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Abstract


The efficient recovery of rare earth elements (REEs) from low-concentration mine tailwater is crucial for resource sustainability. In this study, a novel composite adsorbent, sesame stalk biochar-supported zirconium phosphate (sBC/ZrP), was synthesized for the selective adsorption and recovery of La3+ as a representative REE. The material was characterized using SEM-EDS, BET, XRD, FTIR, and XPS. Batch adsorption experiments were conducted to evaluate the effects of pH, coexisting ions, and the adsorption kinetics and thermodynamics. The results showed that sBC/ZrP exhibited a high adsorption capacity (up to 185.83 mg/g at 35 °C for 4 h) and strong selectivity for La3+, particularly in the presence of common competing cations, although Al3+ demonstrated significant interference. The adsorption process followed pseudo-second-order kinetics and the Langmuir isotherm model, indicating monolayer chemisorption, and was determined to be spontaneous and endothermic. The material maintained over 90% adsorption efficiency after five consecutive adsorption–desorption cycles. The mechanism primarily involved complexation of La3+ with the P-OH and Zr-O groups on the composite. This work demonstrates that sBC/ZrP is a highly efficient, stable, and reusable adsorbent with significant potential for the recovery of REEs from mining tailwater.
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1. Introduction


Rare earth elements (REEs), encompassing the fifteen lanthanides alongside scandium and yttrium, constitute a unique group of metallic elements with exceptional physicochemical properties. The unparalleled significance of REEs stems from their critical role in modern high-technology and green-energy applications. They are indispensable components in high-strength permanent magnets, phosphors for lighting and displays, catalysts for petroleum refining and automotive exhaust systems, and advanced ceramics. Furthermore, they are pivotal to the clean energy transition, as they are essential for manufacturing wind turbines, electric vehicle motors, and other energy-efficient technologies [1,2]. China is a major global producer and consumer of rare earth resources, which are distributed with distinctive regional characteristics. In northern China, light rare earths are primarily found in mineral form. In contrast, southern China is rich in ion-adsorption rare earth ores (IAREO) that contain medium and heavy rare earths, which are urgently needed for the development of high-tech and new materials [3,4,5].



At present, IAREO mining employs in situ leaching, which avoids soil erosion caused by the destruction of mountain vegetation by early pool leaching and heap leaching processes [6,7]. However, the in situ leaching process is generally closed when the rare earth concentration of the mother liquor is less than 100 mg/L to reduce costs, given the large injection volume of the leaching fluid and the long trailing time. The ore body will still produce a large amount of acidic (pH = 3–6) and low-concentration tailwater containing REEs (<100 mg/L) due to rainwater leaching over a long period of time [8,9]. If the tailwater is directly discharged, it will result in significant waste of rare earth resources and surrounding environmental pollution [10]. Therefore, the development of efficient enrichment and recovery technologies for rare earths from rare earth production wastewater contributes to the efficient utilization of rare earth resources and environmental protection.



Many separation technologies have been used to recover REEs from aqueous solutions, including chemical precipitation, solvent extraction, membrane separation, ion exchange, and adsorption [11]. Adsorption offers simple operation, low cost, and high efficiency, making it well-suited to the recovery of rare-earth resources from low-concentration tailwater. Adsorbents are the core of adsorption methods and must meet the requirements of high adsorption capacity, high selectivity, and reusability [12,13]. Zirconium phosphate (ZrP), as an inorganic ion-exchange material, exhibits properties such as a simple synthesis process, strong ion-exchange performance, high chemical stability, and good biological compatibility [14,15,16]. The theoretical cation exchange capacity of ZrP is 4–12 times that of clay minerals. ZrP has been widely used to remove radionuclides (e.g., Cs+, Sr2+) and heavy metal ions from wastewater, exhibiting excellent adsorption capacity [17,18,19]. However, in practical applications, ZrP nanoparticles are prone to agglomeration, reducing their specific surface area and limiting the full utilization of their adsorption properties. Loading ZrP onto substrates such as Fe3O4, montmorillonite, ion-exchange resin, silicon oxide, and other materials is a viable solution [20,21,22]. Biochar is a porous carbon-rich material obtained by pyrolysis and transformation of biomass under hypoxic or anaerobic conditions. It has a high specific surface area, a well-developed pore structure, a rich composition of surface functional groups, and stability, and is widely used in wastewater treatment [23]. The aforementioned characteristic structure of biochar facilitates the embedding and fixation of ZrP components, making biochar a suitable ZrP adsorbent carrier.



In this study, sesame stem biochar was selected as the substrate skeleton, and zirconium phosphate was uniformly loaded into its pores and on its surface. A new type of BC/ZrP composite material was prepared, which effectively reduced the agglomeration of zirconium phosphate powder and improved the adsorption performance for rare earth ions. Through structural and elemental characterization of the structure of BC/ZrP, adsorption isothermal, adsorption dynamics test, pH and impurity ion influence test, and cyclic adsorption–desorption test, the adsorption and enrichment characteristics of the material on the rare earth lanthanum ion in water were evaluated. The research results provide a scientific basis for the enrichment and recovery of rare earth elements in the tailwater of ionic rare earth mines.




2. Materials and Methods


2.1. Chemicals


All chemicals used in this experiment were of analytical grade. Zirconium oxychloride (ZrOCl2·8H2O) and arsenazo III (C22H18(As2)N4O14S2) were purchased from Aladdin Reagents (Shanghai) Co., Ltd. (Shanghai, China). Concentrated phosphoric acid (H3PO4), concentrated hydrochloric acid (HCl), sodium hydroxide (NaOH), sodium chloride (NaCl), potassium chloride (KCl), ammonium chloride (NH4Cl), anhydrous calcium chloride (CaCl2), magnesium chloride hexahydrate (MgCl2·6H2O), aluminum chloride hexahydrate (AlCl3·6H2O), anhydrous acetic acid (CH3COOH), anhydrous sodium acetate (CH3COONa) were purchased from Xilong Chemical Co., Ltd. (Shantou, China). Lanthanum nitrate hexahydrate (La(NO3)3·6H2O) was purchased from Jining Tianyi New Materials Co. (Jining, China). Sesame stems were obtained from a farm in Ganzhou City, Jiangxi Province, China. Deionized water was used in all experiments.




2.2. Preparation of Adsorbents


The cleaned and dried sesame stems were cut into 1 cm sections and loaded into a graphite crucible. Then, the crucible was filled with nitrogen for 3 min and transferred to the muffle furnace. The muffle furnace was heated to 600 °C at a heating rate of 5 °C/min, held for 0.5 h, and then cooled to room temperature. The biochars were washed 3 times with deionized water, then dried in an oven at 80 °C for 12 h, and finally mashed through a 60-mesh sieve, denoted as sBC.



In a 100 mL beaker, 0.3 g of biochar was added to 20 mL of a 10 wt% aqueous solution of ZrOCl2·8H2O and magnetically stirred for 0.5 h at 60 °C. Under stirring conditions, 20 mL of 20 vol% H3PO4 solution was added dropwise and stirred for 2 h. After the materials were collected, they were washed with deionized water 4 times, and dried in an oven at 60 °C for 12 h, denoted as sBC/ZrP.




2.3. Characterization of Adsorbents


The instruments used to measure the properties of the prepared adsorbents were as follows: scanning electron microscope (SEM, TESCAN MIRA LMS, Brno, Czech Republic), Brunauer–Emmett–Teller (BET, Beishide 3H-2000PS1/2, Beijing, China), X-ray diffraction (XRD, PANalytical Empyream, Almelo, The Netherlands), X-ray photoelectron spectrometer (XPS, PHI 5000 VersaProbe, Chanhassen, MN, USA), and Fourier transform infrared (FT-IR, Shimadzu IRSpirit, Kyoto, Japan). The concentrations of REEs in the aqueous solution were determined by an inductively coupled plasmaoptical emission spectrometer (ICP-OES, Agilent 5900, Santa Clara, CA, USA).




2.4. Adsorption Experiments


Batch adsorption experiments were conducted to investigate the adsorption behavior of sBC/ZrP materials for the rare earth element La3+. Typically, 20 mg sBC/ZrP was added to 20 mL La3+ aqueous solution in a 50 mL conical flask. The conical flask was shaken at 25 °C for 4 h. The 1 mL supernatant obtained after passing through a 0.22 μm filter was used to determine the La3+ concentration by Arsenazo III spectrophotometry at 655 nm (UV-5100 spectrophotometer, Metash, Shanghai, China). The adsorption capacity Qe (mg/g) was calculated using Formula (1)


       Q e  =       C 0  −  C e     m   × V      



(1)




where C0 and Ce (mg/L) were the initial and equilibrium ion concentration of the solution, respectively; V (mL) was the volume of the solution; m (mg) was the mass of the adsorbent.



The adsorption experiment parameters were 2–8 for initial pH, 1 min–4 h for contact time, 30–600 mg/L for initial La3+ concentration, and 35–55 °C for adsorption temperature. The pH of the adsorption solution was adjusted with 0.1 M HCl or NaOH aqueous solutions. The impurity ions (Al3+, Mg2+, Ca2+ and Na+) commonly found in actual tailwater were selected to investigate the adsorption selectivity of sBC/ZrP for La3+ at different molar concentration ratios (La:X = 1:0.2, 1:0.4, 1:0.6, 1:0.8 and 1:1; X denotes Al, Mg, Ca, Na), with the La3+ concentration fixed at 100 mg/L and the pH fixed at 5.



Pseudo-first-order (PFO) [24], pseudo-second-order (PSO) [25], and Elovich models [26] were used to determine the adsorption kinetics of sBC/ZrP by fitting the adsorption capacities with varying contact times. The Langmuir and Freundlich models [27,28] were used to determine the adsorption isotherm characteristics by fitting adsorption capacities at varying La3+ concentrations. The thermodynamic parameters, such as Gibbs free energy (ΔG), enthalpy (ΔH), and entropy (ΔS), were obtained from the Van’t Hoff equation by fitting the adsorption capacities at varying temperatures [29].




2.5. Reusability of Adsorbents


The reusability of the sBC/ZrP adsorbents (40 mg) was studied by repeated adsorption–desorption cycles in a batch mode. The adsorption solution was 40 mL of a 100 mg/L La3+ solution at pH 5.0. Elution was performed with 40 mL of 0.1 M HCl. Altogether, five cycles were performed. The La3+ adsorption capacity for each cycle was calculated.





3. Results and Discussion


3.1. Characterization of sBC/ZrP


The SEM images of sBC, ZrP, and sBC/ZrP are shown in Figure 1. sBC had a large number of honeycomb pore structures, which can provide favorable space for the load of ZrP; ZrP exhibited an irregular agglomeration form; in sBC/ZrP composite materials, ZrP particles were loaded on the pore wall of sBC. According to the results of EDS elemental analysis, ZrP contained three elements: Zr, P, and O, of which Zr and P accounted for 53.36 wt% and 28.38 wt%, respectively. sBC contained C (81.51 wt%), O (11.60 wt%), Mg (0.15 wt%), Ca (0.99 wt%), K (5.75 wt%), and other elements. In contrast, sBC/ZrP contained four elements, which were Zr (28.03 wt%), P (18.54 wt%), O (26.89 wt%), and C (25.05 wt%), respectively, but the Mg, K, and Ca elements, which initially existed in biochar, completely disappeared. It may be that the minerals containing Mg, K, and Ca in the sBC were dissolved, resulting in the release of these elements in the strong-acid environment during the preparation process of sBC/ZrP. The presence of Zr and P in sBC/ZrP indicated that ZrP was successfully attached to the biochar skeleton of sBC.



The N2 adsorption and desorption curves and pore size distribution of sBC, ZrP, and sBC/ZrP are shown in Figure 2. According to the IUPAC classification, the N2 adsorption and desorption isothermal curves of the three materials were all type III isotherms and H3 hysteresis rings. The appearance of H3 hysteresis rings usually indicated a mesoporous structure [30,31]. The measured specific surface areas (SSA) of sBC, ZrP, and sBC/ZrP were 26.492, 6.854, and 6.226 m2/g, respectively; the BJH pore volumes were 0.028, 0.004, and 0.044 mL/g, and the BJH pore sizes were 3.059, 3.052, and 3.058 nm, respectively. In addition, sBC/ZrP exhibited a broad peak in pore size distribution centered at approximately 40 nm. Although some pores of the sBC were clogged by ZrP particles during sBC/ZrP preparation, reducing the SSA of sBC/ZrP, the overall pore structure was optimized, providing an effective channel for La3+ adsorption.



The XRD patterns of sBC, ZrP, and sBC/ZrP are shown in Figure 3a. The XRD pattern of sBC exhibited a broad diffraction pattern, indicating an amorphous structure. Although the XRD pattern of ZrP showed a wide range of diffraction peaks, the characteristic peaks of XRD appeared at 2θ of 11.82°, 19.94°, 25.21°, and 34.19°, consistent with zirconium phosphate with the chemical structural formula ZrO2·0.8P2O5·1.6H2O (PDF card number: 43-0438). The P/Zr molar ratio in this structural formula was consistent with the EDS results of ZrP, both of which were 1.6:1. The characteristic diffraction peaks of sBC/ZrP at these angles have been strengthened, indicating that the biochar could promote the crystallization growth of ZrP when ZrP was loaded on biochar sBC.



The FTIR spectra of sBC, ZrP, and sBC/ZrP are shown in Figure 3b. Among the three materials, the bands around 3400 were attributed to the stretching vibration of water molecules and surface -OH, and the bands at 1618 cm−1 were attributed to the bending vibration of water molecules and surface -OH. For sBC, the band at 1618 cm−1 was strong and may correspond to the C=O vibration in addition to the bending vibration of the OH group. The band at 1380 cm−1 was attributed to C-H and β type -OH vibrations [32,33]. For ZrP and sBC/ZrP, the broad bands around 3515 and 3596 cm−1 were actually an envelope of peaks due to P-OH stretching vibration of various P-OH types [34]. The bands around 1040 cm−1 were due to the vibration of P-O in the PO43− groups. The bands at 1250 and 964 cm−1 corresponded to the in- and out-of-plane vibrations of P-OH, respectively [35]. The vibration of the Zr-O bonds was located at 600 and 527 cm−1 [36]. In summary, sBC/ZrP mainly exhibited the absorption bands of the characteristic functional groups of ZrP, and the adsorption properties for the rare earth La3+ were primarily affected by the components of ZrP.




3.2. Adsorption Behaviors of La3+ by sBC/ZrP


The form of rare earth ions in solution and the nature of functional groups on the adsorbent surface are affected by the initial solution pH. As shown in Figure 4a, at the initial pH of 2, the adsorption capacity of sBC/ZrP for La3+ was only 22.55 mg/g, indicating a low adsorption affinity. This occurred because H+ was adsorbed onto the adsorbent surface under strongly acidic conditions, competing with La3+ for adsorption sites. This protonation of the adsorbent surface generated positive charges that repelled La3+ ions in solution, thereby impairing La3+ adsorption [37]. As the initial pH increased from 2 to 4, protons were released from the adsorbent surface, thereby increasing its negative charge and enhancing its adsorption capacity for La3+. Furthermore, La3+ was converted to hydrated ions [La(OH)2+] as pH increased [38]. Under the combined influence of these two effects, the La3+ adsorption capacity increased from 22.55 mg/g to 97.06 mg/g. At initial solution pH values of 4–8, the active adsorption sites on the adsorbent surface gradually saturated, stabilizing the La3+ adsorption capacity at 148.04–162.74 mg/g. This demonstrated that sBC/ZrP can stably adsorb La3+ in weakly acidic environments. The equilibrium pH of the solution after adsorption was also measured (Figure 4a), which decreased as the initial pH increased from 2 to 8, then stabilized between 3.41 and 3.47. The decrease in pH was due to ion exchange between H+ from the -OH groups of the phosphate groups of sBC/ZrP and the solution La3+ [39], and the hydrolysis of La3+ to La(OH)2+, which consumed OH− ions [40].



The adsorption capacities of La3+ onto sBC/ZrP in the presence of coexisting impurity ions are shown in Figure 4b. At different molar concentration ratios of La3+ and impurity ions, the three impurity ions, Ca2+, Mg2+, and Na+, exerted a relatively minor influence on La3+ adsorption capacity, with adsorption capacity remaining around 130 mg/g. Conversely, Al3+ significantly impacted La3+ adsorption capacity, with the adsorption capacity for La3+ decreasing to only 60.59 mg/g at a La/Al molar concentration ratio of 1:1. Similar results were obtained by Zhang et al., who used synthetic zeolites for adsorbing REEs from mining tailwater [41]. Their findings indicated that Al3+ significantly hindered REE adsorption, whereas monovalent and divalent ions exhibited negligible interference. They claimed that the higher charge density of trivalent ions strengthened their interaction with adsorption sites on the zeolite surface. Moreover, compared with REE ions, Al3+ has a smaller ionic radius and higher charge density, thereby enhancing its adsorption selectivity. In our previous study, density functional theory (DFT) calculations were employed to analyze the adsorption behavior of Al3+, La3+, and NH4+ on zirconium phosphate [38]. The results revealed adsorption energies of −2149.5, −375.7, and −22.8 kJ·mol−1, and charge transfers of 1.770, 1.416, and 0.098 e for Al3+, La3+, and NH4+, respectively. The average bond lengths of Al–O and La–O were 1.900 Å and 2.517 Å. These data provided a theoretical explanation at the microscopic level for the observed adsorption selectivity order: Al3+ > La3+ > NH4+.



The actual IAREO tailwater was used to evaluate the selective adsorption effect of sBC/ZrP on La3+ and total rare earth ions REE3+ (Figure 4c). It can be seen that the primary ions in the tailwater were rare earth REE3+ (24.09 mg/L, of which the concentration of La3+ is 8.06 mg/L) and Al3+ (5.32 mg/L), Ca2+ (53.00 mg/L), Mg2+ (20.00 mg/L), Na+ (15.10 mg/L), K+ (32.8 mg/L) and NH4+ (129.50 mg/L), as well as heavy metals Mn2+ (2.01 mg/L) and Zn2+ (0.38 mg/L). The impurity ions were primarily alkali and alkaline earth metals, with a small amount of aluminum. The concentration of heavy metal ions (such as Mn2+ and Zn2+) was low, whereas that of ammonium ions was high because ammonium sulfate was used as a leaching agent during mining. The concentration of La3+ decreased from 8.06 mg/L to 4.08 mg/L after adsorption, and the total REE3+ decreased from 34.09 mg/L to 16.36 mg/L. Except for Al3+, the concentration of other impurity ions has hardly changed, indicating that sBC/ZrP had a high selectivity for the enrichment of REE3+ in the actual tailwater.



The desorption and reusability performance of the adsorbent are key indicators for assessing its practical engineering application. Five adsorption–desorption cycle experiments were carried out using 0.1 mol/L HCl solution as the desorbent, as shown in Figure 4d. With increasing cycle number, the adsorption capacity of sBC/ZrP for La3+ decreased slightly, but it still maintained a good adsorption effect. After 5 cycles, the adsorption of La3+ by sBC/ZrP decreased from 96.07 mg/g to 80.39 mg/g, and the adsorption rate decreased by 10.7% when compared with the first use. The reason may be that partial loss of the adsorbent and loss of surface-active functional groups during the cycle slightly weakened the adsorption performance. The results show that sBC/ZrP can be used as an efficient, reusable adsorbent material with strong potential for practical IAREO tailwater treatment.



Compared with most adsorbents, sBC/ZrP exhibited advantages, including high capacity (Table 1), rapid adsorption, and excellent reusability for La3+ adsorption. Its outstanding selective adsorption capability further made it the preferred material for REE recovery from tailwater.




3.3. Adsorption Kinetics


The adsorption capacity of La3+ by sBC/ZrP as a function of contact time at room temperature is shown in Figure 5. The adsorption process of the adsorbent can be divided into two stages: in the initial stage (within 0–10 min), the adsorption rate was high, then it gradually slowed down and stabilized. This is because in the initial stage of adsorption, there were a large number of unoccupied active sites on the surface of sBC/ZrP. At the same time, the La3+ concentration in the solution was high, and the mass-transfer driving force was strong, so adsorption proceeded rapidly [52]. As the adsorption reaction progressed (after 10 min), La3+ gradually occupied the active sites, and the La3+ concentration in the solution decreased, thereby reducing the mass-transfer driving force and the adsorption rate. Ultimately, when the surface-active sites were saturated (after 30 min), the adsorbent reached kinetic equilibrium, and the adsorption process stabilized, with a maximum adsorption capacity of 169.75 mg/g.



To investigate the adsorption kinetics of La3+ by sBC/ZrP, the data were fitted using the following models: pseudo-first-order, pseudo-second-order, and the Elovich model, with the corresponding fitting parameters shown in Table 1. The correlation coefficient (R2 = 0.987) of the pseudo-second-order model is higher than that of the pseudo-first-order model (R2 = 0.961) and the Elovich model (R2 = 0.949), and the equilibrium adsorption capacity obtained by the pseudo-second-order model was closer to the experimental value. The results show that the pseudo-second-order model better described the adsorption of La3+ by sBC/ZrP and that the adsorption process was primarily driven by chemical adsorption [53].



According to the internal diffusion model [54], the adsorption of La3+ onto sBC/ZrP can be divided into three stages: liquid-membrane diffusion, intra-particle diffusion, and equilibrium adsorption. The results show that intra-particle diffusion was a significant rate-limiting step. In the first stage, La3+ was rapidly adsorbed by a large number of unoccupied active sites on the outer surface of sBC/ZrP, resulting in a rapid increase in adsorption capacity in a short period of time; in the second stage, as the outer surface of sBC/ZrP was heavily occupied, the adsorption rate was controlled by the diffusion process of La3+ inside sBC/ZrP, which slowed down significantly; in the third stage, when the adsorption was close to equilibrium, La3+ can still slowly enter the deeper pores of sBC/ZrP, so that the adsorption capacity could be slightly increased.




3.4. Adsorption Thermodynamics


Figure 6a illustrates the influence of La3+ initial concentration on sBC/ZrP adsorption under varying temperature conditions, while Table 2 presents the Langmuir and the Freundlich isotherm model fitting results. The adsorption capacity of sBC/ZrP for La3+ increased linearly with increasing initial La3+ concentration below 200 mg/L across all temperatures. Then the adsorption capacity of sBC/ZrP towards La3+ approached saturation, with maximum adsorption capacities of 182.35 mg/g, 192.16 mg/g, and 201.96 mg/g at 35 °C, 45 °C, and 55 °C, respectively.



As shown in the Langmuir isotherm fit (Figure 6b), the adsorption of La3+ by sBC/ZrP increased with increasing equilibrium concentration, Ce, and ultimately approached saturation. The high goodness of fit of the Langmuir model (R2 > 0.99) indicated that the adsorption of La3+ on the surface of sBC/ZrP conformed to the single-molecule-layer-coverage mechanism [55]. In addition, the Freundlich model fit (Figure 6b) exhibited the expected behavior, and the adsorption intensity parameter (n) exceeded 1 at all three temperatures. It showed a strong interaction between the surface-active site of sBC/ZrP and La3+, which facilitated adsorption. Taken together, the adsorbent sBC/ZrP had a strong adsorption affinity for La3+.



From Table 3, the negative value of ΔG at all test temperatures indicated that the adsorption reaction was carried out spontaneously within the experimental temperature range (35–55 °C); the positive enthalpy change ΔH suggested that the adsorption process was an endothermic reaction, which was entirely consistent with the phenomenon that the adsorption capacity observed in the experiment increased with the increase in temperature. It also showed that the high-temperature environment was more conducive to adsorption. The negative entropy change ΔS reflected the decrease in the chaos of the system during the adsorption process, which was in line with the orderly phenomenon that La3+ was fixed to the surface of the adsorbent in a state of free movement from the solution. It showed that the adsorption process was a typical feature of the transfer of adsorbent molecules from the solution phase to the solid phase. Together, these thermodynamic parameters confirmed that the adsorption of La3+ by sBC/ZrP was thermodynamically spontaneous.




3.5. Adsorption Mechanism


The FTIR and XPS spectra before and after La3+ adsorption on BC/ZrP were compared and analyzed to elucidate the adsorption mechanism of La3+. From the FTIR spectra (Figure 7), the bands at 3515 and 3596 cm−1 in the high-frequency region, which were attributed to the stretching vibration of P-OH, were significantly weakened after the adsorption, and in the low-frequency region, the bands at 527 and 600 cm−1 corresponding to the vibration of Zr-O were also weakened considerably. The observed band changes indicated that the P-OH and Zr-O groups of sBC/ZrP were involved in the adsorption of La3+.



The XPS full spectra of sBC/ZrP before and after adsorption of La3+ are shown in Figure 8a. The full spectrum contained C, O, Zr, and P before adsorption, whereas the La 3d peak appeared after adsorption, with a content of 2.5 at%, indicating that La3+ was adsorbed onto sBC/ZrP. For the fine spectra of C 1s (Figure 8b), the relative content of C-O decreased from 47.67% to 19%, and the relative content of C=O decreased from 4.07% to 2.76% after adsorption. It was speculated that La3+ had a complex reaction with the oxygen-containing functional group on sBC/ZrP [56], and the aromatic skeleton C-C/C=C of the biochar did not participate in the adsorption process, with the relative content rising from 48.26% to 78.24%. For the fine spectra of O 1s (Figure 8c), the binding energy of the P-O/Zr-O bond decreased from 531.88 eV to 531.58 eV, and the binding energy of the P=O bond rose from 532.88 eV to 533.28 eV after adsorption. It was speculated that La3+ interacted with surface O atoms to form a surface complex on sBC/ZrP [57], consistent with the FTIR results. For the fine spectra of La 3d (Figure 8d), La 3d5/2 and La 3d3/2 appear after adsorption, further indicating the adsorption of La3+ on the surface of sBC/ZrP. For the fine spectra of Zr 3d (Figure 8e), the binding energy at 183.74 eV and 186.19 eV before adsorption corresponds to the peaks of Zr 3d5/2 and Zr 3d3/2, respectively. These two peaks were typical of Zr4+, indicating that most of the Zr in sBC/ZrP was octahedrally coordinated to O in the form of the tetravalent oxidation state (Zr4+) [58,59]. The binding energies of Zr 3d5/2 and Zr 3d3/2 after adsorption decreased to 183.50 eV and 185.89 eV, respectively, indicating that the Zr-O in sBC/ZrP reacted with La3+ to form a complex in the form of Zr-O-La, which was consistent with the O 1s energy spectrum peak and the FTIR analysis results. For the fine spectra of P 2p (Figure 8f), the binding energies at 134.28 eV and 135.20 eV before adsorption corresponded to the peaks of 2p3/2 and 2p1/2 of the H2PO4− group, respectively [60]. The peaks of P 2p were around 133.38 eV, indicating that the P existed in the form of a pentavalent oxidation state (P5+). The binding energy of La 2p3/2 and 2p1/2 decreased to 133.84 eV and 134.89 eV after adsorption, respectively, indicating that La3+ exchanged with the H+ of the phosphate group to generate a complex in the form of P-O-La [61], which was consistent with the adsorption experiment results and FTIR analysis results.





4. Conclusions


Sesame stalk biochar-loaded zirconium phosphate (sBC/ZrP) was synthesized, and its structural properties were analyzed to investigate its adsorption characteristics and mechanism for La3+. After composite modification, the overall pore structure of sBC/ZrP was optimized, and the pore volume increased. The optimal pH range for La3+ adsorption by sBC/ZrP was 5–8. The presence of trivalent Al3+ exhibited significantly greater inhibition than that of monovalent or divalent impurity ions. The material demonstrated high selectivity for REE3+ enrichment in actual tailings water, maintaining an adsorption rate exceeding 90% after five adsorption–desorption cycles. La3+ adsorption on sBC/ZrP reached equilibrium after 30 min. At 35 °C, the theoretical maximum adsorption capacity was 185.83 mg/g. The adsorption process followed pseudo-second-order kinetics and the Langmuir isotherm model, characterized as spontaneous, endothermic, and entropy-increasing. The adsorption mechanism of BC/ZrP for La3+ involves Zr-O groups forming complexes with La3+, P-OH groups reacting with La3+ to form P-O-La complexes while releasing H+, and C-O and C=O groups undergoing complexation reactions with La3+. In summary, sBC/ZrP exhibited excellent structural properties, high selectivity, high adsorption capacity, and outstanding cycling stability, demonstrating significant application potential in the adsorption and recovery of La3+ from mining tailings.
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Figure 1. SEM images and EDS elemental analysis of (a,b) sBC, (c) ZrP, and (d) sBC/ZrP. The sampling areas of the EDS spectrum are the white squares or dots in the SEM illustration. 
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Figure 2. BET-BJH analysis of sBC, ZrP, and sBC/ZrP. (a) N2 adsorption–desorption isotherms; (b) pore size distribution. 
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Figure 3. XRD patterns (a) and FTIR spectra (b) of sBC, ZrP, and sBC/ZrP. 
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Figure 4. Adsorption behavior of La3+ by sBC/ZrP under the influence of the initial pH (a), the coexisting impurity ions (b), the actual tailwater (c), and the number of adsorption–desorption cycles (d). 






Figure 4. Adsorption behavior of La3+ by sBC/ZrP under the influence of the initial pH (a), the coexisting impurity ions (b), the actual tailwater (c), and the number of adsorption–desorption cycles (d).



[image: Metals 16 00084 g004a][image: Metals 16 00084 g004b]







[image: Metals 16 00084 g005] 





Figure 5. Adsorption kinetics of La3+ by sBC/ZrP (C0 = 200 mg/L, T = 25 °C). (a) Adsorption kinetics models; (b) Internal diffusion model. 
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Figure 6. Effect of La3+ initial concentration and solution temperature on the adsorption of La3+ by sBC/ZrP. (a) Adsorption capacity versus initial concentration; (b) Adsorption isotherm model fitting. 
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Figure 7. FTIR spectra of sBC/ZrP before and after La3+ adsorption. 
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Figure 8. XPS spectra of sBC/ZrP before and after La3+ adsorption. (a) full spectrum, (b) C 1s, (c) O 1s, (d) La 3d, (e) Zr 3d, (f) P 2p. 
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Table 1. Comparison of REEs adsorption performance between sBC/ZrP and other adsorbents.
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	Adsorbent
	REEs
	Adsorption Capacity (mg/g)
	Ref.





	Magnetic NaA Zeolites
	Pr3+
	156.00
	[42]



	NCD–166,167
	Eu3+
	150.90
	[43]



	MIL-101(Cr)-NH2
	Gd3+
	89.18
	[44]



	PAAHA
	La3+
	291.71
	[45]



	AC-NH2-PY
	La3+
	2.98
	[46]



	Yarrowia lipolytica
	La3+
	76.80
	[47]



	Fe2O3 NPs
	La3+
	12.80
	[48]



	Durian rind biosorbent
	La3+
	71.00
	[49]



	p-CNC(urea)/MWCNT
	La3+
	118.49
	[50]



	GNM
	La3+
	280.54
	[51]



	sBC/ZrP
	La3+
	185.83
	This work










 





Table 2. Fitting parameters of the adsorption kinetics of La3+ by sBC/ZrP.
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Pseudo-First-Order

	
Pseudo-Second-Order

	
Elovich




	
k1

(min−1)

	
Qt (mg/g)

	
R2

	
k2 (min−1)

	
Qt (mg/g)

	
R2

	
a [mg/(g·min)]

	
b (mg/g)

	
R2






	
0.115

	
153.19

	
0.961

	
0.0109

	
158.67

	
0.987

	
49.71

	
0.0784

	
0.949











 





Table 3. Adsorption isotherm model parameters and thermodynamic parameters of La3+ by sBC/ZrP.
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T/°C

	
Langmuir

	
Freundlich

	
Thermodynamic Parameters




	
KL (L/mg)

	
Qm (mg/g)

	
R2

	
KF{mg·[g·(L/mg)1/n]}

	
n

	
R2

	
ΔG (kJ/mol)

	
ΔH (kJ/mol)

	
ΔS (J/mol·K)






	
35

	
0.779

	
185.83

	
0.999

	
166.21

	
52.16

	
0.999

	
−22.86

	
62.13

	
275.36




	
45

	
1.894

	
193.39

	
0.999

	
181.06

	
86.71

	
0.999

	
−25.17




	
55

	
3.836

	
207.7

	
0.999

	
190.87

	
92.65

	
0.999

	
−28.39
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