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Abstract


The limited availability of phosphorus (P) in soil poses a critical constraint on agricultural productivity, and sustainable P fertilization practices are of great importance for crop production. In this study, we developed a novel dual-function granular material (RMG) derived from red mud, a waste residue from the aluminum industry. This material is capable of adsorbing P in P-rich soils and releasing P in P-deficient soils, thereby enabling the sustainable use of red mud and P fertilizer. The influences of RMG on the migration and transformation of P in soil were investigated. Application of RMG significantly increased the critical threshold for P leaching, thereby effectively mitigating P loss. In the initial stage of leaching, P in the leachate was present predominantly as particulate phosphorus, whereas molybdate-reactive P became the dominant form in later stages. With increasing RMG dosage, the pH of the leachate rose while the total phosphorus concentration declined, indicating that alkaline components in RMG promoted the adsorption and precipitation of phosphates in soil. The release behavior of P from P-enriched RMG was also examined. The results showed that the total soil P content increased progressively with higher RMG dosage and longer cultivation duration. Elevated temperature and soil moisture content were found to enhance the release and migration of P from RMG into the soil. SEM-EDS analyses revealed that released components (e.g., Ca2+ and Fe3+) from RMG formed relatively stable complexes with free phosphates. Moreover, adsorption of P onto the RMG surface further facilitated its migration and transformation within the soil. The research findings provide valuable insights for the simultaneous pollution remediation and resource utilization of red mud and phosphorus.
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1. Introduction


Phosphorus (P) is indispensable for plant growth, yet its replenishment rate in natural ecosystems is extremely slow [1]. Therefore, extensive farmlands and forests require supplementary P fertilization. The main application of fast-acting P fertilizer production is costly and energy-intensive. In the long term, P is a non-renewable resource, and in many low-input agricultural systems, only a limited amount of inorganic P is available to plants and microbial communities, which constrains ecosystem productivity [2,3]. P readily binds with soil metal ions (e.g., Ca2+, Fe3+, and Al3+) to form insoluble phosphate precipitation, resulting in low P mobility and hindering plants’ efficient utilization of soil P. It was reported that within the first three months after fertilization, only approximately 10~20% of P fertilizers were effectively absorbed by plants [4], suggesting that substantial residual P in the soil remained difficult to utilize. Furthermore, the excessive P flowing into water bodies via leaching and surface runoff triggered eutrophication [5]. Therefore, optimizing P fertilizer use efficiency in soil is crucial for reducing P resource wastage.



Red mud is a waste residue from the aluminum industry, and the composition of it depends on the bauxite and the production process [6]. It is strongly alkaline, and the main chemical components generally comprise metal oxides, such as CaO, Fe2O3, and Al2O3 [7]. At present, a substantial amount of red mud is primarily managed via landfilling and ocean disposal, posing considerable risks to soil, water, and atmospheric environments. Over the past few decades, a portion of red mud has been employed in bituminous additives [6], cement production [8], concrete manufacturing [9], road embankment filling [10], and the creation of microcrystalline glass [11], and in metal recovery processes [12,13]. However, these treatment methods are energy-intensive and economically impractical, underscoring the need to develop cost-effective and environmentally friendly alternatives for red mud utilization. In recent years, research on the application of red mud in industrial, agricultural, and environmental remediation contexts (e.g., adsorbents, flocculants) has garnered significant attention [14,15,16].



Owing to its large specific surface area, strong alkalinity, and high content of calcium (Ca), iron (Fe), and aluminum (Al), red mud is regarded as a promising low-cost material for P removal and recovery [17]. Tao et al. attempted to load calcium onto red mud by three methods (chemical calcium impregnation, electrochemical precipitation loading, and calcium carbide slag coagulation) to develop efficient phosphate removal adsorbents [18]. Liu et al. synthesized calcium silicate powder for wastewater P removal via deep dealkalization treatment of red mud, demonstrating superior P removal performance (adsorption capacity of 24.08 mg·g−1) compared to biomass charcoal and modified natural mineral adsorbents [15]. Red mud could also serve effectively as a phosphorus-fixing agent in nutrient-poor sandy soils. Its abundant metal constituents contribute to significant immobilization of soil P, resulting in a marked reduction in soluble P release after treatment [19]. Moreover, the addition of red mud to acidic soils has been found to effectively reduce P loss and improve P fixation [20]. Beyond soil amendment, red mud saturated with P can be repurposed as a slow-release P fertilizer in P-deficient soils, thereby restoring soil P levels while minimizing P leaching.



Powdered red mud is often unsuitable for direct application due to practical limitations, whereas granular formulations offer distinct advantages, including enhanced mechanical strength, engineered pore structure, reduced direct contact between the material and soil, as well as improved P availability through controlled release mechanisms [21]. Zhen et al. developed a red mud-based ceramsite incorporated with pore formation for P removal in constructed wetlands, demonstrating ideal mechanical strength and P adsorption capacity [22]. In our previous research, red mud-based granules were prepared for application as a heavy metal passivator in Pb-contaminated soil [23]. They showed effective performance in Pb passivation and effectively prevented Pb accumulation in plants, with this advantage further enhanced by the inclusion of phosphate. In addition, high-temperature sintering of red mud with a minimal addition of cement facilitates the solidification of harmful metals within the crystal lattice, resulting in the formation of relatively stable compounds and thereby reducing ecological risks [24]. However, research on the influence of red mud granules on the migration and transformation of P in soil remains limited, and the underlying mechanisms are not yet fully understood. A deeper investigation into these processes is essential to unlock the potential of red mud granules in agricultural and environmental applications.



The aims of this study were to address both environmental pollutions caused by P and red mud, and the synchronous recovery of P and red mud resources. In this research, red mud-based granular material (RMG) was developed using red mud as the main raw material, and applied for the regulation of P in soil further. The efficacy of RMG in controlling soil phosphorus loss was evaluated under both static cultivation and dynamic leaching conditions. The P-enriched RMG, obtained after saturation with P-containing wastewater, was applied to soil to assess its capacity for subsequent phosphorus release. The different forms of P were determined during the experimental process, and the influences of RMG on P migration and transformation in soil were explored. This approach offers a foundation for addressing red mud disposal and phosphorus recovery issues simultaneously, consistent with the ‘waste-for-waste’ concept (leveraging one waste product to treat or recycle another) and promoting sustainable development.




2. Materials and Methods


2.1. Preparation of RMG


In this study, red mud was sampled from Aluminum Corporation of China, Shandong Branch in Zibo, Shandong, China. The fly ash was collected from the electric precipitator of Huamei Power Plant in Xuzhou, Jiangsu Province. The cement was manufactured in Huaibei Mining Group Cement Company, Huaibei, Anhui, China. The chemical compositions of these raw materials, which were detected by an X-Ray Photoelectron Spectrometer (ESCALAB 250Xi, Thermo Scientific, Waltham, MA, USA), are shown in Table 1.



The mass ratio of RM/fly ash/cement/deionized water was selected as 68:8:4:20, since this formulation enabled the stable and rapid formation of granules while maximizing the utilization of red mud. The RMG was prepared according to the following procedures: First, the three solid raw materials were air-dried and sieved through a 100-mesh screen. After the powder was evenly blended, deionized water was injected, and the mixture was continuously stirred until a paste formed. The paste was then squeezed out through an aperture plate to form raw granules measuring 3 mm in length, width, and height. These granules were sintered in a muffle furnace at 800 °C for 10 min, with a heating rate of 10 °C/min under an air atmosphere. Finally, the RMG products were obtained after natural cooling to room temperature. The P-enriched RMG was prepared by immersing RMG in a saturated phosphate solution. The phosphate concentration was continually measured until stabilization, upon which the granules were collected and dried to yield the P-enriched material.




2.2. Dynamic Leaching Experiment


The soil dynamic leaching experiments were conducted using a setup illustrated in Figure 1. Six plexiglass columns (50 cm length × 5 cm diameter) were used. Each column was packed from bottom to top as follows: a perforated plate with 2 mm-diameter holes, a 100 mesh nylon (to prevent soil loss), a 5 cm thick layer of 10-mesh quartz sand, the soil sample, a 3 cm thick layer of 70-mesh quartz sand, and 100-mesh nylon mesh (to prevent disturbance). A total of 450 g of soil mixed with RMG at varying mass ratios (0%, 2%, 4%, 6%, 8%, and 10% for columns 1 to 6, respectively) was evenly packed into each column to a height of 20 cm. Deionized water was added to all the columns and maintained for 3 days at 25 °C to achieve natural saturation. After that, a phosphorus solution with a concentration of 45.55 mg/L (calculated as elemental P, equivalent to 0.2 g/L KH2PO4) at pH 5.6 was supplied using a peristaltic pump at a flow rate of 1 mL/min for 200 min once per day. The dynamic leaching experiment is not conducted continuously, as irrigation and fertilization operations are generally intermittent in actual agricultural practices to avoid nutrient overloading and loss issues.




2.3. Phosphorus Releasing Experiment


The P-enriched RMG was applied to the soil at dosages of 1%, 2%, 4%, 6%, 8%, and 10% (w/w) in 1000 mL polyethylene pots, respectively. Deionized water was added to maintain a certain level of soil moisture. All pots were placed in a controlled incubator with constant temperature and humidity. Soil moisture was monitored daily, and deionized water was replenished whenever it fell below 60% of the maximum water-holding capacity. A control group was established using soil without RMG addition. All the experimental treatments were conducted in triplicate. After the cultivation period, the soil samples were freeze-dried, sieved, and stored for subsequent analysis.




2.4. Determination Methods


The pH value of the solution was measured by the PXSJ-216F ion meter (Shanghai Leici Analysis Instrument Co., Ltd., Shanghai, China). Different forms of P in the leachate were determined as follows: Total phosphorus (TP): The solution was dissolved by potassium persulfate, and determined via the ascorbic acid method with a 722E visible range spectrophotometer (Shanghai Sunny Hengping Instrument Co., Ltd., Shanghai, China) [25]. Total soluble phosphorus (TDP): The solution was filtered through a 0.45 μm microporous membrane and dissolved by potassium persulfate, and then determined via the ascorbic acid method. Molybdate reactive phosphorus (MRP): The solution was filtered via a 0.45 μm microporous membrane, and then determined via the ascorbic acid method. Dissolved organic phosphorus (DOP): DOP = TDP − MRP. Particulate phosphorus (PP): PP = TP − TDP.



The determination methods for various indicators in soil were shown as follows: The pH in soil was determined according to potentiometry [26]. TP in soil was determined according to Mo-Sb anti spectrophotometric method [27]. Olsen-P was determined according to Sodium hydrogen carbonate solution—Mo-Sb anti-spectrophotometric method [28]. The phosphorus activation coefficient (PAC) was calculated by the following equation:


  PAC   ( % )   =      [ O l s e n − P ]   [ T P ]    × 100 %  



(1)







To evaluate the toxicity of RMG application in soil, a leaching toxicity test was performed according to sulphuric acid and nitric acid method [29], and several harmful elements in the lixivium were examined by inductively coupled plasma emission spectrometry (ICP-OES).




2.5. Characterization


The physicochemical properties of the RMG and soil samples were characterized using Brunauer–Emmett–Teller (BET) surface area analysis, scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS), X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, and zeta potential measurements. Specific surface area and pore characteristics were determined from nitrogen adsorption–desorption isotherms obtained by BET. A Quanta 250 SEM (FEI Company, Hillsboro, OR, USA) was employed to examine the surface morphology of the samples. Elemental composition analysis (including O, Si, Al, Na, Mg, P, K, Fe, Ti, Ca, and Ni) on the RMG surface was performed using a Quantax 400-10 EDS system (Bruker, Karlsruhe, Germany). Crystalline phase identification was carried out with a D8 ADVANCE X-ray diffractometer (Bruker). Surface functional groups were analyzed using a VERTEX 80v FTIR spectrometer (Bruker). The surface potentials of the RMG and soil samples were measured on a Zetasizer Nano ZS90 system (Malvern Instruments, Malvern, UK).





3. Results and Discussion


3.1. Characterization of RMG


The XRD patterns of raw materials (red mud, fly ash, and cement) and RMG were shown in Figure 2 (a) to (d), respectively. The main minerals in RMG were calcite, hematite, and dicalcium silicate. P in soil could easily combine with the metal oxides (Ca, Al, and Fe oxides) in RMG, and insoluble substances (e.g., Fe-P and Ca-P) were formed, which immobilized P effectively [30]. In addition, the formation of dicalcium silicate contributed to enhancing the mechanical strength of RMG, which was beneficial for its practical application. In comparison with the raw materials, new crystalline phases (e.g., kaolinite (Al2Si2O5(OH)4), xonotlite (Ca6Si6O17(OH)21)) were detected in RMG. The surface functional groups (-OH) associated with these minerals undergo a ligand exchange reaction with PO43- in solution, further promoting P adsorption [31]. This finding was consistent with our previous study [24], which confirmed that the sintering process promoted the formation of hydroxyl silicate species on the surface of red mud-based granules, enabling ligand exchange between granule-bound hydroxyl groups and aqueous phosphate.



The zeta potential of RMG was measured as +17.6 mV, indicating that electrostatic attraction occurred between RMG and the negatively charged phosphate ion. The specific surface area of RMG was 8.201 m2/g, with a total pore volume of 0.061 cm3/g. As shown in Figure 2e, the pore size distribution was predominantly in the mesoporous range (2–10 nm). Mesopores were known to facilitate P adsorption by providing abundant active sites [32]. Functional groups on the RMG surface were characterized by FTIR spectroscopy, as shown in Figure 2f. The wavelength at 3447 cm−1 and 1647 cm−1 were considered as the O-H bond contraction vibration of adsorbed water and variable angle vibration, indicating the presence of hydroxyl polymers [33]. The peaks at 1472 cm−1 and 1418 cm−1 were believed as the strong and broad anti-symmetric telescopic vibration of -CO3 with a double peak. The weak peak at 710 cm−1 was believed as the in-plane bending vibration of -CO3, confirming the presence of carbonate. The peak at 1035 cm−1 was considered as a Si-O stretching vibration, indicating the presence of silicate or quartz. Additionally, the peaks at 566 cm−1 and 444 cm−1 were believed as the presence of Fe3O4 and Fe2O3, respectively [34].



To compare the RMG before and after the experiment, samples were selected from the soil and characterized by SEM-EDS. The resulting surface morphologies are presented in Figure 3, and the corresponding elemental compositions are summarized in Table 2. As indicated in Figure 3a, the surface of the pristine RMG was rough and featured uniformly distributed pores, a morphology considered favorable for P adsorption. After the leaching experiment shown in Figure 3b, the RMG surface appeared rougher and more irregular, with distinct pores and gullies formed by water flow. In the P-enriched RMG shown in Figure 3c, the surface was covered with numerous crystalline-like substances, suggesting the formation of phosphate-containing precipitates following P adsorption [35].



As presented in Table 2, the surface of the RMG contained high concentrations of Al, Ca, Fe, and P. Compared with the original RMG, the P content on the RMG surface after dynamic leaching was significantly higher, indicating substantial adsorption of P onto the RMG granules. The concurrent decrease in the Fe and Ca contents suggested their release from the RMG into the soil, where they likely participated in the precipitation of phosphate [36]. The relative increase in the Al content on the RMG surface implied that aluminum played a key role in the retention of P following its adsorption. In addition, the particle surfaces developed more porous structures with attached fine particulates. Given the soil pH range in this study (4.5–11.5), phosphate species were primarily present as H2PO4− and HPO42−. The adsorption of phosphate onto the RMG surface might be primarily described by a ligand exchange mechanism, as represented below (where ≡S denotes the active site, such as hydroxyl silicate present in kaolinite or xonotlite on the RMG surface):


≡S-OH + H2PO4− → ≡S-H2PO4 + OH−         (pH < 7.20)



(2)






2≡S-OH + HPO42− → (≡S)2-HPO4 + 2OH−    (pH > 7.20)



(3)








3.2. Effect of RMG on Soil Phosphorus Loss Control


3.2.1. Soil Phosphorus Loss and Patterns


Since the natural soil P content was below the critical level for P leaching, the effect of RMG addition on P leaching was evaluated under simulated fertilizer application conditions. Soil samples were blended with varying amounts of RMG (0%, 2%, 4%, 6%, 8%, and 10%) to assess its influence on P loss under leaching conditions. The mixtures were uniformly packed into columns according to the configuration as described in Section 2.2. P was first detected in the leachate of column 1 (without RMG addition) after 3 days of leaching, while it was not observed from the other 5 columns. At this time, 600 mL of solution containing 45.55 mg/L P had been passed through the column, resulting in a cumulative soil P amount of 27.33 mg for 450 g of soil. The background Olsen-P value of the soil was 3.68 mg/kg. The theoretical value of Olsen-P content at leachate in column 1 was calculated as 64.41 mg/kg, representing the critical soil P loss threshold for this treatment. The time of initial P detection in the leachate and the corresponding critical P loss values for all six columns were summarized in Table 3.



The critical value of P loss increased with the increase in RMG dosage, indicating that P from phosphate fertilizer could be adsorbed and immobilized by RMG. The capacity of P maintained in soil was enhanced in the leaching state, but it was not increased linearly, suggesting that the adsorption of phosphate on RMG was not the only factor that affected the preservation of P in soil. The application of RMG could modify the physicochemical properties of the soil, thereby improving its inherent adsorption and fixation capacity for P.



When initial P was detected in the leachate of each column, the concentrations of various P forms (TP, TDP, MRP, DOP, and PP) in all the filtrates were measured simultaneously for comparison, and the results are shown in Figure 4.



P leaching first occurred in column 1 (with 0% RMG dosage), and finally occurred in column 6 (with 10% RMG dosage). The P concentration in the leachate of column 6 was considerably lower than that in columns 1 to 5. Higher RMG dosages prolonged the detection time for P in the leachate and decreased the concentration of different P forms, demonstrating that RMG addition under consistent P fertilizer application conditions improved the soil’s P retention capacity and minimized P loss.



In the early leaching stage, the TP in the leachate consisted predominantly of PP, with PP exceeding TDP. This pattern might be attributed to the presence of finer and looser soil particles in the columns at the initial leaching phase, which adsorbed P and were readily transported by the leachate [37]. Moreover, within the TDP fraction, MRP accounted for a higher proportion than DOP, reflecting the relatively stable nature of DOP in the soil. In the later leaching stage, the concentrations of DOP and PP decreased, and MRP became the dominant form. This shift could be attributed to the breakdown of soil aggregates and the blockage of soil pores by fine particles, which gradually reduced the PP in the leachate. Furthermore, the continuous input of P fertilizer contributed to the lower presence of DOP compared to MRP.




3.2.2. Changes in pH in Leachate


To examine the relationship between P concentration and pH in the leachate under simulated fertilization conditions, each soil column was monitored individually to track variations in leachate P and pH over time. The results are presented in Figure 5.



As illustrated in Figure 5, a sharp decline in leachate pH basically coincided with the initial detection of P. During the first few days, the leachate pH remained relatively stable, likely due to the neutralization of acidic components by alkaline substances derived from the calcareous soil or RMG [38]. However, starting on the third day (column 1 as an example), a sharp decline in pH was observed alongside the first detection of P in the leachate. The pH value decreased very quickly with the increase in P concentration, particularly during the middle stage of leaching. This suggested that P adsorption and fixation in the soil were primarily facilitated by alkaline components, such as Ca, Fe, and Al oxides, containing in both the soil and RMG [39]. In addition, P adsorption was also contributed by pore spaces between soil particles and inside RMG materials [40].



In columns 2 to 6, the leachate pH exhibited an initial increase followed by a gradual decrease. This trend could be explained by the neutralization of acid components by alkaline components released from RMG. As leaching progressed, these alkaline constituents dissipated gradually, reducing their capacity to neutralize acids. Following the P loss observed later in the experiment, the pH of the leachate decreased over time, eventually stabilizing near the initial pH level of the P solution. The decrease could be delayed with higher RMG dosage in leachate pH, and extend the period of pH decline. For instance, with 10% RMG addition, the high pH period was prolonged, and the decline commenced only after the 16th day. It was speculated that the alteration in soil particle structure enhanced buffering capacity against acidic leachate.




3.2.3. Changes in Soil Properties After RMG Application


At the end of the leaching stage, soil from each column was extracted, air-dried, and homogenized. The sample from column 6 (10% RMG dosage) was selected as representative for further characterization. Particle size distribution and SEM images of the soil samples were analyzed simultaneously, with the results presented in Figure 6.



As shown in Figure 6, the soil amended with 10% RMG exhibited a particle size distribution ranging from approximately 0.35 to 1000 μm, with the majority (about 76.23%) of particles falling within the 1–100 μm range. The particle size distribution curve displayed two distinct peaks at 20 μm and 130 μm, reflecting particle erosion caused by the leaching solution. This suggested that a fraction of the RMG particles underwent structural breakdown, dispersing fine particles into the soil, while larger particles remained intact. Furthermore, the 10% RMG-treated soil showed a higher proportion of particles in the 0.3–10 μm range, likely resulting from the soil particle disintegration and formation of finer particles under leaching conditions. The higher RMG dosage also contributed to a more compact soil structure with uniformly distributed finer particles and reduced pore space [41]. P sequestration capacity was enhanced by the change via downward leaching of the P solution through smaller pores, followed by adsorption and fixation by RMG. More fine particles appeared in the soil sample with the application of 10% RMG dosage after leaching, and the state of soil particles was layers, flakes, and grains. This situation may be due to the erosive effect of the water flow in the process of leaching, which destroyed the large aggregates, and the minerals inside the soil aggregates were fully involved in the adsorption of P.



As summarized in Table 4, the original soil contains various components that influence P dynamics, including metals such as Al, Ca, and Fe. In comparison, the soil after RMG application contained relatively high contents of Ca and P, due to the contribution of RMG, as detailed in Table 2. This phenomenon suggested that during the leaching process, RMG released calcium ions into the soil, thereby enhancing its P retention capacity.



In addition, to evaluate the toxicity of RMG, some harmful elements in the lixivium of experimental soils were measured by ICP, and the results are shown in Table 5. All harmful element contents in the lixivium of soil after RMG application could meet the Environmental quality standards for surface water of level III [42]. Consequently, RMG was considered safe to be applied for P recycling in soil.





3.3. Effect of RMG on Phosphorus Release in Soil


3.3.1. Influences of Experimental Factors on Phosphorus Release from RMG


In the preceding experiment, RMG was applied to a phosphate-containing solution to adsorb P, thereby producing P-enriched RMG. This P-saturated material was considered suitable for secondary application in P-deficient soils, with the aim of facilitating P resource recycling and enhancing soil fertility. The P-enriched RMG was obtained according to the method described in Section 2.2 and then mixed with the original soil (TP: 250 mg/kg; Olsen-P: 3.68 mg/kg) at varying proportions. A static cultivation experiment was subsequently initiated. The soil samples were analyzed through both single-factor experiments and long-term cultivation experiments. Key factors investigated in the static experiment included temperature, cultivation conditions, material dosage, and reaction time. The corresponding results are presented in Figure 7.



As shown in Figure 7a,d, after the addition of 10% RMG for 7 days, the TP content in the soil increased significantly compared to the original soil (TP: 250 mg/kg). This indicated that P retained in the saturation-adsorbed RMG was released into the soil, with greater P release observed at higher temperatures. This phenomenon could be attributed to the process of phosphate chemical adsorption and desorption, in which elevated temperatures promoted the desorption of P from RMG [43]. Figure 7b showed that the TP content increased with higher moisture content. This is attributed to enhanced material exchange between RMG and soil, facilitated by soil moisture, promoting P release and migration into the soil. Additionally, elevated moisture content reduced the soil’s ability to adsorb and retain P, thereby increasing Olsen-P levels. In Figure 7c, the soil TP content rose with increasing RMG dosage, indicating that more P was released into the soil. In contrast, both the Olsen-P content and PAC exhibited an initial increase followed by a decrease as the RMG dosage increased. The highest Olsen-P and PAC values were observed in the soil treated with 6% RMG, indicating that the soil Olsen-P and PAC levels did not consistently improve with higher RMG dosage. The Olsen-P in this study ranged from 29 to 68 mg/kg, which was relatively higher than a recent study’s findings using biochar-based struvite to enhance P availability and reduce P loss potential [44]. The conversion of TP to Olsen-P was strongly influenced by soil properties [45]. One possible explanation was that increasing the RMG dosage caused the release of alkaline components, which elevated soil pH and consequently enhanced the adsorption and immobilization of available P, reducing its effectiveness [46].



Additionally, the Olsen-P of the soil also showed a significant increase as compared to the original soil (Olsen-P: 3.68 mg/kg), suggesting the potential effects of P-enriched RMG application to the soil, which included four steps: (i) P from RMG was desorbed and transformed into the soil, elevating soil Olsen-P levels; (ii) P from RMG was adsorbed and immobilized by soil, which caused Olsen-P levels reducing; (iii) soil physicochemical properties were ameliorated by RMG, which represented as the transition of Olsen-P to more stable form and the decrease in Olsen-P in the soil; (iv) after soil Olsen-P was immobilized, cycling from soil inactive to active P may occur, resulting in a new soil P balance.



PAC indicated the conversion efficiency of TP to effective P and reflected the degree of soil P activation [47]. According to Figure 7a, as temperature increased, the soil PAC showed a U-trend, which might be the result of the combined effect of (i), (ii), and (iii). After RMG was applied to the soil, although the TP gradually increased, the PAC did not show a linear relationship, which led to the fluctuation of the ratio of Olsen-P and TP. Figure 7c showed that the PAC of the control soil was 1.5%, demonstrating that the addition of RMG enhanced TP in the soil. For all treatment groups, the soil PAC was greater than 2.0%, indicating that soil TP was more readily converted into Olsen-P and that the P activation capacity was significantly improved.




3.3.2. Changes in Soil Properties After the P-Enriched RMG Application


To investigate the long-term soil P availability following the application of P-enriched RMG, the TP and Olsen-P contents in soil samples were measured at 2, 10, 20, 40, 60, and 80 days, respectively. The results were presented in Figure 8.



As shown in Figure 8a, the TP content in the soil samples increased over the cultivation period after the addition of P-enriched RMG compared to the control (0% RMG), indicating a continuous release of P from RMG into the soil. The amount of P release was positively correlated with the RMG dosage, suggesting that RMG can serve as a long-term P source for the soil. Due to the fact that the non-uniform dispersion of RMG released could not be dispersed as uniformly as in water, TP fluctuated over the cultivation time. Figure 8b showed that at the early incubation stage, the Olsen-P content in soil gradually increased, which can be attributed to the ongoing release of P from RMG. However, in the later stage, the Olsen-P content declined, likely due to the combined effects of mechanisms (i), (ii), and (iv) as proposed earlier [48].



In summary, the addition of RMG enhanced soil P levels by increasing both the TP and Olsen-P contents, and it significantly improved soil P availability. Although P was continuously released into the soil, the alkaline components in RMG also promoted the adsorption and fixation of P. Moreover, under high P concentrations, the dominant adsorption mechanism may shift from chemisorption to physisorption, resulting in a reduction in PAC content [49]. The conceptual diagram of P cycling by applying RMG in soil was shown in Figure 9.






4. Conclusions


In this study, we synthesized a dual-function RMG using red mud, fly ash, and cement as the main raw materials to achieve comprehensive utilization of solid waste. RMG was applied to the soil to control P loss and mediate P forms, thereby promoting sustainable utilization of P resources. The performance of RMG in P fixation and release in soil was systematically assessed. The leaching experiments demonstrated that RMG effectively enhanced the soil’s ability to mitigate P loss. The application of RMG delayed the appearance of P loss in the leachate and increased the critical leaching threshold of P in the soil. The RMG dosage was positively correlated with the critical value of P loss, but negatively correlated with the duration of the obstruction of soil P loss. The leachate analysis revealed that TDP and DOP accounted for higher proportions in the early leaching stage, while MRP dominated in the later stage. A decrease in the leachate pH generally coincided with the initial detection of P. The alkaline components in RMG significantly promoted P adsorption and immobilization in the soil. Additionally, this study demonstrated that incorporating the P-enriched RMG into the soil enhanced P availability and activation by significantly increasing the TP and Olsen-P levels. Long-term release experiments confirmed that the P-enriched RMG continuously supplied P to the soil over an extended period. Soil P availability increased initially but declined after a period of incubation due to enhanced adsorption and immobilization facilitated by the alkaline components in RMG. The Olsen-P content reached its peak at a P-enriched RMG application dosage of 6%. This study provides an innovative approach for the pollution mitigation and resource recycling of red mud, while simultaneously addressing phosphorus contamination and fertilization. The proposed method thereby advances the concept of waste-to-resource transformation, contributing to sustainable development.
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Figure 1. The soil dynamic leaching device. 
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Figure 2. XRD characterization results: (a) red mud; (b) fly ash; (c) cement; (d) RMG; (e) the pore size distribution of RMG; (f) FTIR spectrum of RMG. (Note: 1: Calcite—CaCO3; 2: Hematite—Fe2O3; 3: Corundum—Al2O3; 4: Gibbsite—Al(OH)3; 5: Quartz—SiO2; 6: Dicalcium silicate—Ca2SiO4; 7: Kaolinite—Al2Si2O5(OH)4; 8: Xonotlite—Ca6Si6O17(OH)21). 
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Figure 3. The SEM photograph of RMG: (a) original RMG; (b) RMG after dynamic leaching experiment; (c) RMG after phosphorus releasing experiment. 
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Figure 4. The concentration of various forms of P in the leachate when P leaching occurred ((a–f) represented the leaching days of P loss occurred in columns 1 to 6, respectively). 
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Figure 5. P concentration and pH value in leachate from different columns. 
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Figure 6. Grain size distribution and SEM photograph of the soil sample: (a,c) for original soil; (b,d) for soil after leaching experiment with 10% RMG dosage. 
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Figure 7. TP, Olsen-P, and PAC in the soils with P-enriched RMG application at different temperatures (a), soil moisture contents (b), material dosages (c), and reaction times (d). 
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Figure 8. Temporal changes in TP (a) and Olsen-P (b) content in soil under different P-enriched RMG dosages. 
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Figure 9. Conceptual diagram of P cycling by applying RMG in soil. 
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Table 1. Chemical compositions of raw materials (wt%).
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	Raw Materials
	O
	C
	Si
	Ca
	Al
	Fe
	Na
	Mg
	Ti





	Red mud
	43.89
	10.84
	13.09
	13.96
	6.68
	5.92
	1.87
	2.84
	0.91



	Fly ash
	46.63
	8.52
	22.06
	4.30
	14.07
	4.42
	-
	-
	-



	Cement
	43.31
	12.28
	10.37
	10.70
	7.63
	10.49
	5.22
	-
	-










 





Table 2. The elemental composition of several RMG samples (atomic percent, At.%).
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	Elements
	Original RMG
	RMG After Dynamic Leaching Experiment
	RMG After Phosphorus Releasing Experiment





	O
	69.8
	71.85
	68.34



	Si
	3.91
	6.63
	2.51



	Al
	2.5
	5.52
	2.58



	Na
	0.44
	0.09
	0.51



	Mg
	0.44
	2.06
	0.69



	P
	0
	1.35
	8.69



	K
	0.11
	0.92
	0.2



	Fe
	3.4
	2
	1.34



	Ti
	0.94
	0.32
	0.32



	Ca
	18.45
	9.24
	14.81



	Ni
	0.01
	0.01
	0.01



	Total
	100
	100
	100










 





Table 3. The leaching time and the critical value of P loss in soil.
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	Column Number
	1
	2
	3
	4
	5
	6





	Dosage of RMG
	0%
	2%
	4%
	6%
	8%
	10%



	The leaching days of P loss
	3
	5
	7
	8
	9
	14



	Critical value of P loss in soil (mg/kg)
	64.41
	104.90
	145.39
	165.64
	185.88
	287.10



	Capacity of P maintained in soil (adjusted for the value) (mg/kg)
	-
	40.49
	80.98
	101.23
	121.47
	222.69










 





Table 4. The composition of the soil samples (atomic percent, At.%).
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	Elements
	O
	Si
	Al
	Na
	Mg
	P
	K
	Fe
	Ti
	Ca
	Ni
	Total





	Original soil
	70.51
	15.74
	7.66
	0.98
	1.28
	0.08
	1.11
	1.48
	0.16
	1.01
	0.03
	100



	Soil after RMG application
	71.91
	9.14
	4.02
	0.86
	0.87
	3.56
	0.87
	1.17
	0.1
	7.5
	0
	100










 





Table 5. Concentrations of harmful elements in the lixivium of the soil samples (mg/L).
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	Elements
	Cr
	Mn
	Ni
	Cu
	Zn
	As
	Se
	Cd
	Pb
	V
	Ba





	Lixivium of original soil
	0.01
	0
	0.01
	0.03
	0.18
	0.01
	0
	0
	0.03
	0
	0.05



	Lixivium of soil after RMG application
	0.04
	0
	0.01
	0.05
	0.3
	0.02
	0
	0
	0.05
	0
	0.07



	Environmental quality standard—level III
	0.05
	0.1
	0.02
	1
	1
	0.05
	0.01
	0.005
	0.05
	0.05
	0.7
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