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To evaluate the effect of in situ chemical remediation on copper (Cu) immobilisation and migration, in situ chemically remediated soils from a smelter-impacted field were partitioned into four aggregate size fractions and their Cu adsorption characteristics were investigated. The results indicate that the highest Cu concentration occurred in the <0.053 mm size fraction, while the highest Cu mass loading was obtained in the 0.25–2 mm size fraction (39.9–42.5%). However, in situ remediation increased the Cu mass loading levels in the >0.25 mm aggregates. A pseudo-second-order model was used to fit the adsorption process obtained in kinetic experiments, while the data from isothermal experiments were described using the Freundlich model. The fastest adsorption rate was observed in the <0.053 mm fraction, and the adsorption capacity of the soil aggregates improved after combined in situ remediation. The amount of Cu2+ adsorbed increased with increasing pH. The <0.053 mm fraction exhibited lower desorption compared with the other fractions at low pH values. In addition, all particle size aggregates treated with apatite and Elsholtzia splendens had the lowest desorption rates at different pH values.
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1 INTRODUCTION
Due to rapid industrial and agricultural development, heavy metals can enter the soil in large quantities through agricultural activity, atmospheric sedimentation, and wastewater irrigation, among others. Heavy metals that accumulate in the soil not only reduce the soil quality, its microbial activity, and crop yields, but also threaten ecosystem security and human health (Zhang et al., 2015). In recent decades, researchers have conducted a variety of studies to develop practices that solve the problem of soil heavy metal pollution, including bioremediation and integrated remediation. However, some technologies are not suitable for practical applications owing to their limitations. The combined use of plant-based and chemical additives for in situ remediation is one of the most inexpensive and effective methods for remediating soils contaminated by heavy metals (Xu et al., 2020; Li et al., 2021). Chemical remediation mainly involves the addition of low toxicity or non-toxic inorganic chemical materials to the soil, which can change the heavy metal mobility in the soil by changing the soil properties and environment (Jin and Kwak, 2019). Inorganic chemical materials including lime, apatite, zeolite, iron manganese oxide, silicate, sepiolite, red mud, bone char, compost, steel slag, montmorillonite, attapulgite, and vermiculite have been reported to effectively stabilise heavy metals in soil and reduce the bioavailability of heavy metals (Zheng et al., 2012). In addition, previous research has shown that potential metal mobility in the soil is mainly determined by the adsorption–desorption process (Samsuri et al., 2019). Through adsorption, heavy metals only accumulate in the topsoil in the case of relatively low concentrations; however, they will migrate to the deeper soil layers and can contaminate groundwater by rainwater leaching or irrigation when the pollution exceeds a certain level (Haynes and Graham, 2004). Metals retained in the topsoil are not only a potential hazard to plants, animals, and microorganisms, but also pose major threats to human health through the food chain (He et al., 2020).
As the basic unit of soil structure, the study of aggregate forms, stability, and its influencing factors is critical for maintaining good soil structure and fertility, as well as for reducing pollutant migration (Zhao et al., 2017). Due to different physical and chemical characteristics, the abilities of various particle size aggregates to adsorb foreign materials (metals, N, P, etc.) may differ, and it is generally accepted that fine soil particles have a higher capacity to carry heavy metals than coarser particles, owing to their larger specific surface area and higher organic matter and Fe/Mn/Al oxide contents (Xu et al., 2013a; Xiao et al., 2016; Huang et al., 2017; Xu et al., 2017). Further, the fine soil fractions are often preferentially transported into the deep soil, surface/groundwater, and air (Nejad et al., 2021). Therefore, it is necessary to study the adsorption process between heavy metals and soil aggregates in different size fractions to determine the associated environmental risks during remediation. To date, although some related studies have been conducted (Huang et al., 2020), most of the previous studies have been conducted using urban soil (Li et al., 2015), dust (Ma and Singhirunnusorn, 2012), and sediment (Yu et al., 2011), while arable soil has not been investigated. In addition, the distribution of the aggregates and the changes in the adsorption characteristics of heavy metal ions to the aggregates during the remediation process have not been evaluated.
In southern China, excess heavy metals in the soil are becoming increasingly serious due to industrial and agricultural activity. Due to the low soil pH, as well as the high activity and toxicity of the heavy metals in the soil, agricultural production in this region has been seriously impacted (Xue et al., 2012; Zhu et al., 2018); therefore, it is important to investigate soil heavy metal remediation in this region and determine the effects of remediation on the metal adsorption–desorption with soil aggregates, which is critical for evaluating the remediation effects and environmental risks after remediation (Alireza and Fahadani, 2018; Zhang et al., 2020). In this study, the effects of three types of inorganic chemical materials (soda residue, apatite, and lime) on Cu availability and distribution in bulk soil were investigated. We also explored the effects of combined remediation approaches on Cu distribution in soil aggregates, and kinetic, isothermal adsorption, and pH experiments were used to determine the adsorption–desorption characteristics of Cu onto various soil aggregates. This study provides new insights into the adsorption mechanism between soil aggregates and heavy metals, and assesses the heavy metal pollution risk in the soil during remediation.
2 MATERIALS AND METHODS
2.1 Experimental Design
The experimental site was located in Guixi City, Jiangxi Province, China. The residents in this area use Cu-contaminated water that is discharged from a copper smelter for farmland irrigation and atmospheric metal deposition, resulting in heavy metal pollution (mainly Cu) on more than 130 hm2 of the surrounding farmland (Li et al., 2009). To reduce the soil pollution hazards in this area, field experiments were conducted in triplicate and were designed using a randomised block. Each plot covered 6 m2 (3 m × 2 m) and was separated by plastic plates. Four remediation treatments were applied: 1) 0.5% soda residue (w/w according to the mass of the upper 0.17 m of soil, 2) 1% apatite, 3) 0.2% lime, and 4) no remediation (control). The material doses used in the experiment were based on previous research results (Xu et al., 2017). The materials were added to the soil on 26 December 2012 and were mixed fully with the soil using a rotary cultivator. Elsholtzia splendens were planted on 26 April 2013 2014, and 2015, with a planting density of 0.3 m × 0.3 m. A compound fertiliser was applied before the plants were planted at a rate of 0.833 t ha−1. During 2012–2015, remediation materials were applied only in 2012, and the Elsholtzia splendens were harvested in mid-December of each year. All plots were managed using the same field management. Weeds were cleared from all plots before planting every year, and no weeding was carried out thereafter.
2.2 Soil and Amendments
Soil was collected and its properties were analysed before remediation. The soil properties are listed in Table 1. After the field immobilisation, remediation was performed for 3 years. Soil samples were collected from each plot, with volumes of 0.20 m × 0.2 m × 0.17 m, and three samples were selected and mixed to form a representative sample from each plot. These samples were air-dried and sieved through a 5 mm sieve for soil aggregate analysis. The surface soil (0—0.17 m) was also collected and passed through a 2 mm sieve to determine its basic properties and Cu concentration.
TABLE 1 | Physical and chemical properties of the soil in the study area.
[image: Table 1]The Cu concentrations of soda residue (0.25 mm particle size, Sinopec Group Lianyungang Soda Plant, Jiangsu, China), apatite (0.25 mm particle size, Nan Zhang Chang Bai Mineralization Industry Co., Ltd., Hubei, China), and lime (0.25 mm particle size, building materials market, Jiangxi, China) were 0.412 mg kg−1, 9.54 mg kg−1, and 1.36 mg kg−1, respectively. The pH values of the soda residue, apatite, and lime were 10.1, 8.40, and 12.2, respectively.
2.3 Adsorption and Desorption Experiments
Adsorption experiments were conducted to evaluate the Cu2+ adsorption capacity of the soil aggregates after remediation. The adsorption isotherms, initial pH, and adsorption kinetics were evaluated using a guaranteed reagent. A copper standard solution was used to prepare the Cu2+ solutions, and 0.1 mol L−1 HNO3 and NaOH were used to adjust the solution pH.
2.3.1 Isothermal Adsorption
Aggregates (0.5 g) of different particle sizes were placed into a 50 ml polypropylene centrifuge tube, and 25 ml of Cu2+ solution with various concentrations (10, 20, 50, 100, and 200 mg L−1) were added. The suspensions were shaken at 160 rpm for 4.0 h and then kept still for 20.0 h at a constant temperature of 25 ± 0.2°C. The samples were then centrifuged at 4,000 rpm for 20 min and the supernatants were filtrated through a 0.45 μm micro membrane for analysis of the Cu2+ concentrations. To analyse the adsorption characteristics of Cu2+ by the aggregates, the Langmuir and Freundlich equations were used to simulate the adsorption (Eqs 1, 2, respectively):
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where qe is the equilibrium adsorption capacity (mg kg−1), Ce is the Cu2+ concentration of the solution when the adsorption reaches equilibrium (mg L−1), qL is the maximum Cu2+ adsorption capacity of the aggregate (mg kg−1), and KL (L mg−1), KF (L mg−1), and 1/n are constants.
2.3.2 Kinetic Adsorption
Analysis of the kinetic process is helpful for understanding the adsorbent’s adsorption rate for metal ions in solution. The kinetic experiments were conducted according to the following steps. Aggregates (1 g) of different size fractions were added to the aqueous solution (100 mg L−1, pH 5, 50 ml) and shaken at 160 rpm at 30°C for 4 h in a reciprocating shaker. Samples (5 ml) were collected using a pipette (Eppendorf, Research Plus, 0.5–5 ml) after 5, 10, 20, 30, 60, 120, 240, and 480 min. After equilibration, the suspensions were centrifuged at 4,000 rpm for 20 min, and the supernatant was filtered though a 0.45 μm micro membrane to determine the Cu2+ concentrations.
To analyse the adsorption kinetics, pseudo-first-order (Mobasherpour et al., 2014) and pseudo-second-order kinetic (Ho and McKay, 2000) equations were used to fit the adsorption data (Eqs 3, 4, respectively):
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where k1 (min−1) and k2 (g mg−1 min−1) are the adsorption rate constants, and Qe and Qt (mg g−1) are the amounts of solute adsorbed per unit of adsorbent at equilibrium and at time t, respectively. The initial adsorption rate v0 (mg g−1 min−1) was calculated using v0 = k2Qe2.
2.3.3 Adsorption and Desorption at Different pH Values
In order to understand the effect of pH on Cu2+ adsorption and desorption by the soil aggregates, 0.5 g of aggregates in different size fraction were placed into a 50 ml polypropylene centrifuge tube, to which 25 ml of Cu2+ solution with pH values of 2.0, 3.5, 5.0, and 6.5 were added. The method and measurement of Cu2+ were the same as those used in the isotherm adsorption experiments. Then, 25 ml of 0.01 mol L−1 NaNO3 was added to each tube to replace the Cu2+ and the following methods (shaking, equilibration, centrifugation, and separation) were the same as those used the isotherm adsorption experiments. The total desorption capacity of Cu2+ was obtained by repeating these operations three times.
2.4 Chemical Analyses
Soil pH was measured using a glass electrode at a water:soil ratio of 2.5:1 (PHS-2CW-CN, Bante, Shanghai, China). Soil organic carbon (SOC) and total nitrogen were determined according to the Deshpande’s method (Deshpande et al., 1958). Soil available phosphate (P) and nitrogen (N) were measured according to Bingham’s method (Page, 1992). The CEC was measured using the ammonium acetate method (Pansu and Gautheyrou, 2006). The total Cu in the bulk soil and aggregate size fractions, and the available Cu in the bulk soil were measured according to the methods of Pansu (Pansu and Gautheyrou, 2006).
2.5 Aggregate Analyses
The soil aggregates were divided into >2 mm, 0.25–2 mm, 0.053–0.25 mm, and <0.053 mm according to Elliott’s method (Shaver et al., 2003).
2.6 Statistical Analyses
All treatments were performed in triplicate. All of the data used in this study were analysed using the SPSS 20.0 software package and Excel 2010 (Microsoft, USA). Sigmaplot 12.5 was used to generate the graphics.
3 RESULTS AND DISCUSSION
3.1 Soil Characteristics and Plant Biomass
After 3 years of in situ remediation using soda residue, apatite, and lime on Cu-contaminated soil that contained Elsholtzia splendens, the soil pH increased, while the available Cu decreased significantly (Table 2). After 3 years of remediation, the SOC contents increased owing to the application of these three amendments. The highest SOC contents were observed in the soda residue treatment group, followed by the apatite and lime treatment groups. Plant growth might be achieved by increasing the amount of litter and fine roots, and by changing the structures of soil aggregates, which further leads to increases in SOC content (Pez-Bellido et al., 2010; Li et al., 2017). The remediation materials combined with planting Elsholtzia splendens did not have a major effect on soil total N or total K; however, the application of apatite could improve the total phosphorus concentration in the soil. This may be because apatite contains large amounts of phosphorus, which dissolves after being applied to the soil. In addition, this region typically experiences acid rain settling (Tao et al., 2014), which may facilitate apatite dissolution (Oliva et al., 2012; Brahim et al., 2017), thereby increasing the soil total and available phosphorus concentrations. The total Cu concentration increased slightly in the remediated soils that received a combined treatment (Table 2). This was mainly because of severe atmospheric deposition that occurs in this area, whereby heavy metals continually enter the soil, while surface runoff and leaching amounts varied widely among the different treatments (Madej et al., 2010; Yao et al., 2018). This could lead to an increased Cu adsorption and retention capacity, which has resulted in a slight increase in the total Cu concentration in the remediation soil (Cui et al., 2016).
TABLE 2 | Soil properties after 3 years of remediation.
[image: Table 2](SOC = soil organic carbon, TN = soil total nitrogen, TP = soil total phosphorus, AN = soil available nitrogen, EP = soil effective phosphorus, AK = soil available potassium, T-Cu = soil total Cu, CK = untreated soil, AS = soda residue + Elsholtzia splendens, AP = apatite + Elsholtzia splendens, LI = lime + Elsholtzia splendens. Different lowercase letters indicate significant differences between treatments during the same year, n = 3, p < 0.05).
3.2 Cu and Cd Contents in the Wet Aggregate Fractions
Wet aggregates have been used to study changes in heavy metal distributions during long-term soil use (Hardie et al., 2014). Thus, we measured the Cu concentrations and distributions in wet aggregates. The highest Cu concentration was observed in the <0.053 mm size fraction, followed by the 0.25–2 mm, > 2 mm, and 0.053–0.25 mm size fractions (Figure 1A) The Cu concentrations in both the >2 mm and 0.25–2 mm size fractions followed the order of soda residue > apatite > lime > control, while the Cu concentrations in both the 0.053–0.25 mm and <0.053 mm size fractions followed a descending order of apatite > soda residue > lime > control. The highest Cu mass loading was observed in the 0.25–2 mm size fraction (39.9–42.5%), followed by the 0.053–0.25 mm (26.7–32.4%), >2 mm (21.3–27.2%), and <0.053 mm (5.85–6.37%) size fractions (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Total Cu concentrations for different soil aggregate size fractions and treatments. (B) Total Cu mass loading values for different soil aggregate size fractions and treatments. CK = untreated soil, AS = soda residue + Elsholtzia splendens, AP = apatite + Elsholtzia splendens, LI = lime + Elsholtzia splendens.
Similar to the results of our previous study (Xu et al., 2013b), the highest heavy metal concentrations were observed in the <0.053 mm aggregates, which might be due to their larger surface areas. Thus, heavy metals can easily accumulate on these large surface areas by adsorption, forming chelating complexes with colloidal organic mineral particles in the finest fractions (Lo et al., 2016). In addition, only 2.9–18.3% heavy metal loading was observed in the <0.053 mm size fraction, while the >2 mm and 0.25–2 mm size fractions were important Cu reservoirs in all of the soils, which may be due to the higher aggregate contents of the >2 mm and 0.25–2 mm size fractions. Notably, after remediation, the mass loading capacities of Cu in the >2 mm and 0.25–2 mm size fractions were promoted.
3.3 Adsorption Isotherms
Figure 2 shows the experimental data and adsorption isotherms for Cu adsorption onto the soil aggregates. From the fitting results, when the initial copper ion concentration is low, the adsorption capacity of the aggregates for copper ions increased rapidly with an increase in copper ion concentrations. However, when the copper ion concentration in the solution exceeded 100 mg L−1, the growth of aggregates for copper ions was gentle, as was the increase in copper ion concentration. Significant differences were observed among the adsorption capacities of the different particle size aggregates for Cu, with the adsorption capacity of the 0.053 mm size fraction as the strongest among all four particle sizes, followed by 0.25–2 mm, > 2 mm, and 0.053–0.25 mm. In addition, we found that the maximum adsorption capacity of each aggregate particle size for Cu was improved after combined remediation, with increases of 50.8–82.3%, 60.7–87.8%, 52.2–62.6%, and 61.5–130% in the >2 mm, 0.25–2 mm, 0.053–0.25 mm, and <0.053 mm aggregates, respectively. The AP treatment exhibited the largest improvement in the adsorption capacity of the aggregates among all the treatments, while AS and LI had similar ranges of increase. The adsorption capacity of the soil that underwent combined remediation increased compared to that of CK, which may be due to the higher organic matter content. Recent studies have shown that organic matter can affect metal contents negatively or positively, owing to the formation of metal chelates or complexes, and the binding of the metal cations to organic matter can control the concentrations and toxicity of free metal ions in the soil solution (Mariela and Fernandez, 2015). Based on this theory, the lower organic matter content of the CK soil led to a lower Cu adsorption rate than in the soil that underwent combined remediation.
[image: Figure 2]FIGURE 2 | Adsorption isotherms for Cu onto the soil aggregates. CK = untreated soil, AS = soda residue + Elsholtzia splendens, AP = apatite + Elsholtzia splendens, LI = lime + Elsholtzia splendens.
The Langmuir and Freundlich isotherm parameters are presented in Table 3. The R2 values for the Langmuir and Freundlich isotherms ranged from 0.637 to 0.989 and from 0.814 to 0.960, respectively, for Cu. From the R2 values of the two fitted models, the fitting accuracy of the Freundlich model was better than that of the Langmuir model. As presented in Table 3, the maximum Cu adsorption capacity (qL, calculated from the Langmuir equation) was 1.50 × 103–3.31 × 103 mg kg−1. In addition, we found that the qL of the <0.053 mm size fraction was the largest, except for the CK treatment, while the qL value of the <0.053 mm size fraction was 1.16–1.72 times those of the other size fractions. This indicates that the <0.053 mm aggregates had the greatest adsorption potential. This was mainly due to the high surface areas and negative charges associated with fine particles, particularly for several types of clay minerals and organic matter (Huang et al., 2014). In the Freundlich theory, the value of n reflects the heterogeneity or adsorption reaction intensity of the adsorbent; the greater the n value, the better the adsorption performance of the adsorbent (Xie et al., 2021). Compared with CK, the value of n increased after combined remediation in all aggregate size fractions, and the largest increase range was that of AP, followed by LI and AS. This indicates that the adsorption capacity of the soil aggregates improved after combined remediation, which would fix Cu in the soil due to atmospheric deposition and runoff, thereby increasing the total amount of Cu in the soil, which was in good agreement with the experimental data. In rural areas, the impact of this phenomenon is not obvious; however, this phenomenon will increase the total amounts of heavy metals in remediated soil in high settlement areas, resulting in increased risks of contamination.
TABLE 3 | Langmuir and Freundlich model parameters and R-squared values calculated from Cu isotherm experimental data.
[image: Table 3]3.4 Adsorption Kinetics
The results of the kinetic experiments are shown in Figure 3; the adsorption amounts increased remarkably during the first 120 min, which accounted for over 92% of the Cu (on average) of the total amount of metals adsorbed within 4 h. Subsequently, the adsorption rate decreased gradually until adsorption equilibrium was reached. The reason for this phenomenon may be that there are sufficient adsorption sites on the aggregate particle surfaces during the initial stage of adsorption to adsorb copper ions in the solution. As the adsorption process progresses, adsorption sites on the aggregate surfaces are gradually occupied, and the number of adsorbed sites is reduced, resulting in a significant decline in the adsorption rate, and finally reaching equilibrium (Apea and Ephraim, 2012). The parameters simulated by the kinetic model are shown in Table 4. From the R2 values, the fitting effect of the pseudo-second-order kinetic equation (0.995 ≤ R2 ≤ 1.00) was better than that of the pseudo-first-order kinetic equation (0.579 ≤ R2 ≤ 0.978). The pseudo-second order kinetic equation indicates that the adsorption process is a multi-step reaction, including physical diffusion and chemical adsorption processes. The adsorption rate at the chemical adsorption site was the main controlling factor, and the adsorption mechanism was complex (Justi et al., 2004). The adsorption rate constant k2 fitted by the pseudo-second-order kinetic equation can reflect the speed of the adsorption process. The larger the kinetic rate constant, the faster the adsorption process and the shorter the time required to reach equilibrium. Compared with CK, combined remediation improved the k2 value in the pseudo-second-order kinetic model for all four particle size aggregates (Table 3). This indicates that not only is the maximum adsorption capacity of each aggregate particle size was improved after combined remediation. In addition, the Cu adsorption rate was enhanced. The initial Cu sorption rates (v0) (0.135–0.305 mg g−1 min−1) in the combined remediation were much higher than those of CK (0.0503–0.0921 mg g−1 min−1), and the clay-size fraction (<0.053 mm) had the highest v0 value for Cu compared with the other fractions, except for LI. As a whole, the v0 increased with decreased particle size, except for the 0.053–0.25 mm fraction. This indicates that the size of the soil particles is not the only factor affecting the initial adsorption rate. The initial adsorption rate is affected by other factors, including soil physical and chemical properties, which are the result of the influence of the comprehensive properties of the soil. The fastest adsorption rate observed in the <0.053 mm fraction might be due to the maximum adsorption capacity and largest specific surface area in the <0.053 mm aggregate fraction.
[image: Figure 3]FIGURE 3 | Adsorption kinetics of Cu onto soil aggregates. Experimental data are reported as points and pseudo-second order model data by curves. CK = untreated soil, AS = soda residue + Elsholtzia splendens, AP = apatite + Elsholtzia splendens, LI = lime + Elsholtzia splendens.
TABLE 4 | Pseudo-first and pseudo-second-order model parameters.
[image: Table 4]3.5 Effects of Initial pH on the Adsorption and Desorption
pH is an important factor that affects the adsorption of heavy metal ions onto the soil, which has been accepted by most researchers. Based on the pH influence curve, the copper adsorption by aggregates (Figure 4) indicates that the adsorption Cu2+ onto aggregates was strongly pH-dependent. The reason for this trend, as discussed in other similar studies (Bradl, 2004), can be explained as follows: when the pH value is low, the metal cations are in competition with the available abundant H+ for permanently charged sites. Thus, the adsorption of heavy metal cations onto soil is limited; at high pH values, this competition is weak, thereby allowing more metal to be adsorbed. Therefore, under low pH conditions, it is favourable for Cu to be released from the soil to the solution, thereby increasing their migration risk to surface water and groundwater through runoff and leaching. The <0.053 mm size fraction exhibited the highest adsorption among the four different fractions in the experimental pH range. This is consistent with the adsorption kinetics and isotherm results, which indicate that the <0.053 mm fraction had the largest Cu2+ adsorption capacity. Some researchers have postulated that the activity of the organic matter and mineral types play major roles in metal enrichment and contribute to a relatively higher portion of specific adsorption in the fine fraction (Acosta et al., 2009). For the different remediation treatments, the adsorption capacity of the aggregates treated with AP for Cu2+ was the largest capacity among the different pH values, which indicates that apatite treatment could improve the adsorption capacity of aggregates for Cu2+. It is worth noting that, when the soil had a low pH (pH = 2), only the AP treatment produced a positive adsorption capacity for Cu2+, mainly because the total soil Cu content was high in this area. When the pH of the system was very low, the Cu2+ in the aggregates could be dissolved and enter groundwater, which increases the Cu2+ concentration in the solution. As the aggregates treated with AP had a strong adsorption capacity for Cu2+, the amount of Cu2+ dissolved in the solution was less than the amount of Cu2+ adsorbed by the aggregates at a pH of 2; however, in other treatments, the amount of Cu2+ dissolved in the solution was larger than that adsorbed by the aggregates.
[image: Figure 4]FIGURE 4 | Cu adsorption at different initial pH values. CK = untreated soil, AS = soda residue + Elsholtzia splendens, AP = apatite + Elsholtzia splendens, LI = lime + Elsholtzia splendens.
In the desorption experiments using 0.01 mol L−1 NaNO3, the Cu2+ desorption rate decreased as the initial pH increased (Table 5). The desorption rate (%) was very low when the pH exceeded 3.5, and no obvious desorption phenomenon was observed for any fraction at an initial pH of 6.5. Increasing the pH results in more OH−binding Cu2+; therefore, Cu2+ desorption becomes more difficult (Dong et al., 2007; Wang et al., 2017) and pH has a dramatic effect on the desorption of Cu2+. The desorption rate of the <0.053 mm fraction was the lowest, which was mainly related to the large adsorption capacity of the fine particle size aggregates. For the different treatments, all of the particle size fractions treated with AP had the lowest desorption rates at all four pH values, which may also be due to the large adsorption capacity of apatite-treated aggregates for Cu2+. In a previous study, we found that the total Cu in the amended soils was higher than that of the untreated soil. We speculated that this may be attributed to more heavy metals immobilised in the 0—0.17 m depth (topsoil) of amendment-treated soils than those in the untreated soil (Cui et al., 2014). The results of this study further confirm that more Cu was retained and immobilised in the soils with the application of amendments, especially apatite, resulting in higher Cu concentrations in the amended soils than in the untreated soil (Soil Characteristics and Plant Biomass Section). Moreover, the results also indicate that apatite had the lowest Cu leaching risk among the amendments.
TABLE 5 | Cu2+ Desorption rate (%) at different initial pH values.
[image: Table 5]4 CONCLUSION
With the addition of soda residue, apatite, and lime, the Cu concentrations in the CaCl2 extractable and exchangeable fractions significantly decreased, while the concentrations of SOC increased significantly. The highest heavy metal concentrations were observed in the smallest aggregates (<0.053 mm), and the Cu concentrations in both the >2 mm and 0.25–2 mm size fractions followed the order of soda residue > apatite > lime > control, while the Cu concentrations in both the 0.053–0.25 mm and <0.053 mm size fractions followed a descending order of apatite > soda > residue > lime > control. The highest mass loading of Cu was observed in the 0.25–2 mm size fraction, followed by the 0.053–0.25 mm, > 2 mm, and <0.053 mm size fractions, respectively. The Freundlich equation was more accurate than the Langmuir equation for fitting the adsorption characteristics under different initial metal concentrations in the isotherm adsorption experiments. In the kinetic adsorption experiments, the adsorption data were successfully fitted using a pseudo-second order model for Cu, and the initial sorption rates (v0) of Cu in the combined remediation were much higher than those of CK, and v0 increased with a decrease in particle size, except for the 0.053–0.25 mm fraction. The amount of Cu adsorbed increased as the pH increased. After being introduced to the soil, water-soluble Cu was more likely to be enriched in the clay-size aggregates, and the fine soil particles are also the final metal transporters. The Cu2+ desorption rate decreased as the initial pH increased, and for different particle sizes fractions, the desorption rate of the <0.053 mm fraction was the lowest. For different treatments, all of the particle size aggregates treated with AP had the lowest desorption rates at all pH values. In situ remediation can therefore improve Cu adsorption onto each aggregate particle size fraction, thereby reducing desorption. When no new heavy metals enter the soil, the risk of heavy metal migration in the soil is reduced. However, in an area where the pollution source is still present, an increase in the total Cu concentration in the soil may occur, thereby increasing the associated environmental risk.
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