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Abstract
Biochar is a versatile, carbon-rich, organic material that can effectively immobilize Cd in the soil. In this study, peanut shell biochar (SP), maize straw biochar (MS), and bamboo straw biochar (BS) were applied in different proportions to evaluate their effects on the remediation of Cd-contaminated farmland soil and plant growth. The results revealed that both single and mixed applications of biochar substantially increased corn biomass and chlorophyll content compared to the unamended control treatment, while the malondialdehyde (MDA) and proline contents were largely unaffected. The bamboo straw block biochar with maize straw biochar at a mass ratio of 2:1 (DBM) significantly increased the dry total biomass of maize (+107.24% compared to the unamended soil). SP application has highly increased the SPAD value. PB with BS application at a mass ratio of 1:1 (MSB) significantly decreased the soluble sugar content (+21.81% compared to the unamended control soil). Soil pH was increased by the application of biochar alone and in combination with feedstocks. The soil content of Fe/Mn oxide-bound (OX) and exchangeable-bound Cd (EX) was decreased, whereas that of carbonate-bound Cd (CA), residue-bound Cd (RE), and organic-bound Cd (OM) contents increased. The Cd content in corn grains under MSB and SP application was markedly reduced by 42.62% and 31.48%, respectively, compared to the unamended control soil. Overall, MSB and SP applications were effective in improving soil quality and crop growth.
Keywords: biochar, cadmium, remediation, maize, soil properties
1 INTRODUCTION
Many soils worldwide are contaminated with heavy metals due to industrial production, industrial activities, waste disposal, and improper management of pesticides and chemicals (Duan et al., 2016; Zhang A F et al., 2017; Zhang R H et al., 2017; Xie et al., 2021; Aown et al., 2022). Among the global environmental concerns related to soil, heavy metal pollution is particularly acute in China. According to a 2014 publication by the National Soil Pollution Survey Bulletin (NSPSB), approximately 19.4% of China’s arable soils are plagued by heavy metal contamination (about 2.0 × 107 ha of agricultural soil), of which cadmium (Cd) is the most concerning (Department of Environmental Protection, 2014). Cd in the soil can combine with soil colloids, organic matter, and minerals. It can also exist in the soil pore water environment in the ionic form (such as Cd2+, CdOH+, and CdCl+) (Wan et al., 2018). The Cd content in soil pores and its morphology are the main reasons for its biological effects on soil. Given the persistency of characteristics of heavy metals such as Cd and their detrimental impact on food security and human health, it is imperative to introduce stabilizing substances into the soil. The addition of stabilizing substances plays a key role in achieving this objective, preventing the entry of Cd into critical pathways of food crops (Zhao et al., 2015; Li et al., 2016).
Biochar is capable of binding heavy metal ions and reducing their harmful effects through surface precipitation, absorption, ion exchange, and electrostatic binding due to its high specific surface area; physicochemical properties, e.g., abundant surface oxygen-containing functional groups; and high pH (Liang et al., 2017; Michal et al., 2022). Crop straw is rich in organic carbon (OC), phosphorus (P), nitrogen (N), trace elements, and potassium (K) (Cui et al., 2019). In recent years, biochar prepared by straw pyrolysis has been widely used for agricultural carbon sequestration and soil fertility improvement (Holatko et al., 2022; Yang et al., 2022; Sun et al., 2023). In addition to remediating heavy metal and organic compound-contaminated soils, biochar also acts as a catalyst, positively influencing crop growth and enhancing yield (Xu et al., 2019; Zha et al., 2022). Cui et al. (2019) found that long-term incubation tests confirmed the stability of wheat straw biochar, which effectively decreased Cd bioavailability by approximately 90% compared to the control. The findings from Bashir et al. (2018a); Bashir et al. (2018b) revealed that the utilization of biochar triggered a substantial decline in the bioavailability of Cd and chromium (Cr), achieving reductions of 85% and 63%, respectively. China is the world’s largest producer of bamboo and has abundant bamboo charcoal resources (Liu et al., 2011; Xu et al., 2012). Peanut, being one of the crucial oil crops globally, boasts significant importance. Furthermore, peanut shell biochar exhibits a notable ability to uptake Cd (Christou et al., 2017). Maize straw efficiently adsorbs heavy metals and reduces Cd bioavailability in plants and soils (Gondek et al., 2018). However, biochar prepared from these different species has different physical and chemical properties (Michal et al., 2022; Ángela et al., 2022). Due to these differences in the physico-chemical properties of biochar, it is possible that biochar application alone will not alleviate soil heavy metal pollution.
As one of the primary staple crops in China, maize occupies a significant position in agriculture. Its remarkable growth rate and high yield make it the preferred cereal for phytoremediation of soil contaminated with heavy metals (Bai et al., 2017; Sarwar et al., 2017; Huerta et al., 2022). Previous studies have demonstrated that in maize cultivated in Cd-contaminated soil, the heavy metal concentration in the seeds of most maize varieties exceeds the safety standard (Yang et al., 2018; Zha et al., 2023). This study sought to establish an effective means of immobilizing Cd in contaminated soil, with the specific aim of ensuring the safety of maize cultivation. In this study, maize was used as an experimental material. The effect of the type of biochar and the amount needed to be applied to soil to control Cd pollution is unclear. Thus, the principal goal of this study was to investigate the practicality of utilizing different types of biochar in varying mass ratios and to assess the effects of different biochar combinations on soil and plant properties.
2 MATERIALS AND METHODS
2.1 Soil and biochar characterization
Surface soil samples (0–20 cm) were specifically gathered from a paddy field situated in Wangyan Village, Qiantan Town, Jiande City, which is positioned west of Hangzhou City in Zhejiang Province (29°39′25″ N, 119°35′38″ E). The soil samples collected from this area have been continuously impacted by surface runoff pollution from a nearby mine for a span of 30 years. Following an “S” pattern, five sampling points were carefully determined within the collection area to ensure representative coverage. To maintain uniformity, the soil was left to air-dry for 7 days and subsequently sieved using a 2-mm pore-size sieve. This preparatory step was performed prior to conducting various physico-chemical analyses. The soil analysis revealed a pH value of 6.78 and an electrical conductivity (EC) value of 1.58 dS m−1. Additionally, the organic matter content of the soil was determined to be 0.92%. Measured in mg kg−1 DW (dry weight), the total concentrations of Cd, Pb, Zn, and Cr in the soil were 4.57, 53.10, 176.98, and 135.93, respectively. According to the soil environmental quality agricultural land pollution risk control (GB15618-2018), the chosen agricultural land soil initially revealed contamination only by Cd, while the levels of other elements remained below the specified thresholds.
The carbonization of peanut shell biochar (SP) and bamboo biochar (BS) was carried out by Henan Lize Environmental Protection Technology Company at a temperature of 700°C. A continuous slow pyrolysis machine was employed to produce maize (variety: Qianjiangnuo NO.3) straw block biochar (MS) by subjecting it to a final temperature of 550°C for a retention time of 30 min at the Hangzhou Academy of Agricultural Sciences at approximately 700°C in a batch pyrolysis facility. The physicochemical properties of the biochars and heavy metal-contaminated soil are shown in Table 1.
TABLE 1 | Physicochemical properties of Cd-contaminated soil and biochars.
[image: Table 1]2.2 Greenhouse experiment
The treatments included Cd-contaminated soil amended with single biochar (SP, BS, and MS), mixtures of two biochars in equal mass ratios (MSB, MSM, and MBM), and mixtures of two biochars in a 1:2 (w/w) ratio (DSB, DSM, and DBM) (Table 2). Under greenhouse conditions, after sterilizing the corn seeds with hydrogen peroxide, 10 seeds were sown in each pot. One week after seedling emergence, three uniformly growing corn plants were retained in each pot. The experimental setup involved growing maize in plastic pots filled with 20 kg of air-dried soil. The soil was enriched with a 5% mixture of biochars (Wbiochar/Wsoil). Unamended soil was designated as the control group. Five replicates were organized for each treatment. The experiment plants were maize (variety: Qianjiangnuo NO.3), which can accumulate heavy metals. In each pot, five maize seeds were sown. Following a 6-day germination period, three seedlings exhibiting robust growth were selected. Fertilizers (K2SO4–DAP–urea) were administered at a rate of 120–50–25 kg ha−1 applying irrigation water. Two rounds of urea fertilizer application were conducted (i.e., initially applied in conjunction with other fertilizers, and a subsequent application was conducted after a 15-day period).
TABLE 2 | Ratios of biochars for treatments.
[image: Table 2]After 82 days, the maize plants were harvested. The plants were dissected into four distinct parts (roots, stems, leaves, and grains). Each part was then gathered and prepared for laboratory analysis. A 15-min immersion of maize roots in a solution containing 20 mM of Na2EDTA was carried out to facilitate the removal of heavy metal ions attached to the root surface. Following the immersion, the roots underwent a comprehensive cleaning process using deionized water. All roots, stems, leaves, and grains underwent a thorough washing process, which was repeated three times. The four distinct plant parts were subjected to a drying process at 65°C for 72 h, allowing them to reach a constant weight. The biomass of each part was then confirmed using a balance (Setra Systems Inc. Boxborough, MA, and United States). The chlorophyll content was determined using the Soil and Plant Analyzer Development (SPAD) method (SPAD) (SPAD-TYS-A (Jinkeli, Inc., Beijing).
2.3 Analysis method of soil and plant
Soil and plant samples were collected simultaneously on the 82nd day after planting. Di-acid digestion was carried out on the dry weights (0.5 g) of both the soil and different maize parts. Nitric acid (HNO3) and perchloric acid (HClO4) were combined in a 1:3 ratio for the digestion process, ensued by heating on a hot plate at 250°C. Following filtration, the samples were subjected to Cd analyses using an atomic absorption spectrophotometer (AAS) (z2000, Hitachi, Tokyo, Japan). Samples of soil were digested by acidic solutions for available P and K analyses and were estimated in terms of the method elaborated by Page (1982). Soil Cd in the active state was determined by diethylenetriaminepentaacetic acid (DTPA) leaching and inductively coupled plasma–atomic emission spectrometry (ICP-AES) (HJ 804-2016). Soil samples were processed using the method reported by Tessier et al. (1979). The soil cadmium morphology can be segmented into five states: exchangeable state (EX), organic-bound state (OM), iron- and manganese oxide-bound state (OX), residual state (RE), and carbonate-bound state (CA).
The determination of proline content, MDA levels, and soluble sugar content involved was performed using the Saradhi method with acid ninhydrin solution (Aila and Saradhi, 1991), thiobarbituric acid (TBA) colorimetry (Duan et al., 2018), and anthrone colorimetry (Tashiro et al., 1997).
2.4 Statistical analysis
One-way analysis of variance (ANOVA) was performed using IBM SPSS 17.0 statistical software (SPSS Inc., Chicago, United States) to determine the significance of differences between the treatments. Tukey’s range test (p = 0.05) was employed to compare the mean values and detect significant differences between the treatments. All tables and figures were created using Excel and Origin 8.0, respectively.
3 RESULTS
3.1 Effect of biochars on maize biomass
In this study, the maize total biomass and root, stem, and leaf biomass in all amended samples of biochar were significantly higher than those in the unamended control sample (p < 0.05) (Table 3). The DBM treatments resulted in the highest biomass, followed by the DSM and DSB treatments. The maize total biomass amended with DBM, DSM, and DSB was 3.47, 2.49, and 2.08 times, respectively, higher than that of the unamended control. Grains subjected to the BS, DSB, DSM, and DBM treatments displayed prominently higher biomass than the unamended control (p < 0.05). The bract biomass under BS, MS DSB, DSM, and DBM was significantly higher than that of the unamended control (p < 0.05). The highest total biomass and different parts of the biomass of maize were observed in DBM treatment. The application of DBM significantly increased the total biomass and root, stem, leaf, grain, and bract biomass in maize by 346.67%, 143.32%, 196.50%, 43.83%, 120.49%, and 107.24%, respectively.
TABLE 3 | Maize dry biomass production in Cd-contaminated soil amended with biochars.
[image: Table 3]3.2 Effect of biochars on maize physiology properties
As shown in Figure 1, both individual and mixed biochar treatments significantly increased maize chlorophyll content, as indicated by increased SPAD values (Figure 1A). The application of SP, DBM, and DSB significantly increased the SPAD in maize by 21.81%, 17.91%, and 17.51%, respectively. The findings deliver compelling evidence that the application of biochar had a significant alleviating influence on heavy metal stress.
[image: Figure 1]FIGURE 1 | SPAD values (A), proline contents (B), MDA contents (C), and soluble sugar contents (D) of maize grown in Cd-contaminated soils amended with biochars. The abbreviations for biochar treatments are reported in Table 2. Error bars indicate standard deviation (n = 3). Different letters indicate statistically significant differences (p < 0.05).
In this study, the concentration of proline was lower in all amended treatments of biochars, except MSB treatments (Figure 1B). However, the difference was statistically nonsignificant. As shown in Figure 1C, the MDA concentration in all treatments of biochars was lower than in the control. Nevertheless, no statistically significant differences were observed between the biochar treatments and the control conditions. The soluble sugar concentration was significantly lower in all treatments than in the control (p < 0.05) (Figure 1D). The application of MSB, MSM, and DSB significantly decreased the soluble sugar concentration in maize by 24.24%, 22.37%, and 21.83%, respectively.
3.3 Effects of biochars on soil physical and chemical properties
Soil pH decreased significantly in the soil amended with BS, MS, and DSB (p < 0.05) (Figure 2A). Soil pH was positively influenced by the addition of SP, MSB, and MSM, surpassing the levels recorded in the BS-, MS-, and DBM-treated soils. Notably, MSB displayed the highest impact, resulting in a substantial increase of 0.34 units compared to the unamended soil.
[image: Figure 2]FIGURE 2 | pH (A), EC (B), available phosphorus (C), and available potassium (D) in soils contaminated with Cd and amended with biochars. The abbreviations for biochar treatments are reported in Table 2. Error bars indicate standard deviation (n = 3). Different letters indicate statistically significant differences (p < 0.05).
The EC was significantly higher under all amended biochar samples than in the control (p < 0.05) (Figure 2B). The application of DSB, DSM, and DBM significantly increased the EC in soil by 259.49%, 198.73%, and 188.61%, respectively.
The available P content was significantly higher in soils amended with SP, BS, MS, DSB, DSM, and DBM than in the control (p < 0.05) (Figure 2C). The application of MS, DSM, and DBM markedly elevated the available P content in soil by 34.49%, 29.83%, and 25.78%, respectively. The available K content was significantly higher in soils after the application of biochars (p < 0.05) (Figure 2D). The soil treatments with MSB and SP exhibited significantly higher available K content than the other biochar treatments (p < 0.05). The application of MSB increased the available K content in the soil by 61.16%, while SP increased the available K content by 60.43%.
3.4 Effects of biochars on Cd content
In this study, the Cd content was higher in biochar-amended soils than in the unamended control soil. The Cd content amended with BS, MS, and DSB was significantly higher in amended soils than in the unamended control soil (p < 0.05) (Figure 3). Significant enhancements in soil Cd content were observed when BS and MS were used, with increases of 13.97% and 13.32%, respectively. All applications of biochar decreased the exchangeable Cd contents in soil. The inclusion of SP and DBM resulted in a substantial decline in the soil exchangeable Cd content, with reductions of 45.69% and 44.57%, respectively (p < 0.05).
[image: Figure 3]FIGURE 3 | Cd content in soil in Cd-contaminated soil amended with biochars. The abbreviations for biochar treatments are reported in Table 2. Error bars indicate standard deviation (n = 3). Different letters indicate statistically significant differences (p < 0.05).
3.5 Effects of biochars on Cd morphology in contaminated soil
Because the Cd concentration varied greatly among the different biochars, studying the changes in the proportion of each form of Cd under the different biochar treatments could more intuitively reflect the effect of biochar on the morphological transformation of Cd. Figure 4 indicates a significant difference in soil’s exchangeable-bound (EX-bound) Cd content between the biochar treatments and the control (CK) (p < 0.05). The soil EX-bound Cd concentration was reduced by 45.30% and 46.37% under the DSB and DBM treatments, respectively (Figure 4A). The soil CA-bound Cd concentration under the biochar treatments was significantly higher than that of the CK and was considered too high for safe maize cultivation under the DSB treatment, with an increase of 96.32% compared to the CK (Figure 4B). The soil OX-bound Cd concentration under the MSB, MBM, DSB, DSM, and DBM treatments was significantly lower than that of the CK, with decreases of 19.49%, 22.68%, 34.28%, 22.17%, and 22.22%, respectively (Figure 4C). The soil OM-bound Cd concentration increased under the different biochar treatments compared to the CK, with increases of 105.53%, 175.60%, 78.75%, 81.00%, and 95.11% under the SP, BS, MS, DSM, and DBM treatments, respectively (Figure 4D). The soil RE-bound Cd concentration increased under the different biochar treatments, with 19.19%, 21.60%, 24.07%, 41.79%, 19.25%, and 13.96% increases compared to the CK under the MSB, MSM, MBM, DSB, DSM, and DBM treatments, respectively (Figure 4E). In conclusion, the application of biochar induced the conversion of soil Cd from the more active form to the more stable form, thus reducing the harmful effects of soil Cd.
[image: Figure 4]FIGURE 4 | Exchangeable, carbonate, Fe-Mn oxides, organic and residual-bound Cd content in Cd-contaminated soil amended with biochars. The abbreviations for biochar treatments are reported in Table 2. Error bars indicate standard deviation (n = 3). Different letters indicate statistically significant differences (p < 0.05).
3.6 Effects of biochars on Cd accumulation in the tissues of maize
The Cd concentration in different parts of maize was as follows: root > leaf > stem > grains (Figure 5). In this study, the Cd content in different parts of maize was lower under biochar-amended samples than in the control. The application of SP, BS, MSB, MBM, DSB, DSM, and DBM significantly decreased the Cd content in maize root (p < 0.05) (Figure 5A). The lowest Cd content in maize root was observed in treatments of SP and DBM, which decreased the Cd content by 52.99% and 47.55%, respectively. However, the application of MS and MSM increased the Cd content in maize root by 1.90% and 65.22%, respectively. Treatment of the soil with SP, BS, MSB, and DBM significantly decreased the Cd content in maize leaf (p < 0.05) (Figure 5B). The lowest Cd content in maize root was observed in treatments of the application of SP and MSB, which decreased the Cd content in maize leaves by 42.62% and 31.48%, respectively. The application of SP, MSB, and DBM significantly decreased the Cd content in maize stem (p < 0.05) (Figure 5C). The lowest Cd content in maize stem was observed in treatments of MSB, which decreased the Cd content by 46.37%. Treatments of soil with SP, BS, MSB, MBM, DSB, and DBM significantly decreased the Cd content in maize grains (p < 0.05) (Figure 5D). The application of SP and DBM significantly decreased the Cd content in maize grain by 32.68% and 43.14%, respectively.
[image: Figure 5]FIGURE 5 | Cd content on the maize root, leave, stem and grain in Cd-contaminated soil amend with biochars. The abbreviations for biochar treatments are reported in Table 2. Error bars indicate standard deviation (n = 3). Different letters indicate statistically significant differences (p < 0.05).
4 DISCUSSION
4.1 Effects of biochars on Cd accumulation in the tissues of maize
Biochar application can increase soil nutrient cycling, improve soil physicochemical properties, and increase soil N content, all of which positively affect plant growth (Jin et al., 2019; Yu et al., 2019; Ángela et al., 2022). Sun et al. (2023) found that N increased by 23.95% under 29.4 mg ha-1 biochar application, which substantially improved soil fertility. Higher levels of biochar application contribute to N retention in the soil and promote plant growth (Chan et al., 2007; Guerena et al., 2013). Another study found that the application of phosphorus fertilizer and biochar increased wheat yield, possibly owing to improvements in soil physical properties and organic matter (Mahmoud et al., 2017). The different types of biochar treatments in the present study increased maize plant biomass by varying degrees, which may be due to differences in the physicochemical properties of biochar prepared from peanut shells, bamboo, and maize stover (Michal et al., 2022). In this study, an increase in corn biomass corresponded to an increase in soil effective phosphorus and potassium. This suggests that biochar application is highly effective in improving soil fertility and promoting plant growth (Yang et al., 2022).
Chlorophyll is an important indicator of the plant response to different environmental stresses, and reactive oxygen species production disrupts protein complexes and inhibits chlorophyll production (Oliveira, 2012; Jia et al., 2018). In the present study, the chlorophyll content of maize plants was effectively increased by applying biochar alone or in combination. Related studies have found that the addition of biochar to heavy metal-contaminated soil can increase plant chlorophyll content and reduce oxidative stress, favoring plant growth.
Proline is an important physiological indicator for maintaining the osmotic balance between protoplasts and the environment and resisting the damage caused by heavy metal ions (Schat et al., 2010). The content of proline in plant leaves was lower under no-stress conditions (Liu et al., 2015). Ángela et al. (2022) found that biochar improved antioxidant defenses in plants, which is a clear advantage for plant growth under stress conditions. Another study concluded that the addition of biochar reduced Cr toxicity by decreasing antioxidant enzyme activity. Plants were, therefore, less stressed (Younis et al., 2015). The addition of biochar to the soil improved the physiological characteristics of maize in heavy metal-contaminated soil, and these results may be related to the significant reduction in exchangeable Cd concentration in the contaminated soil after biochar addition. In this study, the effect of each treatment on maize proline was insignificant, probably because heavy metal stress itself had only a small effect on proline. MDA is an important physiological indicator of the degree of damage to the plant membrane system (Abdelhafez et al., 2014), and the difference in the MDA content between different biochar treatments in this study was not significant, probably because the amount of biochar applied was less. Soluble sugar is a sensitive index of plant response to heavy metal stress, and its content decreases with the increase in heavy metal concentration (Zhang et al., 2014). In this study, the soluble sugar content under the MSB, MSM, and DSB treatments was prominently lower than that of the single-biochar strategy, which indicated that the biochar application was effective in reducing soil Cd stress.
4.2 Effects of biochar on soil properties
Throughout the biochar production process of pyrolysis, alkaline cations (such as Ca, Mg, K, and Na) present in the biomass are converted into distinct alkaline compounds (e.g., ash comprising oxides, hydroxides, and carbonates). This process results in the dissolution of these alkaline compounds, thereby increasing the pH level of the soil (Houben et al., 2013; Kelly et al., 2014). The soil pH under the SP, MSB, and MSM treatments was significantly higher than that of the untreated soil, which may be because peanut shell biochar has a high pH. In addition, the presence of iron and manganese oxides in soil contributes to its amphiphilic colloidal properties, with their adsorption primarily governed by the negative surface charge. Through its interaction with the soil, biochar plays a role in elevating soil pH by decreasing the concentrations of H+, Fe3+, Al3+, and Mn2+ ions in the soil solution (Liu et al., 2014). In this study, significantly higher EC values were uncovered in soils modified with multiple types of biochar compared to the control, implying that elevated pH levels could influence the movement of heavy metals and enhance the cationic exchange capacity of the soil. The current study showed that the addition of biochar affected Cd adsorption, which may be the key reason for the reduction in Cd bioavailability in maize compared to that in the control. Sousa et al. (2018) found that the addition of a composite mixture of biochar and manure affected the adsorption of Cr and reduced its translocation from roots to stems (Sousa et al., 2018). In addition, Xia et al. (2020) found that the continuous addition of biochar altered the physical properties of the soil, such as pH and moisture and water-holding capacity, which led to changes in environmental conditions for soil microbes and nitrogen (N) cycling. This may also be the main reason for the reduction in N loss and the increase in soil fertility (Thangarajan et al., 2018).
4.3 Effects of biochar on the total Cd concentration and soil Cd morphology
The research conducted by Yang et al. (2016) demonstrated an inverse correlation between soil pH and the CaCl2-extractable Cd concentration in heavy metal-contaminated soil, which was observed in soils that received supplementation with bamboo charcoal biochar and rice straw biochar (Yang et al., 2016). The biochar increased the soil pH, resulting in the precipitation of Cd as CdCO3 (Xu et al., 2016). Yin et al. (2016) used 1%–2% rice straw biochar to treat agricultural soils in mining areas and found a significant reduction in the soil inter-root pore water Cd concentration (Yin et al., 2016). Corn straw biochar prepared by Gao et al. (2017) reduced the extractable Cd content in agricultural soils by 91% (Gao et al., 2017). In this study, the increase in the soil Cd content and decrease in the effective Cd content under different biochar treatments were mainly related to the increase in pH. The introduction of biochar into the soil increased its pH, triggering the hydrolysis of heavy metal cations. Consequently, oxide precipitates were formed, leading to a decrease in the exchangeable Cd concentration within the soil. Additionally, multiple investigations have revealed that biochar implementation can significantly affect the sorption and desorption behavior of heavy metals in soil.
The biotoxicity and harmful effects of heavy metals are not only related to their contents but are also determined by their fugitive forms. Following soil amendment due to the application of different biochars, the CA-bound Cd, RE-bound Cd, and OM-bound Cd concentrations increased and the OX-bound Cd concentration decreased, indicating that the application of biochar promoted the conversion of soil Cd from the active to the stable state. Biochar can interact with soil Cd by electrostatic adsorption, ion exchange, complexation, co-precipitation, and cation–π-bonding interactions, thus changing the fugitive form of soil Cd from the highly active form to the less active form, and finally achieving the passivation of soil Cd (Xia et al., 2020; Zhang et al., 2020). Biochar treatment significantly reduced the oxide-bound metal fraction. Jiang et al. observed a similar metal immobilization effect of biochar. In this study, biochar application reduced the oxide-bound metal fraction, but the differences between treatments were small. The Fe and Mn oxide-bound Cd is a transitional form, which is generally not easily absorbed and utilized by plants, but it is converted to the active state with changes in soil environmental conditions.
It has been documented that an increase in soil pH leads to an increase in negative charges on clay minerals, hydrated oxides, and organic matter surfaces. Consequently, the sorption capacity of these components for Cd2+ boosts, facilitating the formation and precipitation of CdCO3 and Cd(OH)2. This may have been responsible for the increase in CA-bound Cd (Chen et al., 2020). The increase in the OM-bound Cd concentration in soil may have been due to the abundance of OM-bound Cd in soil and the high concentrations of carboxyl, aldehyde, ketone, and aromatic substances in the carboxyl groups of biochar and crop straw decomposition products. The ability to retain ions was enhanced, gradually manifesting distinct colloidal characteristics (Li et al., 2017). In this study, the OM-bound Cd content of biochar under the MSM and MBM treatments increased, probably due to the higher ion retention ability of biochar produced from peanut shells and corn stover and biochar applied with bamboo charcoal and corn stover.
Biochar application in acidic rice soils caused a higher residual fraction of Cd, which can be attributed to the robust inner-sphere complexation between the metals and biochar particles (Zhu et al., 2015; Cui et al., 2016). The increase in the reducible fraction of Cd after biochar application could be attributed to the adsorption of Fe/Mn oxides (Fang et al., 2016), which in turn further increased the adsorption of Cd onto Fe and Mn oxides (Li et al., 2013).
4.4 Effects of biochar on the total Cd concentration in maize
The findings of this investigation demonstrated that biochar significantly reduced the harmful biological effects of soil Cd, and thus the uptake and transport of Cd by maize. A significant reduction of Cd was achieved by adopting diverse biochar types in combination. The addition of biochar derived from bean stalk and rice straw, as highlighted by Zheng’s study, exhibited a significant reduction in the Cd content within rice roots, shoots, husks, and seeds (Zheng et al., 2012), which was proven to be consistent with the findings of this study. Liu et al. (2014) observed a substantial decline in the Cd concentration in crops following the application of bamboo stalk biochar. Aown et al. (2022) applied a biochar mixture to reduce bioavailable extractable Cr concentrations in soil by 36%, and soil Cd bioavailability was lower in the composite, amended treatment than in the control treatment (Aown et al., 2022). These findings suggested that biochar application can effectively immobilize Cd, reducing its mobility in the soil and inhibiting its uptake and accumulation in the aboveground tissues of crops. Additionally, Mohamed et al. (2018) found that the Cd concentration was higher in the belowground parts of wheat than in the aboveground parts (Mohamed et al., 2018), which was consistent with the pattern observed in this study. The Cd concentration in the root system of maize was higher than that in the straw, confirming that maize reduces the toxic effect of Cd by fixing it in the root system and inhibiting its transfer to the aboveground tissues. In summary, the utilization of biochar contributed to the mineral nutrition provided to the crop, which in turn weakened the synergistic effect between Cd and other cationic metals and nonmetals.
5 CONCLUSION
Both individual and mixed-biochar applications increased maize plant biomass to varying degrees and enhanced maize Cd stress tolerance by increasing leaf chlorophyll content and decreasing soluble sugar content. In addition, both individual and mixed applications of biochar effectively increased the soil pH, which might have led to the conservation of N nutrients and an increase in soil fertility, which is an obvious advantage for plant growth under heavy metal stress. The Cd content of maize grains under the SP treatment was reduced to 0.1 mg kg−1, which met the national standard for food safety and the limit of contaminants in food. This study confirmed that different mass ratios mixed with different biochars are important in immobilizing Cd in contaminated soil to ensure food security. Therefore, it can be concluded that the application of biochar in Cd-contaminated soil is an option for improvements in soil quality and crop growth. In the future, it will be necessary to evaluate the long-term effects of biochar application on soils and crops contaminated with heavy metals through field trials.
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ions of biochar treatments are given in Table 1. CK, unamended control. Error bars indicate standard deviation (n = 3). Different letters indicate statistically significant differences
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