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Soil heavy metals (HM) contamination threatens soil and water quality, which significantly affects humans and animals. This study focuses on the competitive immobilization of zinc (Zn), lead (Pb), and cadmium (Cd) in soils from a contaminated site using ryegrass (Lolium perenne) in a potting experiment amended with biochars. Increased rates of switchgrass- (SGB) and poultry litter-derived biochars (PLB) were applied before ryegrass cultivation. Soil HM phytoavailability and HM concentrations in plant shoots were determined. Multivariate regression models were used to evaluate the influence of several soil chemical attributes on the HM phytoavailability. The increased rates of both biochars reduced the Zn, Pb, and Cd availability (p < 0.001). Langmuir models showed that the maximum HM immobilization (IMAX) was 169.2 ± 29.5 mg kg–1 for Zn with SGB, and 20 ± 7.4 (Pb) and 1.08 mg kg–1 (Cd) with PLB. The extended Langmuir model (EL) showed competitive HM immobilization since there was a decrease in the IMAX of Zn (∼90 ± 28 mg kg–1 from SGB) and Cd (∼0.70 ± 0.21 mg kg–1). Negative values of Pb and Cd immobilization at low rates of SGB indicated an increase in those HM availabilities and preferential immobilization for Zn. The reduced Zn and Pb uptake in ryegrass shoots ranged from 70% to 98% and were optimum at rates of 0.50% ± 0.00%–0.60% ± 0.06% for both biochars, and 1.6% ± 0.4% of SGB for Cd. The stepwise multiple linear regression (SMLR) and partial least squares (PLS) revealed that pH and organic matter (OM) were the most responsible factors for reducing Zn bioavailability while OM was more impactful in decreasing Pb and Cd levels. This suggests that the preferential immobilization for Zn relies on its higher sensitivity to the pH increase. Also, the ubiquitous positive relationship among the metals studied shows that competitive immobilization is ceased at high rates of biochars application. Path analysis (PA) showed that pH and OM were the common contributors from both biochars to simultaneously affect Zn, Pb, and Cd availability regardless of the contrasting physicochemical properties of the two bioproducts. This work proved the potential of applying low rates of two contrasting feedstock-derived biochars to remediate the contaminants and safely grow ryegrass.
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1 INTRODUCTION
Excessive deposition of HM in the soil caused by human activities is highly hazardous to both the environment and living organisms. Gradual increase in both the level and type of HM has been observed in recent years (da Silva et al., 2022; Su, 2014). Lack of proper chemical remediation interventions as well as phytoremediation could lead to accumulation of HM in the farmlands (Ali et al., 2013; Antonangelo and Zhang, 2019; Yang et al., 2021). Soil quality and its ability to support crops and pasture for animals become compromised at certain higher concentration levels of HM. At these levels, they may even enter the food chain and endanger human health (Abbas et al., 2017; Yang et al., 2021). For instance, Pb is considered one of the most important toxic heavy metal because of its direct effect on humans through water pollution. Drinking Pb contaminated water can cause respiratory, digestive, nervous, blood, urinary and immune system symptoms of acute or chronic poisoning, and may even lead to death (Järup, 2003).
Current advancements in physical, chemical, and biological remediation technologies have greatly enhanced HM’s immobilization efforts. Implementation of simple remediation strategies such as using lime, clay, phosphates, silicates, organic compost, etc. have been found to greatly help immobilize heavy metals (Yang et al., 2021). In addition to helping lower HM’s level in the soil, implementation of these strategies has benefited soil in many other ways. Soil fertility, pH, cation exchange, etc. have been improved following the application of these soil remediation strategies (Ahmad et al., 2014; Sun et al., 2020). This study will focus on biochar (switchgrass and poultry litter) which are low-cost yet have high efficiency with regards to their effects on soil conditioning (Yang et al., 2021). Biochar is a carbonaceous material derived from different biowastes such as crop straw, wood chips, swine manure, etc. (Ahmad et al., 2014; Fan et al., 2018; Meng et al., 2018; Sun et al., 2020). Unique physicochemical properties of most biochars such as availability, high porosity, low cost, environmentally sustainable and high adsorption performance (Wang et al., 2017; He et al., 2019; Shaheen et al., 2019) makes them highly desirable.
Biochar application increases soil pH (Qiao et al., 2017; Sun et al., 2020; Yang et al., 2021), it can also adsorb various contaminants through ion exchange, precipitation and/or surface complexation (Bradl, 2004; Inyang et al., 2015; Wang et al., 2017). Most recent studies are pointing out the use of advanced technologies to modify biochar and improve its characteristics of soil contaminant immobilization (Liu et al., 2022a; Liu et al., 2022b; Liu et al., 2023) in addition to evaluating the recovery of such bioproducts and their potential reuse, which promotes, even more, the sustainable approach offered by these charcoal products. Of particular interest is its ability to reduce HM bioavailability in the soil (Park et al., 2011; Ahmad et al., 2012; Meng et al., 2018). Biochar has therefore been extensively used in remediation of HM contaminated soils (Zhang et al., 2017; Sun et al., 2020). The effectiveness of biochar in metal immobilization, however, depends on soil physicochemical properties, biochar properties, and metal species (Xie et al., 2015; Zeng et al., 2015; Weng et al., 2017; Meng et al., 2018). The bioavailability of HM has been found to be highly correlated with physicochemical characteristics of soil, including pH, organic matter, redox conditions, etc. (Weng et al., 2017).
It is important to understand the role that soil properties play on the behavior of HM. Fine-textured soils have been found to facilitate rapid metal mobility than coarse-textured soils (Fashola et al., 2020). High organic matter content can enhance metal adsorption thus reducing mobility (He et al., 2019). Acidic conditions can decrease soil cation exchange by increasing metal solubility and thus HM’s mobility (Fashola et al., 2020). The solubility of Zn, for example, increases 100-fold for each unit decrease in soil pH (Rengel, 2015). Changes in soil pH have greatly disrupted soil microbial activities by slowing pH-dependent enzymes, altering key nutrients availability, and/or HM’s mobility (Kapoor et al., 2015; Fashola et al., 2020).
In this study, the biochars generated from switchgrass (SGB) and poultry litter (PLB) were used to determine their effects on metal phytoavailability in the soil and their concentrations in plant (ryegrass) shoots. Qiao et al. (2017) found that when a biochar composite derived from Chinese herb medicine residue was added to soil, it not only reduced the bioaccumulation of Cd by the cabbage mustard plants but also promoted the growth and development of the plants. The influence of several soil chemical attributes such as pH, organic matter content, etc. on metals’ phytoavailability in the soil is also evaluated. This research becomes unique since multimetal contaminated sites must be remediated using a single practice able to immobilize all contaminants simultaneously. Hence, biochars produced from contrasting feedstocks were applied at reasonable rates in a potting experiment so that any potential results might be feasibly tested on a field scale. In the previous work of Antonangelo and Zhang (2021), it was proven low rates of biochar were sufficient to grow ryegrass at the same time Cd concentration was considered safe in ryegrass shoots for cattle grazing. This current work evaluates the competitive immobilization of additional metals to elucidate the viability of applying low rates of either SGB or PLB as multimetal remediation practices.
2 MATERIALS AND METHODS
2.1 Biochar production and properties
The biochars were produced from switchgrass (SGB; Panicum virgatum) and poultry litter (PLB) by using high-temperature slow pyrolysis (700°C). The feedstocks obtainment and their conversion into biochar are in Antonangelo and Zhang (2019). The biochar coarse materials were gently ground with a mortar and pastel before being sieved through 1- and 0.25-mm filter/strain for physicochemical analyses and potting experiment, respectively (Antonangelo et al., 2019). The SGB and PLB characterization including several physicochemical properties such as moisture, ash content, particle-size distribution, elemental composition, surface functional groups, chemical attributes, specific surface area (SSA), cation exchange capacity (CEC), and morphology can be found in Antonangelo et al. (2019).
2.2 Soil sampling and analysis
Heavy metal contaminated soil samples were collected from a depth of 0–15 cm in a residential yard near chat piles located in Picher, Ottawa County, Oklahoma using a shovel. Soil sample preparation is fully described in Antonangelo and Zhang (2019). Before and after the pot experiment, soil samples were analyzed for DTPA–extractable Cd, Pb, and Zn. The DTPA-extractable heavy metals have been considered the most efficient method to predict their phytoavailability in perennial ryegrass (Antonangelo and Zhang, 2019) and also a reliable extractant for potentially toxic metals in soils (da Silva et al., 2022). Before the potting experiment, the total Cd, Pb, and Zn contents were determined by an inductively coupled plasma-atomic emission spectroscopy, ICP-AES (SPECTRO Analytical Instruments GmbH, Boschstr. 10, 47533 Kleve, Germany) after digestion by concentrated HNO3 and H2O2 using EPA method 3050B (Church et al., 2017). The DTPA-extractable Cd, Pb, and Zn before the potting experiment were respectively 1.84 ± 0.03, 49.9 ± 1.7, and 220.6 ± 9.3 mg kg−1. The total Cd, Pb, and Zn were respectively 9.0 ± 0.6, 233.7 ± 10.8, and 1765 ± 221 mg kg−1. The total Cd content was about tenfold the maximum found in normal Oklahoma soils (Richards et al., 2012; Antonangelo and Zhang, 2021). The threshold of DTPA-extractable Cd was 0.03–0.16 mg kg−1 (Wu et al., 2021), which is over tenfold lower than the content found in the Tar Creek soil of this study. The total Zn and Pb contents were about twelvefold and sevenfold, respectively, the maximum found in normal Oklahoma soils (Richards et al., 2012). These reemphasize the immediate need for remediating those metals in the Tar Creek area.
2.3 Potting experiment
Plastic pots received 1,200 g of 2-mm sieved soils and were added 0.0 (control), 0.5, 1.0, 2.0, and 4.0% (w/w) of 0.25-mm sieved SGB and PLB. The mixture was then incubated for 30 days at 75% of field capacity before ryegrass sowing in each pot at the seeding rate of 30 kg ha−1. Ryegrass was grown for 75 days in biochar-amended soils in an environmentally controlled growth chamber. The pots were arranged in a complete randomized block design (CRBD) with 3 replications (n = 3). Plots were weekly rotated to eliminate spatial variability in the growth chamber. A detailed description of all procedures conducted during the potting experiment can be found in Antonangelo and Zhang (2019).
2.4 Metal contents in ryegrass
Ryegrass shoots were separated after harvesting, washed with deionized (D.I.) water, and oven-dried at 105°C until constant weight. Dried plant materials were ground using a mechanical grinder then analyzed for Cd, Pb, and Zn using nitric acid digestion (as discussed earlier). To determine metal concentrations in plant tissues, 0.5 g of ground plant materials were predigested for 1 h with 10 mL of trace metal grade HNO3 in the HotBlock™ Environmental Express block digester (Environmental Express, 2345A Charleston Regional Parkway, Charleston, South Carolina 29492, SC, United States), and the digests were then heated to 115°C for 2 h and diluted with D.I. water to 50 mL (Jones and Case, 1990). Finally, the digested samples were filtered and determined for Cd, Pb, and Zn by an ICP-AES.
2.5 Data analysis
2.5.1 Descriptive statistics and ANOVA
Boxplot was plotted after normalizing the whole dataset of measurements (n = 15 for each biochar) to show soil chemical attributes (Antonangelo et al., 2022) affected by switchgrass and poultry litter-derived biochar application rates. The effects of Biochar, Rate, and the interaction Biochar × Rate were tested and a 2-way ANOVA was performed to compare treatment means using the Tukey test (p < 0.05).
2.5.2 Langmuir models
Single and extended Langmuir models were used to predict the maximum immobilization of heavy metals as a function of biochar application rates. The heterogeneous extended Langmuir model (EL) was verified because it predicts the adsorption from mixtures and applies the theory of multi-region or multisite adsorption, which is coherent with our study since SGB and PLB have shown several surface functional groups (Antonangelo et al., 2019). Langmuir models were then developed for SGB and PLB separately.
2.5.3 Non-linear regressions
Maximum responsive rates of biochar application to reduced metals uptake were determined by fitting the segmented polynomials linear–plateau (LP) and quadratic−plateau (QP) response models using the NLIN (non-linear) procedure of SAS version 9.4. The models were accepted only when the NLIN convergence criterion method successfully converged and the model was significant (p < 0.05). The standard error (SE) of joint points was used to verify if biochars had different maximum responses to increased application rates.
2.5.4 Stepwise multiple linear regression (SMLR)
For Stepwise Multiple Linear Regression (SMLR), all soil chemical attributes were used as independent variables to predict the available metal contents. The SMLR was generated with the whole dataset of measurements in JMP Pro 15 using the backward method. Initially, it incorporates all variables into the model followed by removal of the least important ones (Pelegrino et al., 2021). The remaining variables compose the final SMLR model. In our study, the stopping rule was tested for the p-value threshold, AICc (Akaike Information Criterion), and BIC (Bayesian Information Criterion), and the AICc was chosen because it is more appropriate in finding the best model for predicting future observations.
2.5.5 Partial least squares (PLS)
Partial Least Squares Regression (PLSR) was performed using the whole dataset of measurements in JMP Pro 15 to analyze the importance of factors affecting metal availability. PLSR is a multivariate statistical analysis method that integrates the advantages of principal component analysis (PCA), canonical correlation analysis, and multiple linear regression analysis (Yang et al., 2021). It has been widely used to conduct regression analyses with small sample sizes, multiple variables, and multicollinearity among variables (Wold et al., 2001; Fang et al., 2015; Tong et al., 2020). It also uses cross-validation results to determine the number of components and avoids overfitting. The importance of an independent variable is measured by the variable importance in projection (VIP) value (Shi et al., 2013). When VIP > 1 the independent variable is important for predicting the dependent variable; whereas it is less important when V < 0.5 (Shi et al., 2014). The +/− symbols for each of the regression coefficients (RC) in the model indicate the action direction of each independent variable (Onderka et al., 2012). According to Yang et al. (2021), PLSR presents multiple advantages over other methods because it has a stronger interpretative ability for independent variables and its results are more stable and reliable.
For most PLS models, different independent variables (soil chemical attributes) affecting heavy metals availability as well as their direction of effect (positive or negative) were used, as shown in Supplementary Tables S1, S2.
2.5.6 Path analysis
A path analysis (PA) model similar to that performed by Richards et al. (2012) was used to evaluate the relationships between the combined contents of available metals and soil chemical attributes. The selected independent variables of the models were Fe, K, OM, P, and soil pH for SGB; and soil pH and OM for PLB. Direct and indirect effects were obtained with the whole dataset of measurements by using multiple regression of soil chemical attributes on metal contents and between soil chemical attributes, respectively, using the CALIS procedure of SAS version 9.4.
Graphs were created in Microsoft Excel 2019, PowerPoint, and OriginPro 9.1.
2.5.7 Useful equations
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Where: a, b, and c are the coefficients of the equation.
3 RESULTS
3.1 Soil chemical attributes and heavy metals
The data distribution for all analyzed variables shows that, regardless of the biochar applied, soil pH and soil organic matter (SOM) increased as biochar application rates increased, and so did some macronutrients such as phosphorus (P) and potassium (K) (Figure 1). Meanwhile, a decrease in the availability of heavy metals (Zn, Pb, and Cd) was observed (Figure 1). As for the other soil chemical attributes the trends were non-uniform thus it was necessary to fully investigate which variables were affecting the metals’ availability and how increased biochar rates are affecting metals’ immobilization.
[image: Figure 1]FIGURE 1 | Boxplot of soil chemical attributes after switchgrass- and poultry litter-derived biochar application rates, SGB (top) and PLB (bottom). Data were normalized by dividing every measurement by the average of the whole dataset of measurements (y-axis). The Red line denotes the average. Boxes span the 25th to 75th data percentile, whiskers represent 1.5 × the interquartile range, and horizontal lines denote the median.
3.2 Metal immobilization
The simple Langmuir model was successfully fitted for Zn when SGB was applied and showed a maximum immobilization (IMAX) of 169.2 ± 29.5 mg kg−1 (Figure 2). This means that 89.5% of the Zn available can be immobilized when compared to the available content in the control (189.1 ± 10.0 mg kg−1 at 0% SGB). Such immobilization potential is estimated to occur when SGB beyond 4% is applied since the ANOVA returned an IMAX of 93.9 mg kg−1 for the highest rate of SGB application (4%) (Table 1), which is 49.7% immobilization in comparison to the available Zn content in the control. There was no fit when PLB was applied although an increment in the Zn immobilization is noticed (Figure 2). This is confirmed by ANOVA since the 4% PLB application rate provided the highest immobilization of 66.5 mg Zn kg−1, in comparison to other application rates, which is only 35.2% immobilization as compared to the available Zn content in the control (Table 1). Moreover, from a 1%–4% rate increment, the SGB immobilizes more Zn than PLB (Table 1). This shows that SGB has a higher potential to immobilize Zn although Zn availability decreases as both SGB and PLB application rates increase.
[image: Figure 2]FIGURE 2 | Langmuir models used to predict the maximum immobilization of heavy metals. No line means a non-significant fit of the model. Bars represent the standard deviation of the mean (n = 3). Points below the red dashed line (negative values) mean that heavy metal becomes more available than the control treatment (0% biochar application). IMAX = maximum immobilization for the fitted model. Values followed by ± are the standard deviation. **: p < 0.01; ***: p < 0.001.[image: image]
TABLE 1 | ANOVA of soil heavy metal immobilization and uptake reduction by ryegrass shoots as a function of increased rates of two feedstock-derived biochars applied separately.
[image: Table 1]In the case of Pb and Cd, a simple Langmuir model was fitted only with PLB application rates (Figure 2). This was the first indication that SGB has preferable adsorption/immobilization for Zn. Further, negative values of Pb and Cd immobilization at low rates of SGB application indicate that Pb and Cd are becoming more available, then immobilization takes over when increased rates of SGB are applied (Figure 2; Table 1). This reinforces the idea that depending on the feedstock used to produce biochar there might be a preference for some metals adsorption in comparison to others when rates of biochar application are low. Such competition is suppressed when more functional groups are available to adsorb metals at higher rates of application.
The IMAX achieved for Pb with PLB application was 20 ± 7.4 mg kg−1 (Figure 2), which corresponds to 41.9% immobilization of the Pb available in the control. Such estimation overcome the PLB application rates used in this study since immobilized PLB ranged from 1.8 to 13.4 mg kg−1 (Table 1). For Cd, similar results were observed. The IMAX with PLB application was 1.08 ± 0.14 mg kg−1 (Figure 2), which corresponds to 65.3% immobilization of the Cd available in the control. This was greater than the ANOVA results showing 0.73 mg kg−1 of immobilized Cd (corresponding to 44.2% immobilization) (Table 1). The relationship between observed and predicted metal concentrations from the simple Langmuir models is shown in Supplementary Figure S1.
The extended Langmuir model (EL) successfully fitted for immobilized Zn as a function of increased rates of SGB application and Cd only with PLB addition (Figure 3). The results reinforced the existing competitive immobilization between metals since there was a decrease in the IMAX of Zn (∼90 ± 28 mg kg−1 from SGB) and Cd (∼0.70 ± 0.21 mg kg−1 from PLB). Moreover, with the EL, a fit was observed for Zn immobilization with PLB application rates as well (Figure 3). The IMAX obtained was 63.9 ± 22.7 mg kg−1 which corresponds to 33.8% immobilization as compared to the amount available in the control. Still, there is greater efficiency of SGB when comparing the IMAX of the EL for Zn immobilization, however, the PLB fit with this model demonstrates the existence of multisite adsorption for Zn since the fit was not successful with the simple Langmuir model. No further conclusion could be drawn for Pb since the EL did not converge for this metal for any of the biochars applied.
[image: Figure 3]FIGURE 3 | Extended Langmuir models used to predict the maximum immobilization of heavy metals as a function of biochar application rates (left), and plot of observed × predicted values from the fitted models (right). No line means a non-significant fit of the model. Bars represent the standard deviation of the mean (n = 3). Points below the red dashed line (negative values) mean that heavy metal becomes more available than the control treatment (0% biochar application). IMAX = maximum immobilization for the fitted model. Values followed by ± are the standard deviation. ***: p < 0.001.[image: image]
3.3 Metal uptake
The linear–with–plateau model successfully converged for Zn reduced uptake and the optimum application rates were 0.55% ± 0.09% and 0.58% ± 0.06%, respectively for SGB and PLB (Figure 4). Those rates correspond to 71.2% ± 1.99% (SGB) and 79.4% ± 5.27% (PLB) of reduced Zn uptake (Figure 4). These results were emphasized with ANOVA, where no reduced uptake increment was observed after 1% of SGB application and 0.5% of PLB application (Table 1). The PLB was better than SGB in terms of reduced uptake for each application rate (Table 1). However, low rates can reduce Zn uptake at its optimum although the metal immobilization keeps increasing as rates of biochar application increase (Table 1; Figures 2, 3). This is also true for Pb because, at 0.5% of both SGB and PLB, the reduced uptake by ryegrass shoots was 96.6% ± 0.08%–97.5% ± 0.33% even though the immobilization was only 3.8% for PLB and Pb was more available than the control for SGB at the same application rate (Table 1).
[image: Figure 4]FIGURE 4 | The trends of heavy metal uptake reduction by biochar application rates increase. Significant fits to the linear- and quadratic-with-upper-plateau statistical model were obtained. Bars represent the standard deviation of the mean (n = 3). *: p < 0.05; ***: p < 0.001. Values followed by ± are the standard deviation.
In the case of Cd, different results were observed. First, the quadratic–with–plateau model was successfully fitted instead of the linear–with–plateau one (Figure 4). Secondly, the optimum application rate for SGB was 1.59% ± 0.35% reducing Cd uptake by 66.1% ± 5.46%; and 4.33% ± 0.08% for PLB, thus overcoming the maximum application rate and reducing Cd uptake by 79.1% ± 9.48% (Figure 4). The reduced Cd uptake by 66.1% ± 5.46% with SGB application falls within the range found by Liang et al. (2022), who observed a reduced Cd concentration in brown rice by 61.2%–65.4% after the application of biochar derived from crop residues.
In both cases (SGB and PLB), the biochar application rates necessary to reduce Cd uptake at its maximum were higher than the rates necessary to reduce the Zn and Pb uptake at their maximum. This may demonstrate that ryegrass has a preferable tolerance for Cd uptake than the other two metals. This is further evidenced by Antonangelo and Zhang (2021), where the transfer of Cd from ryegrass roots to ryegrass shoots was higher than other metals, which was also proved in the work of Ji et al. (2020). All equations from the linear–and quadratic−with–upper–plateau statistical models to predict metal uptake reduction are presented in Table 2.
TABLE 2 | Equations from the linear- and quadratic-with-upper-plateau statistical models to predict uptake reduction (%) of heavy metals by ryegrass shoots.
[image: Table 2]3.4 Soil chemical attributes affecting metals availability
3.4.1 Stepwise multiple linear regression
From the results of stepwise multiple linear regression (SMLR), it is unquestionable that the soil chemical attributes interfering with the availability of each metal are different when comparing the two biochars given their contrasting characteristics, except for Cd, which gives a positive relationship for Zn and Pb availability regardless of the biochar (Table 3). Considering that results comprise the whole dataset of measurements, which means all the increased rates of biochar application are included, it seems that any possible competition ceases when higher rates of biochar are applied. In that case, it is safe to assume that metals are simultaneously immobilized at 2%+ of SGB and PLB application rates. Besides, Cd availability is explained by a positive relationship with available Zn and Pb (SGB) and only Zn (PLB) (Table 3). The negative relationship between Pb availability and available Zn with SGB application partially explains the preferable immobilization for Zn from SGB, and the considerable negative values of Pb immobilization with low rates of SGB reinforce this assumption (Table 1). This indicates competition between those two metals for immobilization into the same adsorption sites. The relationship between observed and predicted metal concentrations from the SLMR models is shown in Supplementary Figure S2.
TABLE 3 | Equations from stepwise multiple linear regression models (SMLR) based on the lowest adjusted Akaike information criterion (AICc).
[image: Table 3]Surprisingly, no significant effect of soil organic matter (OM) and soil pH was observed on Pb availability with either the biochars (Table 3). On the other hand, soil OM and pH negatively impacted Zn availability, respectively for SGB and PLB, and positively for Cd (Table 3). The positive relationship of those two soil chemical attributes for Cd availability suggests that, with the preferred immobilization for Zn as a consequence of OM and pH increase, Cd becomes more available since OM and pH are acting directly in reducing Zn availability. However, knowing that OM and pH were substantially responsible for decreasing those metals’ availability (Antonangelo and Zhang, 2019), further statistical analyses were performed to elucidate Zn, Cd, and Pb immobilization dynamics.
3.4.2 Partial least squares
The partial least squares (PLS) regression showed that soil OM was a major factor in the immobilization of Zn, Pb, and Cd for both biochars, which is reflected by the negative regression coefficients and the VIP >1.0 (Figures 5, 6). Soil pH did not perform as well as OM for Pb and Cd for any of the biochars application but was effective in immobilizing Zn (Figures 5, 6). In that scenario, one might assume that the preferential immobilization for Zn might rely on its higher sensitivity to the pH increase. The PLS confirmed a positive and significant relationship among the metals studied leading to the conclusion that competition stops when increased rates of biochar are applied. The same is also observed for the relationship between those metals (Zn, Pb, and Cd) and available iron (Fe)—although Fe is not a contaminant in the studied soil (Figures 5, 6).
[image: Figure 5]FIGURE 5 | Partial Least Square Regression model (PLSR) of factors influencing the content of heavy metals in a soil amended with switchgrass-derived biochar (SGB). VIP is Variable Importance in Projection. When VIP >1, it means that the independent variable is important for predicting the dependent variable; whereas it is less important at VIP <0.5. The regression coefficients (RC) indicate the action direction of each independent variable. Results comprise the whole dataset of measurements.
[image: Figure 6]FIGURE 6 | Partial Least Square Regression model (PLSR) of factors influencing the content of heavy metals in a soil amended with poultry litter-derived biochar (PLB). VIP is Variable Importance in Projection. When VIP >1, it means that the independent variable is important for predicting the dependent variable; whereas it is less important at VIP <0.5. The regression coefficients (RC) indicate the action direction of each independent variable. Results comprise the whole dataset of measurements.
Even though P and K considerably increased as both SGB and PLB application rates increased (Figure 1), non-effect was observed for those macronutrients over the metals’ availability, except for the punctual finding of available Zn with PLB application (Figure 6). This can be partially explained by the substantially greater amount of P and K in the PLB composition in comparison to SGB (Antonangelo et al., 2019), which might negatively affect the Zn levels in the soil to a higher extent than it affects Pb and Cd.
The relationship between observed and predicted metal concentrations from the PLS models is shown in Supplementary Figure S3.
3.4.3 Path analysis
The path analysis (PA) was conducted to verify which soil chemical attributes are interfering simultaneously with the availability of Zn, Pb, and Cd in the contaminated soil. Soil pH and OM are universally impacting the immobilization of those metals disregarding the biochar type (Figure 7). Only those two variables (Soil pH and OM) are affecting the combined contents of Zn, Cd, and Pb when PLB is applied. The significant and negative path coefficient for soil pH and Zn with both SGB and PLB shows a higher sensitivity of Zn to soil pH. This is further illustrated by the non-relationship of soil pH and Cd for any of the biochars and the absent relationship of OM and Zn with the application of PLB (Figure 7). Finally, soil pH did not show any relationship with Pb after PLB application and was positively related to the same metal when SGB was applied (Figure 7).
[image: Figure 7]FIGURE 7 | Path diagram for the relationship between soil attributes and metals availability. R2 denotes the coefficient of determination for Squared Multiple Correlations. The direct effects of soil attributes on metals availability are represented by single-headed arrows while the indirect effects of soil attributes are shown by double-headed arrows. Numbers near the arrows are the path coefficients (unstandardized solution). The solid-line path indicates that the effect is significant, and a dashed-line path indicates that the effect has no significance. Blue and red represent positive and negative correlations, respectively. SGB and PLB are switchgrass- and poultry litter-derived biochar, respectively. *: p < 0.05; **: p < 0.01; ***: p < 0.001.
4 DISCUSSION
4.1 Metals immobilization
The IMAX was possible to determine only for Zn when SGB was applied (Figure 1). A maximum immobilization of 89.5% at a higher rate than the upper end in the range of applied rates (0.5%–4%) shows that SGB has a preference to immobilize Zn. This preferred immobilization for Zn is also reinforced when observing the 0 and 0.5% rates of SGB application because, at such low rates, Pb and Cd have their availability increased given the negative immobilization values (Figure 2; Table 1). In that scenario, Zn is more immobilized, consequently, Pb and Cd become more available. Since the levels of DPTA-extractable Zn were showing a drastic higher content in comparison to normal values found in Oklahoma soils, about twelvefold in contrast to tenfold and sevenfold for Cd and Pb respectively (Richards et al., 2012), it is expected that Zn–OM complexes are formed to a greater extent than Pb/Cd–OM complexes. This preferentially immobilizes Zn when low rates of SGB are applied. It was also observed by Geleto et al. (2022) that the competition among toxic heavy metals for adsorption sites was more intense at higher concentrations of Zn when contrasting biochars were applied. At higher rates of biochar application, the amounts of immobilization are not limited and Cd and Pb availability are reduced when 2%–4% of SGB is applied (Figure 2; Table 1). Indeed, there is competition among Zn, Pb, and Cd when biochar is applied, which is attributed to differences in feedstock properties, nutrient concentration, active functional groups, and pH (Wu et al., 2020).
Zinc is more sensitive to being immobilized by SGB, evidenced by the fact that SGB promoted Zn immobilization to a greater extent than PLB (Figures 2, 3; Table 1). On the other hand, PLB showed a preference for Cd and Pb immobilization although it did not increase Zn availability at low rates of application since no negative values were observed. In that case, we suggest that the mechanisms that PLB offer to immobilize metals go beyond the affinity to adsorption sites.
The extended Langmuir models (EL) also showed that Zn immobilization is more favored with SGB than PLB since the IMAX achieved was ∼90 ± 28 mg kg−1 for the former and 63.9 ± 28 mg kg−1 for the latter (Figure 3). The reason that the EL fitted for Zn as a function of PLB application but the simple Langmuir model did not, rely on the fact that a multi-component adsorption behavior is present in PLB or, in the case of our study, multiple mechanisms for Zn immobilization. In another study, the lower Zn availability was significantly affected by soil pH, EC, P, K, and Mg when PLB was applied, indicating significant adsorption by electrostatic interaction and ion exchange with the biochar surface and/or soil surface exchange sites (Tsai and Chang, 2022).
Considering that the IMAX of Cd after PLB application was lower with the EL (0.70 ± 0.20 mg kg−1) in comparison to the simple Langmuir model (1.08 ± 0.14 mg kg−1) it can be assured that competition between Zn and Cd takes place when the animal manure-derived biochar is applied (Figures 2, 3), mainly because Zn has shown an IMAX of 63.9 ± 28 mg kg−1 with PLB application and Pb did not present any relationship with the EL (Figure 3). One reason behind the competition among these metals might be the existence of multi-mechanisms to immobilize Zn and Cd and not Pb when PLB is applied. In that sense, when looking at the simple Langmuir model fitted with PLB, the reduced availability of Cd in comparison to the control was higher (65.3%) while with Pb it was lower (41.9%). The work of Wei et al. (2022) also showed that levels of available DTPA-extractable Cd decreased to a higher extent than DTPA-extractable Pb when biochar was applied. For Zn×Pb, the maximum adsorption capacity and strength of adsorption of Pb decreased in the presence of Zn when testing the aging effect of several biochar applications in a sandy calcareous soil (Raeisi et al., 2020).
4.2 Metals uptake
The reduced Zn and Pb uptake in ryegrass shoots ranged from ∼70%–98% and were optimum at rates of 0.50% ± 0.00%–0.60% ± 0.06% for both biochars, and 1.6% ± 0.4% of SGB for Cd (Figure 4). Interestingly, from previous results, the HM immobilization achieves the IMAX when higher rates were applied. It means that, even though the HM immobilization increases as rates of biochar increase up to 4%+, the ryegrass uptake ceases at 0.5%–1.5% rates, except for Cd when PLB is applied (Figure 4). Such behavior might be explained by the rhizosphere effect. According to Wang et al. (2022), the rhizosphere effect of wheat accelerated the aging process of biochar, even in the short term, and increased the number of surface functional groups (C=O and O=C–OH) on the aged biochar, in turn, promoting the adsorption capacity of rice husk- and sludge-derived biochar for Cd and Pb. In our study, though, the reduced uptake of Pb was greater than Cd regardless of the biochar (Figure 4). This may be related to a more pronounced rhizosphere effect over Pb in comparison to Cd. Zhu et al. (2022) showed higher microbial Pb fixation and Pb immobilization when a bio-composite produced from wheat straw biochar (pyrolyzed at 700°C) was applied, which sequentially transformed labile Pb into a more stable fraction.
In another study, the 3% application rate of green waste-derived biochars can effectively reduce the uptake of Cd and Pb by Brassica chinensis (Houssou et al., 2022). This is within the range found in our study since the reduced uptake by ryegrass reached the plateau when SGB, a green waste-derived biochar, was applied at 0.50 ± 0.00 (Pb) and 1.59 ± 0.35 (Cd) (Figure 4). This higher rate of SGB needed for optimum reduced Cd uptake was the first evidence that ryegrass has more tolerance for Cd absorption than Pb and Zn. Later, with the application of animal manure-derived biochar (PLB), the plateau is reached only at 4.33% ± 0.92% of PLB application, while it was 0.58 ± 0.06 for Zn and 0.50 ± 0.00 for Pb with the same amendment (Figure 4). Thus, ryegrass demonstrates a preferable tolerance for Cd uptake than Zn and Pb.
It is worth to note that nitrogen (N) has a direct relationship with Cd accumulation in ryegrass shoots. First, the higher affinity to Cd2+ by the membrane transporter of Italian ryegrass was observed after urea application (increased the Cd uptake) which contributed to the effective Cd accumulation in plant shoots (Ji et al., 2020). Second, ryegrass N and Cd concentrations were strongly related after PLB application at rates of 0.5% and 1%, and the lowest levels of Cd accumulation were observed only at 4% PLB (Antonangelo and Zhang, 2021). It is also noticeable that the total nitrogen (TN) content from PLB is greater than SGB (Antonangelo et al., 2019). Therefore, it is not surprising that the reduced Cd uptake by ryegrass terminates only at the rate of 4.33% ± 0.92% with PLB application (Figure 4).
4.3 Metals availability affected by soil chemical attributes
4.3.1 PLS and SMLR
From the PLS regression, the soil OM was inherently the most important soil attribute that negatively affected the soil HM availability, which was true for both biochars used in this study (Figures 5, 6). The soil OM increased with biochar application rates (Figure 1) partially explains this behavior. There are several direct and indirect effects of soil OM on the bioavailability of metals. To highlight some, dissolved OM is directly involved in the complexation of HM and their removal from the bioavailable fraction. In addition, soil biodiversity and/or microbial communities are increased following soil OM enhancement—thus the effects of microbes on the availability of HMs and their immobilization (Bravin et al., 2012; Seshadri et al., 2015; Sun et al., 2019). In this study, although we were not able to test the microbial community and activity the soil OM increment from the control to the highest rates of SGB and PLB application, strongly suggests that soil biota benefited from biochar application.
Soil pH increment has contributed to decreasing Zn levels no matter which biochar was applied, to reduce available Cd only with PLB application, and had no effect on Pb (Figures 5, 6). This is not in agreement with the previous work of Antonangelo and Zhang (2019), where soil pH increment was one of the most important factors affecting the availability of all those metals, including Pb, regardless of the biochar applied. One reason behind this is the fact that no other soil chemical attributes were considered in the model of Antonangelo and Zhang (2021). Therefore, other variables must be responsible for affecting the dynamics of HM in contaminated soils.
For Zn, the soil pH increase affecting its availability after the application of any biochar shows a higher sensitivity of this metal for soil pH in comparison to other metals. Although both biochars presented a considerable soil pH increment as a function of increased application rates, the buffering capacity of SGB is much lower than PLB (Antonangelo et al., 2019), still it can immobilize Zn. It somehow explains why Zn is more susceptible to soil pH and thus is immobilized by SGB (Figures 2, 3). In the case of Cd, the soil pH effect is only pronounced with PLB application, even considering that pH is the major factor influencing Cd bioavailability (Liang et al., 2022). However, the influence of the increased soil pH by biochar on the immobilization of Cd is dependent on the physicochemical properties of biochar (Wei et al., 2023). In our study, the negative relationship between pH and Cd for PLB is then explained by the greater buffering capacity offered by this biochar in comparison to SGB.
Another trend that was similar for all HM was the positive relationship among them, and between them and available Fe (Figures 5, 6). Since PLS regression comprises the whole dataset of measurements, and thus the increased rates of each biochar application, then it is confirmed that any competition among metals, when immobilization resources are limited (low rates of soil amendment application), is disappeared at high application rates because there will be many immobilization mechanisms to reduce the bioavailability of HM. Positive relationships among DTPA-extractable metals in the soil, after biochar application, were also found elsewhere in the literature (da Silva et al., 2022; Wei et al., 2022; Liu et al., 2022c). Finally, such trends were similarly observed with the SLMR in our study as well (Table 3). Other soil chemical attributes did not exhibit a general trend to explain better the HM availability, so it was necessary to perform path analysis (PA) using the combined availability of all three HMs to determine the overall chemical attributes impacting the simultaneous availability of Zn, Pb, and Cd.
4.3.2 Path analysis
It was confirmed that soil OM is universally impacting the immobilization of those metals disregarding the biochar type (Figure 7). Additionally, when using the combined response variables (Zn + Pb + Cd), soil pH was also impacting metals’ availability although trends were different depending on the metals and were not always negative as it was with OM (Figure 7).
The significant inverse path coefficient (−) for soil pH and Zn with both SGB and PLB suggests a higher sensitivity of Zn to soil pH in comparison to other metals, also there is no relationship between soil pH and Cd for any of the biochars and no relationship between soil pH and Pb with PLB application (Figure 7). This means that the pH path moves negatively toward Zn, affecting preferentially its availability. Moreover, the non-relationship of OM and Zn with the application of PLB means higher Zn sensitivity for pH than for OM (Figure 7). Finally, soil pH was positively related to Pb when SGB was applied (Figure 7). This can be justified by the fact that pH increment is immobilizing Zn more than other metals thus Pb is becoming more available, until SOM dictates the Pb immobilization.
It is understandable that OM mainly contributes to the immobilization of all metals when SGB is applied (Figure 7) given its greater total carbon (TC) and lower ash content in comparison to PLB (Antonangelo et al., 2019). Further, the omnipresent positive relationship between Fe and Zn, Pb, and Cd (Figure 7) makes it safe to assume that, since the contents of those heavy metals fall into the toxic levels, OM acts in their complexation rather than non-toxic metals such as Fe, presenting a lower degree of availability. Indeed, in the path OM→Fe→HM, there is a negative relationship (p < 0.05) between OM and Fe and a positive relationship between Fe and HM (0.05 > p < 0.01) (Figure 7).
Surprisingly, no soil chemical attributes other than pH and OM affected the availability of HM simultaneously with PLB application (Figure 7). This was expected since PLB presented a higher ash content and drastic increase of soil available nutrients, mainly P and K, in comparison to SGB (Figure 7). We assume that lower levels of those nutrients in the soil are enough to cause some threat to HM availability and their slight increment will impact a single metal instead of all of them concomitantly. Both reasons are presented in this study. First, negative effects of P and K were observed only on Zn availability with PLB application when using PLS regression; and non-consistent effects of P, S, and Mg over Zn, Pb, and Cd, depending on the biochar, were shown when performing SLMR. Also, the lower available soil P and K with SGB in comparison to PLB demonstrated a significant effect on the immobilization of all metals when conducting PA (Figure 7). Further research is required to determine key variables in the soil affecting multi-metal immobilization on a global scale after soil organic amendments are applied.
5 CONCLUSION
In this study, we evaluated the application of biochar from switchgrass and poultry litter in the soil and their effectiveness on metal immobilization and HM concentrations in the plant (ryegrass) shoots. The competitive immobilization of Zn, Pb, and Cd from the Tar Creek superfund site was verified using several multivariate techniques. The simple Langmuir models showed that the maximum HM immobilization (IMAX) was 169.2 ± 29.5 mg kg−1 for Zn with SGB application, and 20 ± 7.4 and 1.08 mg kg−1 for Pb and Cd, respectively, with PLB application. On the other hand, the extended Langmuir model (EL) showed competitive immobilization between metals since there was a decrease in the IMAX of Zn, from 169.2 ± 29.5 to 90 ± 28 mg kg−1 with SGB application, and Cd from 1.08 to 0.70 ± 0.21 mg kg−1 with PLB application. The potential of applying low rates such as 0.5%–1% w/w of two contrasting feedstock-derived biochars to remediate the contaminants and safely grow perennial ryegrass was elucidated since Zn, Pb, and Cd uptakes are respectively reduced by ∼71.2–79.4%, ∼96.6 to 97.5, and ∼37.5–50% with that range of both biochars application (Figure 4). Although it is incontestable that OM and soil pH play a significant role in the combined HM immobilization, their direct/indirect mechanisms to do so remain unclear because many other soil chemical attributes may also affect HM dynamics. This study may encourage and serve as a basis for future research performing the similar techniques in more representative soil samples, containing contrasting textures and using both soils naturally contaminated due to anthropogenic activities and soils spiked with known concentrations of several HM. Also, the combined application of HM to soil samples could be compared to those samples receiving only a single metal. In such cases, more accurate results can be achieved when evaluating the many soil chemical attributes affecting HM availability.
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R, coefficient of determination.
The SMLR was generated using the backward method. Initially, it incorporates all variables into the model followed by the removal of the least important ones from the model according to the
lowest AICc. The remaining variables compose the final SMLR model to predict the heavy metal availability. Results comprise the whole dataset of measurements.
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