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Introduction: The application of Fe- (BC-Fe) and Mg-modified (BC-Mg) biochars for the remediation of heavy-metal-contaminated soil has become a research hotspot in recent years. It is critical to select suitable biochar for soil rejuvenation under the same pollution condition.
Methods: In this study, the biochars were characterized by Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), and scanning electron microscopy (SEM). In addition, the adsorption and passivation effects of BC-Fe and BC-Mg were comprehensively evaluated through batch adsorption experiments and soil incubation experiments, and the effects of Cd-contaminated soil on plant growth were also demonstrated by pot experiments.
Results: SEM, FTIR, and XRD showed that MgO and Fe3O4 nanoparticles were successfully loaded on the biochar surface. The maximum adsorption efficiencies of BC-Fe and BC-Mg for Cd were 52.63 and 66.23 mg g−1, which was 9.05 and 7.19 times higher than that of the original biochar (7.32 mg g−1), respectively. Soil culture experiment showed that 5% BC-Fe and BC-Mg significantly reduced soil DTPA-Cd content by 38.86% and 50.85% at 120 days, respectively. In addition, BC-Fe and BC-Mg promoted the conversion of acid-soluble Cd to the oxidizable and residual states. Pot experiments revealed that BC-Fe and BC-Mg reduced the Cd content in shoots of the maize by 3.97 and 6.09 times, respectively, and both significantly increased the dry and fresh weights of the shoots and roots of the maize plants. Moreover, BC, BC-Fe, and BC-Mg provided nutrients required for plant growth to the soil and increased the activities of soil dehydrogenase, urease, and peroxidase. The adsorption–passivation mechanism of BC-Fe on Cd mainly included electrostatic attraction, while the adsorption–passivation mechanism of BC-Mg on Cd included precipitation and ion exchange.
Discussion: Overall, the results showed that BC-Mg can be used as an efficient functional material for heavy-metal pollution remediation, and this study provided guidance on the selection of passivator materials for heavy-metal-contaminated soil remediation.
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1 INTRODUCTION
Soil pollution by heavy metals is currently a prevalent environmental issue in China. According to the 2014 National Soil Pollution Status Survey data, approximately 16.1% of soil-contaminated sites, encompassing both agricultural and industrial areas, exceeded the permissible limit of the secondary standard for soil environmental quality. Among these contaminated sites, heavy metals accounted for 82.8% of the pollution. Specifically, the levels of Cd, Hg, As, Cu, Pb, Cr, Zn, and Ni exceeded the standard by 7.0%, 1.6%, 2.7%, 2.1%, 1.5%, 1.1%, 0.9%, and 4.8%, respectively. The impact of heavy metals on soil fertility, microbial activity, crop yield, and their potential accumulation in vegetables, thereby posing a risk to human health, has been extensively studied (Bolan et al., 2014; Ma et al., 2015). In particular, significant research efforts have been dedicated to investigating the contamination of soils by Cd in recent decades (Culbard et al., 1988; Chlopecka, 1996). It has been observed that Cd exhibits a higher bioavailability in soil than other metal contaminants, such as Cu, Mg, Ni, Pb, and Zn (Prokop et al., 2003). Despite the presence of low concentrations of Cd, plants can still exhibit toxicity toward Cd. Furthermore, there exists a possibility that plants may have the ability to take higher amount of Cd from soils with low Cd concentrations (Li et al., 2006). Furthermore, it is worth noting that the presence of Cd in soil exhibits a persistent nature. Scholars have made significant advancements in devising various technological strategies to address the issue of Cd-contaminated soil, including thermal treatment, soil drenching, and phytoremediation (Ghosh, 2005; Chou et al., 2010; Zhang et al., 2010). Nevertheless, the considerable expenses associated with equipment commissioning and maintenance in industrial Cd-contaminated soil treatment, coupled with the propensity to induce secondary contamination, render it unsuitable for practical remediation of wastewater or soil (Chen et al., 2015; Natarajan et al., 2018).
Biochar (BC), a solid carbon material derived from the pyrolysis of animal or plant residual waste under oxygen-limited conditions at temperatures ranging from 200°C to 700°C, exhibits promising potential as an environmentally friendly and cost-effective remediation material (Qiu et al., 2021). In addition to its ability to efficiently remove Cd from wastewater, biochar also demonstrates a favorable in situ passivation effect on Cd-contaminated soil (Xu et al., 2013). Notably, the utilization of biochar derived from Vetiveria zizanioides as feedstock resulted in a remarkable adsorption efficiency of 69.92% for Cd within the 90-min timeframe (Tyagi, 2022). The utilization of biochar derived from rice husks has been found to effectively decrease the bioavailability of heavy metals in soil, as well as reduce the uptake of heavy metals by lettuce (Kim et al., 2015). However, it should be noted that original biochar has certain limitations in its ability to adsorb Cd from both Cd-contaminated wastewater and soil environments. Consequently, it fails to meet the demands of progressively stricter environment regulations. Consequently, scholars have endeavored to enhance and incorporate biochar media by means of modifications aimed at improving its efficacy in removing heavy metals. These modifications include acid–base treatment to augment heavy-metal adsorption by enhancing the surface area and increasing the presence of oxygen-containing functional groups in biochar, as well as the loading of metal oxides to enhance the specific adsorption capacity of heavy metals onto biochar (Hemavathy et al., 2020; Lonappan et al., 2020; Amusat et al., 2021; Ma et al., 2021). In recent years, research on Mg-based and Fe-based biochars has attracted considerable attention, particularly in their composite materials with MgO and Fe3O4 nanoparticles. This increased attention can be attributed to their effective adsorption and passivation capabilities in Cd-contaminated soil. The pyrolysis of MgO-BC at 500°C resulted in an adsorption capacity of 104.68, 173.22, 104.38, and 47.02 mg g−1 for Cd(II), Cu(II), Zn(II), and Cr(VI), respectively. Additionally, it reduced CaCl2-Cd by 70.0% and facilitated the conversion of Cd to a stable fraction (Li et al., 2022a). Zahedifar et al. (2021) revealed that the magnetic biochar synthesized from date leaves exhibited a notable maximum adsorption capacity of 53.75 mg g−1 for Cd in wastewater, surpassing the adsorption capacity of pristine biochar. Furthermore, Fu et al. (2021) demonstrated that magnetic biochar derived from wheat straw effectively mitigated the presence of Cd in soil, resulting in a reduction of available soil Cd by 61.38%.
As described previously, different biomass raw materials, different biochar preparation conditions, and different physical and chemical properties of the soil can significantly affect the adsorption and passivation effects of the biochar, which seriously hinders the selection of biochar modification methods and the practical applications. Certain biochar derived from the pyrolysis of raw biomass demonstrated notable adsorption capacity for Cd-contaminated soil. Notably, the biochar derived from pine cones exhibited a maximum adsorption capacity of 92.7 mg·g−1 of Cd, surpassing the adsorption capacities of most of the majority of modified biochars designed for heavy-metal removal (Teng et al., 2020). There are few studies on the comprehensive comparison and evaluation of the adsorption and passivation capacities of Fe-based and Mg-based biochars for Cd. This study aimed to assess the adsorption and passivation effects of Fe-based and Mg-based biochars on Cd and to determine the most suitable modified biochar for practical applications. To achieve this, Fe3O4 and MgO nanoparticle BC composites were prepared using wheat straw. The adsorption kinetics and isotherm realization were employed to evaluate the maximum amount and adsorption characteristics of Cd adsorbed by BC-Fe and BC-Mg. Subsequently, soil culture experiments were conducted for 120 days to assess the passivation characteristics of soil Cd by BC-Fe and BC-Mg. To further evaluate the effects of BC-Fe and BC-Mg on the growth and development of maize plants and their physiological mechanisms in alleviating Cd stress, pot experiments were conducted using this soil for a period of 100 days. The study comprehensively evaluated the following: 1) the adsorption and passivation characteristics and mechanisms of BC-Mg and BC-Fe; 2) the impact of BC-Mg and BC-Fe on soil physicochemical properties; and 3) the effects and mechanisms of BC-Mg and BC-Fe in mitigating plant Cd stress. Hence, the importance of this study resides in offering guidance on the selection of passivator materials for the purpose of remediating heavy metals in soil.
2 MATERIALS AND METHODS
All solutions used in this study were prepared with ultrapure water (18.25 Ω). All reagents used were of analytical grade and were used without purification.
2.1 Preparation and characterization of MgO- and Fe3O4-loaded biochar nanocomposites
2.1.1 Preparation of MgO- and Fe3O4-loaded biochar nanocomposites
To prepare the original biochar using wheat straw as the raw biomass material, the wheat straw was initially cut into 1–2-cm fragments. Subsequently, it was washed three times, first with tap water and then with deionized water. The washed fragments were then dried in an oven at a temperature of 60°C and then ground. The resulting wheat straw fragments were placed inside a crucible, which was then wrapped and sealed with tinfoil. The samples were subjected to a temperature of 500°C in a muffle furnace for 2 h to induce pyrolysis. Following the pyrolysis process, biochar was carefully removed from the furnace and allowed to cool down to room temperature. The resulting product was identified as the original biochar, referred to as BC. The synthesis of BC-MgO nanocomposites involved several steps. Initially, 50 g of wheat straw powder was added to 1 L solution of 1.5 M KOH. The resulting mixture was subjected to magnetic stirring for 5 h, yielding the KOH-biomass precursor. Subsequently, 20 g of the precursor biomass was combined with 500 mL solution containing 0.04 M magnesium acetate. The resulting mixture was then subjected to magnetic stirring at a temperature of 60°C for 24 h. The pyrolysis conditions utilized were consistent with those previously described for the original BC. The resulting sample was designated as BC-Mg. The BC-Fe3O4 nanocomposites were prepared by dissolving 10 g FeSO4·7H2O and 10 g Fe2(SO4)3 in 200 mL of deionized water, followed by the addition of 10 g BC to Fe3+/Fe2+ mixed solution. The mixture was then subjected to magnetic stirring for 30 min, and the pH was adjusted to 10 using 0.1 M KOH. The stirring was continued for an additional 30 min until the mixed solution reached a stable state, resulting in the formation of the Fe-biomass precursor. Subsequently, the precursor samples were heated in a muffle furnace at 500°C for 2 h. The resulting sample was designated as BC-Fe.
2.1.2 Characterization of original and modified biochars
To analyze the crystallographic structure of both original and modified BCs, a Bruker D8 X-ray diffractometer (Cu Kα, 40/thinsp; kV, 20/thinsp; mA, λ = 1.54056”˚) was used. The morphology of powdered BC was examined using a scanning electron microscope (JEOL JSM-6510). Furthermore, the presence of functional groups in both the original and modified BCs was determined using a Fourier transform infrared (FTIR) analyzer (Bruker Tensor 27, Bruker AXS GmbH, Karlsruhe, Germany). BC samples were analyzed for multipoint BET surface area using nitrogen as the adsorbing gas. The surface areas of BC, BC-Mg, and BC-Fe were 90.33, 62.45, and 53.59 m2·g−1, respectively.
2.2 Batch adsorption experiments
2.2.1 Adsorption kinetics experiments
A measure of 20 mg of BC, BC-Fe, and BC-Mg was collected in a 50-mL centrifuge tube, and 20 mL of 200 mg·L−1 Cd(NO3)2 solution was mixed with 20 mg BC, and then the centrifuge tube was shaken. The pH of the mixed solution was adjusted to 5 ± 0.1. Subsequently, the corresponding centrifuge tube was taken out at different times: 0, 15, 30, 60, 150, 300, and 600 min. After collection and filtering using a 0.45-μm filter membrane, the supernatant was collected, and the Cd concentration of the supernatant was determined by AAS (Huang et al., 2022).
In order to investigate potential adsorption behavior, quasi-first-order and quasi-second-order kinetic models were fitted for obtaining the relationship between reaction time and sample adsorption capability. The quasi-first-order equation is expressed as follows:
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The quasi-second-order equation is expressed as follows:
[image: image]
where qe (mg·g−1) represents the adsorption amount at adsorption equilibrium; qt (mg·g−1) represents the adsorption amount at time t; K1 (1·min−1) is the quasi-first rate constant; and K2 (g/mg/min) is the quasi-second rate number.
2.2.2 Isothermal adsorption experiment
A measure of 20 mg original and modified BCs was collected in a 50-mL centrifuge tube, and different concentrations of Cd(NO3)2 solution (10, 20, 50, 100, 200, and 300 mg·L−1) were mixed with 20 mg BC. The pH of the mixed solution was adjusted to 5 ± 0.1. The tube was shaken (280 rpm) at room temperature in a thermostatic oscillator. After 24 h, the mixture samples were filtered through 0.45-μm filter membranes, and the Cd concentration of the supernatant was determined by AAS.
Sorption isotherms were modeled using Langmuir and Freundlich equations (Hu et al., 2011; Kołodyńska et al., 2012). The equation of the Langmuir model is expressed as follows:
[image: image]
The equation of the Freundlich model is expressed as follows:
[image: image]
where Ce (mg·L−1) represents the concentration of the adsorbate in the solution at adsorption equilibrium; Qe (mg·g−1) represents the adsorption capacity of the adsorbent at adsorption equilibrium; Qm (mg·g−1) represents the maximum saturated adsorption capacity of the adsorbent; KL is the Langmuir constant or equilibrium constant, which is a parameter characterizing the affinity between the adsorbent and adsorbate; KF represents the Freundlich constant; and N refers to the adsorption intensity constant and the intensity of the adsorption amount increasing with the concentration.
2.3 Soil experiment
The tested soil was collected from the surface tillage layer (about 20 cm deep) from the test field in Huazhong Agricultural University, Wuhan, China. The total Cd content of the soil was supplemented to 12 mg·kg−1 with CdCl2 solution, aged for 45 days. After completion of the aging process, physicochemical properties of the aged soil were as follows: the pH was 7.4; the content of DTPA-Cd was 5.63 mg·kg−1; the content of available phosphorus was 28.33 g·kg−1; the total Cd content was 11.28 mg·kg−1; and the content of organic matter was 24.3 g·kg−1. Soil organic matter encompasses all carbon-based organic substances present in soil, manifesting in diverse forms such as animal and plant remnants, microorganisms, and various decomposed and synthesized organic materials within the soil.
Soil incubation and pot experiment: A measure of 3 kg Cd-contaminated soil was collected in a plastic basin, which was homogeneously mixed with 5% BC, BC-Fe, and BC-Mg. Therefore, treatments applied in this experiment are as follows: CK (no original and modified BCs), BC, BC-Fe, and BC-Mg, and each treatment was processed in three replicates. The soil moisture content was kept at 60% during incubation using the weighing method. A measure of 20 g of soil samples were taken from plastic pots on 30th, 60th, and 120th days, dried and ground, and passed through 2- and 0.15-mm sieve holes. After the completion of soil culture, the maize seeds sterilized using sodium hypochlorite were sown in each plastic pot, and three maize seedlings were planted in each plastic pot after 1 week of growth. The maize seedlings were irrigated with ultrapure water during the growth period, and the maize plants were harvested after 30 days. Finally, 50 g of maize rhizosphere soil samples was collected for subsequent index determination. After 30 days of growth, the fresh and dry weights of the roots and shoots (within this report, the term “shoot” encompasses all aboveground tissues of the maize plants) of one part of the plant samples were measured. The second part of the plant samples was immediately frozen in liquid nitrogen for quenching for evaluating physiological index measurements. The last part of the plants samples was washed three times with 20 mM Na2-EDTA and then with deionized water for several times. The Cd content of plant samples was determined after drying.
2.4 Determination of soil and plant samples
2.4.1 Plant determination
During a microwave oven digestion procedure, plant samples were digested with 10 mL concentrated nitric acid, and then the ICP-MS was used to determine the Cd concentrations in plant samples.
Using the MDA detection kit and H2O2 detection kit, we measured the levels of MDA and H2O2 in the plant tissue homogenates at different concentrations (KeyGen Biotech). Furthermore, APX activity was measured using the Plant APX Elisa Kit (Xiamen Huijia Biotechnology Institute).
2.4.2 Soil determination
DTPA-extractable Cd was determined by mixing 20 g of soil with 50 mL DTPA-TEA solution (0.005 M DTPA, 0.1 M TEA, and 0.01 M CaCl2, pH = 7.3) (Hamid et al., 2018). The soil Cd fraction was determined using the BCR three-step continuous extraction method (Sun et al., 2023). The soil pH was determined as follows: soil and water was taken at a ratio of 1:2.5 (w/v), shaken for 1 min, and then allowed to settle for 30 min, and the pH of the supernatant was determined using a pH meter. The soil samples were subjected to digestion using a mixture of 5 mL of 1 M K2Cr2O7-H2SO4 and 5 mL of concentrated H2SO4, followed by boiling at 185°C for 5 min. The content of soil organic carbon was determined through the ferrous sulfate titration process, resulting in a red coloration. The soil organic matter was then calculated by multiplying the soil organic carbon value by a factor of 1.7 (Chen et al., 2019a). Soil phosphorus was extracted using a solution of 50.0 mL of 0.5 M NaHCO3 (pH = 8.5) added to 2.50 g of soil. The resulting mixture was shaken for 30 min and then filtered. The phosphorus content was quantified using the colorimetric molybdenum blue method, and the absorbance at 880 nm of the antimony–phospho-molybdate complex formed through the reaction of phosphate with acidic molybdate in the presence of antimony was measured. This complex was subsequently reduced by ascorbic acid, resulting in the emission of a blue color (Bar-Yosef and Akiri, 1978). Soil exchangeable potassium, calcium, and magnesium were determined by ammonium acetate leaching using AAS (CHENG and BRAY, 1951). By using the diethylenetriaminepentaacetic (DTPA) method, Fe, Cu, and Zn contents in the soil were measured (Lindsay and Norvell, 1978). Soil urease was determined by incubating the soil with urea at 37°C for 24 h and then analyzing the ammonia released from the soil (Tabatabai and Bremner, 1972). Soil peroxidase was determined using 0.002 mol·L−1 of potassium permanganate (Zhang et al., 2023). Soil dehydrogenase was determined by measuring the rate of reduction of tetrazolium chloride to triphenylmethanol in soil incubated at 30°C for 6 h (Casida et al., 1964). The soil samples underwent digestion using a combination of acids (HF–HCl–HNO3) at a ratio of 1:10. Specifically, 1 g of the soil sample was combined with 2.0 mL of HF, 2.0 mL of concentrated HCl, and 6.0 mL of HNO3 and subjected to microwave digestion at 160°C for 2 h. The concentrations of Cd in the resulting digestion solution were subsequently determined using ICP-MS (Huang et al., 2023).
2.5 Statistical analysis
One-way ANOVA was performed using SPSS 26.0 software with Duncan’s method for significance testing (p < 0.05). The underlying data were collated using Excel 2019 and plotted using Origin 2022 software.
3 RESULTS
3.1 Biochar surface morphology and functional groups
In this study, SEM was utilized to examine the alterations in the surface morphology of the modified biochar. As shown in Figure 1, the surface of the unmodified biochar (BC) exhibited a relatively uneven texture, lacking distinct pore structure and harboring some impurities. However, upon loading the biochar with nanoparticles of MgO and Fe3O4, the surfaces of BC-Fe and BC-Mg became even rougher, displaying a more pronounced pore structure. Furthermore, the nano-MgO and -Fe3O4 particles were uniformly dispersed on the biochar surface and within the voids formed during pyrolysis.
[image: Figure 1]FIGURE 1 | SEM micrograph of biochars.
The properties of the modified biochar were initially examined by FTIR and XRD (Figure 2). Obviously, the absorption peak at 3,600 cm−1 was attributed to the stretching vibration of -OH (Novak et al., 2010), and the absorption peak at 1,630 cm−1 was attributed to the -COO vibration of carboxylate. Additionally, the presence of -C=O at 1,320 cm−1 was found to be interconnected with the -CH at 1,120 cm−1 (Wu et al., 2019). Following the loading of MgO and Fe3O4 nanoparticles onto the biochar, distinctive peaks were observed at 560 cm−1 for BC-Fe, corresponding to Fe-O bonds (Xie et al., 2021), and at 740 cm−1 for BC-MgO, corresponding to Mg-O bonds (Wu et al., 2019), indicating the successful loading of the desired functional groups onto the modified BC. Additionally, XRD analysis was utilized to investigate the fraction of Mg and Fe present on the surfaces of BC-Fe and BC-Mg. The XRD results clearly indicated the presence of Fe3O4 on the surface of BC-Fe, while Mg was observed in the form of Mg-O on the surface of BC-Mg. In conclusion, successful loading of MgO and Fe3O4 onto the biochar surface was achieved.
[image: Figure 2]FIGURE 2 | FTIR and XRD spectra of BC, BC-Fe, and BC-Mg.
3.2 Isothermal adsorption and adsorption kinetics experiments
This study investigated the adsorption performance of BC, BC-Fe, and BC-Mg on Cd using an isothermal adsorption model. The experimental data were analyzed using the Langmuir and Freundlich models as depicted in Figures 3B, C, respectively. The obtained model parameters are presented in Table 1. Notably, the R2 value of the Langmuir model surpassed that of the Freundlich model, indicating that the adsorption processes of BC, BC-Fe, and BC-Mg on Cd exhibited a higher degree of conformity to the Langmuir adsorption model. The maximum adsorption capacities for Cd by BC, BC-Fe, and BC-Mg were determined to be 7.32, 66.23, and 52.63 mg·g−1, respectively. Additionally, the maximum adsorption capacities of BC-MgO and BC-Fe were found to be 9.05 and 7.19 times greater than that of BC, respectively. Notably, BC-MgO demonstrated the highest KL value, suggesting a more robust and stable adsorption capacity for Cd.
[image: Figure 3]FIGURE 3 | Curves of adsorption kinetics and adsorption isotherms. (A) Pseudo-first-order adsorption kinetics plot and pseudo-second-order adsorption kinetics plot. (B) Langmuir adsorption isotherm. (C) Freundlich adsorption isotherm.
TABLE 1 | Parameters of Langmuir and Freundlich adsorption isotherm models of Cd adsorption on biochar.
[image: Table 1]The adsorption kinetics refers to the temporal change in the adsorption quantity of the adsorbent. As depicted in Figure 3A, the adsorption process of several BCs on Cd can be divided into two periods. Within the initial 0–60 min, the adsorption capacity of these biochars for Cd exhibited a rapid increase, reaching over 90% of the maximum adsorption capacity; after 60 min, the adsorption equilibrium was attained, signifying that the active adsorption sites on the biochar surface had reached saturation. Notably, no desorption of Cd by BC, BC-Fe, and BC-Mg was observed during the 600 min duration. The R2 values obtained from comparing the pseudo-first-order kinetic model and pseudo-second-order kinetic model for Cd adsorption by BC, BC-Fe, and BC-Mg suggest that BC-Fe and BC-Mg exhibit a stronger correlation with the pseudo-second-order kinetic model. Conversely, BC demonstrates a stronger correlation with the pseudo-first-order kinetic model (Table 2). This observation implies that the adsorption process of Cd by BC-Fe and BC-Mg is primarily governed by chemisorption.
TABLE 2 | Model parameters of pseudo-first-order kinetic and pseudo-second-order kinetic models of Cd adsorption on biochar.
[image: Table 2]3.3 Soil culture experiment
3.3.1 Soil DTPA-Cd and Cd fraction
As shown in Figure 4, it can be seen that BC, BC-Fe, and BC-Mg exhibit significant reductions in soil DTPA-Cd content, with BC-Mg demonstrating the lowest DTPA-Cd content at day 60. Furthermore, the passivation efficiency of BC and BC-Fe on soil Cd displays an initial increase followed by a decrease, indicating that BC-Mg possesses the timeliest effectiveness for Cd. At day 120, BC, BC-Fe, and BC-Mg reduce the DTPA-Cd content by 27.33%, 38.86%, and 50.85%, respectively (Figure 4A). Additionally, the passivation efficiency of BC-Fe and BC-Mg surpasses that of BC in the range of 5.6%–11.52% and 10.64%–23.51%, respectively.
[image: Figure 4]FIGURE 4 | Effect of biochar on soil DTPA-Cd, Cd fraction, and soil physicochemical properties. (A) Dynamic changes in soil DTPA-Cd. (B) Soil Cd fraction at 120th day. (C) Soil physicochemical properties at 120th day.
Morphologically, BC, BC-Fe, and BC-Mg demonstrated reductions in soil acid-soluble Cd by 21.32%, 39.34%, and 47.34%, respectively (Figure 4B). It is worth noting that the oxidizable and residual fractions of soil Cd are considered to possess relatively stable characteristics and are less prone to absorption by plants (Chen et al., 2022). These fractions accounted for 28%, 31%, and 39% in BC, BC-Fe, and BC-Mg, respectively. Consequently, it can be concluded that BC-Mg exhibited the highest efficacy in passivating Cd.
3.3.2 Physicochemical properties of soil
The objective of this experiment was to investigate the impact of different BCs on the pH and physical and chemical properties of weakly alkaline soil. The results showed that BC significantly increased the soil pH value to 8.31, while BC-Fe and BC-Mg had no significant effect on soil pH (Figure 4C). Furthermore, all biochars demonstrated varying degrees of improvement in physical and chemical properties of soil. BC treatment exhibited the highest levels of alkali-hydrolyzed nitrogen, available phosphorus, available potassium, exchangeable calcium, available copper, and available zinc. These values were 44.65%, 74.38%, 115.50%, 22.28%, 176.11%, and 143.81% higher than those in CK treatment, respectively. BC-Fe exhibited the highest available iron content, which is 103.68% higher than that in CK. BC-Mg exhibited the highest exchangeable Mg content, which is 111.05% higher than that in CK (Figure 4C).
3.4 Pot experiment
3.4.1 The maize biomass and Cd content
The evaluation of biochar passivation efficacy can be effectively conducted by considering the biomass of plants, which serves as an intuitive indicator. As depicted in Figure 5A, all biochars demonstrated a significant increase in the dry and fresh weights of maize shoots and roots compared to the control group (CK). However, there were no notable differences in maize biomass observed among BC, BC-Fe, and BC-Mg. Specifically, the application of BC, BC-Fe, and BC-Mg resulted in significant increases in shoot fresh weight, with increments of 27.37%, 30.46%, and 38.11%, respectively. Furthermore, these treatments led to notable enhancements in the fresh weight of roots, with increments of 47.50%, 43.32%, and 64.28%, respectively. Additionally, the dry weight of shoots exhibited increases of 29.14%, 27.75%, and 52.97%, while the dry weight of roots experienced increments of 115.75%, 127.56%, and 134.60%.
[image: Figure 5]FIGURE 5 | Effect of biochar on maize biomass and Cd content. (A) Dry and fresh weights of shoots and roots of maize. Cd content in shoots (B) and roots (C) of maize.
BC, BC-Fe, and BC-Mg demonstrated significant reductions in Cd contents in the shoot and root of maize. Specifically, the Cd content in the shoots decreased by 1.67, 3.97, and 6.09 times, while in the roots, the reductions were 3.01, 5.97, and 9.86 times, respectively. Furthermore, BC-Mg exhibited superior efficacy in reducing Cd absorption by crops to BC and BC-Fe.
3.4.2 The content of MDA and H2O2 and APX activity
To assess the presence of oxidative stress, the levels of H2O2 and MDA were quantified (Figure 6). Remarkably, the application of BC resulted in the lowest concentrations of H2O2 and MDA in both the shoot and root of maize, followed by BC-Mg treatment. Specifically, BC, BC-Fe, and BC-Mg treatments led to a reduction in the MDA content in the shoot by 189.33%, 79.28%, and 144.92% and in the root by 253.51%, 51.52%, and 107.99%, respectively. Additionally, the content of H2O2 in the shoot decreased by 123.46%, 24.35%, and 40.64% with BC, BC-Fe, and BC-Mg treatments, and in the root by 244.14%, 79.80%, and 26.38%, respectively.
[image: Figure 6]FIGURE 6 | Content of MDA and H2O2 and the activity of APX in shoots and roots of maize.
This study aimed to assess the impact of Cd stress on the antioxidant system in maize plants. Specifically, the activity of APX was measured in both the shoots and roots of maize plants (Figure 6). The finding clearly observed that the APX activity in the BC, BC-Fe, and BC-Mg treatments was significantly lower than that in the CK treatment. This decrease in APX activity can be attributed to the lower levels of reactive oxygen species (ROS) in the biochar treatments, which consequently reduces the need for APX activity. Furthermore, the original biochar exhibited higher APX activity and demonstrated a greater ability to remove ROS than the modified biochar, aligning with the results obtained for ROS content in maize plants.
3.4.3 Soil enzyme activities, DTPA-Cd content, and Cd content
In order to assess the influence of biochar on the health of soil contaminated with Cd, the levels of soil dehydrogenase, catalase, and urease were quantified (Figures 7A–C, respectively). The application of BC, BC-Fe, and BC-Mg resulted in significant enhancements in soil urease activity, with increases of 67.81%, 39.46%, and 60.99%, respectively. Similarly, the application of BC, BC-Fe, and BC-Mg led to notable increases in dehydrogenase activity, with improvements of 76.31%, 75.73%, and 46.71%, respectively. It is noteworthy that the application of BC and BC-Fe resulted in a substantial increase in soil catalase activity by 43.22% and 17.92%, respectively, whereas BC-Mg led to a significant decrease in soil catalase activity by 20.69%. These findings clearly demonstrate that BC exhibits the most pronounced effect in enhancing soil enzyme activity, followed by BC-Fe, indicating that various biochar types elicit distinct biochemical responses within the soil.
[image: Figure 7]FIGURE 7 | Soil enzyme activity, DTPA-Cd content, and Cd fraction of the pot experiment. (A) Soil dehydrogenase activity. (B) Soil catalase activity. (C) Soil urease activity. (D) Content of DTPA-Cd. (E) Proportion of the Cd fraction.
After a period of 120 days of soil culture and 30 days of pot planting, it was observed that BC, BC-Fe, and BC-Mg continued to exhibit significant reductions in DTPA-Cd levels by 26.41%, 39.52%, and 51.22% and acid-soluble Cd levels by 16.84%, 34.90%, and 37.98%, respectively. Additionally, both the original biochar and modified biochar were found to have the ability to convert Cd into a stable fraction. Specifically, BC, BC-Fe, and BC-Mg demonstrated increases in the oxidizable Cd levels by 10.94%, 35.16%, and 55.47%, and in the residual Cd by 49.11%, 79.46%, and 88.39%, respectively (Figures 7D, E).
4 DISCUSSION
4.1 Mechanism of adsorption and passivation of Cd by modified biochar
Biochar has been found to be a highly effective adsorbent for the treatment of heavy metals in wastewater and for the passivation of soil in situ. Comparative analysis reveals that BC-Fe and BC-Mg exhibit superior performance in terms of Cd adsorption from aqueous solutions and the passivation of soil Cd compared to BC alone. Specifically, the maximum adsorption of Cd by BC-Fe and BC-Mg was found to be 9.05 and 7.19 times higher than that of BC, respectively. Furthermore, the passivation efficiencies of BC-Fe and BC-Mg for soil Cd were, respectively, 5.6%–11.52% and 10.64%–23.51% higher than BC. These findings suggest that BC-Mg exhibits the highest adsorption and passivation effects on Cd under the same environmental conditions. The mechanisms of Cd adsorption and passivation by biochar have been reported extensively, specifically, including physical adsorption (Zhang et al., 2019), electrostatic attraction (Wang et al., 2021b), complexation (Huang et al., 2019), ion exchange (Wu et al., 2021), and precipitation (Zhou et al., 2020). The different raw materials utilized in biomass can result in distinct dominant mechanisms pertaining to the adsorption or passivation of Cd. For example, biochar derived from municipal waste exhibits heightened electronegativity and ion-exchange capacity, whereas biochar sourced from plant residues possesses a more abundant array of the surface functional group (Zhao et al., 2015). The adsorption or passivation of Cd by pristine biochar involves a combination of several mechanisms, and the poor selective adsorption, barren pore structure, and unabundant surface functional groups lead to poor adsorption of Cd by pristine biochar, which often fails to achieve the desired results of researchers (Liu et al., 2023). For BC-Mg and BC-Fe, the loading of MgO and Fe3O4 nanoparticles on biochar can lead to a substantial enhancement in the adsorption capability of Cd. Following the introduction of MgO nanoparticles, in comparison to BC and BC-Fe, BC-Mg exhibited remarkable efficacy in adsorption and passivation of Cd in both aqueous solutions and soil. The hydrolysis of Mg2+ from the BC-Mg surface facilitates ion exchange with Cd. Furthermore, Cd can be precipitated through the ionization of OH- and CO32− by Mg(OH)2, resulting in a notable increase in the ion-exchange capacity and precipitation of BC-Mg for Cd (Wu et al., 2019; Wang et al., 2021a; Li et al., 2022a; Cheng et al., 2022). In addition to this main adsorption mechanism, isomorphous substitution and functional group complexation are also potential adsorption mechanisms of BC-Mg for Cd (Li et al., 2022b). The biochar loaded with Fe3O4 exhibits a potential of −0.44 V for Fe on the BC-Fe surface and possesses a strong electron-donating capacity (Mandal et al., 2021), which usually adsorbs and passivates Cd in the form of electrostatic attraction, which is in agreement with Chen et al. (2019b), Zhang et al. (2020), and Duan et al. (2022). In summary, the adsorption passivation mechanism of BC-Mg on Cd primarily involves surface precipitation, whereas that of BC-Fe primarily relies on electrostatic attraction. The analysis clearly indicated that the adsorption of Cd and the passivation of soil Cd by BC-Mg are considerably greater than those achieved by BC-Fe, as depicted in Figures 4, 7. This discrepancy in adsorption and passivation efficacies can be primarily attributed to distinct passivation mechanisms. Notably, the precipitation and ion exchange of Cd with BC-Mg demonstrate enhanced stability compared to electrostatic attraction. The potential desorption of Cd from the biochar surface should be taken into account, as it provides an explanation for the superior adsorption passivation capability of BC-Mg toward Cd.
4.2 Improvement of Cd-contaminated soil by the modified biochar
In order to facilitate the successful implementation of BC for the remediation of Cd-contaminated soils, it is crucial to consider the impact on the physicochemical properties of tested soils as a significant evaluation criterion. The assessment of soil properties in this study encompassed two primary dimensions. First, the influence of biochar on the nutrient composition of Cd-contaminated soil was examined to determine its potential to supply essential elements for plant growth. Second, the effect of biochar on the enzymatic activity of Cd-contaminated soil was evaluated as an indicator of soil health. The results of this study showed that BC, BC-Fe, and BC-Mg significantly increased soil alkali-hydrolyzed nitrogen, available phosphorus, available potassium, exchangeable calcium, exchangeable magnesium, exchangeable iron, exchangeable copper, and exchangeable zinc, indicating that pristine biochar and modified biochar can provide the nutrients required for plant growth (Figure 4C), laying the foundation for the practical application of biochar. The augmentation of maize plant biomass through biochar treatment provides additional evidence to support this notion. Moreover, the utilization of BC as a slow-release fertilizer not only diminishes the dispersion of soil nutrients but also curtails the reliance on chemical fertilizers, thereby emphasizing the practical significance of BC. Hussain et al. (2016) reported that the utilization of biochar has the potential to enhance the agricultural productivity of severely degraded lands characterized by low nutrient content and poor soil fertility. It is worth mentioning that the unmodified biochar demonstrated superior outcomes in terms of enhancing various nutrients, with the exception of BC-Mg, which displayed the highest level of exchangeable Mg, and BC-Fe, which exhibited the highest level of exchangeable Fe. This can be attributed to the incorporation of Fe and Mg elements during the biochar modification process, which led to the depletion of other elements from the biochar surface.
The activity of soil microorganisms can be assessed through the measurement of soil dehydrogenases (Bartkowiak et al., 2017). Additionally, the presence of soil urease is closely associated with the soil’s capacity to supply nitrogen (Chen et al., 2018). Furthermore, soil catalase plays a crucial role in the decomposition and conversion of peroxides within the soil, thereby mitigating the negative impact of ROS on soil health (Bian et al., 2020). Based on the findings of a comprehensive analysis, it was observed that the addition of BC, BC-Fe, and BC-Mg significantly enhanced the activity of soil dehydrogenase, catalase, and urease (Figures 7A–C). This suggests that BC, BC-Fe, and BC-Mg have the potential to improve the soil microbial environment and create a more favorable growth environment for crops in Cd-contaminated soils. It is noteworthy that BC demonstrated superior effects on enhancing enzyme activity in Cd-contaminated soils. Previous studies have revealed that the impact of biochar on soil enzymes is multifaceted and can even yield contradictory outcomes. On the one hand, the favorable pore structure of biochar facilitates the attachment of reaction substrates to its surface, thereby promoting the reaction. On the other hand, enzymes also become adsorbed onto the biochar surface, leading to a reduction in the enzymatic reaction and subsequently diminishing soil enzymatic activity (Lehmann et al., 2011). Hence, the aforementioned factors contributed to the observed variations in soil enzyme activity among BC, BC-Fe, and BC-Mg. Furthermore, it was observed that BC-Mg exhibited a reduction in soil peroxidase activity. This reduction can be attributed to the enhanced adsorption and passivation capabilities of BC-Mg toward soil Cd, as depicted in Figures 3, 4, 7. Consequently, BC-Mg effectively decreased the bioavailability of Cd and facilitated its conversion into a more stable form, thereby leading to a decline in soil peroxide levels and subsequently resulting in diminished peroxidase activity in BC-Mg-treated soil. In general, the findings of this investigation indicate that BC, BC-Mg, and BC-Fe have the potential to enhance soil nutrient levels to different extents, aligning with Ali et al. (2017), Adhikari et al. (2022), Tran et al. (2023), and Zhao et al. (2023). Nevertheless, taking into account the existence of the hazardous element Cd in the soil, BC-Mg emerged as the most favorable option following a comprehensive assessment of the outcomes derived from adsorption experiments, soil culture experiments, and pot experiments.
4.3 Effect and mechanism of biochar in alleviating Cd stress in plants
The passivation of Cd adsorption by MgO and Fe3O4 nanoparticle-loaded biochar has been previously documented, although there is limited research on its impact on crop growth. This study investigates the effects of BC, BC-Fe, and BC-Mg on maize plant biomass. Surprisingly, there were no significant differences in maize biomass between treatments with pristine biochar and BC-Fe and BC-Mg (Figure 5A). However, the concentrations of Cd in the shoot and root tissues were found to be significantly lower in the BC-Fe and BC-Mg treatments than in the BC treatment. This suggests that enhancing the soil environment may have a greater positive impact on plant growth and development in Cd-contaminated soil. Furthermore, this study also aimed to investigate the physiological mechanisms underlying the alleviation of Cd stress in plants by BC, BC-Fe, and BC-Mg, by measuring the levels of MDA, H2O2, and APX enzyme activities. The original biochar treatment exhibited the most notable reduction in MDA and H2O2 levels in both the shoots and roots of maize plants, surpassing the BC-Fe and BC-Mg treatments. This suggests that the original biochar treatment is more effective in facilitating the elimination of ROS from maize plants and safeguarding cells against oxidative damage, thereby enhancing the overall growth and development of plants. It is worth noting that APX, as highlighted by Su et al. (2016), plays a crucial role in scavenging ROS in plants. An intriguing discovery emerged from the study, as the CK treatment demonstrated the highest APX activity, contradicting the findings of several recent investigations (Kamran et al., 2020; Awad et al., 2022; Hussain et al., 2022; Pandey et al., 2022). This discrepancy could potentially be attributed to the elevated bioavailability of Cd in the CK treatment (Figures 7D, E), prompting the activation of the maize plants’ self-defense mechanism and triggering a more pronounced oxidative stress response, ultimately leading to a noteworthy augmentation in APX activity. In contrast, the application of BC, BC-Fe, and BC-Mg treatments resulted in a significant decrease in the bioavailability of Cd in the soil (as depicted in Figures 4, 7). This reduction in the soil bioavailability of Cd not only mitigated the oxidative stress response in maize plants but also potentially facilitated the elimination of ROS from the plant or regulated APX activity. These findings suggest that further investigation into the regulation of APX activity and its potential role in Cd removal is a promising avenue for future research. An additional significant observation was that, in comparison to BC-Fe and BC-Mg, pristine biochar exhibited the highest APX activity. This implies that biochar stimulated plants to enhance APX enzyme activity, consequently efficiently eliminating ROS. This phenomenon also accounts for the lowest levels of MDA and H2O2 in the BC treatment. When considering the collective results, it can be observed that the initial biochar treatment yielded the most favorable outcomes in terms of diminishing oxidative stress and augmenting the antioxidant system of maize plants. However, the levels of Cd content in the BC-Fe and BC-Mg treatments of maize plants were significantly lower than that of the original biochar treatment. This suggests that the oxidative stress experienced by maize plants in Cd-contaminated soil, resulting from the original biochar treatment, BC-Fe, and BC-Mg, fell within an acceptable range for the plants themselves. Consequently, it can be concluded that the ability of soil Cd passivation is ranked as follows: BC-Mg > BC-Fe > BC.
5 CONCLUSION
In this research, composites of BC-Fe and BC-Mg were synthesized, and their ability to adsorb and passivate Cd was thoroughly examined. Additionally, the mechanisms through which these composites alleviate Cd-induced stress in plants were investigated. The findings from both adsorption and soil incubation experiments confirmed that BC-Fe and BC-Mg exhibited significant enhancements in Cd adsorption and passivation effects. The observed Cd removal capacities were ranked as follows: BC-Mg > BC-Fe > BC. BC-Fe primarily removed Cd through the dominant mechanism of electrostatic attraction, while BC-Mg accomplished Cd removal through ion exchange and precipitation. The results of pot experiments revealed that BC-Fe and BC-Mg exhibited significant efficacy in the immobilization of Cd, concurrently enhancing soil fertility and ameliorating the soil environment. Consequently, the Cd concentration in both the shoots and roots of maize plants was reduced, while the dry and fresh weights of maize plants were augmented. Furthermore, BC-Fe and BC-Mg were found to facilitate the elimination of excessive ROS from the plant, thereby bolstering the antioxidant system and mitigating the adverse effects of Cd stress. This study contributes by conducting batch adsorption, soil culture, and pot experiments to compare the adsorption and passivation abilities of heavy metals between BC-Fe and BC-Mg. The findings lay a theoretical foundation for the practical implementation of BC-Mg.
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