppressed and pore-water flow was facilitated, which 

explains the relatively high EOF. However, the electric current under pH 4 was lower than 

that under pH 7, suggesting weaker charge transfer and a less favorable condition for 

electromigration. Since Cu and Pb are mainly transported as dissolved ionic species under 

the electric field, the reduced current likely limited the contribution of electromigration, 

even though electroosmotic advection was enhanced. By contrast, the pH 9 condition 

maintained a relatively alkaline cathodic environment, which favored OH− accumulation 

and secondary precipitation of Cu- and Pb-bearing species near the cathode. This precip-

itation could reduce the concentration of mobile metal ions and obstruct pore-water 

transport, thereby weakening both electromigration and effective EOF. The pH 7 condi-

tion provided a more balanced transport environment: it maintained a higher current than 

pH 4, while still providing sufficient EOF and alleviating excessive cathodic precipitation 

compared with pH 9. Therefore, the best soil-phase removal at pH 7 can be attributed to 

the combined balance between electromigration, electroosmotic advection, and precipita-

tion control, rather than to the maximum EOF alone. 

Similar to previous EK studies, catholyte pH regulation changed the balance between 

metal mobilization and precipitation. However, in the present loess, a neutral catholyte 

performed better than strongly acidic or alkaline conditions, indicating that carbonate 

buffering and fine-pore transport constraints made the balance between current, EOF, and 

precipitation more important than maximizing acidification or EOF alone. 
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Figure 9. Variation in electric current and EOF at different soil sections after the electrokinetic ex-

periment subjected to the effect of catholyte pH. 

 

Figure 10. Variation in pH and electric conductivity (EC) at different time during the electrokinetic 

experiment subjected to the effect of catholyte pH. 

 

Figure 11. Removal of Cu and Pb after the electrokinetic experiment subjected to the effect of cath-

olyte pH. 

3.4. Discussion 

The transport and removal of heavy metals toward the cathode during EK remedia-

tion are governed by a series of coupled physicochemical processes, including sorption, 
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precipitation, and dissolution reactions on loess particles, as well as diffusion, electroos-

mosis, and electromigration in pore water. In this study, the key EK response parameters, 

including electric current, EOF, pH, EC, and metal removal efficiency, were systematically 

evaluated to clarify the enhancement mechanisms and the limiting factors under different 

optimization strategies. The corresponding mechanisms controlling Cu and Pb removal 

are summarized in Figure 12. Although the optimized conditions improved Cu and Pb 

removal, the absolute overall soil-phase removal efficiencies remained modest, with max-

imum values of approximately 19.0% for Cu and 8.0% for Pb. These values indicate that a 

single-stage EK process under the present experimental duration is not sufficient to meet 

final remediation goals for heavily contaminated loess. However, the significance of the 

present study lies in identifying the main limiting mechanisms in carbonate-rich loess and 

demonstrating how electric field strength, electrode architecture, and catholyte pH can 

regulate current response, EOF, pH-front propagation, and the focusing effect. The rela-

tively low removal efficiencies are mainly attributed to the fine-grained texture, alkaline 

buffering capacity, carbonate-related metal retention, and stronger immobilization of Pb 

compared with Cu. Therefore, the results should be regarded as mechanistic and process-

optimization evidence rather than as final field cleanup performance. 

For loess, the removal mechanism should be further interpreted from the perspective 

of metal speciation transformation. Because the tested loess was weakly alkaline and con-

tained soluble Ca2+ and Mg2+, Cu and Pb were likely retained through electrostatic adsorp-

tion, specific adsorption, carbonate association, and precipitation reactions. During EK 

treatment, the H+ generated at the anode can decrease soil pH, dissolve carbonate cemen-

tation, and promote the transformation of carbonate-bound or weakly precipitated Cu 

and Pb into more mobile ionic forms. These released metal species can then migrate under 

electromigration and electroosmotic flow. However, when the migrated ions approach the 

cathodic region, the increase in OH− concentration promotes the formation of Cu(OH)2, 

Pb(OH)2, or carbonate-related precipitates, causing secondary accumulation and the fo-

cusing effect. This mechanism also explains why Pb removal was generally lower than Cu 

removal. Pb tends to show stronger specific adsorption and carbonate-related retention in 

alkaline loess, and its lower solubility under alkaline conditions makes it more susceptible 

to precipitation and immobilization near the cathode. 

The influence of anodic H+ on the intrinsic structure of loess should also be consid-

ered. Carbonate minerals and carbonate cementation are important contributors to in-

terparticle bonding in loess. Acidification can weaken this cementation, alter pore connec-

tivity, and change the surface charge of soil particles. These changes may temporarily im-

prove metal release and ionic conductivity, but excessive acidification may also induce 

structural disturbance, increase collapsibility risk, and reduce post-treatment mechanical 

stability. Therefore, although anodic acidification is beneficial for contaminant mobiliza-

tion, its engineering and environmental consequences should be carefully controlled in 

field applications. Post-treatment pH neutralization, geotechnical stability assessment, 

and long-term monitoring of soil strength and permeability are recommended before 

large-scale application. 

The results indicate that increasing the electric field strength does not necessarily lead 

to higher removal efficiency. Although a stronger electric field generated higher current 

and cumulative EOF (Figure 3), thereby promoting the migration and extraction of metal 

ions, an excessively high field also accelerated the formation of a strong alkaline zone near 

the cathode (Figure 12). This intensified the focusing effect in the cathodic region, which 

in turn restricted further ion transport and ultimately reduced the overall removal effi-

ciency (Figure 5). Therefore, the influence of electric field strength reflects a trade-off be-

tween enhanced electromigration/electroosmosis and aggravated cathodic precipitation. 
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Compared with graphite electrodes, the EKG electrode showed lower polarization, 

which reduced interfacial potential loss and resulted in a higher effective current (Figure 

6). The higher current accelerated the generation of both H+ and OH− through electrolysis 

and, more importantly, strengthened anodic acidification, leading to a lower pH in the S1 

section of the EKG treatment (Figure 7). Because the migration rate of H+ is approximately 

1.75 times that of OH−, the higher current also favored deeper propagation of the acidic 

front, which contributed to lower pH values in regions closer to the cathode (Figure 12). 

In addition, the stronger current produced greater EOF, and the combined effect of en-

hanced electromigration and electroosmotic transport improved the removal of both Cu 

and Pb (Figure 8). Nevertheless, although EKG clearly alleviated the focusing effect, it did 

not eliminate it completely, as evidenced by the relatively high pH and reduced metal 

removal observed in the cathodic sections. 

Control of catholyte pH provided another important means of regulating the focus-

ing effect. Previous studies have commonly used acidic catholytes to suppress cathodic 

alkalization, whereas the present study further compared different catholyte pH condi-

tions. When the catholyte pH was adjusted to 9.0, OH− generated by electrolysis accumu-

lated more readily in the cathode compartment, resulting in a high local OH− concentra-

tion that inhibited further OH− release. This weakened the current in the EK system, re-

duced the driving force for metal migration, and lowered removal efficiency. Under this 

condition, the focusing effect remained pronounced near the cathode, further limiting the 

removal of Cu and Pb in that region (Figure 11). In contrast, when the catholyte pH was 

set to 4.0, the strongly acidic environment reduced the availability of anionic carriers re-

quired for electromigration toward the anode, which in turn decreased current and weak-

ened EOF. As a result, the overall capacity for ion transport was not sufficiently enhanced, 

and the improvement in heavy metal removal remained limited. Among the tested con-

ditions, a catholyte pH of 7.0 provided the most favorable balance. This condition effec-

tively alleviated the focusing effect at the cathode while maintaining relatively high cur-

rent and EOF (Figure 9), thereby promoting the migration and removal of Cu and Pb. 

 

Figure 12. The main mechanisms for Cu and Pb removal in loess (modified from ref citation ([4]) 

© 2022 Hu, Cheng, Wen and Kang). 

The relationship among current, EOF, and metal removal further indicates that the 

highest EOF does not necessarily correspond to the highest remediation efficiency. Electric 

current reflects ion migration and charge transfer in the EK system and is closely related 

to electromigration, whereas EOF represents the advective movement of pore water. For 

Cu and Pb, electromigration is particularly important because the mobile species are 

OH  

 
  
 

  

    
  

 

 

       
 

 
 

   
 
 

 
  

  
 

 
      

    
   

   
  
 
 
 

   -
   

 
    

  
  
         

 
 

A
n

o
d

e
 c

h
a
m

b
e
r

C
a
th

o
d

e
 c

h
a
m

b
e
r

+
Anode

 
Cathode

H
+

H
+

H
+

H
+

H
+

Cu
2+

Cu
2+

Cu
2+

Cu
2+

Cu
2+

Cu
2+

Cu
2+

Cu
2+

Cu
2+

Cu
2+

Cu
2+

Cu
2+

Pb
2+

Pb
2+

Cu
2+

Pb
2+

+

+
+

+
+

+

+
+

+ +

++

Cu
2+

Pb
2+

OH  

OH  

OH  
OH  

OH  

OH  

OH  

OH  

OH  

OH  

OH  

OH  

OH  

OH  H
+

H
+

H
+

H
+

H
+

H
+

H
+

H
+

Pb
2+

Pb
2+

Cu
2+

Cu
2+

Cu
2+

Pb(OH)2

Precipitation of 

heavy metals
ElectromigrationElectrophoresis Electroosmosis 

flow

Cu
2+

e 

e 

e 

e 

e 

e  

e 

e 

e 

e 
Graphite EKG

Lower 

surface area Higher 

surface area

Lower current 

density

Higher current 

density

Ca(OH)2

Electromigration

path narrower

humic acid 

 (a) Enhancement mechanism of EKG electrode

Single particle Agglomeration
Cathode
 

pH=4

Cathode
 

pH=7

Cathode

 

pH=9

Single particle
Precipitation in the alkaline environment 

of loess resulting from EK

C
u(O

H
)
2

P
b
(O

H
) 2

C
u(O

H
)
2 P

b
(O

H
) 2

P
b
(O

H
) 2

C
u(O

H
)
2P

b
(O

H
) 2

P
b
(O

H
) 2

Cu(OH)2

C
u(O

H
)
2

C
u(O

H
)
2

Cu(OH)2

C
u(O

H
)
2

C
u(O

H
)
2

C
u(O

H
)
2

Pb(O
H

) 2

Pb(OH)2

P
b

(O
H

)2

Pb(OH)2

Pb(O
H

)
2

C
u(O

H
)
2

P
b
(O

H
) 2

C
u

(O
H

)
2

P
b
(O

H
) 2

Pb(O
H

)
2

P
b
(O

H
) 2

P
b
(O

H
) 2

P
b
(O

H
) 2

C
u(O

H
)
2

C
u(O

H
)
2

C
u(O

H
)
2

C
u(O

H
)
2

C
u(O

H
)
2

P
b
(O

H
) 2

P
b
(O

H
)2

P
b
(O

H
) 2

P
b
(O

H
) 2

P
b
(O

H
) 2

C
u(O

H
)
2

C
u

(O
H

)
2

C
u(O

H
)
2P

b
(O

H
) 2

P
b

(O
H

)2
P

b
(O

H
) 2

Pb
(O

H) 2

Cu(OH)2

C
u(O

H
)
2

C
u(O

H
)
2

P
b
(O

H
)2

P
b
(O

H
)2

Single particle
Precipitation in the native 

alkaline environment of loess 

C
u(O

H
)
2

P
b
(O

H
) 2

C
u(O

H
)
2 P

b
(O

H
) 2

P
b
(O

H
) 2

C
u(O

H
)
2P

b
(O

H
) 2

P
b
(O

H
) 2

Cu(OH)2

C
u(O

H
)
2

C
u(O

H
)
2

Cu(OH)2

C
u(O

H
)
2

C
u(O

H
)
2

C
u(O

H
)
2

Pb(O
H

) 2

Pb(OH)2

P
b

(O
H

)2

Pb(OH)2

Pb(O
H

)
2

C
u(O

H
)
2

P
b
(O

H
) 2

C
u

(O
H

)
2

P
b
(O

H
) 2

Pb(O
H

)
2

P
b
(O

H
) 2

P
b
(O

H
) 2

P
b
(O

H
) 2

C
u(O

H
)
2

C
u(O

H
)
2

C
u(O

H
)
2

C
u(O

H
)
2

C
u(O

H
)
2

P
b
(O

H
) 2

P
b
(O

H
)2

P
b
(O

H
) 2

P
b
(O

H
) 2

P
b
(O

H
) 2

 (b) Enhancement mechanism of controlling electrolyte pH

The precipitation of heavy 

metal compounds is aggravated 

with time, causing the EOF  to 

go lower.

The precipitation of heavy 

metal compounds is aggravated 

with time, causing the EOF  to 

go lower.

The agglomeration of loess is 

aggravated with time, causing 

the EOF  to go higher.

https://doi.org/10.3390/pr14132166


Processes 2026, 14, 2166 18 of 22 
 

https://doi.org/10.3390/pr14132166 

mainly ionic under acidic or weakly acidic conditions. Therefore, an efficient EK process 

requires not only sufficient EOF to maintain pore-water transport, but also adequate cur-

rent to sustain ionic migration. In the catholyte pH tests, pH 4 enhanced EOF by suppress-

ing cathodic precipitation, but the lower current weakened the electromigration contribu-

tion. In contrast, pH 7 maintained a more favorable balance between current and EOF 

while reducing excessive precipitation, leading to the best overall soil-phase removal. This 

explains why pH 7 outperformed pH 4, even though the latter generated the highest EOF. 

Overall, the results demonstrate that the improvement of EK remediation in Cu- and Pb-

contaminated loess depends on balancing transport enhancement against cathodic pre-

cipitation and polarization effects. Excessive electric field strength aggravates alkaline ac-

cumulation near the cathode, whereas the EKG electrode improves charge transfer and 

acid-front propagation but cannot fully suppress cathodic focusing. By comparison, reg-

ulating the catholyte to pH 7.0 appears to be the most effective strategy because it simul-

taneously weakens the focusing effect and preserves favorable electrokinetic transport 

conditions. For practical application, the EK treatment of Cu- and Pb-contaminated loess 

should be further enhanced by multi-stage or longer-duration operation, periodic polarity 

reversal, optimized electrode spacing, acid-buffered or chelating electrolytes, and perme-

able reactive barriers for capturing mobilized metals. In addition, EK remediation may be 

combined with stabilization/solidification or microbial mineralization to reduce residual 

metal mobility after partial removal. Such integrated strategies would be more suitable 

for meeting practical remediation targets in carbonate-rich loess than a single EK treat-

ment alone. 

4. Conclusions 

This study investigated the coupled effects of electric field intensity, electrode mate-

rial, and catholyte pH regulation on the EK treatment of Cu- and Pb-contaminated loess. 

The main conclusions are summarized as follows: 

(a) Electric field intensity controlled the balance between metal mobilization and ca-

thodic precipitation. A stronger electric field promoted current response, EOF devel-

opment, and acid-front propagation, thereby enhancing Cu and Pb migration, espe-

cially over longer transport distances. However, excessive field intensity also accel-

erated OH− accumulation near the cathode and strengthened precipitation-induced 

focusing. Therefore, the effect of electric field intensity in loess was spatially depend-

ent and governed by the competition between electrical driving force and cathodic 

immobilization. 

(b) EKG electrodes improved EK performance by reducing electrode polarization and 

enhancing coupled electromigration–electroosmosis transport. Compared with 

graphite electrodes, the larger electroactive surface area of EKG electrodes helped 

maintain higher current and stronger acid-front development, which promoted 

metal desorption and transport. Nevertheless, the improvement in Pb removal re-

mained limited, mainly because Pb was more strongly retained by adsorption and 

carbonate-related precipitation in alkaline loess. 

(c) Catholyte pH regulation changed the balance among current-driven electromigra-

tion, EOF-driven pore-water transport, and precipitation control. Although pH 4 pro-

duced the highest EOF, its lower current limited the overall contribution of electromi-

gration. In contrast, pH 9 intensified cathodic alkalization and secondary precipita-

tion. Maintaining the catholyte at pH 7 provided a better compromise between cur-

rent, EOF, and precipitation suppression, resulting in the most favorable soil-phase 

Cu and Pb removal among the tested pH conditions. 
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Overall, the results show that mitigating the focusing effect in carbonate-buffered 

loess requires coordinated regulation of electric field intensity, electrode architecture, and 

catholyte chemistry. However, the overall removal efficiencies remained modest, indicat-

ing that single-stage EK treatment is more suitable for revealing controlling mechanisms 

and guiding process optimization than for direct use as a standalone cleanup strategy. 

Future studies should combine full metal mass-balance monitoring, sequential extraction, 

post-treatment mechanical stability assessment, and further enhancement strategies such 

as longer-duration operation, polarity reversal, reactive barriers, or coupled stabilization 

technologies. 
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