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Considering extensive metallurgical mining activities in the northwest of China, handling Cu- and Pb-rich wastewater is a challenging task. Inappropriate handling of the Cu- and Pb-rich wastewater can lead to accumulation of Cu and Pb in the surrounding environment, thereby posing a serious threat to human health. Electrokinetic (EK) technology is an increasingly popular alternative to traditional approaches for contaminated soil remediation owing to its high effectiveness and low risk of secondary pollution. This study first proposed an external regulatory system with the adsorbent (ERSA) and investigated the effect of electrode type, ERSA, and cation exchange membrane (CEM) on the EK remediation of an artificially Cu- and Pb-contaminated loess. An EK reactor incorporating ERSA was applied to the EK experiments to circulate the electrolyte, not only making pH surrounding the cathode lower, but also preventing the formation of precipitation. The electrokinetic geosynthetics electrode released H+ and OH− faster and promoted their migration toward the specimen. However, because of the faster precipitation near the cathode, the boost in the remediation efficiency was hindered. Furthermore, considering the ERSA use, a decrease in soil pH near the cathode reduced the precipitation, thereby enhancing the EK remediation efficiency. In contrast, the use of CEM lowered the soil pH, increased the soil electrical conductivity (EC) and electric current, and aggravated the electroosmotic flow. The Cu remediation efficiency using the modified EK reactor was largely lifted to 85.52%, while the Pb remediation efficiency increased to 75.51%. These results shed light on an enhancement on the EK remediation efficiency and the potential of applying the modified EK reactor to remedy Cu- and Pb-rich water bodies.
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1 INTRODUCTION
With the rapid development of metallurgy, land contamination resulting from metallurgy industry wastewater poses serious threats to the surrounding environment and human health, raising sustainable development concerns. Heavy metals are major chemicals causing soil pollution. In the northwest (NW) of China, loess bears the greatest burden of environmental contamination (Hu et al., 2021a; Hu et al., 2021b). Because of industrial or agricultural waste, it is contaminated by various toxic elements such as copper, lead, mercury, cadmium, and arsenic (Saha and Orvig, 2011; Ghosh et al., 2015; Begum et al., 2022). Heavy metals are toxic, carcinogenic, and strongly adsorbed onto the loess, which can be transported into the human body and accumulated with time eventually affecting human, animal, and plant health (Bai et al., 2019, 2020; Bai et al., 2021c). More importantly, heavy metal contamination is difficult to handle because of its long residual time, strong concealment, toxicity, and other characteristics. Furthermore, artificial remediation or soil self-purification needs long time to degrade contaminants. The remediation of soil contaminated by heavy metals is still a challenge. Therefore, feasible and efficient measures for remediation of soil contaminated by heavy metals are necessary.
The currently available measures for the remediation of soil contaminated by heavy metals mainly include phytoremediation (Caparrós et al., 2022; He et al., 2022; Liu et al., 2022; Wu et al., 2022), thermal desorption (Ding et al., 2019; Liu et al., 2019, 2020), biosorption (Saha et al., 2011; Mukherjee et al., 2013), soil replacement (Du et al., 2011), curing stabilization (Kalantari and Prasad, 2014; Zhou et al., 2017; Wang et al., 2019), chemical precipitation (Lu Y. S. et al., 2019; Muddanna and Baral, 2019), and microbial remediation (Garcia-Sanchez et al., 2018; Lu C. et al., 2019; Wang et al., 2022a; Xue et al., 2022). Among the remediation measures, electrokinetic (EK) remediation has recently come under the spotlight and is considered a promising innovative remediation technology, especially for low permeability soils. Moreover, EK remediation displays better behaviors in terms of metal mobilization and low repeated contamination (Zhou et al., 2021) by inserting the electrodes into the soils and applying a low direct-current (DC) voltage gradient to the electrodes. During EK remediation, the applied electric gradient induces a pH gradient across the soil chamber because of water electrolysis reactions that produce protons at the anode and hydroxyl ions at the cathode. The process also leads to electric effects, including electroosmosis, electromigration, and electrophoresis. Among these, electroosmosis and electromigration are the main removal mechanisms in most instances (Beyrami, 2020; Zhou et al., 2021). Furthermore, the acidic environment generated at the anode aids in the desorption and dissolution of heavy metals from the soil particle surface. It is unfortunate that, the alkalization near the cathode is considered the main barrier to the migration of heavy metal ions from the soil. Moreover, it is not conducive to the desorption and migration of heavy metal ions because of the weak alkaline conditions of loess itself (Hu et al., 2021a), limiting the development and application of EK remediation technology. Moreover, loess is extremely important and covers 630,000 km2 in China. Clay minerals in loess have complex chemical composition, high specific surface areas, and high negative charge (Xue et al., 2021a, 2021b; Duan et al., 2021; Bai B. et al., 2021, 2021b). The forming of water during the EK remediation process can cause the swelling and dispersion of clays in loess toward increasing the thickness of the electric double layer and causing a reduction in the suction (Hu et al., 2021a; Hu et al., 2022a; Wang et al., 2022a). The reduced suction deteriorates the metastable structure of the loess, accompanied by the collapse deformation (Wang et al., 2020; Hu et al., 2021a), which makes the channel of the pore decrease and further limits the application of EK remediation technology.
Previous studies have shown that the EK remediation technology has the potential to effectively remove heavy metals from soil (Chen et al., 2020; Wang et al., 2021), especially in sandy soil (Baker et al., 2018; Puppala et al., 1997), soft soil (Wang et al., 2021), black soil (Yuan et al., 2017), and kaolin (Li et al., 2019). A significant body of research conducted over the past few years has greatly improved our understanding of the removal of heavy metals and their influencing factors when using EK technology. For instance, Kim et al. (2005) evaluated the potential of EK technology enhanced by an ion-exchange membrane (IEM) for remediating heavy metal contaminated soils. The experimental results indicated that the effectiveness of EK technology was increased by an enhancement scheme using an IEM. Xu et al. (2020) found that applying the cation exchange membrane (CEM) to the cathode could increase the removal efficiency by decreasing soil pH near the cathode. Ling et al. (2021) confirmed the effectiveness and feasibility of electrokinetic geosynthetics (EKG) electrodes in long-term subgrade improvement technology based on electroosmosis. Compared to the traditional graphite electrode, both laboratory and field tests indicated that the EKG electrode is more suitable for long-term electroosmosis treatment because of the lower energy cost of the EKG electrode. Chang et al. (2018) proposed that applying the circulation-enhanced electrokinetic system can maintain a relatively neutral pH of treated soils and make the removal efficiency of Cd and Pb achieve 91 and 85%, respectively. Mohadi et al. (2019) illustrated that contaminated soil remediation could be affected by the operating conditions of the EK process, including pH control, refreshing electrolytes, and changing voltage gradient. Fan et al. (2021) found that the EK coupled with acidic permanganate of the regular oxidant supplement is appropriate for mass removal of heavy metals and polycyclic aromatic hydrocarbons, especially in low-buffered soils. Zhou et al. (2021) and Wang et al. (2021) noted that coupling the EK with other remediation technologies could improve the efficiency of EK remediation or decrease energy costs. Handling Cu- or Pb-rich wastewater, induced by metallurgical activities, is deemed a challenging task, especially in the NW of China. Permeation of Cu and Pb into ground soils can decrease plants’ photosynthetic activities (Bilal et al., 2013; Mwandira et al., 2017; Meseldzija et al., 2019) and cause their accumulation. Their accumulation could lead to great harm to organisms or even to humans through food chain (Zu et al., 2004; Tak et al., 2013; Hu et al., 2021a; Hu et al., 2022b; Wang et al., 2022b).
A number of questions regarding the underlying mechanisms affecting the EK remediation efficiency remain (e.g., effect of electrode polarization, heavy metal precipitation surrounding the cathode, etc.). The main objectives of this study are 1) to investigate the effect of electrode types, the external regulatory system with adsorbent (ERSA), and CEM on the removal of copper and lead; 2) to reveal the underlying mechanisms affecting the EK remediation efficiency; and 3) to shed light on the potential of applying the modified EK reactor to remedying the Cu- and Pb-rich water bodies.
2 MATERIALS AND METHODS
2.1 Sampling and specimen preparation
In NW China, dust and sand brought by wind are deposited in the Loess Plateau, and loess is formed after three stages of leaching, illuviation, and accumulation of the aeolian materials. There are three major geomorphologic features present in the Loess Plateau: loess ridges, hills, and bedrock gullies. Boreholes data indicate that the strata overlying the sandstone bedrock consist of Palaeosol and the overlying Malan (Q3) loess, and their thickness varies between 22 and 31 m and 2 and 5 m, respectively (Zhu et al., 2011; Hu et al., 2021a). A series of Q3 loess block samples from Lantian, Shaanxi Province, were used in this work, approximately 22 km southeast of Xi’an, with a sampling depth of 3.0–4.5 m. In addition, samples retrieved from the sampling site and used in this study have not detected Cu and Pb. The particle-size distribution curve of Q3 loess is shown in Figure 1. The basic physical and chemical properties of the loess used in this study were determined immediately upon the delivery of the loess blocks according to the (Ministry of Water Resources of the People’s Republic of China, 2019) and summarized in Table 1, such as initial water content, void ratio, pH, EC, and element composition.
[image: Figure 1]FIGURE 1 | Particle-size distribution of the loess.
TABLE 1 | Physicochemical properties of the loess.
[image: Table 1]Previous studies (Zeng et al., 2020; Zheng et al., 2021) have indicated that the process of loess contaminated by heavy metals causes changes in the microstructural characters because of the loess–water–chemical interactions. Furthermore, the process of EK remediation again changes the microstructure of the contaminated loess by the electroosmosis of pore water and electromigration of cations and heavy metal ions. Considering this, compared with the test on real contaminated matrices, the spiked matrices can better ensure the uniformity of the distribution of contaminants. They might be more appropriate in exploring the main contributor to the enhanced remediation efficiency and revealing the improved mechanism of leading the higher remediation efficiency. According to the National Bureau of Statistics (2001) data, Cu and Pb were selected as spiked contaminants for the soil treatment tests. The concentration of Cu and Pb was selected as 500 mg/kg, respectively, according to the previous study (Yuan et al., 2017; Zang et al., 2019) and the data of the National Bureau of Statistics (2018).
The natural loess was air-dried, pulverized, sieved (2 mm), and stored in a sealed glass cylinder. Our previous work took three degrees of compaction (0.8, 0.85, and 0.9) and three moisture contents (15, 20, and 25%) into account while remedying the Cu- and Pb-contaminated loess through the EK remediation technology. The experimental results indicated that the lower degree of compaction (i.e., 0.8) promoted the formation of the agglomerate structure, and therefore, causes the electromigration path wider and straighter, elevating the percentage removal of heavy metals. Furthermore, the slippage of the Gouy layer aggravates the electromigration of the cations and heavy metal ions when subjected to the higher initial water content (i.e., 25%), thereby enhancing the removal of heavy metals. These two parameters were subsequently applied to the testing scheme. The mass of the Cu nitrate [Cu(NO3)2] and Pb nitrate [Pb(NO3)2] with a purity >99% were calculated following the quality of air-dried loess. Then the Cu nitrate [Cu(NO3)2] and Pu nitrate [Pb(NO3)2] were dissolved in the given amount of deionized water. The solution containing copper and lead ions was sprayed into the loess in layers according to the Ministry of Water Resources of the People’s Republic of China (2019). When the loess soil is exposed to a solution containing Cu and Pb ions, the initial adsorption reaction of heavy metals entering the soil is swift. This reaction is usually completed within a few hours and no longer exists later. The ecotoxicity of Cu and Pb in soil decreasing slowly with time is called aging treatment. The prepared Cu- and Pb-contaminated loess was sealed and stored in a moisturizing tank for 72 h to simulate the time effect of on-site contamination and ensure the even distribution of toxicity.
In all cases, the specimens were compacted in five layers to control the degree of compaction of contaminated loess on the reactor after aging treatment. After every layer preparation was completed, the surface of the layers was treated with a knife to make the two layers of soil come into close contact until the fifth layer. The EK reactor and experimental details after the sample is prepared will be introduced in the following section.
2.2 Modified electrokinetic reactor and experimental design
A modified EK reactor applied to EK experiments in the present study mainly consists of one soil chamber made of plexiglass, two electrode cells, a pair of electrodes, two electrolyte reservoirs, two peristaltic pumps, one DC regulated power supply, the ERSA and data acquisition system, as shown in Figure 2. Dimensions of the soil chamber are 500 mm (length) × 150 mm (width) × 150 mm (height). Furthermore, the dimensions of the electrode cell are 100 mm (length) × 150 mm (width) × 150 mm (height). The two electrode cells are attached to both sides of the soil compartment containing six parts (termed S1 to S6 hereafter) and separated from the soil compartment using a geotextile and porous plate. The filling height of the soil in the soil chamber should be slightly higher than the liquid level of electrolyte in the electrode compartment, while the liquid level of electrolyte in the electrode compartment should be equal to the height of the lower end of the overflow controller. The setting of the overflow controller is used to ensure a constant liquid level of electrolyte in the electrode cell. A pair of electrodes were deployed to electrode compartments toward developing the electric field using a DC power supply. The two electrolyte reservoirs are connected respectively to the two electrode compartments. Moreover, the ERSA was used to adsorb the heavy metals in the anodic electrolyte and ensure that the purified anodic electrolyte was circulated the cathode cell using two peristaltic pumps. The two peristaltic pumps were opened throughout the EK remediation. The anodic electrolyte was circulated to the cathode cell to prevent pH surrounding the cathode from going higher. Measurements of pH, electrical conductivity (EC), electric current, and electroosmosis were done in each part (S1 to S6) using the data acquisition system during the EK remediation.
[image: Figure 2]FIGURE 2 | Schematic illustration of the electrokinetic reactor.
Material selection of the electrode itself is crucial in mitigating the effect of electrode polarization, and it has focused on EC and electrochemical activity. In light of this, higher current density and corrosion resistance were deemed as the main criteria for determining an appropriate material of electrodes applied to the EK remediation (Han et al., 2021; Wang et al., 2021). There are two types of electrodes present in this study: graphite and EKG (Wen et al., 2021). Both meet the said requirements. A pair of EKG electrodes were used as the modified electrodes, and a pair of graphite electrodes were used as the reference electrodes (see Table 2). According to the nitrogen adsorption method, it is essential to point out that the specific surface area (SSA) of the graphite electrode and EKG electrode was 1.12 × 103 m2/kg and 8.90 × 103 m2/kg, respectively. Furthermore, the theoretical SSA of graphene particles was nearly three times greater than biochar particles. The larger the SSA, the stronger the adsorption capacity. The adsorbent may affect the performance of the external regulatory system in the circulation of anolyte. To this end, two different types of high-efficiency adsorbents were considered, including biochar and graphene. Moreover, the CEM was used to evaluate its utility and mechanism in EK remediation. At the end of each EK experiment, the Cu and Pb removal was analyzed and compared against other EK experiments. All EK experiments had three replicates. An error bar has already been added to figures where necessary. Statistical analysis indicates that the coefficient of variance for the EK experiments is <15%, which is within the requirement being the coefficient of variance for usual, accessible experimental measurements.
TABLE 2 | Experimental design of the enhanced electrokinetic remediation of Cu- and Pb-contaminated loess.
[image: Table 2]3 RESULTS
3.1 Effect of electrode type
Soil pH is a critical factor affecting the EK remediation efficiency. EK treatment changes pH through the electrolysis reaction at the electrodes and the migration of H+ and OH−. The changes of pH against different sections of the modified EK reactor applied to the present work are presented in Figure 3. Acar and Alshawabkeh (1993) found that the H+ dominates the EK remediation efficiency because the mobility of H+ is 1.75 times faster than that of OH− (Bala et al., 2015). In the present work, the electrolysis unit consists of the electrodes for electrolysis, during which the modified EK reactor causes pH to increase sequentially from anode to cathode, while EC however behaves in a manner against pH (Figures 3A,B). When graphite is considered as the electrode, the pH surrounding the anode decreases to 6.70 and the pH surrounding the cathode increases to 7.79. Considering EKG as the electrode, the pH surrounding the anode decreases to 3.09 and the pH surrounding the cathode increases to approximately 9 (Figure 3C). Compared to the graphite electrode, the EKG electrode for a given soil section made pH surrounding the anode lower and the one surrounding the cathode remained nearly the same. This causes the hydrogen ions to adsorb on the soil particle surfaces, and the hydroxide ions leave behind, elevating pH surrounding the cathode. In contrast, the EC surrounding the anode is the highest and the one surrounding the cathode is the lowest. The acidic environment surrounding allows more ions to be desorbed from the loess, which causes EC to increase.
[image: Figure 3]FIGURE 3 | (A) soil temporal relationship, (B) soil EC temporal relationship, and (C) relationship of soil pH versus soil section.
It is well known that the changes in the electric current and electroosmotic flow (EOF) have significant effects on the remediation efficiency of heavy metals. In general, the variation of electric current against the time can be characterized as two stages (Stages I and Ⅱ) (Figure 4). Stage Ⅰ can be characterized as an initially sharply increasing curve. Stage Ⅱ can be described as a subsequently gently decreasing curve with the exception of EKG. H+ ions and OH− ions are discharged from the anode and cathode respectively throughout the EK remediation, which leads to an increasing number of ions migrated. Apart from that, H+ also causes the soluble salts and minerals of the loess to dissolve, which further increases the number of ions migrated. The migration of H+ promotes the desorption of heavy metals from the loess surface. Electric current increases quickly with the elapsed time as a result, as indicated by Stage I of Figure 4. The alkaline front is responsible for the precipitation surrounding the cathode, thereby causing the electrical resistance to increase and electric current to decrease. The electric current for EKG remains at a relatively high level, most likely because of the reduced effect of electrode polarization. Furthermore, gas bubbles, while using the graphite electrode, are constantly present on the electrodes’ surface throughout the EK remediation, causing some difficulty in discharging more ions and lifting up EC. Moreover, the concentration polarization simultaneously presents in the anode and cathode cells, which also leads to a decrease in electric current. Compared to the graphite electrode, a higher SSA of the EKG electrode leads to lower current density on the surface and reduces the concentration polarization toward causing larger potential differences and higher EC. A higher electric current implies that H+ and OH− are discharged faster. These results provide testimony to the main cause leading to the EOF curve for EKG lying above the graphite curve, given a more significant heavy metal precipitation following a certain period of time (here it is 40 h) (Figure 4).
[image: Figure 4]FIGURE 4 | Variation of electric current and electroosmotic flow (EOF) versus time during the electrokinetic experiment subjected to the effect of electrode type.
EOF depends highly on soil zeta potential, and the zeta potential depends on the interfacial chemistry between the pore fluid and particles. The zeta potential is negative under neutral and alkaline conditions (Acar and Alshawabkeh, 1993). As discussed, the EKG electrode causes H+ and OH− to be discharged manner and turns the most areas of the specimen into acidic environments, causing higher EC and EOF (Figure 4). Cationic metal is generally transferred to the cathode by electromigration and electroosmosis (Acar and Alshawabkeh, 1993). The Cu and Pb remediation efficiency against different soil sections is presented in Figure 5. Compared to the graphite electrode, the EKG electrode for a given soil section made pH surrounding the anode lower. The migration of H+ promotes the desorption of heavy metals from the surface of the loess improving the remediation efficiency. Such advantage is reduced with the increase in the distance from the anode. Furthermore, the Cu remediation efficiency is higher than the Pb remediation efficiency. Considering the ionic radius of Cu2+ is smaller than the ionic radius of Pb2+ (0.073 vs. 0.119 nm), the hydrated ion radius of Pb2+ is smaller than that of Cu2+. That is, Pb2+ is much more difficult to desorb compared to Cu2+. This is, therefore, deemed as the main cause that leads to the higher Cu2+ removal.
[image: Figure 5]FIGURE 5 | Removal of Cu and Pb after the electrokinetic experiment subjected to the effect of electrode type.
In short, pH surrounding conditions play a crucial role while introducing the EK remediation using the modified EK reactor. The EKG electrode makes H+ and OH− to be discharged faster compared to the graphite electrode, turning most areas of the specimen into acidic environments. The lower the pH surrounding, the more ions to be desorbed, and the higher the EC toward elevating EOF. Considering more cations are discharged while using the EKG electrode, the cations, in turn, reduce the zeta potential, forming an agglomerated structure. The agglomerated structure shortens the migration path of Cu2+ and Pb2+ and then elevates EOF and the remediation efficiency.
3.2 Effect of the external regulatory system with the adsorbent
Despite the advantages of the EKG electrode, precipitation surrounding the cathode is still notable, causing an inability of elevating the EK remediation efficiency. In the control group (using EKG only), pH varies from 3.1 to 9.0 (Figure 6A). In the other test group (considering EKG and biochar), pH varies from 5.3 to 6.6, while in another test group (considering EKG and graphene), pH is further decreased. The increase in EC for the test groups is more significant compared to the control group, especially for the soil Sections S1–S4 (Figure 6B). These results provide testimony regarding the above argument.
[image: Figure 6]FIGURE 6 | Variation of pH and EC after the electrokinetic experiment subjected to the effect of the adsorbed material: (A) pH and (B) EC.
The variation of electric current and EOF versus time during the EK remediation using the modified EK reactor is illustrated in Figure 7. The control and test groups behave in a similar manner concerning the change in electric current (Figure 7A). Notwithstanding, the EOF of the test groups increases very quickly compared to that of the control group, implying that precipitation surrounding the cathode is eased using the ERSA system (Figure 7B). The Cu and Pb remediation efficiency following the EK remediation is presented in Figure 8. The highest Cu remediation efficiency of 78.8% is attained using the EKG electrode with graphene, while the highest Pb remediation efficiency of approximately 59.6% is attained using the same approach. Furthermore, the EK remediation using the EKG electrode performs the worst among the three approaches, most likely because of the formation of precipitation surrounding the cathode. These results indicate that the accumulated EOF is the main cause leading to an improvement in the remediation efficiency rather than the electric current. The higher the accumulated EOF, the larger the number of heavy metals migrated, and the higher the remediation efficiency.
[image: Figure 7]FIGURE 7 | Variation of electric current and EOF versus time during the electrokinetic experiment subjected to the effect of the adsorbed material: (A) electric current and (B) accumulated EOF.
[image: Figure 8]FIGURE 8 | Removal of Cu and Pb after the electrokinetic experiment subjected to the effect of the adsorbed material: (A) Cu and (B) Pb.
In summary, although the EKG electrode can ease the effect of electrode polarization and aggravate the discharge of H+ and OH− in the EK remediation, there is a significant shortcoming concerning the formation of precipitation surrounding the cathode, thereby reducing the remediation efficiency. The ERSA system is considered effective in mitigating the formation of precipitation where the electrolyte extracting from the anode cell and injecting into the cathode cell reduces the pH surrounding the cathode. The lower the pH surrounding the cathode, the more unlikely the formation of precipitation, and the higher desorption possibility of Cu2+ and Pb2+. This is considered as the main cause leading to the highest remediation efficiency while using a combination of the EKG electrode and graphene.
3.3 Effect of cation exchange membrane
The variations of pH and EC against six soil sections under the CEM effect are presented in Figure 9. The use of CEM not only prevents a migration of OH− to the specimen, but also further reduces pH over the entire specimen. In light of this, EC uses a combination of EKG and graphene as well as CEM that is higher compared to EC either using EKG or using a combination of EKG and graphene. A higher EC causes the electric current to go higher, leading to a higher EOF (Figure 10A). It is worth noting that the highest electric current is attained using EKG, while the lowest electric current is attained via a combination of EKG and graphene as well as CEM. This contradicts the above argument. This is because although the use of ERSA system can ease the formation of precipitation surrounding the cathode, it also circulates the anodic electrolyte to the cathode cell toward reducing the number of ions and causing a reduction in the electric current. In contrast, the number of ions in the anodic electrolyte does not show a drop when the ERSA system is neglected in the EK remediation, causing the highest electric current. The lower pH reduces the zeta potential and causes the formation of agglomerated structure toward lifting up the EOF (Figure 10B). The highest EOF is attained using a combination of EKG and ERSA (graphene), as well as CEM, most likely because of a reduction in the heavy metal precipitation, induced by the higher graphene’s adsorption capacity. The variations of Cu and Pb remediation efficiency against six soil sections are shown in Figures 11A,B respectively. Overall, the Cu remediation efficiency is higher than the Pb remediation efficiency. Furthermore, the remediation efficiency using the modified EK reactor can be ordered as follows: EKG < EKG + ERSA (Biochar) < EKG + ERSA (Graphene) < EKG + ERSA (Biochar)+CEM < EKG + ERSA (Graphene)+CEM.
[image: Figure 9]FIGURE 9 | Variation of pH and EC after the electrokinetic experiment subjected to the effect of the different treatments: (A) pH and (B) EC.
[image: Figure 10]FIGURE 10 | Variation of electric current and EOF versus time during the electrokinetic experiment subjected to the effect of the different treatments: (A) electric current and (B) accumulated EOF.
[image: Figure 11]FIGURE 11 | Removal of Cu and Pb after the electrokinetic experiment subjected to the effect of the different treatments: (A) Cu and (B) Pb.
4 DISCUSSION
It is well known that electric current flows through electrodes, leading to the polarization of the anode and cathode (Yuan et al., 2017; Wang et al., 2021). In this study, the use of graphite electrodes reduces not only the electric current, but also the EOF because of its polarization (Figure 4). Compared to the graphite electrode, the EKG electrode has a larger SSA and lower current density, and therefore, the migration of heavy metals is faster (Figure 12A). The discharge of H+ and OH− from the anode and cathode, respectively, is faster. This also indicates the faster acidification of the soil surrounding the anode and the faster precipitation surrounding the cathode. Therefore, the EKG electrode outperforms the graphite electrode regarding the removal of Cu and Pb (Figure 5).
[image: Figure 12]FIGURE 12 | The enhancement mechanisms for Cu and Pb removal in loess: (A) enhancement mechanism of EKG electrode, (B) enhancement mechanism of the EKG + ERSA, (C) enhancement mechanism of the EKG + ERSA + CEM.
Previous studies have emphasized the formation of precipitation surrounding the cathode. It impedes the development of electric current and then EOF toward degrading the remediation efficiency. To tackle such difficulty, the ERSA system was applied in this work to mitigate the formation of precipitation by circulating the anodic electrolyte to the cathode cell (Figure 12B). The pH surrounding the cathode was reduced as a result, preventing the formation of precipitation from occurring (Figure 6A). To this end, desorption of the heavy metals becomes easier than before, and an agglomerated structure can be formed because of the reduced pH surrounding. The agglomerated structure widens the electromigration path and indicates a higher EOF and a better remediation efficiency (Figures 7B, 8).
Although the ERSA use of is considered effective in reducing pH over the entire specimen, the formation of precipitation surrounding the cathode because of the soil alkalization remains to be addressed. In the present work, the use of CEM aims to further address the said issue by preventing the migration of OH− to the specimen from the cathode (Figure 12C). A reduction in pH surrounding the cathode provides testimony regarding the above argument (Figure 9A). The smaller number of OH− migrated, the lower potential of the formation of precipitation, and the higher the remediation efficiency. The thinner diffuse double layer, induced by the reduced pH, decreases the tortuosity of the electromigration path of cations and heavy metal ions. This also increases the electric current and EOF, indicating an improvement in the remediation efficiency (Figures 10, 11).
Overall, the use of EKG tackles the effect of electrode polarization. However, the effect of soil alkalization surrounding the cathode remains to be addressed. The ERSA system applied to the present work satisfactorily addresses the effect of soil alkalization surrounding the cathode by circulating the electrolyte from the anode cell to the cathode cell. Notwithstanding, the migration of OH− to the specimen still causes some difficulty in easing the formation of precipitation surrounding the cathode. The combination of EKG electrode and ERSA, as well as CEM, is applied to the EK remediation and found to be effective in tackling the said problems (i.e., soil alkalization and heavy metal precipitation). The remediation efficiency as high as >85% verifies the applicability of the combination of EKG electrode and ERSA system, as well as CEM. The findings shed light on the potential of applying the EK technology in contaminated site remediation.
5 CONCLUSION
This study investigated the underlying mechanisms affecting the Cu and Pb remediation using the EK technology. The modified EK reactor was considered effective in improving the removal of Cu and Pb. Based on the results and discussion, some main conclusions can be drawn as follows:
1) The EKG electrode has a larger SSA and a lower current density, preventing the effect of electrode polarization and causing higher electric current. This further increases the EOF and causes an improvement in the removal of Cu and Pb. Notwithstanding, the formation of heavy metal precipitation surrounding the cathode still has to be addressed.
2) The ERSA system aims to reduce pH surrounding the cathode by circulating the anodic electrolyte to the cathode cell. The reduced pH eases the formation of heavy metal precipitation. The same reason also indicates easier desorption of Cu2+ and Pb2+ and a formation of the agglomerated structure. The agglomerated structure not only widens the electromigration path, but indicates a higher EOF and better remediation efficiency.
3) The use of CEM intends to prevent the migration of OH− to the specimen, thereby attaining the lowest pH and tackling the formation of precipitation surrounding the cathode. Such very low pH causes the diffuse double layer to become even thinner and decreases the tortuosity of the electromigration path of cations and heavy metal ions, indicating an increase in the electric current and EOF and improvement in the remediation efficiency. These results stand out as the relative merits of the modified EK reactor, namely, mitigating the effect of electrode polarization and easing the heavy metal precipitation surrounding the cathode. The findings shed light on the potential of applying the modified EK reactor to remedying the Cu- and Pb-rich water bodies.
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