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Abstract

:

Effective, economical and feasible remediation technology of heavy metal pollution in farmland is an important research concentration in the field of farmland soil remediation. In order to investigate the remediation effects of formula fertilizer and biochar on cadmium (Cd)–plumbum (Pb) contaminated farmland, blank (CK), lime (SH), biochar (SWT), formula fertilizer (FL), and biochar + formula fertilizer (FS) were set up in Cd–Pb contaminated farmland. The results demonstrated the following: (1) Compared with CK, SWT and FS increased the yield by 11.21% and 15.00%, respectively, which was significantly higher than other treatments. (2) The concentrations of Cd and Pb in maize kernels under all treatments were lower than the limited value stipulated by GB 2762-2022 in China. Compared with CK, FS reduced the concentration of Cd and Pb in maize kernels by 24.96% and 31.46%, respectively, which were the most significant. All the treatments can reduce the concentrations of Cd and Pb in maize cob and straw and inhibit the transfer of Cd and Pb from the lower part of the maize field to the overground part. (3) FL, SWT, and FS increased soil pH by 0.17, 0.10, and 0.19 units, respectively. FS can reduce the concentrations of available cadmium (DTPA-Cd) and available lead (DTPA-Pb) significantly, which are 31.05% and 38.57% lower than CK, respectively. (4) Each treatment can reduce the extraction state and reducible state of weak acid Cd and Pb in soil, while increasing the proportion of oxidizable state and residual state. FL and FS significantly increased the percentage of residual Cd and Pb by 18.00% and 24.32%, respectively, and 33.33% and 37.76%, respectively. (5) FL (1.747) and FS (1.679) were relatively higher than CK in input/output. In conclusion, the combined application of biochar and formula fertilizer in Cd/Pb polluted farmland can effectively reduce the concentration of Cd and Pb in maize and has high economic benefits and practicability.
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1. Introduction


Heavy metal pollution is one of the most harmful problems to farmland soil [1,2]. Unlike organic pollutants, heavy metals are not degradable and can pose a risk to human health, either directly or indirectly through the food chain [3]. In recent years, the cultivated land area of heavy metal pollution in China’s major grain producing areas has shown an increasing trend [4]. As one of the crops widely planted in China and even the world, maize has the characteristics of large biomass, short growth cycle, and strong grain enrichment ability of heavy metals. When the concentration of heavy metals in farmland soil exceeds the standard, it will not only make the content of heavy metals in crops exceed the standard and harm human health; it will also have adverse effects on crop yield [5]. Soil pH is a key factor to control soil nutrient availability, soil microbial activities, and crop growth and development. Related studies have confirmed that lower soil pH will promote the effectiveness of Cd and Pb in soil and increase the absorption of Cd and Pb in crops. Therefore, it is of great practical significance to ensure food safety and improve the soil environment for the soil control and the absorption and accumulation control of maize Cd and Pb.



In recent years, passivation restoration measures are usually taken to reduce the activity of heavy metals in the soil to achieve the purpose of repairing the contaminated farmland during production. Biochar can fix the active heavy metal ions in soil and sediments through adsorption and is widely used for the improvement and remediation of heavy metal-contaminated soil, with the characteristics of wide source, friendly environment, and low cost. The results of field experiments showed that different types of biochar had a good remediation effect on moderate and mild Cd pollution, and the effective Cd content and crop grain Cd content decreased significantly with the increase of biochar application [6,7,8]. ZHANG et al. [9] prepared Phyllostachys bamboo biochar as an adsorbent under the atmosphere of low oxygen pyrolysis, and the adsorption capacity of Pb2+ was 67.4 mg·g−1. Existing studies have shown that the adsorption mechanism of biochar mainly depends on the type of raw materials and pyrolysis temperature of biochar [10,11].



Fertilization is a necessary measure to ensure the normal growth of crops, high yield, and high quality, and can have a great impact on the effectiveness of heavy metals. The application of nitrogen fertilizer can optimize the application ratio of ammonium nitrogen to nitrate nitrogen, improve the pH value of farmland soil, and reduce the effectiveness of heavy metals. It is a reasonable and economical method to reduce the activity of heavy metals to repair the soil contaminated by heavy metals. It mainly changes the existence form of heavy metals in the soil through the adsorption, precipitation, or co-precipitation of heavy metals so as to reduce their biological effectiveness and mobility. However, the economic cost of soil conditioner in the practical application is relatively high, which is not conducive to the large-scale promotion and application of ordinary farmers. The formula fertilizer used in this study is a kind of fertilizer to repair the function of heavy metals in soil. It is mainly composed of large particle urea, granular ammonium phosphate, potassium sulfate and conditioner and other materials. Formula fertilizer can reduce the activity of heavy metals in soil, reduce the absorption of heavy metals in soil, make the heavy metal content of crops reach the limit standard, achieve the effect of safe production, and have certain economic benefits.



The joint use of various technical means is an important development trend in the safe use of contaminated farmland in recent years. At present, the concept of formula fertilizer has not been put forward in the process of heavy metal remediation in farmland soil, and it lacks in-depth research under field experimental conditions. The effects of combining with other conditioners have not been reported. Therefore, in this study, a Cd–Pb compound contaminated farmland in Tongling city, Anhui Province, China, was selected as the experimental field to carry out field restoration experiments of heavy metals in farmland soil under formula fertilizer and biochar. By comparing maize yield, Cd and Pb concentration of plants, soil DTPA-Cd, soil DTPA-Pb and its chemical morphology change, and soil fertility, it is expected to provide theoretical and practical reference for the safe production of contaminated farmland in Tongling city, China, and even the middle and lower reaches of the Yangtze River.




2. Materials and Methods


2.1. Materials for Test


The maize variety tested was Jinyu 1233, suitable for local cultivation.



Soil conditioning materials include the following: formula fertilizer (the main components are large granular urea, granular ammonium phosphate, potassium sulfate and conditioning agents, N-P2O5-K2O: 20-10-15, Cl-: 0.43%, S: 8.84%, jointly developed by Anhui Agricultural University and China Salt Anhui Hong Sifang Fertilizer Co., Ltd.), biochar (mainly bamboo charcoal, provided by Henan Woda Environmental Protection Materials Co., Ltd.), and lime (purchased from local market).



Other fertilizers include nitrogen, phosphorus, and potassium 45% (15-15-15) compound fertilizer, pure nitrogen concentration (N) 46% urea, and pure potassium concentration (K2O) 60% potassium chloride. As shown in Table 1, the heavy metal concentration of soil conditioning materials in this test all met the limit value stipulated in the Agricultural Industry Standard Organic Fertilizer (NYT 525-2021) (Cd ≤ 3 mg·kg−1, Hg ≤ 2 mg·kg−1, As ≤ 15 mg·kg−1, Pb ≤ 50 mg·kg−1, Cr ≤ 150 mg·kg−1).




2.2. Overview of the Test Area


The experimental field is located in a strictly controlled cultivated land in Yi’an District, Tongling City, Anhui Province. The Cd and Pb concentration of maize grains in this area were 0.09–0.85 mg·kg−1 and 0.11–0.63 mg·kg−1, respectively, after the harvest of the previous season. The concentration of heavy metal Cd and Pb in cultivated soil in this experiment field was 2.37 mg·kg−1 and 83.64 mg·kg−1, respectively. DTPA-Cd and DTPA-Pb concentrations in soil were 0.802 mg·kg−1 and 54.28 mg·kg−1, respectively. The basic physical and chemical properties of soil in the test site were as follows: pH 4.79, organic matter 16.38 mg·kg−1, total nitrogen 1.03 g·kg−1, alkali-hydrolyzed nitrogen 75.37 mg·kg−1, available phosphorus 14.21 mg·kg−1, and available potassium 120.1 mg·kg−1.




2.3. Test Design and Sample Treatment


As shown in Table 2, the experimental design of the blocks adopted random distribution of the block group. There were 5 treatments in total, and each treatment block was set with 3 repetitions. There were 15 treatment blocks in total. Each district covers an area of 20 m2. Protection lines were set up between each district to irrigate clean water and cut off pollution sources.



The experiment lasted from 4 June 2021 to 17 September 2021. The method and amount of fertilization were based on local high-yield cultivation techniques. Seven days before seeding, remediation materials were applied to the plot according to the experimental design. Three days before sowing, the base fertilizer was applied at 600 kg·hm−2. The base fertilizer was 45% (15-15-15) nitrogen, phosphorus, and potassium compound fertilizer. Maize seeds were sun-sown before sowing, and on-demand sowing was conducted on 11 June 2021. The seeds were planted in double rows with 9 holes per row and 1 seed per hole. Field weeding was carried out 1 month after sowing, and field drainage and deworming were carried out in time. After weeding again 3 months later, fertilizer was replenished in time (375 kg·hm−2 nitrogen fertilizer) by sprinkling and paying attention to the combination of water and fertilizer. Sampling will be conducted on 17 September 2021 (about 3 months after the growth cycle) to determine the yield of each plot and collect soil samples and maize plant samples from each test plot.




2.4. Sample Treatment


Samples of maize plants were randomly collected, and 3–5 whole maize plant samples with uniform growth were collected from each plot. After collection, samples of maize plants in each plot were cleaned successively with tap water and deionized water, and then the whole plant was divided into roots, stalks, cores, and seeds to form mixed samples. The plants were defoliated at 105 °C for 30 min and dried at 80 °C to constant weight. The dry weight of each part was weighed and crushed by stainless steel mill. Soil samples were collected on the day of maize sample collection, and the corresponding soil samples (0–20 cm) were collected at the point where maize samples were taken with a wooden shovel to form mixed soil samples. After air drying in a cool place, the 10-mesh screen and 100-mesh screen were used for soil sieving, and the ground soils were reserved in ziplock bags.




2.5. Sample Determination


DTPA-Cd and DTPA-Pb in soil were determined by flame method with Z 700P atomic absorption spectrophotometer in Jena, Germany, according to GB/T 23739-2009 [12] in China. The concentration of heavy metals Cd and Pb in each part of the maize was determined by Z 700P atomic absorption spectrophotometer in Jena, Germany, according to GB 5009.268-2016 [13] in China. The different forms of soil Cd and Pb were determined by the improved three-step continuous extraction method of BCR [14]. The sum of the three extraction states plus the concentration of residual state were compared with the total amount of heavy metals in the national standard soil materials. The recovery rate was 94.1–103.9%, and the analysis results were within the allowable error range. Soil pH was extracted with CO2 removed distilled water (soil–water ratio 1:2.5) and determined by a precision pH meter (TARTER 2100). Other indices such as N, P, and K in soil were determined by the method specified in the Soil Agrochemical Analysis. Soil samples (GBW 07461) and plant samples (GBW 10045) were used for quality control, and the analysis results were within the allowable error range.



Indicators were calculated based on the following equations:




	
BCF = plant concentration (mg·kg−1)/soil concentration of this element (mg·kg−1);



	
TF = plant concentration of this element (mg·kg−1)/another plant concentration of this element (mg·kg−1);



	
Total yield (CNY·hm−2) = rice yield (kg·hm−2) × unit price of rice (CNY·kg−1);



	
ROI = total output revenue obtained/total input cost.









2.6. Analysis Methods


Excel 2016 was used for data collation, SPPS 23.0 was used for variance analysis of test data, and Origin 2017 was used for mapping. Data were expressed as mean ± error, and Duncan’s test was used for significant difference (p < 0.05).





3. Results and analysis


3.1. Effects of Different Treatments on Agronomic Traits of Maize


As can be seen from Table 3, under different treatments, the biomass of kernel, core, straw, and root of maize plant ranged from 153.6–176.7, 27.40–29.62, 44.73–46.64, and 5.252–5.666 g·plant−1, respectively. Compared with CK, different treatments increased the biomass of all parts of maize. The biomass of kernel and root was significantly increased (p < 0.05). The yield of maize was between 9.220 and 10.60 t·hm−2. Compared with CK, different treatments could increase the yield of maize by 6.29–15.00%. SWT and FS had significantly higher yield than other treatments (p < 0.05). The plant height, leaf length, and leaf width of maize at maturity were 212.0–231.4, 71.27–87.33, and 8.100–9.300 cm, respectively, and there was no significant difference among all treatments.




3.2. Effects of Different Treatments on Heavy Metal Absorption, Enrichment and Transport in Maize


3.2.1. Differences in Heavy Metal Cd Concentration in Different Parts of Maize


As can be seen from Figure 1, Cd concentration of maize kernels under different treatments ranges from 0.166–0.221 mg·kg−1, and all treatments except CK are lower than the limit value stipulated in the GB 2762-2022 [15]. Under FL, SWT, and FS, Cd concentration in maize kernels was 0.184, 0.179, and 0.166 mg·kg−1, respectively. Among them, FS treatment had the most significant effect on reducing Cd content in maize kernels, decreasing 24.96% compared with CK. FL and SWT decreased 16.63% and 18.89% compared with CK, respectively (p < 0.05).



The Cd concentration of maize parts was different under different treatments, and the Cd concentration of maize cob, straw, and root was 0.223–0.334, 0.601–0.857, and 0.713–0.812 mg·kg−1, respectively. Compared with CK, Cd concentrations of maize cob and straw decreased by 33.14% and 18.09% under FL, Cd concentrations of maize cob and straw decreased by 27.16% and 22.95% under SWT, and Cd concentrations of maize cob and straw decreased by 28.05% and 29.84% under FS. The reduction range of FS on maize straw was significantly higher than that of other treatments (p < 0.05), and Cd concentration in maize roots under different treatments was significantly increased compared with CK, with an increase range of 10.10–13.84% (p < 0.05).




3.2.2. Difference of Heavy Metal Pb Concentration in Different Parts of Maize


As can be seen from Figure 2, the Pb concentration of maize kernels under different treatments ranges from 0.160–0.233 mg·kg−1, and all treatments except CK are lower than the limit value stipulated in the GB 2762-2022 [15]. Under FL, SWT, and FS, Pb concentration in maize kernels was 0.164, 0.175, and 0.160 mg·kg−1, respectively. Among them, FS treatment had the most significant effect on reducing Pb content in maize kernels, decreasing 31.46% compared with CK, and the reduction rate of FL and SWT were 34.73% and 30.32%, respectively (p < 0.05).



The Pb concentrations of maize cob, straw, and root were 0.593–0.936, 15.85–21.07, and 43.15–48.56 mg·kg−1, respectively. Compared with CK, the Pb concentrations of maize cob and straw decreased by 34.73% and 21.94% under FL treatment, 33.32% and 14.95% under SWT, and 36.62% and 24.77% under FS, respectively. The reduction range of FS on maize straw was significantly higher than that of other treatments (p < 0.05), and the increase of Pb concentration in maize root under different treatments was between 10.10% and 13.84% compared with CK, but the difference was not significant (p < 0.05).




3.2.3. Differences of Cd Absorption and Enrichment in Different Parts of Maize


As shown in Table 4, soil Cd concentration under different treatments ranged from 2.269 to 2.354 mg·kg−1, with no significant difference among treatments (p < 0.05). The Cd enrichment coefficients of maize kernel, core, straw, and root ranged from 0.073–0.094, 0.102–0.142, 0.260–0.364 and 0.303–0.350, respectively, and the Cd enrichment coefficients of all parts of maize were less than 1. Compared with CK, the Cd enrichment coefficient of grain was reduced by 11.70–22.34% under different treatments, and the decrease under FS treatment was significantly lower than that of other treatments (p <0.05). The enrichment coefficient of maize cob and straw Cd decreased by 25.14% to 32.39% and 14.91% to 28.71% from CK, respectively. The enrichment coefficient of Cd in maize root increased by 13.53–15.51%, but the difference was not significant (p < 0.05).




3.2.4. Differences of Pb Absorption and Enrichment in Different Parts of Maize


As shown in Table 5, soil Pb concentration under different treatments ranged from 82.92 to 84.69 mg·kg−1, with no significant difference among treatments (p < 0.05). The Pb enrichment coefficients of maize kernel, core, straw, and root were 0.002–0.003, 0.007–0.011, 0.186–0.254, and 0.520–0.579, respectively, and the Pb enrichment coefficients of all parts of maize were less than 1. Compared with CK, there was no significant difference in Pb enrichment coefficient between different treatments (p < 0.05). The enrichment coefficient of maize cob and straw Pb decreased by 24.55–36.36% and 14.79–26.74% compared with CK, respectively, with the most significant decrease in FS treatment (p <0.05). The enrichment coefficient of Cd in maize roots increased by 2.58–11.34% compared with CK, but the difference was not significant (p < 0.05).




3.2.5. Differences of Cd Transport in Different Parts of Maize


As shown in Table 6, under different treatments, the transport coefficient of root-kernel Cd ranged from 0.210–0.310. Compared with CK, all treatments could reduce the transport of Cd concentration in roots to maize kernels by 21.61–32.26%, and FS treatment had the best reduction effect. The transport coefficients of root–straw and straw–core Cd were between 0.755–1.203 and 0.342–0.390, respectively. Compared with CK, the decreases were between 26.34–37.26% and 4.36–12.24%. The transport coefficient of core-kernel Cd was increased by 4.88–25.98% compared with CK, but the difference was not significant (p < 0.05).




3.2.6. Differences of Pb Transport in Different Parts of Maize


As shown in Table 7, the transport coefficient of root-kernel Pb under different treatments ranged from 0.003 to 0.006. Compared with CK, FL treatment could reduce the transport of Pb concentration in roots to maize kernels with a decrease of 29.82–42.11%, and FL treatment had the best reduction effect. The transport coefficients of root–straw and straw–core Pb ranged from 0.346–0.492 and 0.036–0.044, respectively, and decreased by 17.68–29.67% and 13.54–18.06% compared with CK. The transport coefficient of core-kernel Pb was increased by 8.05–10.07% compared with CK, but the difference was not significant (p < 0.05).





3.3. Effects of Different Treatments on the Available State and Chemical Morphology of Cadmium and Plumbum in Soil


3.3.1. Effects of Different Treatments on Soil pH


According to Figure 3, the soil pH value was between 4.81 and 5.01 under different treatments. Compared with CK, each treatment could significantly improve the soil pH value, and the pH value under FL, SWT, and FS was significantly increased by 0.17, 0.10, and 0.19 units, respectively (p < 0.05).




3.3.2. Effects of Different Treatments on the DTPA-Cd and DTPA-Pb in Soil


Figure 4 shows that the soil DTPA-Cd concentration was between 0.567 and 0.822 mg·kg−1 under different treatments. Compared with CK, different treatments could significantly reduce the DTPA-Cd concentration (p < 0.05), ranging from 19.29% to 31.05%. The most significant reduction in soil DTPA-Cd concentration was by FS treatment (p < 0.05). Compared with CK, FL, and SWT declined by 21.52% and 20.14%, respectively. Soil DTPA-Pb concentration ranged between 33.59 and 54.69 mg·kg−1 under different treatments. Compared with CK, different treatments could significantly reduce DTPA-Pb concentration (p < 0.05), with a decrease of 28.68% to 38.57%. The FL and SWT treatments showed the most significant reduction in soil DTPA-Pb concentration (p < 0.05). FS decreased by 34.52% compared to CK.




3.3.3. Effects of Different Treatments on the Chemical Morphology of Soil Cd


As can be seen from Figure 5, under different treatments, the concentrations of weak acid extract, reducible, oxidizable, and residual state of Cd in soil were between 0.513–0.836, 0.205–0.282, 0.112–0.165, and 1.124–1.398 mg·kg−1, respectively. Compared with CK, different treatments reduced the concentration of weak acid extraction state and oxidizable state of Cd in soil by 19.67–38.58% and 14.73–31.94%, respectively. FS treatment had the most significant effect on reducing the concentration of weak acid extraction state and reducible state of Cd in soil. FL and SWT treatments reduced the extraction state of weak acid of Cd in soil by 31.71% and 28.53% and reduced the concentration of the reducible state by 27.09% and 14.73%, respectively. Compared with CK, the oxidation state and residue state of soil Cd were improved under different treatments, and the increase ranges were 24.54–37.56% and 10.62–24.32%. FL, SWT, and FS increased Cd oxidation state concentration by 34.29%, 28.63%, and 37.56%, respectively, but there was no significant difference among all treatments (p < 0.05). FL, SWT, and FS increased by 18.00%, 13.40%, and 24.32% compared with CK, respectively (p < 0.05).




3.3.4. Effects of Different Treatments on Chemical Morphology of Soil Pb


As can be seen from Figure 6, the concentrations of weak acid extract, reducible, oxidizable, and residual state of Pb in soil under different treatments were 4.168–5.854, 30.57–42.24, 14.51–20.72 mg·kg−1, and 22.65–31.20 mg·kg−1, respectively. Compared with CK, different treatments can reduce the concentration of soil Pb weak acid extraction state and oxidizable state, respectively, by 13.60–28.80% and 11.59–27.63%. FS treatment can reduce the concentration of soil Pb weak acid extraction state and reducible state to the lowest quantity. Compared with CK and SH, the difference was significant (p < 0.05). FL and SWT treatments reduced the extraction state of Pb weak acid by 24.31% and 21.75%, respectively, and reduced the concentration of Pb in reduced state by 25.35% and 22.85%, respectively. Compared with CK, the oxidizing state and residual state of soil Pb under different treatments increased by ranges of 19.62–42.80% and 5.92–37.76%, respectively. FL, SWT, and FS increased the concentration of soil Pb oxidized state by 19.62%, 24.97%, and 42.80%, respectively, but there was no significant difference among all treatments (p < 0.05). FL, SWT, and FS significantly increased by 33.33%, 17.59%, and 37.76% compared with CK, respectively (p < 0.05).





3.4. Effects of Different Treatments on Soil Organic Matter and Nitrogen, Phosphorus and Potassium Concentrations


According to Table 8, the soil organic matter concentration was between 16.69 and 22.11 g·kg−1, and the SWT and FS treatments were significantly increased by 32.47% and 22.46%, respectively. The total nitrogen and alkaline nitrogen concentration in each soil increased by 11.39–22.16% and 3.75–13.19% compared with CK, respectively. The concentration of effective phosphorus and quick potassium increased by 22.37–52.43% and 7.74–20.24% compared with CK, respectively.




3.5. Economic Benefit Analysis of Different Treatments


The prices of maize seeds, fertilizers, machinery, and labor involved in this experiment were obtained by combining with the market survey, and the specific prices were subject to the actual market prices. On the basis of other management levels being consistent, the economic benefit pair is shown in Table 9. FL and FS treatments had higher input–output ratios (1.747 and 1.679, respectively), which were significantly higher than CK, SH, and SWT treatments (p < 0.05), and had higher economic benefits.





4. Discussion


4.1. Enrichment, Absorption and Transport of Cd and Pb in Different Parts of Maize by Different Treatments


The absorption and migration of heavy metals by plants are influenced by many factors, such as soil pH, available cadmium, and interaction between ions. The addition of soil conditioner not only affects the available state of heavy metals in soil, but also changes the soil fertility and enzyme activity, so as to affect the absorption, migration, and transformation of heavy metals by plants. VAN et al. [16] showed that the effect of the organic compound application of multiple passivating materials is often better than that of the single application of one material. This study showed that the combined application of formula fertilizer and biochar had a better effect on the reduction of heavy metals Cd and Pb in maize kernels than either applied alone. Heavy metals enter the root cells from the soil solution and are transported to the stem and leaves through the xylem by transporters. When the kernel is grated, Cd in the stem and leaves is transported to the kernel through the phloem. In the filling stage, the metabolism of roots and stalks is vigorous and heavy metals are enriched, which makes the concentration of cadmium in edible parts relatively small. JING et al. [17] also found that biochar could effectively inhibit the absorption and enrichment of Cd in rice. In soils polluted by heavy metals, biochar can increase soil pH value, exchange cations and surface functional groups, and precipitate Cd-P compounds, effectively fixing Cd [18]. Thus, the increase in soil pH caused by biochar explains the reduced toxicity of Cd to plants. Biochar inhibits the absorption of Cd by plants by reducing the availability of Cd in soil [19]. The results showed that different treatments could reduce the heavy metal concentration in maize kernels, and all of them were in line with the limited value specified in GB 2762-2017 [20]. Among them, single application of formula fertilizer and combined application with biochar had the most significant reduction effect, which may be because the formula fertilizer is rich in potassium sulfate, and sulfur is one of the essential elements for plant growth and development. It can form organic compounds with heavy metals to reduce the physiological toxic effects of heavy metals [21]. In this study, the application of formula fertilizer and biochar can reduce the cadmium transport coefficient of root–straw and root–kernel and thus reduce the heavy metal concentration in maize kernels. Although biochar application alone can reduce the heavy metal cadmium concentration in maize kernels, the effect is not obvious compared with other treatments, while the combined application of formula fertilizer and biochar can significantly reduce the heavy metal concentration in maize kernels, which may be because the formula fertilizer contains phosphate components, which can increase the surface negative charge of soil after adsorption. Heavy metal ions are continuously adsorbed around soil particles by electrostatic adsorption, and the availability of heavy metals is reduced by changing the form of heavy metals in the soil–plant system, thus reducing the concentration of heavy metals in maize kernels.




4.2. Effects of Different Treatments on Soil pH and Available Cadmium and Plumbum


Soil pH value has a significant effect on the form of heavy metals. Increasing soil pH can reduce the availability and migration ability of heavy metals in soil because pH affects the dissolution and precipitation balance of heavy metals in soil. Solidification and stabilization materials adjust soil pH or produce anions through their own action, precipitate heavy metal ions, and thus reduce the migration and bioavailability of heavy metals [22,23]. The porosity, large specific surface area, and abundant surface functional groups (-OH, -COOH, C=O, etc.) of biochar grant it a strong adsorption capacity for heavy metals. When biochar is added to the soil contaminated by heavy metals, it can directly adsorb or hold heavy metal ions in the soil, thus reducing the concentration of heavy metal ions in the soil solution. On the other hand, it can reduce the bioavailability of heavy metals by increasing the pH value of the soil. The principle of its action mainly includes improving the physical and chemical properties of the soil, regulating the activity of soil microbial activity, and reducing the biological effectiveness of heavy metals. The study of ZHENG et al. [24] showed that the application of biochar in the field could significantly reduce the concentration of Cd, Zn, and Pb available states. DENG et al. [25] found that biochar surface functional group C=C plays an important role in the adsorption of Cd, and N-C=O is effective in the removal of Pb. Liang et al. [26] pointed out that biochar passivating agents, including adsorption and precipitation, could effectively remove Pb, Zn, and Cd from soil. In this study, after the addition of biochar, the soil pH value increased by 0.1 unit, and DTPA-Cd and DTPA-Pb concentrations decreased by 20.14% and 38.16%, respectively, which is similar to the results of previous studies. Phosphate ions in soil can precipitate metal phosphate with various metal ions, and the resulting metal phosphate has a very low solubility in a large pH range. The bioavailability of heavy metals in soil can be changed through fertilizer regulation, and the absorption of heavy metals in soil by plants can be affected. Phosphoric acid in formula fertilizer can precipitate with heavy metals after dissolution, which can reduce the activity of heavy metals in soil and transform to a residue state. QIU et al. [27] studied the interaction between phosphorus and cadmium at the subcellular level of plants and found that the exogenous addition of phosphorus to cadmium-polluted soil could cause cadmium ions and phosphate to form phosphate–cadmium compounds on the cell wall of cabbage, thus playing a fixing role for cadmium. The study of Wang et al. [28] showed that calcium dihydrogen phosphate reduced the effective concentration of cadmium by 98%. LI et al. [29] found that phosphorus-containing substances have a better stability effect on Pb. The phosphate in calcium–magnesium phosphate fertilizer is complexed and absorbed with free heavy metal ions to form phosphorus and lead precipitation, which can significantly reduce the content of effective Pb in the soil. The combined application of a variety of passivating materials is often better than a single material, and at the same time can reduce the adverse effects caused by the single application of a material. In this study, single application of formula fertilizer and combined application with biochar reduced DTPA-Cd by 21.52% and 31.05%, and DTPA-Pb by 38.57% and 34.52%, respectively.




4.3. Effects of Different Treatments on Chemical Forms of Cadmium and Plumbum in Soil


After chemical reactions such as complexation, adsorption, dissolution, and precipitation in soil, heavy metals can form various occurrence forms with different biological availability. Heavy metals can be easily absorbed and utilized by plants, and their occurrence forms in soil directly affect the bioavailability of heavy metals. Therefore, it is of great significance to analyze the different forms of heavy metals in soil. The exchangeable heavy metals in soil are easy to be directly absorbed by plants, and the reduced and oxidized heavy metals can be converted into exchangeable states under certain conditions, which can be indirectly absorbed by plants. The application of biochar will increase the alkaline functional groups on the soil colloidal surface, and the existence of the alkaline groups will promote the conversion of the effective state of heavy metals to the residual state, resulting in the passivation and reduction of the activity of heavy metals [30,31]. Residual heavy metals are generally composed of primary and secondary silicate, sulfide, and some other stable secondary minerals. When the soil pH value increases, the available silicon concentration increases, S2− reacts with Cd2+ to form Cd-S, and the soil heavy metal ions and silicate ions form new structures and stable properties of silicate precipitation, thus increasing the proportion of residual state [32]. Zhang et al. [33] showed that adding soil conditioner could promote the conversion of acid extractable state and reducible state of cadmium in soil to a residue state, increase the stability of Cd in soil, and thus weaken the conversion ability of Cd in soil to plants. Mohamed et al. [34] found that the application of conditioner significantly reduced the concentration of soluble/exchangeable Cd in soil and increased the concentration of organically bound and inorganic precipitated Cd in soil. Zhu et al. [35] showed that most of the biological effectiveness of Pb in soil was from the reducing state Pb, and passivation could react with soil Pb via physical and chemical precipitation, complexation, and adsorption, which changed the chemical form of Pb in soil from high to low activity. In this study, both the single application of formula fertilizer and the combined application of biochar and formula fertilizer could reduce the concentration ratio of the weak acid extraction state and reducible state of heavy metals in soil, increase the proportion of the oxidized state of heavy metals in soil, and significantly increase the proportion of the residual state in soil. At the same time, Yin et al. [36] believed that organic matter could promote the adsorption of Cd in soil, thus reducing the availability of Cd. In this study, the application of formula fertilizer and biochar increased the concentration of organic matter in the soil. This may be because biochar with carbon and microporous structural characteristics can adsorb soil organic molecules and promote the polymerization of small organic molecules into organic matter through surface catalytic activity [37]. The application of formula fertilizer can directly supplement a large quantity of active organic substances and rich and balanced nutritional elements to the soil, improve the concentration of soil organic matter, and promote the growth and development of crops [38]. This study also found that the addition of formula fertilizer and biochar changed the soil physicochemical traits and the effectiveness of soil heavy metals, promoting the crop growth and increasing the yield.





5. Conclusions


Different treatments than CK can increase maize yield, and FS had the best effect. Each treatment can reduce the concentration of Cd and Pb in maize kernels, below the limit value stipulated by GB 2762-2017 [20] in China, and FS had the best effect. FL, SWT, and FS can reduce the concentration of DTPA-Cd and DTPA-Pb while increasing soil pH, transform the weak acid extraction and reducing state of heavy metals Cd and Pb in soil to the residue state, and also increase the concentration of organic matter and nitrogen, phosphorus, and potassium in soil. The treatments with high input and output are FL and FS.
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Figure 1. Effect of different treatments on Cd concentration in maize (mg·kg−1). Note: Different small letters above the same column indicate significant difference between treatments (p < 0.05). 
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Figure 2. Effect of different treatments on Pb concentration in maize (mg·kg−1). Note: Different small letters above the same column indicate significant difference between treatments (p < 0.05). 
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Figure 3. Effects of different treatments on soil pH. Note: Different small letters above the same column indicate significant difference between treatments (p < 0.05). 
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Figure 4. Effects of different treatments on soil DTPA-Cd and Pb. Note: Different small letters above the same column indicate significant difference between treatments (p < 0.05). 
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Figure 5. Effects of different treatments on chemical forms of Cd in soil. Note: Different small letters above the same column indicate significant difference between treatments (p < 0.05). 
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Figure 6. Effects of different treatments on chemical forms of Pb in soil. Note: Different small letters above the same column indicate significant difference between treatments (p < 0.05). 
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Table 1. Heavy metal concentration of soil conditioning materials (mg·kg−1).
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	Material Type
	Cd
	Hg
	As
	Pb
	Cr





	Compound fertilizer
	0.18
	0.01
	11.7
	16.8
	15.0



	Formula fertilizer
	0.05
	0.01
	8.69
	17.7
	11.2



	Biochar
	0.37
	0.10
	2.95
	41.3
	13.1



	Lime
	0.52
	0.02
	18.1
	37.2
	14.7
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Table 2. Field plot test treatment and material consumption.
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	Treatment
	Remediation Material
	Rates (t·hm−2)
	Remarks





	CK
	-
	-
	Conventional fertilization



	SH
	Lime
	2.25
	Conventional fertilization



	FL
	Formula fertilizer
	0.45
	No base fertilizer



	SWT
	Biochar
	0.30
	Base fertilizer reduced by 10%



	FS
	Formula fertilizer + Biochar
	0.45 + 0.03
	No base fertilizer







Note: The application rate of N, P, and K in each treatment was consistent with the application rate of topdressing.
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Table 3. Effects of different treatments on maize biomass, yield and physiological indices.
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Treatments

	
Biomass (g·Plant−1)

	
Yield

(t·hm−2)

	
Plant Height

(cm)

	
Leaf Length

(cm)

	
Leaf Width

(cm)




	
Root

	
Straw

	
Core

	
Kernel






	
CK

	
5.252 ±

0.226 b

	
44.73 ±

1.882 a

	
27.40 ±

0.812 a

	
153.6 ±

4.057 b

	
9.220 ±

0.245 b

	
231.4 ±

20.18 a

	
71.27 ±

5.908 a

	
8.933 ±

0.379 a




	
SH

	
5.516 ±

0.164 ab

	
45.28 ±

3.055 a

	
29.54 ±

1.827 a

	
163.3 ±

7.581 ab

	
9.800 ±

0.456 ab

	
212.0 ±

17.66 a

	
80.33 ±

13.34 a

	
9.300 ±

0.900 a




	
FL

	
5.666 ±

0.233 a

	
46.10 ±

3.436 a

	
29.62 ±

2.047 a

	
165.6 ±

4.302 ab

	
9.940 ±

0.261 ab

	
215.1 ±

12.42 a

	
80.23 ±

15.58 a

	
8.733 ±

0.808 a




	
SWT

	
5.519 ±

0.053 ab

	
46.64 ±

2.536 a

	
28.71 ±

1.471 a

	
170.8 ±

7.946 a

	
10.25 ±

0.479a

	
225.3 ±

15.93 a

	
87.33 ±

15.58 a

	
9.167 ±

0.874 a




	
FS

	
5.563 ±

0.079 ab

	
46.00 ±

3.540 a

	
29.01 ±

1.159 a

	
176.7 ±

10.42 a

	
10.60 ±

0.623 a

	
217.4 ±

17.78 a

	
81.00 ±

14.28 a

	
8.100 ±

0.436a








Note: Different lowercase letters in the same column indicate significant differences among treatments (p < 0.05).
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Table 4. Effects of different treatments on Cd concentration in soil and Cd enrichment in maize.
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Treatments

	
Soil Cd (mg·kg−1)

	
BCF Maize Cd




	
Kernel

	
Cob

	
Straw

	
Root






	
CK

	
2.354 ± 0.082 a

	
0.094 ± 0.008 a

	
0.142 ± 0.015 a

	
0.364 ± 0.017 a

	
0.303 ± 0.001 a




	
SH

	
2.286 ± 0.095 a

	
0.083 ± 0.005 b

	
0.102 ± 0.010 b

	
0.289 ± 0.030 bc

	
0.344 ± 0.040 a




	
FL

	
2.321 ± 0.096 a

	
0.080 ± 0.002 bc

	
0.096 ± 0.012 b

	
0.260 ± 0.023 c

	
0.344 ± 0.026 a




	
SWT

	
2.327 ± 0.106 a

	
0.077 ± 0.002 bc

	
0.105 ± 0.012 b

	
0.300 ± 0.021 bc

	
0.349 ± 0.008 a




	
FS

	
2.269 ± 0.111 a

	
0.073 ± 0.004 c

	
0.106 ± 0.012 b

	
0.310 ± 0.025 b

	
0.350 ± 0.026 a








Note: Different lowercase letters in the same column indicate significant differences among treatments (p < 0.05).
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Table 5. Effects of different treatments on Pb concentration in soil and Pb enrichment in maize.






Table 5. Effects of different treatments on Pb concentration in soil and Pb enrichment in maize.





	
Treatments

	
Soil Pb (mg·kg−1)

	
BCF Maize Pb




	
Kernel

	
Cob

	
Straw

	
Root






	
CK

	
82.92 ± 2.118 a

	
0.003 ± 0.000 a

	
0.011 ± 0.000 a

	
0.254 ± 0.011 a

	
0.520 ± 0.049 a




	
SH

	
84.69 ± 2.548 a

	
0.002 ± 0.000 a

	
0.008 ± 0.001 b

	
0.217 ± 0.020 b

	
0.538 ± 0.034 a




	
FL

	
83.16 ± 2.524 a

	
0.002 ± 0.000 a

	
0.007 ± 0.000 c

	
0.198 ± 0.013 bc

	
0.575 ± 0.048 a




	
SWT

	
83.81 ± 2.283 a

	
0.002 ± 0.000 a

	
0.008 ± 0.001 b

	
0.214 ± 0.008 b

	
0.579 ± 0.040 a




	
FS

	
85.16 ± 1.525 a

	
0.002 ± 0.000 a

	
0.007 ± 0.000 c

	
0.186 ± 0.011 c

	
0.534 ± 0.036 a








Note: Different lowercase letters in the same column indicate significant differences among treatments (p < 0.05).
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Table 6. Effects of different treatments on Cd transport in maize plants.
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Treatments

	
TF Maize Cd




	
Kernel-Core

	
Core-Straw

	
Straw-Root

	
Kernel-Root






	
CK

	
0.662 ± 0.037 a

	
0.390 ± 0.025 a

	
1.203 ± 0.056 a

	
0.310 ± 0.026 a




	
SH

	
0.825 ± 0.111 a

	
0.354 ± 0.054 a

	
0.842 ± 0.048 bc

	
0.243 ± 0.023 b




	
FL

	
0.834 ± 0.115 a

	
0.373 ± 0.058 a

	
0.755 ± 0.010 c

	
0.231 ± 0.018 b




	
SWT

	
0.739 ± 0.065 a

	
0.349 ± 0.014 a

	
0.860 ± 0.067 b

	
0.221 ± 0.009 b




	
FS

	
0.694 ± 0.089 a

	
0.342 ± 0.012 a

	
0.886 ± 0.049 b

	
0.210 ± 0.024 b








Note: Different lowercase letters in the same column indicate significant differences among treatments (p < 0.05).













[image: Table] 





Table 7. Effects of different treatments on Pb transport in maize plants.
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Treatments

	
TF Maize Pb




	
Kernel–Cob

	
Cob–Straw

	
Straw–Root

	
Kernel–Root






	
CK

	
0.248 ± 0.019 a

	
0.044 ± 0.002 a

	
0.492 ± 0.059 a

	
0.006 ± 0.001 a




	
SH

	
0.273 ± 0.040 a

	
0.038 ± 0.004 ab

	
0.405 ± 0.051 ab

	
0.004 ± 0.000 b




	
FL

	
0.268 ± 0.009 a

	
0.037 ± 0.003 b

	
0.346 ± 0.043 b

	
0.003 ± 0.001 b




	
SWT

	
0.269 ± 0.013 a

	
0.036 ± 0.003 b

	
0.370 ± 0.033 b

	
0.004 ± 0.001 b




	
FS

	
0.269 ± 0.017 a

	
0.038 ± 0.003 b

	
0.350 ± 0.032 b

	
0.004 ± 0.001 b








Note: Different lowercase letters in the same column indicate significant differences among treatments (p < 0.05).
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Table 8. Effects of different treatments on soil pH, OM and N, P, and K concentrations.
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	Treatments
	Organic Matter (g·kg−1)
	Total N

(g·kg−1)
	Alkali-

Hydrolyzed N

(mg·kg−1/)
	Available P

(mg·kg−1)
	Available K

(mg·kg−1)





	CK
	16.69 ± 1.826 c
	1.053 ± 0.035 c
	76.90 ± 1.779 c
	14.11 ± 1.546 c
	122.7 ± 6.048 c



	SH
	17.87 ± 1.100 bc
	1.173 ± 0.032 b
	79.78 ± 2.235 c
	17.77 ± 1.222 b
	132.2 ± 0.577 b



	FL
	18.74 ± 0.817 bc
	1.203 ± 0.035 b
	81.20 ± 3.490 bc
	17.27 ± 0.887 b
	140.5 ± 2.291 a



	SWT
	20.44 ± 0.580 ab
	1.240 ± 0.026 ab
	85.49 ± 2.870 ab
	19.93 ± 1.658 ab
	147.5 ± 3.279 a



	FS
	22.11 ± 2.320 a
	1.287 ± 0.021 a
	87.04 ± 1.375 a
	21.51 ± 1.201 a
	144.0 ± 1.803 a







Note: Different lowercase letters in the same column indicate significant differences among treatments (p < 0.05).
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Table 9. Economic benefit analysis of different treatments.
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Treatments

	
Input (CNY·hm−2)

	
Total Input

(CNY·hm−2)

	
Total Output

(CNY·hm−2)

	
Input-Output

Ratio




	
Conditioner

	
Fertilizer

	
Other






	
CK

	
0

	
1215

	
9500

	
10,715

	
5877 ± 438 d

	
0.548 ± 0.041 c




	
SH

	
2250

	
1215

	
9500

	
12,965

	
16,426 ± 1364 b

	
1.267 ± 0.106 b




	
FL

	
1350

	
0

	
9500

	
10,850

	
18,961 ± 774 ab

	
1.747 ± 0.072 a




	
SWT

	
10,200

	
1094

	
9500

	
20,794

	
9956 ± 1430 c

	
0.479 ± 0.069 c




	
FS

	
2370

	
0

	
9500

	
11,870

	
19,933 ± 1876 a

	
1.679 ± 0.158 a








Note: Different lowercase letters in the same column indicate significant differences among treatments (p < 0.05). The unit price of rice is 3.0 CNY·kg−1. If Cd exceeds the standard, the unit price of rice is calculated as 60%. Other costs: including seeds, pesticides, machinery, labor, etc.
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