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Abstract

:

Mg/Fe layered bimetallic oxide mulberry rod biochar composites (MFBCs) were prepared from mulberry rods and characterized using electron microscopy scanning (SEM), X-ray diffraction (XRD), Fourier infrared spectroscopy (FT-IR), and X-ray photoelectron spectroscopy (XPS). We investigated the adsorption properties of MFBCs for phosphorus, which was recovered via crystallization using calcium chloride as a precipitant. According to the findings, the MFBC is a layered bimetallic oxide with a specific surface area of 70.93 m2·g−1. Its point of zero charge values, or pHzpc, was 7.66. The removal of phosphorus usingMFBCs gradually decreased with increasing pH, and the optimum pH for phosphorus removal was 4.0. The maximum phosphorus adsorption by MFBCs at 298 K was 29.682 mg·g−1 for MFBCs. The adsorption process of phosphorus onto MFBCs is a heat absorption process, and the adsorption isothermal data of phosphorus onto MFBCs fit with the Langmuir adsorption isothermal model. Phosphorus recovery is achieved when calcium chloride is added to the phosphate-enriched desorption solution at a Ca/P molar ratio of 2.2. The phosphorus product obtained from this process is very pure hydroxyphospapatite. The recovery rate of phosphorus in the desorption solution is 99.64%.
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1. Introduction


With the rapid development of industry and agriculture, the discharge of nitrogen- and phosphorus-rich domestic sewage, industrial farming wastewater and agricultural wastewater containing pesticide and chemical fertilizer residues is increasing year by year, and the excessive discharge of phosphorus-containing wastewater will have a serious impact on the environment of water bodies. The excessive discharge of phosphorus-containing wastewater will negatively affect the environment of water bodies. Research indicates that eutrophication will occur in a body of water when the total concentration of phosphorus and nitrogen in the water body exceeds 0.02 mg·L−1 and 0.2 mg·L−1, respectively [1]. Phosphorus is a non-renewable resource with a unidirectional flow characteristic in the environment, and phosphorus ore has been designated as one of the 20 minerals in our country that cannot meet the demands of the country’s economic development after 2010. Economically exploitable phosphorus ore reserves may become rare or exhausted in a century [2]. As the world’s population grows and phosphorus supplies become scarcer, it is becoming increasingly important from an environmental, economic, and social standpoint to create technology that will enhance phosphorus recovery and reuse [3]. Nowadays, the most widely used techniques for removing phosphorus are chemical precipitation, biological methods, ion exchange methods, and adsorption methods [4]. Of these, the adsorption method is considered a highly effective treatment method because of its benefits, which include its low cost, no secondary pollution, and recoverable phosphate. As a result, researchers, both domestically and internationally, are focusing much of their research on this technique.



Biochar is a carbon-rich porous solid material with a wide range of properties, including high surface area, porosity, and a stable carbon matrix. It is usually prepared using a pyrolysis process under limited oxygen conditions [5]. Enhancing the affinity of biochar for anionic pollutants via modification or functionalization has emerged as a crucial approach to broadening the use of biochar technology [6]. Two-dimensional anionic clays, known as layered dimensional bimetallic hydroxides (LDHs), are composed of negatively charged equilibrium anions and positively charged metal hydroxides arranged in an interlayer [7]. Research has demonstrated that the combination of LDHs and biochar significantly improved the physicochemical properties of the resulting biochar/LDHs composites. Porous biochar, as an ideal support matrix, provides a large reaction area for the effective modification of metal hydroxides, improves adsorption capacity and adsorption rate, and prevents the aggregation of LDHs [8]. Peng et al. [9] prepared Mg/Al-LDHs composites supported by corn stover for the adsorption of phosphorus via the co-precipitation method, and the characterization results showed that the specific surface area of the material increased after modification. The highest adsorption of phosphate by this material was 286.2 mg·L−1 at pH 6, which was much higher than that of pristine biochar. The highest removal was achieved at a molar ratio of Zn/Al of 3 by calcining at 473 K, according to the results of Sidra et al.’s [10] synthesis of a series of Zn/Al-LDHs materials for phosphate adsorption at different calcination temperatures. The adsorption isotherm data were consistent with the Langmuir adsorption isotherm model.



Nowadays, the precipitation of aluminum and iron salts, hydroxycalcium phosphate crystallization (HAP), magnesium ammonium phosphate crystallization (MAP), and novel techniques represented by ion exchange are the principal techniques for recovering phosphorus from wastewater [11]. By using an acid-leaching method of incinerated sewage sludge ash (ISSA) and a phosphorus-selective adsorbent, Yu et al. [12] implemented a novel system of phosphorus recovery and demonstrated that 95% of the phosphorus could be precipitated in the desorbed solution with a calcium molar ratio of 1:3.



This study prepared Mg/Fe LDHs mulberry stem biochar composite materials and MBC mulberry stem biochar materials and characterized the two biochar materials. The structure and properties of the two materials were characterized using procedures such as X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), specific surface area and porosity analyzer, and Zeta potential analyzer. The chemical composition, particle size, surface morphology, and differences between the two materials were analyzed. The adsorption performance of Mg/Fe LDHs on P was studied, the effects of different adsorption factors, such as adsorption time, adsorption temperature, the initial concentration of solution, the initial pH value of the solution, etc., on the adsorption of P were investigated through the use of Mg/Fe LDHs, and the recovery rate of P when using Mg/Fe LDHs at different ratios Ca/P was investigated. The HAP crystallization method was used to recover phosphorus and achieve phosphorus cycling. Through the research of this project, new approaches can be provided for the resource utilization of agricultural waste and the improvement of phosphorus pollution in water. At the same time, it also has a promoting effect and practical significance for the widespread application of the adsorption method for phosphorus recovery.




2. Materials and Methods


2.1. Experimental Materials


The mulberry poles used in the experiment were taken from Huanjiang County, Hechi City, Guangxi Province, China. The mulberry poles were peeled, dried, crushed, passed through a 20-mesh sieve, and placed in a desiccator for spare. Potassium dihydrogen phosphate, iron nitrate, magnesium nitrate, sodium hydroxide, sodium carbonate, and anhydrous ethanol used in the experiment were analytically pure, and the water used in the experiment was ultrapure water (prepared using the Mill-Q SP system).




2.2. Experimental Methods


The mulberry rod powder was placed in a muffle furnace and increased from room temperature to 673 K at an elevated rate of 5 °C·min−1 and charred at 673 K for 2 h to obtain mulberry rod biochar (BC). According to the Mg/Fe molar ratio of 5:1, 0.1 mol·L−1 ferric nitrate and magnesium nitrate mixed solution was added to a 2 L beaker, and ultrasonic oscillation was performed with an ultrasonic oscillator at an ultrasonic frequency of 50 KHZ for 20 min. Then, 5 g of mulberry stem biochar was added, and ultrasonic oscillation was performed for another 30 min. The mixture was allowed to stand for 12 h. After being placed on a magnetic stirrer, 0.75 mol·L−1 of sodium hydroxide and 0.25 mol·L−1 of sodium hydroxide were added while stirring. Sodium hydroxide and 0.25 mol·L−1 sodium carbonate mixed solution were added under stirring. The pH of the reaction endpoint was adjusted to 10.0. Then, the reaction endpoint was aged in a water bath at 343 K for 4 h. After cooling naturally, filtration was carried out, and the solid-phase precipitate was washed with ultrapure water several times and then washed with anhydrous ethanol when the pH of the washed filtrate was =7.0 ± 0.1. Then, the solid-phase precipitate was placed on a ceramic disk and dried at 353 K for 24 h. The Mg/Fe-LDHs mulberry stick biochar (MFBCs) was ground after passing through a 100-mesh sieve, which was then placed in a desiccator and set aside.




2.3. Adsorption Experiment


In a 100 mL polyethylene centrifuge tube, 2 g·L−1 of MFBCs was put into 50 mL of phosphorus-containing synthetic wastewater. The pH of the solution was adjusted with 0.1 mol·L−1 NaOH and HNO3, and the reaction was oscillated in a thermostatic water bath oscillator at 180 rpm (298 ± 1 K) until the set time, centrifuged at 4000 rpm for 5 min, and then filtered with a 0.45 μm PVDF filter membrane. The total phosphorus concentration in the filtrate was analyzed using the Ammonium molybdate spectrophotometric method. Each group of experiments contained three parallels, and the average of the experimental results was taken.



2.3.1. Effect of Solution pH on Adsorption


The initial phosphorus concentration was 20 mg·g−1, and 2 g·L−1 of MFBCs was put into 50 mL of phosphorus-containing synthetic wastewater with solution pH of 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12, respectively. The residual phosphorus concentration was determined when the solution was shaken to adsorption equilibrium at 298 K using a thermostatic water bath oscillator. Phosphorus adsorption qe [Equation (1)] and removal rate R % [Equation (2)] are as follows:


    q   e   =     C   0   −   C   e       V  /  m ,    



(1)






  R % =       C   0   −   C   e      /    C   0     ,  



(2)




where qe is the amount of phosphorus adsorbed by MFBCs at the equilibrium moment, mg·g−1; C0 is the initial phosphorus concentration in the solution, mg·g−1; Ce is the concentration of phosphorus in the solution at the time of adsorption equilibrium, mg·g−1; V is the volume of the solution, L; and m is the mass of MFBCs, g.




2.3.2. Isothermal Adsorption Experiment


The initial phosphorus concentrations were 10, 15, 20, 25, 30, 40, 50, 80, and 100 mg·L−1, respectively, and the pH of the solution was adjusted to 4.0. Then, 0.1 g of MFBCs was added to 50 mL of phosphorus-containing synthetic wastewater. Additionally, the solution was fully oscillated to equilibrium in a constant-temperature water bath oscillator at 298 K to determine the residual phosphorus concentration in the filtrate and unmodified mulberry stem biochar was used as a control. The data after adsorption equilibrium were fitted using Langmuir and Freundlich adsorption models, which were linearized in the form of [Equations (3) and (4)].


      C   e    /    q   e   =     C   e    /    q   m     +   K   L   ·   q   m     ,  



(3)






     lg  ⁡    q   e   =   lg  ⁡    K   F       lg  ⁡      C   e    /  n             ,   



(4)




where qe is the equilibrium adsorption amount at adsorption equilibrium, mg·g−1; Ce is the equilibrium concentration at adsorption equilibrium, mg·g−1; qm is the maximum adsorption amount adsorbed by Langmuir’s monomolecular layer; KL and KF are the adsorption equilibrium constants; and n is the adsorption index.




2.3.3. Adsorption Kinetics Experiment


The initial phosphorus concentrations were set at 50 and 100 mg·L−1, and 0.1 g of MFBCs was added to 50 mL of phosphorus-containing synthetic wastewater, the pH of the solution was adjusted to 4.0, and the residual phosphorus concentrations were determined at different periods of 0.25, 0.5, 1, 1.5, 3, 5, 7, 10, 12, 15, 18, 24, 36, and 48 h. The residual phosphorus concentrations were determined at different periods of 0.25, 0.5, 1, 1.5, 3, 5, 7, 10, 12, 15, 18, 24, 36, and 48 h. The residual phosphorus concentrations were determined at different times. The adsorption process was fitted using quasi-primary and quasi-secondary kinetic models with the linear expressions of [Equations (5) and (6)].


    Lg  ⁡      q   e   −   q   t       =   lg  ⁡    q   e   −   K   1   t     ,  



(5)






     t  /    q   t     =   1  /    K   2   ·   q   e   2   +   t  /    q   e         ,   



(6)




where qt is the adsorption of phosphorus by MFBCs at time t, mg·g−1; t is the reaction time; qe is the equilibrium adsorption; mg·g−1; k1, and k2 are the adsorption rate constants for the quasi-primary kinetic model and quasi-secondary kinetic model, respectively.




2.3.4. Adsorption Thermodynamic Experiments


The initial phosphorus concentrations were 10, 15, 20, 25, 30, 40, 50, 80, and 100 mg·L−1, and the solution pH was adjusted to 4.0. Then, 0.1 g of MFBCs was added to 50 mL of phosphorus-containing synthetic wastewater. The reaction temperatures were set at 298, 308, and 318 K, respectively, and the phosphate content in the filtrate was determined after reaching adsorption equilibrium. The thermodynamic parameters such as free energy change (ΔG), enthalpy change (ΔH), and entropy change (ΔS) were calculated by combining the Van’t Hoff equation and the Gibbs–Helmholtz equation to study the adsorption thermodynamic mechanism. The Van’t Hoff equation and Gibbs–Helmholtz equation are expressed as [Equations (7) and (8)].


  Δ G =   Δ G   0   +   RTln  ⁡  Q   ,  



(7)






    Δ G   0   = − R T   ln  ⁡    K   0   =   Δ H   0   −   T Δ S   0     ,  



(8)




where ΔG0 is the standard free energy change (kJ·mol−1); ΔH0 is the standard enthalpy change (kJ·mol−1); ΔS0 is the standard entropy change [kJ·(mol·k)−1]; Q is the reaction quotient; R is the standard gas constant [R = 8.3145 J·(k mol)−1]; and K0 is the standard equilibrium constant.





2.4. Phosphorus Recovery Experiment


The saturated MFBCs adsorbed in the phosphate solution with an initial phosphorus concentration of 100 mg·L−1 were desorbed with 0.1 mg·L−1 NaOH solution, and the pH of the desorbed solution was adjusted to be about 10. Anhydrous calcium chloride with Ca/P molar ratios of 1.67, 2.0, 2.2, 2.5, and 3.0 was added to the desorbed solution, and the desorbed solution was placed in a magnetic stirrer with stirring for 1 h. The solution was allowed to stand for 30 min and then centrifuged. The solid phase precipitate was placed in a 353 K drying oven for 12 h, ground, and stored in a desiccator. The phosphorus recovery rate R2 is calculated by the following Equation (9):


    R   2   =       C   0   −   C   1      /    C   0   × 100 ,    



(9)




where C0 is the concentration of phosphorus in the desorption solution, mg·L−1, and C1 is the concentration of phosphorus contained in the desorption solution after phosphorus recovery, mg·L−1.





3. Results and Discussion


3.1. Characterization of MFBCs


3.1.1. Specific Surface Area Analysis


Figure 1 shows the nitrogen adsorption–desorption isotherms and pore size distribution of MFBCs and MBC. According to the Brunauer–Emmet–Teller theory, MFBCs exhibit type IV isotherms in the relative pressure range of 0.1–0.9, indicating that MFBCs are mesoporous [13]. The results showed that the adsorption capacity of MFBCs and MBC gradually increased with the increase in relative pressure, and the adsorption/desorption curve of the MBC in the low-pressure region (0.15–0.40 relative pressure (P/P0)) showed a significant increase, indicating that MBC contains more abundant mesoporous and microporous structures than MFBCs [14].



The results of the specific surface area and pore size analysis of BC and MFBCs are shown in Table 1. The table shows that the specific surface areas of BC and MFBCs were 51.91 m2·g−1 and 70.93 m2·g−1, respectively. Compared with BC, the specific surface area of MFBCs increased, the total pore volume increased, and a larger pore size was obtained, which belonged to the mesopore range (2 nm < d < 50 nm), and the mesopore structure of the surface was favorable to the adsorption process, leading to the increased heterogeneity of MFBCs, which can provide more adsorption sites for phosphate [15]. On the other hand, after modification by Mg and Fe, the surface functional groups of MFBCs were activated, the content of surface-active groups increased, hydrophilicity was strengthened, and the adsorption capacity for phosphorus was enhanced [16].




3.1.2. Zeta Analysis


Figure 2 shows the zeta potential versus pH curves for BC and MFBCs. From Figure 1, the zeta potentials (pHzpc) of BC and MFBCs were 2.35 and 7.66, respectively, which shows that the zeta potential of the modified MFBCs was significantly increased compared to BC, indicating that MFBCs has a more significant surface hydroxyl density and protonated hydroxyls present a stable positive charge over a wide pH range and will enhance phosphate adsorption by electrostatic attraction [17].




3.1.3. SEM Analysis


The SEM and EDS characterization results of BC and MFBCs are displayed in Figure 2. From Figure 3a, it can be seen that the surface and inner wall of BC are smooth with a prominent pore structure, which mainly consists of C and O elements and contains a small amount of P. From Figure 3b, it can be seen that the surface and the inner part of the pores of MFBCs are covered with metal oxides, which improves the specific surface area, increasing the active sites and the chance of binding with pollutants. Prominent peaks of Fe and Mg elements appeared in the EDS energy spectrum, and the elemental distribution map (c) showed that Fe and Mg were uniformly dispersed in MFBCs, indicating that Fe and Mg were successfully loaded on the mulberry stick biochar.




3.1.4. FT-IR Analysis


The results of the FT-IR analysis of BC and MFBCs are shown in Figure 4. From Figure 4, it can be seen that BC and MFBCs have characteristic peaks at 3449 cm−1, 1629 cm−1 and 3446 cm−1, 1620 cm−1, respectively. According to the corresponding profiles of infrared functional groups, it can be seen that the broad bands at 3446 cm−1 and 3449 cm−1 indicated that the occurrence of water molecules and O-H bonding in the upper layer and the Mg-Fe/LDH intercalation layer was caused by the stretching-type vibrations of the groups [18]. There are C=O stretching vibration peaks at 1680–1630 cm−1; the peak at 1620 cm−1 is related to the bending mode of the water molecules in the interlayer, and the peak of MFBCs at 1368 cm−1 suggests the presence of the asymmetric stretching of the carbonate molecules in the layer [19]. In addition, the characteristic peaks at 587 cm−1 indicated the presence of the asymmetric stretching of carbonate molecules associated with the mixed-metal oxide (Fe-O or Mg-O or MgFe-O)-related adsorption bands [20], thus indicating the successful synthesis of Mg/Fe-LDHs.




3.1.5. XRD Analysis


Figure 5 shows the XRD patterns of BC and MFBCs. Compared with BC, MFBCs have the characteristic diffraction peaks of Mg/Fe-LDHs, including the typical planes of (003), (006), (012), and (018), which proved the formation of the LDH phase, indicating that the Mg/Fe-LDHs were synthesized efficiently and loaded on mulberry stem biochar sucessfully.




3.1.6. XPS Analysis


Figure 6 shows the XPS images of BC and MFBCs; as can be seen in Figure 6a, the BC surface is mainly composed of C and O elements, and the MFBCs surface has Mg and Fe elements in addition to C and O. There is no obvious change in the binding energy positions of C 1s and O 1s. Still, the peak at O 1s is significantly enhanced, indicating that the content of metal (hydro)oxides or oxygen-containing functional groups has increased due to the modification [21]. MFBCs show peaks at 700.18–739.98 eV for Fe 2p and 1296.18–1308.98 eV for Mg 1s. From Figure 6b, the peaks of C 1s in MFBCs appeared at 284.8 eV, 286.5 eV, and 288.6 eV for C-C, C-O, and O-C=O, respectively. According to Figure 6d, the Mg 1s spectrum is mainly Mg-O-Fe (1303.33–1303.81 eV), indicating that magnesium in MFBCs exists in oxide form. Figure 6c shows that the position of the Fe 2p 3/2 characteristic peak is at 711.49 eV, and its sub-peak contains the characteristic peak of trivalent iron of Fe2O3 (712.58 eV).





3.2. Effect of Solution pH on Adsorption


The effect of pH on phosphorus adsorption by MFBCs is shown in Figure 7. As can be seen in Figure 7, the removal of phosphorus was more significant than 90% when the solution pH was <6. When the pH is between 3 and 4, the phosphorus removal rate increases with the increase in pH. When pH = 4, the removal rate and adsorption capacity of phosphorus are both highest, at 99.33% and 29.682 mg·g−1, respectively. When the pH is between 4 and 6, the phosphorus removal rate decreases by 1.89% as the pH increases. Phosphorus removal gradually decreased in the pH 6~12 range and was below 50% when the solution pH was greater than 8.0. The reason for this phenomenon may be because pH can affect the ionization equilibrium of phosphate, and different pH presents different phosphate forms; when the pH is in the range of 2.12–7.20, the main phosphate form in the solution is H2PO4−, when the pH is in the range of 7.20–12.36, the main phosphate form in the solution is HPO42−, and when the pH is above 12.36, the major phosphate form in the solution is PO43− [22]. From 3.1.6, the pHpc of MFBCs = 7.66. When pH < pHzpc, the adsorbent surface is protonated, mostly positively charged, and there is an electrostatic attraction with negatively charged PO43−P. The phosphate removal mechanism is mainly electrostatic attraction and ligand exchange, which results in a larger removal rate of phosphorus; when pH > pHzpc, the electrostatic repulsion between the negatively charged surface sites and the phosphate ion. The electrostatic repulsion between the negatively charged surface sites and phosphate ions increases, and at this time, the ligand exchange is the main adsorption mechanism. With the rise in pH, the OH− concentration in the solution increases. The phosphate root produces competitive adsorption, and the removal rate of phosphorus decreases [23].




3.3. Isothermal Adsorption Lines


The adsorption isotherms of phosphorus by MFBCs at 298, 308, and 318 K, respectively, are shown in Figure 8. The results showed that the adsorption amount decreased slightly with increasing temperature. The maximum adsorption amount was 29.682 mg·g−1, 29.121 mg·g−1, and 28.417 mg·g−1 at 298, 308, and 318 K, respectively. With the increase in the initial phosphorus concentration, phosphate adsorption significantly increased and then gradually reached equilibrium. The decrease in phosphate adsorption can be explained by the lack of active sites capable of accommodating the increased phosphate species at immobilized adsorbent doses [24]. The significant increase in phosphorus adsorption after modification compared to unmodified mulberry stem biochar suggested that the combination of porous biochar matrix and positively charged Mg/Fe-LDHs has a strong enhancement effect on anion adsorption.



The Langmuir and Freundlich adsorption isothermal model was applied to fit this curve, and the results are shown in Figure 9. Based on the slope and intercept of the fitted straight line, the relevant parameters of the two models at 298, 308, and 318 K can be obtained, respectively, as shown in Table 2.



Figure 9 and Table 2 show that the Langmuir adsorption isothermal model fits the adsorption process better. The correlation coefficients R2 of the fitted straight line are 0.9994, 0.9998, and 0.9998, respectively, which are larger than those of the Freundlich adsorption isothermal model when the temperatures are 298, 308, and 318 K. The theoretical maximum adsorption amount qcal calculated from the Langmuir adsorption isothermal model is closer to the actual maximum adsorption amount qexp, indicating that the maximum adsorption amount is 29.682 mg·g−1. The theoretical maximum adsorption amount qcal calculated using the Langmuir adsorption isothermal model was closer to the actual maximum adsorption amount qexp. The maximum adsorption amount was 29.682 mg·g−1, which indicated that the Langmuir adsorption isothermal model was able to better describe the adsorption process of phosphorus, which was dominated by chemical adsorption. The effective adsorption surface showed the characteristics of a monolayer of homogeneity [25]. The maximum adsorption amount of phosphorus by MFBCs was approximately the same as that of the adsorption isothermal model by Jia [26] et al. The adsorption was about 5.3 times higher than the maximum adsorption of phosphorus by Mg-Al-Fe layered double hydroxides prepared by Jia et al. (5.61 mg·g−1); they were 3.0 and 1.2 times higher than the maximum adsorption of phosphorus by Mg-Al and Zn-Al layered double hydroxides (LDHs) synthesized by Yang [27] et al. (9.78 and 24.8 mg·g−1); they were 1.4 and 2.4 times the maximum adsorption of phosphorus by Ce/Fe3O4-BC and La/Fe3O4-BC new rare earth-doped magnetic biochar prepared by Wang [28] et al. (20.5 and 12.5 mg·g−1); and the maximum adsorption of phosphorus by the MFBCss prepared in the present study was more significant. The adsorption of the Freundlich isotherm modeling strength and nonuniformity parameters (i.e., 1/n) ranged from 0 to 1, indicating that phosphate was readily adsorbed on MFBCs.




3.4. Adsorption Kinetic Modeling


The adsorption kinetic curve of MFBCs on phosphorus is shown in Figure 10. With the increase in reaction time, the adsorption amount first increased rapidly and then increased slowly until the adsorption equilibrium was reached, which was because as the reaction proceeded, the adsorption sites on the adsorbent surface available for binding gradually reduced, and the rate of mass transfer was slowed down until the binding sites were all occupied and the reaction reached equilibrium. The adsorption reaction reached equilibrium at about 5 h when the initial phosphorus concentration was 50 mg·g−1, and the adsorption equilibrium time was prolonged and reached equilibrium at about 20 h when the initial phosphorus concentration increased to 100 mg·g−1.



To further investigate the adsorption process of phosphorus by MFBCs, a pseudo-first-order-kinetic model and a pseudo-second-order kinetic model were applied to fit the adsorption process. The results are shown in Figure 11. The kinetic parameters of the two models were obtained based on the slopes and the intercepts of the fitted straight lines, shown in Table 3.



As can be seen from Figure 11 and Table 3, the correlation coefficients R2 of the pseudo-first-order-kinetic model fit were 0.6855 and 0.8863 when the initial phosphorus concentrations were 50 and 100 mg·L−1, respectively, and the correlation coefficients R2 of the pseudo-second-order kinetic model fit were 1 and 0.999, respectively, which clearly showed that the pseudo-first-order-kinetic model had a better fitting effect. In addition, the theoretical adsorption amount qcal calculated by the pseudo-second-order kinetic model fitting was closer to the actual adsorption amount qexp. From this, it can be hypothesized that the adsorption process of phosphorus by MFBCs is mainly chemisorption, and there may be electron exchange or sharing during the adsorption process [29]. The phosphorus in the solution diffuses to the surface of MFBCs and forms new compounds immobilized on its surface active sites through chemical bonding or ion exchange.




3.5. Adsorption Thermodynamic Parameters


As shown in Figure 8, the adsorption of phosphorus by MFBCs decreased with increasing temperature, indicating that low temperature favors the adsorption of phosphorus by MFBCs. To further investigate the spontaneity and stability of phosphorus adsorption by MFBCs, each thermodynamic parameter at 298, 308, and 318 K was found according to Equations (7) and (8), respectively, and are listed in Table 4. As seen in Table 4, the standard free energy change of adsorption of phosphorus by MFBCs at 298.15 K, ΔG0= −0.094 kJ·mol−1 < 0, indicates that the phosphorus adsorption by MFBCs is spontaneous. The adsorption of phosphorus by MFBCs is a spontaneous process, and increasing the temperature weakens the spontaneity of adsorption. The absolute value of ΔG0 increases with increasing temperature, indicating that the driving force of the adsorption process increases. The enthalpy change of phosphorus adsorption by MFBCs, ΔH0 = −26.104 kJ·mol−1 <0, indicates that the adsorption process is an exothermic reaction process, and the entropy change, ΔS0 = −0.088 kJ·mol−1·K−1 < 0, indicates that the adsorption process is an exothermic reaction process. As the adsorption reaction proceeds, the entropy of the system decreases, and the orderliness increases [30]. Since the absolute value of ΔH0 for physical adsorption is generally in the range of 0–20 kJ·mol−1, the absolute value of ΔH0 for chemical adsorption is greater than 20 kJ·mol−1, indicating that the adsorption of phosphorus by MFBCs is mainly chemical adsorption [31].




3.6. Phosphorus Recovery Studies


3.6.1. Effect of Calcium–Phosphorus Ratio on Phosphorus Recovery


The effect of different calcium–phosphorus ratios on phosphorus recovery is shown in Figure 12. It can be seen that as the calcium–phosphorus ratio increases, the phosphorus concentration in the desorbent decreases, and the phosphorus recovery R2 increases. When the calcium–phosphorus ratio increased from 1.67 to 2.2, the phosphorus concentration C1 in the desorbent decreased rapidly from 3.104 mg·L−1 to 0.194 mg·L−1, and the phosphorus recovery R2 increased from 94.45% to 99.64%, which was basically able to completely recover the phosphorus in the desorbent, and continued to increase the calcium–phosphorus ratio, the phosphorus concentration and the recovery did not change significantly.



When Ca/P = 2.2, the recovery rate of phosphorus is 99.64%. The recovery rate of phosphorus by MFBCs is about 1.06 times that of the maximum recovery rate of phosphorus (94%) when using the Mg- Al- Fe layered double hydroxides prepared by Jia et al. [24]. Xiong et al. [21] synthesized a novel aqueous phosphorus removal adsorbent by simultaneously loading zirconia and iron oxide onto activated carbon nanofibers (ACF-ZrFe), achieving a maximum phosphorus recovery rate of 1.08 times (91.4%). It is 1.02 times and 2.4 times the maximum phosphorus adsorption capacity (97.9%) of La(OH)3-modified bentonite prepared by Huang et al. [20]. Therefore, the MFBCs prepared in this study have a higher maximum recovery rate for phosphorus.



Under the influence of Ca/P and pH, the reactants may preferentially generate precursors such as amorphous calcium phosphate (ACP), dicalcium phosphate (DCP), tricalcium phosphate (TCP), octacalcium phosphate (OCP), etc. These precursors are then further converted into hydroxyapatite HAP. When pH = 10 and Ca/P = 2.2, Ca2+, OH−, and phosphate ions can directly form HAP. When Ca/P < 2.2, the reactants will first form amorphous precursors and then generate HAP, and some amorphous precursors cannot be converted. When the Ca/P molar ratio is greater than 2.2, it may be due to the presence of CaCO3, which increases the composition of Ca2+. CaCO3 replaces the crystallization sites of HAP, and the reactants form amorphous precursors such as ACP, DCP, TCP, OCP, etc. [32].




3.6.2. Characterization of Recovered Phosphorus Products


The recovered phosphate was a white powder, and in order to analyze its crystal structure and major functional groups, it was analyzed via XRD and FT-IR, and the results are shown in Figure 13.



The XRD pattern of the recycled phosphorus product is shown in Figure 13a, with strong diffraction peaks at 2θ = 26°, 33°, 34°, 35°, and 40°, which are basically the same as the position of the peaks of the standard hydroxyapatite PDF card (JCPDF 09-0432). Because of the lack of sintering, the diffraction peak lines are not sharp enough. The degree of crystallization is not high. However, no miscellaneous peaks, such as calcium phosphate and calcium hydroxide, indicated that the recycled product was hydroxyapatite with high purity.



The FT-IR spectrum of the recovered phosphorus product is shown in Figure 13b, which indicates that there is a telescopic vibrational absorption peak of OH− at 3433 cm−1, and the ν3 vibrational peaks of PO43− in hydroxyapatite appeared at 1010–1110 cm−1, while the ν4 and ν1 vibrational peaks of PO43− in hydroxyapatite appeared at 560–610 cm−1. The absorption peaks generated by the splitting of the ν3 telescopic vibration peak of CO32− appeared near 1420 cm−1, and ν2 was located at 874 cm−1, all of which are the characteristic peaks of hydroxyapatite [33,34]. In addition, the presence of the C=C telescopic vibration at 1631 cm−1 [35] further suggests that the recovered phosphorus, whose main constituent is hydroxyapatite, is a more desirable recycled product.



In summary, it can be seen that the recovered phosphorus product is high-purity hydroxyapatite, and the main components are C, Ca, O, H, and P, all of which are environmentally friendly elements that plants and animals can directly absorb and, therefore, can be directly added to the soil as a high-value-added fertilizer while having the dual role of increasing the phosphorus content of the soil and improving the physical properties of the soil, and this strategy can also achieve the recycling of phosphorus and the virtuous cycle in the ecosystem [36].






4. Conclusions


Mulberry rods from agricultural waste were combined with layered bimetallic oxides to create MFBCs, an effective phosphorus removal adsorbent. According to characterization studies, MFBCs are layered bimetallic oxides with a zero-point potential (pHzpc) of 7.66 and a specific surface area of 70.93 m2·g−1.



The maximum phosphorus adsorption at 298 K was 29.682 m2·g−1, which is greater than the maximum phosphorus adsorption by comparable materials. MFBCs have a high phosphorus removal rate in the pH range of 3–6. Phosphorus is adsorbed by an exothermic mechanism consistent with the pseudo-second-order kinetic model and the Langmuir adsorption isothermal model.



When the Ca/P ratio is 2.2, the phosphorus recovery rate R2 reaches 99.64% using the calcium hydroxy phosphate precipitation technique, which is more effective in recovering phosphorus from the desorption solution. The recovered phosphorus product’s SEM, XRD, and FT-IR analysis revealed that it was high-purity hydroxyapatite. This more desired recovered product may be used as phosphorus fertilizer.
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Figure 1. N2 adsorption/desorption isotherms and pore size distribution: (a) MFBCs; (b) BC. 
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Figure 2. Zeta potential and pH values for BC and MFBCs. 
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Figure 3. SEM and EDS plots and element distribution plots: (a) BC; (b) MFBCs; (c) MFBCs. 
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Figure 4. FT-IR profiles of BC and MFBCs. 
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Figure 5. The XRD profiles of BC and MFBCs. 
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Figure 6. XPS plots for BC and MFBCs (a) Full XPS spectrum scan; (b) C 1s of MFBCs; (c) Fe 2p of MFBCs; (d) Mg 1s of MFBCs. 
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Figure 7. Effect of solution pH on MFBCs. 
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Figure 8. Adsorption isotherm of phosphorus by MFBCs. 
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Figure 9. Fitting of Langmuir and Freundlich models for MFBC adsorption of phosphorus. (a) Langmuir model; (b) Freundlich model. 
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Figure 10. Kinetic curves of P adsorption in MFBCs. 
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Figure 11. Fitting of pseudo-first-order-kinetic model and pseudo-second-order kinetic model for MFBCs adsorption of phosphorus. (a) pseudo-first-order-kinetic model; (b) pseudo-second-order kinetic model. 
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Figure 12. Effect of different calcium/phosphorus ratios on phosphorus recovery. 
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Figure 13. XRD (a) and FT-IR (b) profiles of recovered phosphorus products. 
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Table 1. Specific surface area and aperture analysis of BC and MFBCs.
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	Material
	Specific Surface Area

/m2·g−1
	Average Pore Diameter

/nm
	Total Pore Volume

/cm3·g−1





	BC
	51.91
	2.2449
	0.029



	MFBCs
	70.93
	22.1980
	0.394










 





Table 2. Langmuir and Freundlich isothermal parameters for the phosphorus adsorption on MFBCs at different temperatures.
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T/K

	
qexp/mg·g−1

	
Langmuir Equation

	
Freundlich Equation




	
qcal/mg·g−1

	
b

	
R2

	
K

	
1/n

	
R2






	
298

	
29.311

	
29.682

	
0.0324

	
0.9994

	
12.354

	
0.2906

	
0.8875




	
308

	
28.097

	
29.121

	
0.0605

	
0.9998

	
9.864

	
0.3392

	
0.8289




	
318

	
27.207

	
28.417

	
0.0660

	
0.9998

	
9.449

	
0.3413

	
0.8209











 





Table 3. Dynamic parameters of phosphorus adsorption by MFBCs.
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Initial Phosphorus Concentration /mg·g−1

	
qexp/mg·g−1

	
Pseudo-First-Order-Kinetics

	
Pseudo-Second-Order Kinetics




	
qcal/mg·g−1

	
K1

	
R2

	
qcal/mg·g−1

	
K2

	
R2






	
50

	
22.906

	
1.300

	
0.1213

	
0.6855

	
22.96

	
1.009

	
1




	
100

	
30.254

	
4.21

	
0.1676

	
0.8863

	
30.43

	
0.151

	
0.999











 





Table 4. Thermodynamic parameters of the adsorption system.
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T/K

	
KL/L·mg−1

	
ΔG0/KJ·mol−1

	
ΔS0/KJ·(mol·K)−1

	
ΔH0/KJ·mol−1






	
298

	
1.039

	
−0.094

	
−0.088

	
−26.104




	
308

	
0.567

	
1.453




	
318

	
0.533

	
1.665
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