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Phosphorus (P) sorption by red soil is strong due to its acidic pH and high content of metal oxides. Biochar addition may increase the availability of red soil P by altering P sorption characteristics. This study examined the influences of doping ratios of the biochar, phosphate concentration, solution pH, and biochar-derived dissolved black carbon (DBC) on P sorption in red soil. The specific sorption mechanisms were explored using 3D fluorescence spectroscopy, infrared spectroscopy, and zeta potential analysis. The results show that the bioavailable P content in the biochar-amended red soil increased to 1.92 mg kg−1, which is an increase of 255% compared with the original red soil. With the increase in the doping ratio of biochar, the maximum sorption amount of P initially decreased and then increased. Moreover, the pH value and the content of the dissolved organic carbon (DOC) of the red soil were effectively elevated by biochar addition. The increase in the DOC content is likely caused by the DBC released from biochar. As the soil pH value increased, the amount of P sorption was reduced due to electrostatic repulsion. P sorption by the red soil decreased with the increasing DBC concentration. The humic acid-like substances in DBC can compete with phosphate for soil sorption sites, leading to a decrease in P absorption. This study demonstrates that the addition of biochar affects P sorption of the red soil mainly by changing its physicochemical properties or by releasing DBC to occupy the sorption sites.
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INTRODUCTION
Phosphorus (P) is one of the essential nutrient elements for the growth and metabolism of animals and plants. Simultaneously, P is also a non-renewable resource (Hartono et al., 2005). Research shows that due to the increase of population growth and food demand, human demand for P is also increasing. Therefore, it is particularly important to study how to make rational use of P resources and improve the bioavailability of P in soil (Jalali and Peikam, 2013). Red soil, one of the important components of the earth’s soil environment, widely occurs in humid tropical and subtropical regions. As a result of the strong leaching and weathering processes under the humid climate situation, the red soil tends to be acidic and accumulates a massive amount of aluminum (Al) and iron (Fe) oxides (Helyar and Porter, 1989). P can be tightly associated with these metal oxides mainly via the formation of M-O-P bonds (M = a metal atom) and hydrogen bonds (O-H) (Zhang et al., 2020), which may greatly influence the transportation, transformation, and bioavailability of P in soils (Zhang et al., 2019). It has been demonstrated that the P utilization efficiency of seasonal crops in the red soil is substantially lower than that in other soils (Hu et al., 2001; Jalali and Peikam, 2013). Therefore, how to reduce the adsorption of P by the red soil and improving P availability have always been the focus of P nutrition management in acidic soils (Daniels and Lee, 2016).
Biochar is a solid material generated from the pyrolysis of biomass under hypoxic or anoxic conditions (Das et al., 2016; Sun et al., 2016). Because of its large specific surface area, extensive source of raw materials, rich surface functional groups, and abundant pore structures, biochar has an excellent application prospect in the field of soil improvement and remediation (Wang et al., 2009; Butterly et al., 2011; Wang et al., 2016). At present, biochar has generated increasing interest to be used to improve the bioavailability of nutrition in the soil. The influence of biochar on soil P sorption processes is regulated by soil types and biochar properties. As a result, controversial findings of P sorption in biochar-amended soils have been obtained (Hartono et al., 2005). Some studies have reported that P was greatly absorbed by biochar, and the content of available P in soil was reduced with the increasing content of biochar in soil (Xu et al., 2014; Shepherd et al., 2017). In contrast, other studies found that biochar supplementation in soil can decrease the adsorption of P via the competition between phosphate and the biochar surface functional groups for the adsorption sites on soil minerals (Morales et al., 2013). In addition, biochar can also indirectly influence P release by changing soil properties (e.g., mineral sorption ability and soil pH) (Xu et al., 2013).
Currently, the study on the effect of biochar on soil P adsorption largely focuses on biochar particles. Actually, after adding biochar to the soil, the dissolved black carbon (DBC), the biochar water-soluble fraction, can be easily released from the parent materials. The following dispersion and diffusion of DBC in soil environments would inevitably affect the soil P mobility, which, however, remains largely unknown. Previous studies have shown that adding dissolved organic matter (DOM), such as citric acid and oxalic acid, to soil raised the free P content in soil solutions (Guppy et al., 2005; Jalali and Peikam, 2013). Some oxygen (O)-containing groups of DOM can act as organic anions to compete with phosphate for the adsorption sites in soil, thus facilitating P desorption (Ruban et al., 2001; Schneider et al., 2016). The complexation of DOM and Fe/Al oxides is highly dependent on the aromaticity and O-containing groups of DOM. DBC has a high degree of aromatization and contains massive carboxylic acid groups. Therefore, DBC may have a high affinity to Fe/Al (oxy)hydroxides and leads to enhanced P release from the mineral surface. In line with our expectation, DBC has reportedly inhibited the adsorption of P on goethite (Ruban et al., 2001). However, the effect of DBC on P release in acidic red soil is still unclear.
In summary, we assume that after adding biochar to the red soil, soil P mobility can be affected not only by the alteration in the soil pH value but also by the DBC released from the biochar. To test our hypothesis, the rice straw biochar was generated and utilized in a red soil at ratios of 5, 3, and 1% (w/w). Subsequently, the effects of the doping ratios of the biochar, exogenous P concentration, solution pH, and DBC on P sorption by the red soil were investigated in detail. Three-dimensional excitation-emission matrix (3D-EEM) fluorescence spectroscopy, infrared spectroscopy, and zeta potential analysis were also applied to explore the underlying mechanisms. This research will be of great significance to improve P availability in acidic soils and will contribute to the reasonable application of biochar in soil improvement.
MATERIALS AND METHODS
Raw Materials and Chemicals
Rice straw was sampled from the suburbs of Jinan, Shandong Province, China. The straw samples were first cleaned, dried, and crushed before being pyrolyzed under O-limited conditions at 550°C in a muffle furnace for 120 min. The heating rate was kept at 10°C min−1. After rinsing the biochar samples with ultrapure water, they were then dried, ground, sieved (0.25 mm), and stored for further use. The red soil used in this study was sampled from Meizhou, Guangdong Province. The biochar–soil mixtures were prepared by mixing the biochar and red soil in proportions of 1, 3, or 5% (biochar/soil; w/w). All of the chemicals and solvents employed in the present study were analytical grade with the highest purity (≥98%).
The biochars produced at 550°C were extracted using ultrapure water at a solution to solid ratio of 10:1 to acquire DBC. The suspensions were stirred at a temperature of 25°C at 120 rpm in darkness for 3 days. The acquired suspensions were then filtered through the PTFE filters (0.45 μm, Jinteng, Tian Jin, China). The filtrates were stored in darkness at a temperature of −4°C for further use.
P Sorption Experiments
Batch P adsorption experiments were carried out using the pure and biochar-amended soil as adsorbents. In the adsorption test, 4 g of pure soil or the biochar–soil mixture was weighed and placed in 40 ml glass vials. Next, 40 ml of KH2PO4 solution at various concentrations (0–240 mg P L−1) was prepared with the background solution containing 0.01 mol L−1 KCl to keep a constant ionic strength. The KH2PO4 solution was then added to the vials at a liquid to soil ratio of 10:1. The vials were then shaken on a rotary at room temperature (25°C) for 2 days to achieve an apparent adsorption equilibrium. Next, the vials were centrifuged at 3,000 r min−1 for 10 min. After centrifugation, the supernatant was immediately filtered through a PES filter (0.45 μm, Jinteng, Tian Jin, China) and the filtrate was collected and stored at a temperature of −4°C for the subsequent analysis.
DBC at varying concentrations (0, 5, 15, and 45 mg L−1) was chosen to examine its influence on P sorption by the red soil. Briefly, KH2PO4 and DBC solutions were added to the vials containing soil samples. The soil to liquid ratio and the procedures of shaking, centrifugation, and filtration were identical to those used in the batch sorption test.
The DOC content (mg kg−1) in the filtrate was determined using a total organic carbon analyzer (N3-1176/AR, Jena, Germany). The content of phosphate in the equilibrium solution was measured using the molybdenum blue approach on a UV-vis spectrophotometer.
Sequential Extraction
Hedley’s sequential chemical extraction was carried out to explore the mobility and speciation of P in the pure and biochar-amended soils (Smebye et al., 2016). Briefly, NaHCO3 (0.5 mol/L), NaOH (0.1 mol/L), and HCl (1.0 mol L−1) were sequentially utilized for the extraction of bioavailable, Fe/Al-bound, and Ca-bound P, respectively. After shaking for 16 h, the suspension acquired from each step of extraction was centrifuged (10 min, 3,000 rpm) to isolate the aqueous and solid phases. Subsequently, a small portion of supernatant was vacuum filtered (0.45 μm) and analyzed for P concentration as mentioned above.
Sample Characterization
By using the surface area and porosity analyzer (Micromeritics ASAP 2460, Norcross, GA, United States), the specific surface area (SSA; m2 g−1) could be measured with the N2 desorption and adsorption approach. The pH values of the soil were determined using a Sartorius pH meter (PB-10/C, GER) after extracting the soil samples with 0.01 mol L−1 CaCl2. A Malvern Zetasizer Nano ZSE nanoparticle size potentiometer (Worcestershire, United Kingdom) was used for detecting the zeta potential of biochar–soil mixtures via electrophoresis. Briefly, 0.1 g of the soil powder was weighed in a conical flask. Subsequently, distilled water (200 ml) was added to prepare a 0.5 g L−1 suspension. In addition, hydrochloric acid and KOH were used to adjust the solution pH to 3–9. After being shaken at 150 r/min for 2 h, the solutions were sampled for zeta potential analysis.
In addition, the 3D-EEM spectra of the DOM component in the sorption solution supernatant were acquired using a fluorescence luminescence spectrometer (F-7000; Hitachi, Japan) equipped with 700-V Xe lamp and a 1 cm quartz cell, and ultrapure water was utilized to subtract the blank. Through scanning 280–550 nm of emission wavelengths and 220–450 nm of excitation wavelengths, the synchronous fluorescence spectra for DOM samples were collected. The emission/excitation slit widths were set as 5.0 nm. The photomultiplier tube voltage and scanning speed were 400 V and 2,400 nm min−1, respectively (Wagner et al., 2018).
Data Analysis
The sorption data of P by the raw red soil and the biochar–soil mixtures were fitted with Langmuir (Eq. 1) and Freundlich (Eq. 2) sorption isotherms:
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in which Qmax (mg·g−1) stands for the theoretical largest adsorption capacity; Ce represents the P concentration in the solution phase when the reaction reaches equilibrium; KL (mg1−n·Ln·g−1) represents the adsorption constant in the Langmuir model; KF (L·mg−1) is the adsorption affinity parameter; and n represents the dimensionless nonlinear coefficient.
In the experiment, the removal efficiency of P (Removal, %) and the adsorption amount Qe at equilibrium are calculated, respectively, as follows:
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in which C0 (mg∙L−1) represents the initial P concentration in solution, and V (ml) and m (mg), respectively, denote the volume of the reaction solution and the sorbent mass.
RESULTS AND DISCUSSION
Effect of Biochar Addition on the Physicochemical Properties of the Red Soil
Biochar is well known for its beneficial effects on soil properties. As clearly illustrated in Figure 1, with the increase in biochar dosage, the DOC concentration and the pH value of red soil exhibited an upward trend. For instance, after applying the biochar at a rate of 5%, the DOC content in the sorption equilibrium solution was substantially increased in the range of 5.1–27.1 mg L−1, and the soil pH values were increased in the range of 4.30–6.04. The increase of soil pH value can be attributed to the presence of various K, Ca, Na, and Mg oxides, carbonate, hydroxide, and other alkaline substances in the biochar. When the biochar is applied to the soil, it can increase the soil base saturation and improve the pH value. The increase in the DOC content is mainly caused by the DBC released from the biochar (Weng et al., 2008).
[image: Figure 1]FIGURE 1 | Effects of biochar addition on the DOC concentration (A) and pH value (B) of the red soil.
Moreover, N2 adsorption–desorption measurements were performed to obtain detailed textural information about the samples (Figure 2). It can be seen that the characteristic curves of both materials belong to type IV isotherms with H2 hysteresis loops, indicating that both samples have layered porous structures. BET analysis showed that after biochar amendment, the specific surface area of the red soil was slightly raised. For particle adsorption, the increase in the surface area will lead to an increase in adsorption sites, and then the corresponding adsorption amount will also increase. The elevation of pore volume may also exert a positive effect on P adsorption. In contrast, the addition of biochar to the red soil demonstrated a negligible influence on the pore size.
[image: Figure 2]FIGURE 2 | N2 adsorption/desorption isotherms, the surface area, pore size, and pore volume of the rice straw biochar-amended red soil.
The presence of different functional groups in the pure and biochar-amended soil samples was analyzed by FTIR spectroscopy (Figure 3). In the pure red soil sample, characteristic peaks at 875, 1080, 1687, and 3,500 cm−1 correspond to C-H, C-O, C=C, and O-H functional groups, respectively. Due to the addition of the biochar, the peak signal at 1080 and 875 cm−1 was enhanced, and the intensity increased with the increase of biochar addition, indicating that there was greater aromaticity in the red soils amended with biochar. In addition, previous studies have also shown that aromatic functional groups can interact with the hydroxyl groups on the metal minerals surface in soil (Schneider et al., 2016; Yang et al., 2020), occupying the sites that are originally for phosphate ion adsorption. Therefore, it is expected that the enhanced aromaticity of the soil caused by biochar addition would lead to the release of P from the Fe/Al mineral surface.
[image: Figure 3]FIGURE 3 | FTIR analysis of the rice straw biochar-amended red soil.
Phosphate adsorption by soil samples can be greatly affected by the surface charge of soil particles. Therefore, the zeta potential of the red soil before and after biochar addition was also measured in this study. As shown in Figure 5A, the isoelectric point (IEP) of the red soil was approximately 6.5. With an increase in the dose of the biochar, the IEP of the soil sample was lowered to 4.3; meanwhile, the zeta potential became more negative. After adding biochar, the IEP of the soil was reduced likely due to the elevation of the soil pH value, which may hinder the static sorption of P by the soil (Antelo et al., 2007). Fe/Al oxides, rich in hydroxyl groups, are well known as major carriers of the soil variable charge. When the soil pH value increases with biochar addition, the hydroxyl groups on the Fe/Al oxides surface would be deprotonated and demonstrate higher negative charges, reducing the zeta potential. At a fixed pH value, the addition of biochar enabled the surface charge of the red soil to be more negative.
P Speciation in the Pure and Biochar-Amended Soils
The results of the sequential extraction for P from the pure and biochar-amended red soils are shown in Table 1. For the pure red soil, the bioavailable P content was only 0.51 mg kg−1. After biochar amendment, the bioavailable P content in the red soil increased significantly. Specifically, when biochar was added at concentrations of 1%, 3%, and 5%, the bioavailable P content in the red soil substantially increased to 1.32, 1.52, and 1.92 mg kg−1, respectively, which was an increase of 159–255%. Given that the bioavailable P concentration in the biochar was only 0.22 mg kg−1, we can conclude that a large proportion of the increased bioavailable P was converted from other forms of P in the soil. This implies that biochar can facilitate the transformation of bio-unavailable P to available forms. Consistently, the amount of Fe/Al-bound P in the original red soil was raised up to 41.43 mg kg−1, while Ca-bound P was relatively low at 1.73 mg L−1. After adding biochar, the amount of Fe/Al-P in the red soil was markedly attenuated to approximately 11 mg g−1, with a reduced rate of about 75%. The reduction rate for Ca-P was about 41%. These results clearly confirmed that after adding biochar, the soil P that can be utilized by plants in the medium (Fe/Al-P) to long term (Fe/Al-P) was transformed into a short-term available form.
TABLE 1 | Sequential extraction of P from the pure and biochar-amended red soils.
[image: Table 1]Effect of Biochar Addition on the P Sorption Behavior by the Red Soil
The Langmuir isotherms for P sorption by the pure and biochar-amended soil samples revealed higher coefficients of determination (R2 = 0.95–0.98) and fitted the detected data better than Freundlich isotherms (R2 = 0.69–0.81) (Figure 4; Table. 2). It can be seen that P adsorption by the red soil was mainly monolayer adsorption at room temperature (25°C). The P sorption parameter values (Qmax) of different soil samples obtained from Langmuir isotherm fitting were further analyzed. Contrary to expectation, inconsistent trends were found in Qmax values as the biochar amendment rate increased. The Qmax of the red soil decreased from 864.9 to 716.8 mg kg−1 as the rate of biochar amendment raised from 0 to 1%, but it was rapidly elevated to 934.0 mg kg−1 with a further increase of the biochar concentration to 5%. The explanations for these phenomena are as follows: 1) similar to low molecular weight organic acids, DBC released by the biochar (Figure 1A) might compete with the phosphate for adsorption sites on the surface of soil minerals, resulting in decreased P adsorption; 2) With the elevation of the soil pH after biochar addition, the surface charges of soil particles became more negative as evidenced by the zeta potential analysis (see details in Figure 5). These negative charges of soil particles could lead to a reduction in P adsorption through electrostatic attraction. 3) Biochar has a strong adsorption capacity for P (Xu et al., 2014; Shepherd et al., 2017). As the amendment rate of biochar raised from 1 to 5%, the facilitation role of the biochar in the P adsorption process was also gradually enhanced.
[image: Figure 4]FIGURE 4 | Langmuir (A) and Freundlich (B) adsorption isotherms of P by the red soils amended with the rice straw biochar at doses of 0, 1, 3, and 5% (w/w).
TABLE 2 | The parameters of Freundlich and Langmuir isotherms for P absorption by the pure and biochar-amended red soils.
[image: Table 2][image: Figure 5]FIGURE 5 | (A) Zeta potential of the rice straw biochar-amended red soil and (B) adsorption rate of P by the red soil with the increasing pH value.
On the basis of the aforementioned results, we concluded that biochar can affect the P sorption behavior by the red soil by elevating the soil pH value and releasing DBC. To further explore the specific effects of pH and DBC on P sorption, the P adsorption by the red soil at different pH values and different DBC concentrations was examined separately. The results (Figure 5) show that as the pH value of the soil increased from 2 to 12, the zeta potential of the soil samples became more negative. At an exogenous P concentration of 20 mg L−1, the P adsorption capacity of the red soil showed an obvious decreasing trend with an increasing pH value. With an increase in the aqueous solution pH, the deprotonation of the oxygenated functional groups (such as -OH and -COOH) was enhanced. Consequently, the electrostatic repulsion between the negatively charged surfaces of the soil particles and the negatively charged phosphate ions greatly hindered P adsorption, which would in turn increase the available P concentration in the soil solution.
To probe the DBC effect on P absorption in red soils, DBC was extracted from the rice straw biochar by simple water extraction. The obtained DBC solution was then used in the sorption systems to determine the phosphate competitive adsorption. As illustrated in Figure 6D, as the concentration of DBC increased from 0 to 45 mg L−1, the P adsorption capacity by the red soil decreased significantly from 513 to 411 mg kg−1 and from 812 to 698 mg kg−1 at initial P concentrations of 10 and 20 mg L−1, respectively. The results indicated that the DBC with a high number of functional groups is an effective competitor, which will result in intense oxyanion competition and hence high P concentrations in soil solution. Under the condition of large-scale use of the biochar, substantial amounts of DBC will inevitably be released into the soil environment. The resulting oxyanion competition and subsequent increase in dissolved phosphate will enhance P availability in soil. Similarly, it was clearly shown in previous research studies that the adsorption of natural DOM on mineral surfaces in soils was weakened by the presence of P, while the adsorption of P on mineral surfaces was also decreased by the presence of natural DOM (Wagner and Jaffé, 2015; Luo et al., 2019; Kong et al., 2021), implying a competitive relationship between natural DOM and P. It is noted that compared with DOM, DBC contains more O-containing functional groups (Chen et al., 2003; Luo et al., 2019). It is expected that DBC may bring about more P release from soil mineral surfaces, which remain to be explored.
[image: Figure 6]FIGURE 6 | 3D-EEM of the dissolved organic matter in the phosphorus adsorption equilibrium solution by the DBC (0, 5, or 45 mg L−1)-amended red soils (A–C); P absorption capacity of the DBC-amended red soils (D).
The composition of DOM in the solution after sorption equilibrium was analyzed by 3D-EEM fluorescence spectroscopy (Fellman et al., 2010; He et al., 2014). As illustrated in Figure 6, the following five EEM components were recognized: C1 and C3 represent the low-molecular-weight humic acid-like substances in the UV region; C2 denotes the high-molecular-weight humic acid-like substance in the UV region; C4 and C5 are protein-bound and free tyrosine and tryptophan-like substances, respectively, which are collectively referred to as protein-like substances. It has been observed that the fluorescence intensities obviously changed with the increasing biochar amendment rate. The intensified fluorescence diffraction peaks in the C2 and C3 regions suggest that DBC addition can increase the content of the humic acid-like substance in the soil solution. The humic acid-like substances in DBC were provably the major components responsible for the competition with phosphate.
CONCLUSION
In this study, by measuring the speciation distribution of P, it is concluded that P bioavailability in the red soil was greatly related to Al and Fe minerals. After adding the rice straw biochar, the bioavailable P in the red soil was increased, while the contents of Ca-P and Fe/Al-P were reduced. The isotherm data showed that with the increase in the rate of biochar from 0 to 5%, the maximum P adsorption capacity of the red soil was first reduced and subsequently increased. The adsorption of P by the red soil was negatively related to the pH of the soil solution due to electrostatic repulsion. The electrochemical test results show that the addition of biochar will increase the pH of the red soil, shifting the IEP of the red soil in the negative direction. In addition, biochar can also weaken P adsorption in the soil by releasing DBC molecules. The P adsorption ability of the red soil was weakened with the increase of the DBC concentration. DBC is rich in humus-like substances, which will compete with phosphate for the adsorption sites on the surface of the soil mineral particle. However, since the hummus-like component is a complex mixture, the functional groups that play the decisive role in the competitive adsorption in the hummus-like component still need further research and analysis (He et al., 2014).
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