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Abstract

:

In the past decade, eutrophication and phosphate recovery from surface water have become major issues. Adsorption is an effective method for phosphate removal because of its high efficiency. Even though lanthanum-based compounds are effective at removing phosphate from water, outside factors influence them. Hence, it is vital to develop and employ cost-effective innovations to fulfill ever-tougher requirements and address the issue of water contamination. Adsorption technology is highly effective in phosphate removal at concentrations from wastewater. This work briefly describes the preparation of lanthanum nano-adsorbents for the removal of phosphate efficiently in water, and phosphate adsorption on La-based adsorbents in various La forms. The work presented in this study offers an outline for future phosphate adsorption studies in La-based adsorbents, resulting in La-based materials with substantial adsorption capacity and strong regeneration capability.
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1. Introduction


Several aspects are necessary for organisms, and 93–97% of the biomass in bacteria, animals, fungi, and plants is made up of these five chemical elements. [1]. The phosphate availability in the Earth’s atmosphere is unlimited. Around 180 years ago, phosphate-rich sedimentary rocks were mined for agricultural soils and fertilizers were applied [2,3]. Global reserves are expected to be drained in the next 50–100 years, with phosphate rock acting as a non-renewable source [4,5]. Finally, it is difficult to recycle phosphate that is introduced into water bodies for agricultural purposes. Wastewater discharge is rapidly increasing as industries develop. Phosphate is an important function that acts in natural ecosystems organism’s growth. Large phosphorus releases into water bodies may begin, resulting in prolonged algae growth, the death of fish and plants, eutrophication, dissolved oxygen depletion, reductions in water quality, and some environmental issues [6]. In the natural environment, with an increase in phosphate content, people begin to suffer from hyperphosphatemia, or it leads to renal osteodystrophy, vitamin D metabolic disorders, and secondary hyperparathyroidism, all of which can affect the deposition of phosphate and calcium. To control water pollution, phosphorus emissions must meet certain criteria [7]. According to a literature review, the phosphate concentration value in streams and rivers must be 0.03 mg PL−1. As a result, high-efficiency treatment technologies are urgently needed to alleviate aquatic ecosystem eutrophication for phosphate removal, particularly comparatively low-concentration phosphate removal technology to meet wastewater treatment requirements [8,9].



Excessive phosphate fertilizer consumption, on the other hand, has depleted phosphate stocks while also contaminating fresh water and causing eutrophication [10]. As a result, maintaining adequate phosphate levels, the most common phosphate component found in both pure and salt water, is both an ecological and societal concern [11,12,13]. Adsorption is a convenient and cost-effective method for elevated phosphate extraction, even at low phosphate values, and it is environmentally friendly due to lower sludge generation [14,15]. Phosphate is a well-known ingredient that is required for the flourishing of every biological species, degrading water precision and destroying the aqua cultural ecology (microalgae blooms, biodiversity disruptions, and enormous seafood deaths) [16]. Figure 1 shows the vector diagram of the phosphorus cycle in the environment.



When contrasted to conventional substrate components and La on its own, La-doped or modified adsorbent metals have advantages such as excellent adsorption energy and a broader functioning pH range. The latest breakthroughs in materials production have allowed for the tailoring of characteristics and performance through the production of nanostructured materials. Since mesoporous silicas extract just a small amount of phosphate through water, when La is added to them, they have a high phosphate adsorption capacity. Additional active elements that can be used as host substances for filling La-based adsorbents include zeolites, cellulose fibers, polymers, hydrogels, clays, and carbons [18,19]. Furthermore, lanthanum oxide (La2O3) and lanthanum hydroxide (La(OH)3) in microparticles and nanoparticles were produced and used for phosphate extraction avoiding the use of a substrate element [20]. Because of their substantial La presence and high formalization, they were projected to have enhanced adsorption capabilities than La-doped or incorporated compounds. The phosphate elimination effectiveness of differently formed La2O3 microscopic particles has been observed to be shape-dependent [21]. Phosphate withdrawal was improved in hierarchical La2O3 particles having bigger interfacial regions than in other microscopic particles. Optimizing the porous morphology and improving the surface domain of La2O3 particles has structural and functional limitations.



For phosphate removal, lanthanum (La)-based materials are promising among phosphate metal-based adsorbents because of their chemical stability and strong affinity. Lanthanum reacts with phosphate to form insoluble lanthanum phosphate complexes. These complexes are often in the form of solid precipitates, making it easier to separate the adsorbent from the treated water. This characteristic enhances the efficiency of phosphate removal. Lanthanum-based adsorbents often display selectivity for phosphate ions over other common anions present in water. This selectivity is crucial for targeted phosphate removal without significantly affecting the concentrations of essential ions or other contaminants. Lanthanum-based adsorbents can often be regenerated, allowing for multiple uses [22]. Regeneration involves desorbing the adsorbed phosphate ions from the material, restoring its adsorption capacity. This characteristic contributes to the economic feasibility of lanthanum-based adsorbents. Lanthanum-based adsorbents have been successfully employed in diverse water sources, including freshwater bodies, industrial effluents, and wastewater. Their versatility makes them suitable for a range of applications where phosphate removal is a priority [23]. In the 3–6 pH range, the La-phosphate complex was found to be stable, with no phosphate release or solubility products detectable. Hence, for different La materials, phosphate adsorption has been synthesized and investigated, like La(OH)3, La2O3, and La-incorporated materials of various types [24]. In reducing the concentration of phosphate to base levels, as these materials are highly efficient, some criteria still have wide use. Under acidic conditions, this exhibits high adsorption capacity, and there will be a great loss of performance in alkaline or neutral conditions when treating sewage. At present, to overcome these disadvantages with enhanced adsorption capabilities over a wider pH range, it is necessary to find new La-based adsorbents [25].



In this review, we discussed La use for the removal of phosphate as well as the current state of knowledge on the overall increase in this area, especially (1) for further research and highlight key environmental concerns that are most useful in better understanding of lanthanum for the potential impacts on ecological systems, and (2) summarizing the reported scientific work on what is known and what is not known on the application of lanthanum for the removal of phosphate. Hopefully, this review may be useful for material developers and other stakeholders who are interested in utilizing La for phosphate removal in wastewater and natural water systems.



1.1. Introduction to Adsorption


For nearly a century, significant adsorption research has been conducted. Adsorption has been studied qualitatively for countless generations. This is not to the field’s advantage. Instead, it demonstrates the widespread significance of adsorption as well as the difficulty of attempting to comprehend such a wide range of activities [26].



The increased density of a substance near an interface is known as adsorption. The interface can be gas–liquid, solid–liquid, solid–gas, or liquid–liquid in character, while “absorption”, where the absorptive component infiltrates the absorbent, is purely an interfacial phenomenon. Every particle in the adsorbed stage has a lower coefficient compared to the core gaseous form, but due to electrostatic interplay at the boundary, it also has a lower enthalpy. This establishes the fundamental adsorption equivalence: a decrease in entropy relative to the gas phase is counterbalanced by an equal decrease in enthalpy. As a result, adsorption is an exothermic reaction. Most adsorption is enabled by beneficial interrelationships at the contact, which can be molecular or structural in composition [27].



The chemical adsorption process is a phenomenon that occurs once molecular bonds form between the adsorbent and the adsorbate. Physisorption occurs when simply physical interrelationships (such as van der Waals interactions) are involved. The phrase “sorption” is a relatively broad phrase for uncertain situations. Chemical adsorption produces considerably better adsorbent–adsorbate interrelations and is efficient at elevated temperatures, but it necessitates the use of particular adsorbate–adsorbent complexes and is rarely recoverable [28]. Adsorbents are generally employed extensively in commercial activities such as gas extraction and catalysis. Ninety percent of chemicals are used in catalysis and component production in the Universe, and homogeneous or heterogeneous catalysts can be used [29].




1.2. Adsorption Process—Parameters Effect


pH—Solution


Workaround pH is a significant determinant in the adsorption mechanism, as it has a significant impact on the ability to bind to the adsorbate membrane. Furthermore, the pH of the solvent has a substantial effect on both the adsorbate and the adsorbent, as the substrate charge of the adsorbent changes dramatically with pH. The amount of ionization [30], dispersion of operational compounds on reactive regions [31], and chemical composition of the adsorbate, on the other hand, are all pH-dependent.



Furthermore, greater hydrogenation and neutralization of the adsorbent’s competing exchangeable cations may promote the rate of diffusion at lower pH, resulting in a larger adsorption propensity. In addition, as pH rises into the alkaline surroundings, the oxidation process happens, prohibiting the molecules from propagating to the surface of the adsorbent [32].



At pH 2, the least metal cations sorption efficiencies were achieved, which could be due to the competing action of hydrogen ions and the occurrence of a comparatively limited number of accessible locations in the surface area of disrupted composition.



The pH of a solution plays a significant role in phosphate adsorption, influencing both the speciation of phosphate ions and the surface charge of adsorbent materials. The adsorption of phosphate is pH-dependent, and the impact of pH can be explained by considering the various forms of phosphate ions present in the solution. Phosphate exists in different chemical forms depending on the pH of the solution [33]. In natural waters, phosphate primarily exists as dihydrogen phosphate (H2PO4−) at lower pH values (acidic conditions) and as hydrogen phosphate (HPO42−) at higher pH values (alkaline conditions). The relative abundance of these two species is pH-dependent, and this affects their adsorption behavior. Generally, HPO42− is more easily adsorbed than H2PO4−. The electrostatic interactions between phosphate ions and the charged surfaces of adsorbents are influenced by pH. At low pH, when the surfaces of adsorbents are positively charged, there is an enhanced electrostatic attraction between the positively charged surface and the negatively charged phosphate ions (H2PO4−). Conversely, at high pH, when the surfaces become negatively charged, there is a stronger electrostatic attraction with the negatively charged phosphate ions (HPO42−) [34].



The optimal pH for phosphate adsorption varies depending on the specific adsorbent material. For some materials, adsorption may be more efficient under acidic conditions, while for others, it may be more favorable under alkaline conditions. It is common to conduct pH-dependent adsorption studies to identify the pH range where maximum phosphate adsorption occurs. In water treatment applications, adjusting the pH of the solution can be a strategy to optimize phosphate removal [35]. However, it is essential to consider other factors, such as the composition of the water matrix, the characteristics of the adsorbent material, and the overall treatment goals. Researchers and engineers often perform detailed studies to determine the most effective pH range for phosphate adsorption based on the specific conditions of the water being treated.






2. Phosphate and La-NMs Interaction Mechanism


To develop a novel method for making La-NMs and maximize their effectiveness for real-world uses, it is imperative to analyze the interaction mechanism between La-NMs and phosphate. FTIR, XRD, and XPS are all commonly used to investigate the processes of the relationship between phosphate and La-NMs. A phosphorus and La-NM combination could be characterized by five major mechanisms: ion exchange, ligand exchange, surface outer-sphere complexation, surface inner-sphere complexation, and electrostatic attraction. Additionally, for any category of La-NMs, ligand exchange and electrostatic attraction always need to be processed. The attraction of negatively charged phosphate ions by the positively charged surface charge of La-NMs is the primary cause of the electrostatic attraction. Additionally, the phosphate ion establishes a covalent chemical bond with a La cation at the adsorbent surface, leading to the release of other potentially deciding ions like OH ions that were previously linked with the La cation. It is related to the ligand interchange and consequent inner-sphere complexity.




3. Lanthanum Containing Substances for the Removal of Phosphate


3.1. Characteristics for the Removal of Phosphates


Phosphates are common water pollutants, primarily originating from agricultural runoff, industrial discharges, and wastewater. Developing lanthanum composites with enhanced phosphate removal capabilities can contribute to improving water quality by effectively reducing phosphate concentrations, thereby mitigating environmental and ecological impacts. Many regions have strict regulations regarding phosphate levels in wastewater discharges [36]. Developing lanthanum composites that can selectively and efficiently remove phosphates, even at low concentrations, can help industries and municipalities meet regulatory standards for water quality [37].



Lanthanum composites with enhanced properties provide a versatile solution for water treatment applications. They can be applied across a range of water sources, from municipal water treatment plants to industrial effluents, offering a consistent and effective method for phosphate removal. Cost-effective water treatment solutions are crucial for widespread adoption, especially in regions with limited resources [38]. Developing lanthanum composites that efficiently remove phosphates at low concentrations can lead to more affordable and accessible water treatment options [39].



Novel lanthanum composites with improved characteristics may exhibit greater stability over time, ensuring long-term effectiveness in phosphate removal. Additionally, if these composites can be regenerated and reused efficiently, they contribute to the economic viability and sustainability of the water treatment process. Phosphorus is a finite resource, and the efficient removal of phosphates from wastewater allows for the recovery of phosphorus, which can be valuable for various industrial applications, including agriculture [40,41]. Developing novel lanthanum composites ensures a more sustainable and resource-efficient approach to phosphate removal. The importance of developing lanthanum composites with novel properties for selective phosphate removal lies in their potential environmental issues, compliance with regulations, conserving resources, and providing versatile and sustainable solutions for water treatment. These advancements contribute to the broader goal of ensuring clean and safe water resources for communities worldwide [42].




3.2. Physico-Chemical Phosphate Removal


The list of factors of physico-chemical nature includes: (i) dissolved oxygen (DO) and chemical oxygen demand (COD); (ii) pH; (iii) nutrients which include nitrate (N-NO3) and phosphate (PPO4) (added because of its influence on eutrophication); (iv) elements like aluminum (Al3+), solvent metal (Fe2+), and cadmium (Cd2+) are examples of these. A portable multiparameter analysis tool was used to evaluate the pH and DO on the site. Additional chemical characteristics such as metal alloys and micronutrients were analyzed using conventional diagnostic procedures for water and wastewater analysis. Figure 2 shows the concentration of phosphate in the environment.



Phosphate concentration was tested utilizing phosphate specimens and a procedure based on US norms [44,45]. The methodology has relied on the spectrophotometric determination of orange-yellow molybdo-vanado phosphoric acid formed by the interaction of orthophosphate ionic species in a sulfuric solvent with ammonium heptamolybdate and ammonium vanadate. Spectroscopy was used to detect the absorption intensities of the specimens at 410 nm [46].



All of the findings were evaluated to standardized wastewater purity standards established by the European Council Declaration [47] and Romanian regulation. Phosphate control uses a physico-chemical process for phosphate removal. These techniques are generally reliable and effective, but they are not endless [48].




3.3. Phosphate Adsorption Mechanism


The adsorption of phosphate, especially in environmental and water treatment applications, involves the binding of phosphate ions to the surfaces of solid materials. This process is crucial for mitigating eutrophication and controlling phosphate levels in water bodies. Several mechanisms contribute to the adsorption of phosphate onto various substrates [49].



Phosphate ions can form insoluble precipitates with certain metal cations, such as calcium, iron, and aluminum. These metal phosphates are less soluble in water and can be removed through precipitation. Phosphate adsorption can occur through the formation of surface complexes. The surface functional groups of materials, such as oxides, hydroxides, and clay minerals, interact with phosphate ions through chemical bonding, leading to adsorption. Hydrogen bonding between phosphate groups and surface functional groups can contribute to adsorption [50]. This mechanism is common on materials with oxygen-containing groups, such as silica surfaces. Phosphate ions can form complexes with metal ions on the surface of materials. These complexes may enhance adsorption by providing additional binding sites [51].



3.3.1. Ion Exchange


Phosphate ions can be adsorbed onto surfaces through ion exchange mechanisms. In this process, other ions on the solid surface, such as hydroxyl (OH−) or chloride (Cl−), are exchanged with phosphate ions from the water. The electrostatic attraction between negatively charged phosphate ions (H2PO4− or HPO42−) and positively charged surfaces facilitates adsorption. This mechanism is particularly relevant for materials with a positive surface charge, such as iron or aluminum oxides [52].




3.3.2. Biological Uptake


In natural systems, living organisms, such as plants and microorganisms, can play a role in phosphate adsorption. Plants can uptake phosphate from water, and microorganisms may facilitate adsorption through various metabolic processes [53].





3.4. Phosphate Removal Methods


Phosphate removal by deposition involves the precipitation or deposition of phosphate ions from a solution, converting them into insoluble forms that can be separated from the water. This process is crucial for mitigating eutrophication and controlling phosphate levels in water bodies [54]. Figure 3 shows the phosphorus removal from aqueous solutions divisions.



3.4.1. Chemical Precipitation


Phosphate ions can undergo chemical reactions with certain metal cations in the water to form insoluble precipitates. Common metal cations involved in phosphate precipitation include calcium (Ca2+), iron (Fe3+), and aluminum (Al3+). The chemical reactions involved in phosphate precipitation include the formation of metal phosphate compounds such as hydroxyapatite, calcium phosphate, iron phosphate, and aluminum phosphate [55]. These compounds are generally less soluble in water and can precipitate out.




3.4.2. Adsorption and Surface Complexation


Surface interactions with solid materials play a role in phosphate deposition. Certain surfaces, such as metal oxides or hydroxides, can adsorb phosphate ions onto their surfaces. Surface complexation involves the formation of chemical complexes between phosphate ions and specific sites on the surface of the precipitating material, contributing to the overall removal mechanism [56].




3.4.3. Co-Precipitation


Co-precipitation involves the simultaneous precipitation of phosphate ions along with other substances that are being precipitated. For example, when metal hydroxides or oxides are formed as precipitates, phosphate ions may co-precipitate with them [57]. This process can enhance phosphate removal efficiency as the presence of other ions or substances may provide additional sites for phosphate precipitation [58].




3.4.4. pH Adjustment


The pH of the solution is a critical factor in phosphate removal by deposition. Precipitation reactions are often pH-dependent, and adjusting the pH can optimize the formation of insoluble phosphate compounds [59]. For example, at higher pH values, the solubility of metal hydroxides decreases, leading to the precipitation of metal hydroxides and, in some cases, the co-precipitation of phosphate ions.




3.4.5. Selective Precipitation


In some cases, specific chemicals or additives may be introduced to selectively precipitate phosphate ions. These chemicals enhance the formation of insoluble phosphate compounds while minimizing interference from other ions [60].





3.5. Photocatalytic Activity


The ability of lanthanum nano-adsorbents to make use of light energy to initiate chemical processes is usually related to their photocatalytic activity. During the photocatalytic mechanism process, lanthanum nano-adsorbents with photocatalytic properties often involve semiconducting materials. When exposed to light, these materials generate electron–hole pairs, initiating redox reactions on their surfaces. In the case of adsorbents, these reactions can facilitate the degradation or transformation of adsorbed contaminants. Lanthanum nano-adsorbents with photocatalytic activity are employed for the degradation of organic pollutants in water or air [61,62]. Light absorption by the lanthanum composite generates reactive oxygen species (ROS), such as hydroxyl radicals (•OH), which can oxidize and break down organic compounds into harmless by-products [63].



Lanthanum nano-adsorbents with photocatalytic activity can be applied in water purification processes to remove various contaminants, including organic pollutants, microbes, and even some inorganic species. The photocatalytic reactions contribute to the overall efficacy of the adsorption process [64]. The combination of adsorption and photocatalytic degradation capabilities in lanthanum nano-adsorbents provides a synergistic effect. Adsorption helps concentrate contaminants on the material surface, and subsequent photocatalytic reactions lead to their degradation, resulting in improved overall performance. Lanthanum nano-adsorbents can exhibit selectivity in photocatalysis, targeting specific pollutants based on their chemical structure or properties. This selectivity is advantageous in applications where the removal of specific contaminants is a priority. Depending on the stability and design of the lanthanum nano-adsorbents, they may be reusable in photocatalytic applications. Regeneration processes can be employed to restore or maintain the photocatalytic activity, contributing to the sustainability of the material [65].



Photocatalytic lanthanum nano-adsorbents have potential applications in the environmental remediation of contaminated sites. The combined adsorption and photocatalytic degradation can be tailored to address specific challenges in soil or water remediation projects. Understanding and optimizing the photocatalytic activities of lanthanum nano-adsorbents involves careful consideration of material composition, structure, and synthesis methods to achieve enhanced performance for targeted applications in environmental remediation and water treatment [66].





4. Metal Oxides


Because of its significant attraction among phosphorus-based ions and metal domains, hydroxides and metal oxides have been exploited to extract phosphate from aqueous systems [67]. To modify the unfavorable surface energy of many La-modified substances, a positively charged adsorbent was synthesized using Al with a high pH, pZC (point of zero charge) as the substrate component [68]. The trapped phosphate of Al complexes, which might be dissolved under an alkaline environment, was likewise preserved by this mixture.



The number of adsorptive components varied depending on the methodology of preparation and the species. The adsorption technique benefits metal hydroxides with a high surface-to-volume ratio. Furthermore, the diameter of nanoparticles affects the reactions and absorption coefficients of metals and metal oxides [69]. The pH of metal compounds is anticipated to alter dramatically when their size decreases, particularly when the size is smaller than 5 nm [70].



Titanium dioxide is a suitable semiconductor compound for application as a catalyst support and adsorbent substance because of its moderate toxicity, relatively excellent reaction, and synthetic corrosive endurance [71]. TiO2 binds phosphate strongly and irreversibly, and the ratio of phosphate adsorption increases as the ion concentration increases, suggesting a Langmuir adsorption isotherm and the development of surface interactions [72]. Nevertheless, because of the ultrafine dispersion properties of TiO2 particles, they must be immobilized to facilitate response segregation [73]. For its negatively charged interface in moderate environmental pH conditions, manganese metal oxide has a larger interface region and surface responsiveness, yet it usually incorporates various materials to eliminate phosphate [74]. It was also found that nano-strong Mg(OH)2 hydraulic impedance hindered its use for the adsorption of hazardous freshwater ions and organic material. Several metal oxides, like hydrous niobium oxide, that have been reported to be robust to changes in atmospheric pH and oxygen, also showed good phosphate extraction discrimination. Metal element doping performance improvement is shown in Figure 4.



For phosphate adsorption metal oxides like iron oxide, steel slag, hydrous zirconium oxide zinc ferrite, magnesium oxide, and their composites have been developed. Removal capacity highly depends upon the metal oxides and chemical composition properties including number of defects, active sites, and surface area. By changing the synthesis conditions metal oxide properties can also be modified including the amount of precipitating agent, the concentration of the metal salt, the annealing temperature, and changing aging temperature. The zero-valent iron is minimized by various paths of crystal growth. By composite formation, the metal oxide adsorption capacity can be increased. For instance, hydrated zirconium oxide-based composite includes cross-linked hydrous zirconium oxide resin structures where ion and exchange of +ve charge favor the phosphate interaction which generates large adsorption capacity [76]. Each organic acid possesses its role during the adsorption phenomenon by their competing ions, blockage of the active sites at pores, and formation of covalent bonds of ammonium and hydrous zirconium oxide. In the process of good adsorption capacities, the pore structure of the material plays a major role. The mesoporous zirconium obtained from combining the different polymers generates outstanding adsorption for phosphate. The modified copper tailing after the thermal treatment signifies enhanced phosphate removal capacity. Metal oxide separation after adsorption was formerly thought to be a massive undertaking for practical applications; however, magnetic metal oxide substances usage in this area has provided new understanding to an extent, due to their ease of separation. By complex formation, the three-dimensional manganese iron oxide composite adsorbs phosphate [77]. The magnetic composites prepared simply provide efficient phosphate separation in several sectors, for example, agriculture water treatment devices and sewage water. Modified metal-based oxide displays more adsorption capacities. For instance, modified zeolite showed greater adsorption capacity towards phosphate rather than simple calcium hydroxide or zeolite. The zeolite surface becomes heterogeneous after its modification, which leads to phosphate-selective adsorption. The changed Palygorskite was used for the adsorption process of phosphate which increases adsorption efficiency with the modifications of +ve charge, and the endothermic and spontaneous nature of phosphate uptake. The results indicate that changes in metal oxides are effective for the target pollutant to improve selective adsorption [78]. The resin with anion-exchange capacity was investigated for selective phosphate removal along with the other related pollutants. Generally, phosphate adsorption experiments using metal oxides can be carried out at a pH between 5 and 7, following a pseudo-second-order model like Langmuir in other models with a thermostat temperature of about 25 °C.




5. La in Phosphate Removal—Application


To summarize the last 10 years (2010–2020), some lanthanum nanomaterials that efficiently utilize water and absorb phosphate from wastewater are presented and studied in a literature review [79].



Metallic Lanthanum-Based Adsorbents—Single Lanthanum


Metallic hydroxide might be injected into multi-wall nanotubes with a patterned structural system and a large exterior area to prevent nanocrystalline particles from aggregating. It has recently been explored if lanthanum hydroxide can be sustained by carboxylated carbon nanotubes [80]. The carboxyl gathering in the nanotubes ensured the adsorbent suspension and offered binding surfaces for La(OH)3 in the state of La(OH)2+ through combination or hydrogen interaction for the sorption of H2PO4− by generating a monomeric compound [81]. Even though lanthanum immobilization reduced the pore dimension and contact region of the nanotubes, the adsorbent’s highest adsorption capability was 48.02 mg P/g. In addition, the phosphate removal rate of adsorbents was strongly impacted by the combination of the metal. Although carbon substances have a significant porosity, metal disintegration and a reduced appropriate adsorption mechanism were generated by the porous type of material enabled by carbon fiber. To aid phosphate accumulation, the electrons of graphene and biochar should be reversed.





6. Real Environmental Sample—Application


The adsorption performance of lanthanum nanomaterials in removing phosphate ions from wastewater has proven quite difficult to study, to have the use of La in wastewater treatment and pollution rehabilitation. The adsorption capacity of La(OH)3-modified magnetic cobalt ferric nanocomposite on phosphate in wastewater from Xiang Jiang River was studied. The water samples had an initial phosphate concentration of 1.17 mg/L. Within 20 min, the phosphate concentration started to decrease from 1.17 mg/L to 0.05 mg/L. He et al. observed that La-zeolite (La-Z) in polluted water from the lake adsorbs phosphate. This result shows that in wastewater, 2 g/L of La-Z was added, and the phosphate concentration is decreased from 5.34 mg/L to 0.032 mg/L [82].



Lanthanum nano-adsorbents have been studied and utilized for various applications due to their unique properties. Lanthanum nano-adsorbents are effective in heavy metal removal from water, acting as adsorbents to immobilize and capture contaminants such as cadmium, lead, and arsenic.



6.1. Biomedical Applications


Lanthanum nano-adsorbents may be used in drug delivery systems, where their unique biocompatibility and surface properties can be used for the controlled release of medicinal substances [83].




6.2. Wastewater Treatment


Lanthanum nano-adsorbents can be employed in wastewater treatment processes to remove contaminants and pollutants, contributing to the purification of industrial effluents.




6.3. Energy Storage—Battery Technology


Lanthanum-based nano-adsorbents may play a role in energy storage applications, like in the development of advanced capacitors and batteries [84].




6.4. Environmental Remediation


Lanthanum nano-adsorbents can be applied for soil remediation, helping to mitigate the impact of heavy metal pollution in industrial and agricultural areas.





7. Phosphate Removal in Soil


Phosphate removal in soil and solvent systems involves complex interactions between phosphate ions, soil particles, and solvent constituents. There are two primary mechanisms at play: deposition and interfacial adsorption. Deposition refers to the process of phosphate ions settling or being deposited onto soil particles. This mechanism is influenced by various factors, including the soil composition, pH, and the presence of certain ions. The primary pathways for phosphate deposition in soil solvents include chemical precipitation, co-precipitation, ion exchange, and pH effects. Lanthanum (La) is a rare-earth element that has been studied for its potential use in soil remediation, particularly for phosphate removal [85]. The mechanisms involved in phosphate removal using lanthanum in soil solvents include both deposition and interfacial adsorption. Lanthanum can form insoluble phosphate compounds through chemical precipitation. When lanthanum is added to the soil solution, it reacts with phosphate ions to create lanthanum phosphate precipitates. These precipitates are often highly insoluble and can be removed from the soil matrix. Lanthanum can adsorb onto soil particles, creating a surface with lanthanum ions available for complexation with phosphate. This surface complexation can lead to the adsorption of phosphate ions onto the soil particles, reducing their mobility and bioavailability [86].



Lanthanum can be applied to the soil either in the form of lanthanum salts (e.g., lanthanum chloride or lanthanum nitrate) or lanthanum-containing compounds. The choice of the form depends on factors such as solubility and ease of application. The effectiveness of lanthanum in phosphate removal is often pH-dependent. pH adjustment may be necessary to optimize the precipitation and adsorption processes. Generally, lanthanum phosphate precipitation is favored under slightly alkaline conditions. Regular monitoring of soil and water conditions is essential to assess the progress of phosphate removal and ensure that lanthanum is effectively targeting phosphate ions. Analytical techniques, such as water and soil testing, can be employed to quantify phosphate concentrations. While lanthanum has been studied for its effectiveness in phosphate removal, potential environmental impacts and risks should be considered [87]. Lanthanum is a rare-earth element, and its long-term effects on soil ecosystems need careful evaluation. Compliance with environmental regulations and guidelines is crucial when using lanthanum or any other chemical for soil remediation. Approval from relevant regulatory authorities may be required. The long-term effects of lanthanum application for soil remediation are still an area of active research [88]. Studies have examined its persistence in soils and the potential for leaching into groundwater. Long-term monitoring is essential to understand the fate and transport of lanthanum over time.




8. Future Aspects


The relatively low process costs of adsorption make it a preferred option even when considering much of the recent literature on the topic. To remove and recover La from industrial wastewater, research must be concentrated on using these adsorbent materials. Additionally, the materials produced must be able to extract or eliminate La selectively when common industrial metal impurities including Fe, Al, Na, K, Mg, Ca, and S are present. To selectively separate La from other minerals, research must be carried out to investigate and modify process factors such as temperature and pH.



The loss of adsorption sites caused by La extraction or the change in La species is hypothesized by some researchers to be the reason for a reduction in the adsorption capacity of regenerated La-based adsorbents. The design of cutting-edge, sustainable green materials with higher selectivity and stability at lower costs is still highly promising and attractive, even if the adsorption technique is commonly utilized and has been established for several decades. In the upcoming years, it will be important to solve the difficulties that arise from converting lab-scale adsorption studies into experimental and industrial-scale operations [89,90]. These challenges include costs, essential adsorbent regeneration, and excessive chemical usage. To be more precise, long-term research is needed to examine La release throughout different applications, especially those with low phosphate levels. It is necessary to provide the removal of La for longer, in addition to aiding researchers in developing high-performance materials for phosphate removal. In conclusion, the selection of the most efficient remediation strategy or methods for phosphate removal in waters may be aided by material developers and water quality managers considering a wide range of societal and ethical parameters, including stakeholder perceptions, in addition to technical performance, cost, and environmental and human health considerations.




9. Summary


Phosphate released in large quantities into water bodies from municipal discharge, agricultural activities industrial, and mining leads to eutrophication. In order to reduce the concentration of phosphate, most developing nations have formed rules and regulations relating to the concentration of phosphorous in water. To achieve this, wastewater can be treated with chemical, physical, and biological processes. Generally, sorption is considered as an effective and attractive treatment process because of its capability to reduce phosphate to a very low level, lower waste production, ease of operation, and simplicity of design. In most waste treatment plants, biological and chemical phosphate removal methods are utilized, so sorption is becoming more attractive, with an emphasis on phosphate removal. Despite their low sorption capacities, various organic wastes and industrial wastes are low cost, and the money can be saved for disposal costs. To reduce transport costs, these materials are recommended in the areas where they are locally obtainable for use. It is important to note that the application of lanthanum for soil remediation is an area of ongoing research, and site-specific conditions will influence the effectiveness of this method.
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Figure 1. Phosphorus cycle in the environment (reprinted with permission from [17]). 
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Figure 2. Concentration of phosphate (reprinted with permission from [43]). 
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Figure 3. Phosphorus removal from aqueous solutions (reprinted with permission from [17]). 
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Figure 4. Metal element doping performance improvement (reprinted with permission from [75]). 
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