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Abstract 18 

Controlling eutrophication and recovering phosphates from water bodies are hot 19 

issues in the 21st century. Adsorption is considered to be the best method for 20 

phosphate removal because of its high adsorption efficiency and fast removal rate. 21 

Among the many adsorbents, lanthanum (La)-based adsorbents have been paid more 22 

and more attention due to their strong affinity to phosphorus. This paper reviews 23 

research of phosphate adsorption on La-based adsorbents in different La forms, 24 

including lanthanum oxide/hydroxide, lanthanum mixed metal oxide/hydroxide, 25 

lanthanum carbonate, La3+, La-based metal-organic framework (La-MOF) and La-26 

MOF derivatives. The La-based adsorbents can be loaded on many carriers, such as 27 

carbon material, clay minerals, porous silica, polymers, industrial wastes, and others. 28 

We find that lanthanum oxide/hydroxide and La3+ adsorbents are mostly studied, 29 

while those in the forms of lanthanum carbonate, La-MOF, and La-MOF derivatives 30 

are relatively few. The kinetic process of most phosphate adsorption is pseudo-31 

second-order and the isotherm process is in accordance with the Langmuir model. The 32 

cost of La-based and other traditional adsorbents was compared. The adsorption 33 

mechanisms are categorized as electrostatic attraction, ligand exchange, Lewis acid-34 

base interaction, ion exchange and surface precipitation. Besides, regeneration 35 

methods of La-based adsorbents are mainly acid, alkali, and salt-alkali. In addition, 36 

the La-based adsorbents after absorbing phosphate can be directly used as a slow-37 

release fertilizer. This review provides a basis for the research on phosphate 38 

adsorption by La-based adsorbents. It should be carried out to further develop La-39 
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based materials with high adsorption capacity, good regeneration ability. Meanwhile, 40 

studies have been conducted on the reuse of phosphate after desorption, which needs 41 

more attention in future research. 42 

 43 

Keywords: phosphate; adsorption; recovery; wastewater; lanthanum-based 44 

adsorbents 45 

 46 
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1. Introduction 47 

Phosphorus (P) is one of the indispensable elements of all organisms on the earth. 48 

It is extracted from phosphate rock which is a rare resource and may be depleted in 49 

the next 100 years (Chowdhury et al., 2016). However, phosphorus from human 50 

activity metabolism, plant fertilizer release and sewage treatment plants will flow into 51 

rivers or lakes, leading to eutrophication when phosphate concentration is excessive 52 

(Zamparas et al., 2012). It can accelerate the spread of algae and pose a serious threat 53 

to aquatic ecosystems around the world (Smith, 2003). The United States 54 

Environmental Protection Agency (USEPA) formulates that the maximum 55 

concentration of phosphate in a stream at a point where it enters a lake or reservoir 56 

should be <0.05 mg/L (Mueller and Helsel, 1996). China stipulates that the 57 

concentration of phosphorus in municipal wastewater should not exceed 0.5 mg/L 58 

(Ministry of Ecology and Environment of the People's Republic of China, 2002). It 59 

takes a long time for the self-purification of long-term eutrophication water body to 60 

return to normal state. To avoid this situation, it is important to reduce the phosphate 61 

concentration at the source (Yeoman et al., 1988). 62 

Currently, phosphate removal methods include precipitation, biological treatment, 63 

crystallization, membrane technology and adsorption methods (Huang et al., 2017; 64 

Tarayre et al., 2017). However, other methods have more limitations than the 65 

adsorption method. For example, although the precipitation method can reduce 66 

effluent phosphate concentration to a lower level (<0.5 mg P/L), the required metal 67 

salt dose is very high, which will result in the production of a large amount of solid 68 
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sludge and increase the treatment cost. Therefore, the method is suitable for treating 69 

wastewater containing high phosphate concentrations (Gu et al., 2019; Peng et al., 70 

2018). Biological treatment is greatly affected by factors such as organic load, toxic 71 

substances and reaction operating parameters. The phosphate concentration of 5-20 72 

mg P/L can be reduced to 0.1-0.2 mg P/L only under the most ideal conditions, which 73 

are quite harsh (Li et al., 2016b; Oehmen et al., 2007; Yang et al., 2017). The 74 

crystallization method has high requirements for control technology. Different 75 

controlled variables and interference sources will make it difficult to control the 76 

quality of the product, and it is easy to cause secondary crystallization during the 77 

reaction. Membrane technology has a high removal efficiency for phosphate, but it 78 

requires huge capital and energy (Chen et al., 2018). The adsorption method has a 79 

small chemical agent dosage, relatively low cost, high adsorption efficiency, fast 80 

removal rate and can be regenerated, which is considered to be the best method for 81 

phosphate removal (Fang et al., 2015; Ge et al., 2016; Qiu et al., 2017). 82 

In previous studies, many adsorbents have been developed for phosphate 83 

adsorption. The main active ingredients are La, Ce, Al, Fe, etc. (Cui et al., 2016; Ko et 84 

al., 2016; Tian et al., 2009; Zhang et al., 2012). However, lanthanum (La)-based 85 

adsorbents are considered to be the most effective materials for phosphate adsorption 86 

due to their strong affinity, high selectivity, wide pH range, good metal stability, and 87 

strong anti-interference ability (Huang et al., 2014a). They not only have a strong 88 

affinity for trace phosphate, but are insensitive to oxidation-reduction conditions, and 89 

are cost-effective (Spears et al., 2014, Haghseresht et al., 2009). 90 
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In the past, there have been many studies on the removal and recovery of 91 

phosphate from water and wastewater by La-based adsorbents, For example, Zhi et al. 92 

(2020) studied the phosphate removal of lanthanum (III)-containing materials (LM) in 93 

laboratory and field scale applications, and analyzed the potential impact of LM on 94 

the ecosystem. Razanajatovo et al. (2021) reviewed the effect of synthesis techniques 95 

on the physicochemical properties and adsorption behavior of lanthanum-based 96 

nanomaterials (La-NMs). The possible adsorption mechanism, regeneration efficiency 97 

and application of phosphate to La-NMs in real environment were also introduced. 98 

However, the influence of lanthanide forms in La-based adsorbents on phosphate 99 

adsorption is still unclear. This article aims to review phosphate adsorption by La-100 

based absorbents in the past 10 years. In Chapter 2, the different lanthanum forms of 101 

La-based adsorbents and their carriers are introduced. Meanwhile, the kinetics and 102 

thermodynamic characteristics of phosphate adsorption by La-based adsorbents are 103 

analyzed. In Chapter 3, the cost of La-based and other conventional adsorbents was 104 

compared. In Chapter 4, the adsorption mechanisms of La-based adsorbents are 105 

summarized. In Chapter 5, the studies on desorption regeneration and direct 106 

utilization of La-based adsorbents are reviewed. In this paper, a comprehensive 107 

comparison of La-based adsorbents is given, which will provide an important basis 108 

for researchers to choose materials for phosphate removal and recovery. 109 

2. Phosphate removal by lanthanum-based adsorbents 110 

Various metals have been used to synthesize phosphate-absorbing materials such 111 

as Al, Ca, Ce, Fe, La, Mg, Zn, and Zr. However, lanthanum (La), a rare earth element, 112 
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has a higher affinity for phosphate than other metal elements, and the cost of La-based 113 

adsorbents is relatively reasonable, so it is widely used to develop adsorbents. The 114 

existing forms of lanthanum in the La-based adsorbents are as follows: lanthanum 115 

oxide/hydroxide, lanthanum mixed metal oxide/hydroxide, lanthanum carbonate, La3+, 116 

lanthanum-based metal-organic framework (La-MOF) and La-MOF derivatives. The 117 

effects of La-based adsorbents on different lanthanum forms in phosphate adsorption 118 

are described in detail below.  119 

The current existing carriers include: (1) biochar and activated carbon (Wang et 120 

al., 2016a); (2) carbon nanotubes (Zong et al., 2017); (3) graphene (Chen et al., 2016); 121 

(4) clay minerals (Huang et al., 2014a; Kong et al., 2018); (5) porous silicon (Chen et 122 

al., 2019; Wu et al., 2019; Yang et al., 2012; Yang et al., 2011); (6) polymers (Dong et 123 

al., 2017; He et al., 2015; Li et al., 2020a; Lin et al., 2020b; Liu and Zhang, 2015; 124 

Zhang et al., 2011; Zhang et al., 2016; Zhao et al., 2020); (7) industrial and 125 

agricultural waste (He et al., 2017; Liu et al., 2019a; Wang et al., 2016b; Xie et al., 126 

2014a; Zong et al., 2018; Xie et al., 2014b). Carriers loading can not only make the 127 

material has good recovery effect, but also increase the phosphate adsorption 128 

performance. The reason for this result is these carriers have the advantages of large 129 

specific surface area or rich pores, and lanthanum can be fixed in the structure, 130 

making the active site of lanthanum evenly distribute.  131 

The maximum adsorption capacity (Qm), experimental conditions, specific 132 

surface area (BET), average pore diameter (APD), pore volume (PV), La content, 133 

kinetic model, isotherm model and adsorption mechanism of different La-based 134 
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adsorbents with the form of lanthanum (lanthanum oxides/hydroxides, lanthanum 135 

mixed metal oxide/hydroxide, lanthanum carbonate, La3+, La-MOFs and La-MOFs 136 

derivative) are presented in Table S1-S5, respectively. 137 

2.1 Adsorbents in the form of lanthanum oxides/hydroxides 138 

2.1.1 Lanthanum oxides/hydroxides 139 

The currently existing phosphate-adsorbing metal oxides or hydroxides are 140 

mainly formed by trivalent and tetravalent metals such as Fe, Al, Mn, La, and Zr, 141 

which also known as hydrated oxides or hydroxides. Among them, lanthanum oxides 142 

or hydroxides are considered to have a better affinity for phosphate than other oxides 143 

or hydroxides, and the adsorption performance is not disturbed in a wide pH range (3-144 

11) (Lurling et al., 2014; Xie et al., 2015). For example, Xie et al. (2015) studied the 145 

adsorption performance of activated alumina (MO) and lanthanum oxide (LO). The 146 

Langmuir model showed that the phosphate adsorption capacities by MO and LO 147 

were 20.88 and 46.95 mg PO4
3-/g (6.8 and 15.31 mg P/g), respectively. MO could 148 

only remove phosphate efficiently under acidic conditions with pH<5.0, while the 149 

range of LO was pH<10.5. The experiment showed that when the initial phosphate 150 

concentration was 5.0 mg P/L, reducing the phosphate concentration to <0.5 mg P/L 151 

only required the addition of LO 0.08-0.1 g/L, while MO required 1.2 g/L. 152 

Studies have shown that the preparation method of amorphous metal hydroxide 153 

is simple and they have better phosphate adsorption capacity than that of crystalline 154 

metal hydroxide. The reason is that the synthesized material has a larger specific 155 
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surface area and more hydroxyl groups on the surface (Chitrakar et al., 2006; Lin et 156 

al., 2019a). For example, Xie et al. (2014a) synthesized amorphous lanthanum 157 

hydroxide (LH) using waste lye as raw material and compared its adsorption of 158 

phosphate with commercial lanthanum hydroxide. The results showed that the 159 

removal rate of amorphous LHs to 5 mg P/L in actual effluent is above 99%, while the 160 

removal rate of industrial LH is only 90%. 161 

The optimization of operating parameters can lead to the formation of materials 162 

with different particle sizes, which will affect the adsorption of phosphate. Fang et al. 163 

(2018b) synthesized novel lanthanum hydroxide (LH) with a structure length of 124-164 

1700 nm by controlling the molar ratio of La/OH using precipitation and 165 

hydrothermal methods. As the molar ratio of La/OH increased from 1 to 10, the length 166 

of the synthesized LH was greatly shortened to 1700±103 nm, 200±20 nm, and 124±6 167 

nm (named LH-1, LH-2, and LH-3, respectively). Kinetic results showed that LH-3 168 

had the highest k value because of its smaller particle size and larger specific surface 169 

area, which can be confirmed by scanning electron microscopy (SEM) and BET. The 170 

adsorption capacity of LH-3 in water distribution and actual sewage was 170.1 mg P/g 171 

and 111.1 mg P/g, respectively. 172 

In addition, different morphologies also affect the phosphate adsorption 173 

performance. For instance, Liu et al. (2017) prepared three kinds of micro/nano 174 

materials (namely, nano-needle, nano-polyhedron, and nano-sphere) of La2O3 175 

hierarchical structure for removing phosphate from the microbial culture medium. 176 

Studies have shown that spherical La2O3 has the best phosphate removal ability.  177 
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Mesoporous materials have a controllable morphology, and they are widely 178 

concerned because of their large specific surface area and abundant active sites. Kim 179 

et al. (2019) prepared ordered mesoporous lanthanum oxide (MLHO) using a hard 180 

template method, in which the size and distribution of pores were controlled mainly 181 

by adjusting the template structure and synthesis conditions. The material can quickly 182 

remove low concentration of phosphate within 10 min, and its maximum adsorption 183 

capacity is 109.41 mg P/g by using Langmuir simulation. 184 

Lanthanum oxide and hydroxide have high adsorption capacity for phosphate, 185 

but they exist in the form of powder, which limits their separation and leads to high 186 

recovery cost. There are several ways to overcome this difficulty: (1) load the carrier 187 

on lanthanum oxide and hydroxide to form larger particles, and then settle by gravity. 188 

(2) make lanthanum oxide and hydroxide magnetic and then separate them from water 189 

using magnets. (3) preparing thin film materials to reduce recovery costs. 190 

Biochar has a wide range of sources, low cost, environmental friendliness, 191 

resource utilization and easy availability, and it is considered as a potential adsorbent 192 

for adsorbing inorganic and organic pollutants in water (Yang et al., 2017a). The 193 

sources of biochar can be roughly divided into agricultural waste, plant waste, animal 194 

waste and sewage sludge (Chen et al., 2011). At present, some researchers have 195 

discussed the biochar application in pollutant removal. However, the surface of 196 

biochar is generally negatively charged and has little exchange capacity for phosphate 197 

and other anions, so the adsorption performance is not ideal. Interestingly, straw 198 

biochar contains a large amount of active hydroxyl groups, which can be easily 199 
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grafted with various charged functional groups to become a better host material. For 200 

instance, Qiu et al. (2017) functionalized wheat straw (Ws) with quaternary 201 

ammonium salt groups (Ws-N), and then compounded it with lanthanum oxide to 202 

form a new adsorbent (Ws-N-La), in which La (III) oxide was uniformly dispersed in 203 

the biomass matrix in the form of rod-shaped nanoparticles. The results showed that 204 

Ws hardly adsorbed phosphate, the adsorption capacities of Ws-N and Ws-N-la were 205 

19.6 and 67.1 mg P/g, respectively, which indicated that the quaternary ammonium 206 

salt modification increased the phosphate adsorption due to electrostatic action, and 207 

the introduction of lanthanum oxide enhanced the specific phosphate adsorption. 208 

The biochar pyrolysis conditions, especially the pyrolysis temperature, will 209 

affect the adsorption performance of biochar and then affect the phosphate adsorption 210 

performance of lanthanum-modified biochar. Wang et al. (2015) prepared a series of 211 

oak sawdust biochars by pyrolysis with and without LaCl3 at the temperature of 300-212 

600℃. The results showed that the adsorption capacity of biochar obtained from 213 

pyrolysis at 500℃ (CK-BC) was 10.33mg P/g. After modification with lanthanum, 214 

the adsorption capacity increased to 46.52 mg P/g which was 4.5 times higher than 215 

that of CK-BC. At the same time, the participation of LaCl3 can retain more O, which 216 

means that more oxygen-containing functional groups will be formed in La-biochar. 217 

FT-IR and SEM-EDS revealed that the higher adsorption performance might be the 218 

reason for the formation of La2O3 caused by the addition of LaCl3 and the increase of 219 

basic functional groups after pyrolysis. In order to facilitate the separation of the 220 

adsorbent from water, Liao et al. (2018) prepared La(OH)3 modified magnetic 221 
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pineapple biochar (Lax-MC) with a maximum adsorption capacity of 101.16 mg P/g, 222 

which was 27 times than that of the original pineapple biochar and had a good 223 

magnetic recovery performance. 224 

Activated carbon is formed after biochar activation, the activation process is 225 

generally divided into physical methods (water vapor, carbon dioxide) and chemical 226 

methods (potassium hydroxide, phosphoric acid). Some studies have shown that the 227 

formation of mesoporous structures on activated carbon material can prevent the 228 

pores from blocking during the phosphate adsorption. Tang et al. (2019) prepared a 229 

series of mesoporous rice husk biochar RHBCs (named RHBC without boiling in 230 

NaOH solution, named RHBC3 and RHBC9 for boiling in NaOH solution for 3 h and 231 

9 h, respectively), and then modified them with lanthanum hydroxide (named La-232 

RHBC, La-RHBC3 and La-RHBC9, respectively). With the extension of boiling time, 233 

the content of silicon in the material decreases sharply, which might be due to the 234 

formation of mesopores caused by the dissolution of the SiO2. However, when the 235 

time was too long, the mesopores would be destroyed to some extent (Shen et al., 236 

2014). The average pore widths of the three adsorbents were 4.0 nm, 5.8 nm, and 5.9 237 

nm, respectively, while the ion radius of La3+ was 0.1032 nm and the hydration radius 238 

was 0.452 nm (Tansel et al., 2006). Therefore, La could diffuse into the mesopores 239 

and macropores of RHBCs, which can prevent hollow blockage during the adsorption 240 

process. 241 

Multi-walled carbon nanotubes (MWCNTS) have a hierarchical structure and 242 

high specific surface area, which can avoid agglomeration of nanoparticles. Studies 243 
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have shown that metal-loaded MWCNTs composites have larger surface area and 244 

better orientation. Zong et al. (2017) carboxylated multi-wall carbon nanotube 245 

adsorbents modified by lanthanum hydroxide (MWCNTs-COOH-La). In the 246 

experiment, the phosphate adsorption capacity of MWCNTs-COOH and MWCNTs-247 

COOH-La were 2.63 and 48.02 mg P/g, respectively, and it could be seen that the 248 

adsorption performance after modification was significantly improved. 249 

In the presence of humic acid, lanthanum is easy to complex with humic acid, 250 

resulting in a decrease of phosphate adsorption capacity, so it is very important to 251 

improve the compatibility between adsorbent and humic acid. Koilraj and Sasaki 252 

(2017) used glucose to synthesize porous carbon and then compounded it with 253 

lanthanum hydroxide to form La-PC. Studies showed that it not only can resist to 254 

humic acid, but also has twice the ability to adsorb phosphate in seawater than 255 

synthetic water. The possible reason was the presence of Ca2+ and Mg2+ in seawater, 256 

and the existence of these two cations enhanced the phosphate precipitation. 257 

To make the material magnetic and easy to separate, Wu et al. (2017) synthesized 258 

magnetic La(OH)3/Fe3O4 nanocomposites with different lanthanum-iron mass ratios 259 

by precipitation and hydrothermal methods. When the mass ratio of La: Fe was 4:1, 260 

this nanocomposite had magnetic separation efficiency of more than 98%, and could 261 

quickly adsorb phosphate in 30 minutes, with maximum phosphate adsorption 262 

capacity of 83.5 mg P/g. 263 

Fe3O4 is easy to oxidize and has poor stability, so some people use an inert shell 264 

to coat and form a core-shell structure. Liu et al. (2018) synthesized carbon-coated 265 
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Fe3O4(MFC) by hydrothermal method and then modified it with lanthanum hydroxide 266 

to prepare MFC@La(OH)3 to adsorb phosphate. Similarly, Wang et al. (2019a) used 267 

ilmenite and coconut shell activated carbon as raw materials to produce nZVI loaded 268 

particles under microwave radiation and then introduced lanthanum to produce a new 269 

magnetic three-dimensional flower-like substance La@Fe/C. The presence of 270 

activated carbon not only reduced the agglomeration of nZVI, but also effectively 271 

controlled its oxidation. 272 

Mostly components used to synthesize magnetic materials are Fe3O4, but the 273 

synthesis process of Fe3O4 is complex and high cost, so some researchers choose 274 

magnetite (Mag) which is rich in nature. Fang et al. (2018a) synthesized 275 

magnetite/lanthanum hydroxide [M-La(OH)3] using a simple one-pot method for the 276 

fixation and recovered phosphate in lakes. Experiments showed that the phosphate 277 

adsorption capacity of M-La(OH)3 could reach 52.7 mg P/g at pH 7.0. Subsequently, 278 

Lin et al. (2019b) studied the effect of magnetite/La(OH)3 on the immobilization of 279 

mobile phosphorus (Mob-P) and bioavailable phosphorus (Bio-P) in the sediment. 280 

However, the direct use of natural Mag will affect its effect, Fu et al. (2018) first 281 

dissolved Mag in an acidic solution to form a large amount of surface hydroxyl nano-282 

ferrite (Fh), and then modified it with lanthanum oxide to synthesize magnetic 283 

Mag@Fh-La composite, which had a maximum adsorption capacity of 44.8 mg P/g. 284 

At present, the separation of membrane and water is relatively easy, and many 285 

processes use this method to adsorb pollutants. Chen et al. (2018) prepared 286 

polyvinylidene fluoride composite membrane material (La(OH)3-PVDF) loaded with 287 
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La(OH)3. It could retain 16 kDa molecular weight, had good filtration property and 288 

the adsorption capacity was up to 256.6 mg P/g (La). The preparation of this 289 

composite membrane provides a reference for the simultaneous removal of organic 290 

matter and phosphate in water. 291 

2.1.2 Lanthanum mixed metal oxide/hydroxide 292 

2.1.2.1 Lanthanum mixed metal oxide/hydroxide 293 

According to reports, the combination of different metal cations can better form 294 

heterogeneous composite materials. Therefore, many researchers combine different 295 

metals with lanthanum to form binary, ternary, or even polymetallic adsorbents to 296 

adsorb phosphate. 297 

It has been reported that bimetallic oxides generally have better phosphate 298 

adsorption properties than single metal oxides (Adak et al., 2017; Cai et al., 2018; 299 

Zhou et al., 2018). Magnesium (Mg) is a common element in the synthesis of LDH, 300 

but the cost of pure Mg salt is relatively high. Cristobalite, as a magnesium mineral, is 301 

more economical than magnesium oxide. Kong et al. (2019) used a simple 302 

hydrothermal method to synthesize a three-dimensional needle-like PC@La 303 

nanocomposite made of Mg-La with periclase and lanthanum salt. The results showed 304 

that the phosphate adsorption capacity of PC@La-1.0 could reach 107.34 mg P/g. 305 

More importantly, it could be used to adsorb fluoride, which provided a new idea for 306 

the simultaneous removal of phosphate and fluorine. Aluminum (Al) compounds are 307 

also widely used for phosphate adsorption, but they can only adsorb well at a specific 308 

Jo
urn

al 
Pre-

pro
of



 

16 

 

pH and it is easy to desorb phosphate in an alkaline environment. Therefore, some 309 

researchers have proposed that the combination of lanthanum and aluminum materials 310 

can improve the pH limitation, making them available in wider pH range. Xu et al. 311 

(2017) prepared the La/Al hydroxide composite (LAH) by co-precipitation method. 312 

The phosphate adsorption capacities at pH 4.0 and 8.5 were 76.3 and 45.3 mg P/g, 313 

which was 8.5 and 5.3 times higher than commercial La-modified bentonite. And 314 

studies showed that phosphate would preferentially bind to Al under weakly acidic 315 

conditions (pH 4.0) and preferentially to La under alkaline conditions 316 

In addition, ternary or quaternary oxides and hydroxides containing lanthanum 317 

have also been extensively studied. Abebe et al. (2017) prepared Fe-Al-Mn ternary 318 

oxide nano-materials by the impregnation method. After optimizing the operating 319 

conditions, the phosphate adsorption capacity was 38.46 mg P/g. Lu et al. (2013) also 320 

prepared Fe-Al-Mn trimetallic oxide nano structure adsorbent with Fe-Al-Mn molar 321 

ratio of 3:3:1 by oxidation-coprecipitation. The maximum phosphate adsorption 322 

capacity was 48.3 mg P/g. The adsorption capacity of the latter is higher than that of 323 

the former, because the oxides generated by the latter are amorphous nanostructures. 324 

Yu and Chen et al. (2015) prepared a composite adsorbent with a Fe: Mg: La molar 325 

ratio of 2:1:1 by precipitation method. The Langmuir isotherm model was fitted to 326 

obtain that the maximum phosphate adsorption capacity at pH 6.0 was 415.2 mg P/g, 327 

which greatly exceeded the previously reported adsorbent. Qiao et al. (2019) 328 

synthesized Fe3O4/Zn-Al-Fe-La-LDH quaternary composite material and ICP-OES 329 

analysis showed that LDH was stable and did not release metal ions. When the initial 330 
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phosphate concentration was 200 mg P/L, the contact time was 24 h and the pH was 4, 331 

the maximum phosphate adsorption was 169.5 mg P/g. 332 

2.1.2.2 Substances modified by lanthanum mixed metal 333 

oxide/hydroxide 334 

Similar to 2.1.1, some researchers use biochar, activated carbon fiber and zeolite 335 

as carriers to compound binary and multi-component La-based materials, which not 336 

only prevents metal ion leakage, but also disperses active sites. 337 

Biochar can play a shielding role in the environment and reduce the leaching of 338 

lanthanum ions. Du et al. (2019) used shaddock peel (SP) as a carrier to load 339 

zirconium and lanthanum hydroxide on it to make SP-Zr-La. Compared with the 340 

quaternary ammonium salt-modified cationic SP, the adsorption loss of SP-Zr-La 341 

(27.2-36.7%) was significantly smaller than that of the quaternary ammonium-342 

modified cation SP (86.2-91.6%) in the presence of competing ions. Interestingly, 343 

despite the presence of humic acid, the stability of lanthanum and zirconium species 344 

had been greatly improved due to the presence of biochar carriers. 345 

Activated carbon fiber (ACF) has a small diameter and large specific surface 346 

area, which can make other materials load evenly. Liu et al. (2013) mixed La and Fe 347 

under alkaline conditions and then loaded them on ACF to form ACF-LaFe, whose 348 

adsorption capacity (29.44 mg P/g) was much higher than that of ACF-LaOH (15.3 349 

mg P/g) or ACF-HFO (12.86 mg P/g) (Zhang et al., 2012; Zhou et al., 2012). And it 350 

has been proposed that the introduction of iron resources into lanthanum materials not 351 
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only retains the high phosphate adsorption, but also improves the disadvantage of the 352 

narrow application range of other metal materials. 353 

Zeolite has a porous structure, a large specific surface area, and can disperse 354 

lanthanum, so it is used as an ideal carrier material (He et al., 2016; He et al., 2017). 355 

Although lanthanum impregnated zeolite (NLZ) and lanthanum modified porous 356 

zeolite (La-Z) have better phosphate adsorption effect, their zero charge points (pHpzc) 357 

are 6.12 and 7.10, respectively. And their surface in alkaline conditions is negatively 358 

charged and can produce electrostatic repulsion, resulting in the decrease of P 359 

adsorption capacity. Therefore, NLZ and La-Z only have good phosphate adsorption 360 

effect in a narrow range (Liu et al., 2013; Zhang et al., 2012). Considering that 361 

multiple metal oxides combined will show their respective advantages of single oxide, 362 

some researchers have compounded multiple metal oxides together to adsorb 363 

phosphate (Abebe et al., 2017; Lu et al., 2013; Yu and Chen, 2015). While MgO and 364 

Al2O3 have higher pHpzc (12.0 and 9.1 respectively), and the cost of Mg and Al is low. 365 

Shi et al. (2019) fixed a trivalent (hydrogen) oxide Mg-Al-La on zeolite to prepare 366 

MALZ. The results showed that MALZ was amorphous and Mg, Al and La are evenly 367 

distributed. Among them, La played a major role in phosphate adsorption. At the same 368 

time, the introduction of Mg and Al promoted La dispersion and enhanced surface 369 

charge of the adsorbent which can make the resulting MALZ have a high pHpzc (10.1). 370 

2.2 Adsorbents in the form of lanthanum carbonate 371 

La compounds are widely used, among which lanthanum carbonate (LC) has 372 
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made good progress as a phosphate binder in the treatment of hyperphosphatemia 373 

because of its low toxicity and good safety, which has been approved for medical 374 

application by the US Food and Drug Administration (He et al., 2013). Koh et al. 375 

(2020) synthesized LC nanorods by hydrothermal method to adsorb phosphate and 376 

experiment results showed that LC had a good adsorption effect in pH 3-8 and the 377 

maximum adsorption capacity could reach 312.5 mg PO4
3-/g (101.88 mg P/g). Wu et 378 

al. (2022) comparatively studied the effects of lanthanum carbonate (LC) and 379 

lanthanum hydroxide (LH) on the migration of phosphate (P) in sediments to 380 

overlying water. The results showed that the adsorption capacity of LC to phosphate 381 

was better than that of LH at pH 5-7, and the amendment of LC to sediment had little 382 

impact on microbial diversity of sediment. Unfortunately, although nanoscale 383 

inorganic materials can be used as an effective adsorbent, they will cause pollution 384 

when they are put into wastewater. To overcome this barrier, the researchers chose to 385 

use lanthanum carbonate to modify a variety of materials to obtain hybrid adsorbents, 386 

such as ion-exchange resins, ferric oxide, carbon nanotubes, zeolite and fibers. 387 

Ion exchange resin is the preferred matrix material because of its high adsorption 388 

and regeneration ability. Sun et al. (2020) fixed nanosized lanthanum carbonate (NLC) 389 

into the pores of macro-porous polyacrylic anion exchanger D213 by in-situ 390 

precipitation method, and prepared a novel nanoscale hybridized NLC@213. Its 391 

maximum adsorption capacity is 53.64 mg/g at 30℃ and there is no obvious capacity 392 

loss during the column adsorption-desorption cycle. 393 

To achieve the purpose of material separation, Hao et al. (2019) prepared 394 
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magnetic NaLa(CO3)2/Fe3O4(MLC) using an improved solvothermal method. In the 395 

experiment, the maximum phosphate adsorption capacity of MLC-21 was 77.85 mg 396 

P/g, the pH range was 4-11. Moreover, the presence of competitive anions and cations 397 

did not affect the adsorption. Finally, the actual sewage was used as an example to 398 

evaluate MLC-21, and it could also get good separation effect. Qu et al. (2020) first 399 

activated biochar with KHCO3 to improve the porosity of adsorbent, then modified 400 

biochar with NaLa(CO3)2 and Fe3O4 to obtained La-Fe-BC with excellent adsorption 401 

performance in the pH range of 3.0-8.0. The maximum phosphate absorption is 402 

330.86 mg/g and the magnetic separation efficiency is 91%. 403 

Kaolinite (HNT) is a kind of aluminosilicate nanotube whose outer surface and 404 

the inner surface are composed of siloxane groups and aluminum hydroxyl groups, 405 

respectively. Based on the specific structure, Wei et al. (2019) co-calcined kaolinite 406 

and oxidized lanthanum carbonate (LO) precursors to prepare an adsorbent loaded 407 

activated alumina and LO on the surface of kaolinite. The simultaneous presence of 408 

alumina and LO exhibited excellent phosphate adsorption performance, which can 409 

arrive 130.4 mg P/g. At the same time, it has a good adsorption effect in pH 3-10, and 410 

is not disturbed in the presence of coexisting ions and organic matter. More 411 

importantly, the preparation method was simple and cost-effective, so it could be 412 

further studied in practical application.  413 

The fabrication technology of fiber materials is quite mature and can be used for 414 

large-scale production with equipment that can design very durable fabric materials, 415 

so it can be used as a good carrier. Park et al. (2020) successively placed the cross-416 
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linked polyvinyl alcohol nanofibers in an aqueous solution of lanthanum acetate and 417 

alkali metal carbonate and then leached lanthanum carbonate after 10 cycles. Studies 418 

showed that the lanthanum carbonate produced by K2CO3 and Cs2CO3 had higher 419 

phosphate adsorption capacity, which could reach 212 and 157 mg P/g, respectively. 420 

Yang et al. (2020; 2021) synthesized a lanthanum carbonate grafted microfiber 421 

composite adsorbent (LC-MC). The optimum pH value is 7-9. After 5 cycles of 422 

adsorption-desorption, the adsorbent can still reach 80% of the original adsorption 423 

capacity, indicating that the adsorbent has good regeneration performance. Then they 424 

applied it to phosphate adsorption under low voltage electrostatic field, with a 425 

maximum adsorption capacity of 47.57 mg PO4
3-/g (14.86 mg P/g). In the presence of 426 

electrostatic field, the adsorption time (equilibrium time 240 min) of LC-MC was 427 

shorter than that of 325 min in the batch reactor (without electric assistance). Zhang et 428 

al. (2016) adopted the carbonization process of electrostatic spinning polyacrylonitrile 429 

nanofibers and embedded LaCO3OH nanoparticles into carbon fibers. LCNF could 430 

not only serve as a trapping agent for phosphate and organic matter, but also achieve 431 

efficient nutrient starvation inhibition and ensure water safety. 432 

ZSM-5 zeolite is a suitable supporting material with strong stability, large 433 

specific surface area, orderly pore structure and large pore volume. These 434 

characteristics make adsorbent evenly dispersed and more efficient. Studies showed 435 

that the porous structure of the carrier material can improve the adsorption 436 

accessibility of lanthanum to phosphate, and the specific structure is conducive to the 437 

crystallization of lanthanum phosphate, which significantly alleviates pore clogging. 438 
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Yang et al. (2021) impregnated nanoscale LC onto ordered porous molecular sieve 439 

ZSM-5 to obtain the adsorbent LC-ZSM-5, which has a high adsorption capacity 440 

(14.67 mg P/g) at pH 3-6, and the adsorption rate reaches 80% of the maximum 441 

adsorption capacity within 150 min. In addition, La leakage during the adsorption 442 

process is less than 0.3 mg/L, which shows a high stability. 443 

2.3 Adsorbents in the form of La3+ 444 

At present, the main carriers of La-based adsorbents in the form of lanthanum 445 

ions (La3+) are carbon materials (biochar, hydrothermal carbon), clay minerals, porous 446 

silicon, polymers, industrial wastes, and others. 447 

2.3.1 Carbon material as carriers of La3+ 448 

The adsorption of phosphate by metal modified biochar has attracted wide 449 

attention. Studies have shown that the treatment methods of metal salts and biochar 450 

have a great difference in phosphate adsorption. Li et al. (2020b) modified sludge 451 

biochar by impregnation-coprecipitation method to adsorb phosphate. The metal salts 452 

are MgCl2, CaCl2, AlCl3, FeCl3, and La(NO3)3. The materials were then prepared 453 

using four routes, in which biochar immersed in metal salts and treated with alkaline 454 

solution had a better adsorption effect on phosphate, route Ⅳ (Fig. 1). Xu et al. (2019) 455 

prepared La-containing lignocellulose biochar using wetland plant litter composition 456 

and the response surface method was used to optimize the operating parameters. The 457 

experiment results showed that La-biochar had strong pH compatibility between pH 458 

Jo
urn

al 
Pre-

pro
of



 

23 

 

3-12 and the maximum adsorption capacity was 36.06 mg P/g. 459 

 460 

Fig. 1. Preparation methods of metal-doped biomass-derived carbon materials. Fig. 1 is 461 

reproduced from ref. Li et al. (2020b). 462 

 463 

Hydrothermal carbonization (HTC) can develop functional materials with 464 

economic benefits by utilizing temperature and pressure generated in solution 465 

treatment. Dai et al. (2014) prepared the straw by lanthanum pretreatment to 466 

synthesize EHC by a simple one-step hydrothermal method and P adsorption capacity 467 

was significantly higher than that of La(OH)3 and the original straw. 468 

To solve the separation problem between adsorbent and water, Wang et al. 469 

(2019b) obtained magnetic biochar doped with Ce and La (named La/Fe3O4-BC and 470 

Ce/Fe3O4-BC respectively) by coprecipitation. The P adsorption capacity of La/Fe3O4-471 

BC was 20.5 mg P/g, which were 2.9 and 1.6 times of Fe3O4-BC (7.7 mg P/g) and 472 

Ce/Fe3O4-BC (12.5 mg P/g), respectively. It can be seen that La-based materials have 473 

a greater affinity for phosphate than cerium-based materials. 474 

2.3.2 Clay minerals as carriers of La3+ 475 

Lanthanum-modified bentonite (LMB, Phoslock®) is currently widely used as a 476 
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phosphate-locking agent because the combination of Phoslock® and P is very stable 477 

under the common pH and redox conditions of natural water (Haghseresht et al., 478 

2009). Egemose et al. (2010) used aluminum (Al), Phoslock®, and a mixture of 479 

aluminum and bentonite (Al/Ben) to conduct an indoor study on the resuspension 480 

problem of the restoration effects of three shallow lakes in Denmark. Phoslock® and 481 

Al/Ben increased sediment stability by 265% and 101%, respectively, while Al did 482 

not stabilize the sediments. Dithmer et al. (2016) used LMB to conduct a joint field 483 

and laboratory-scale study on 10 European lakes from 2006 to 2013, which showed 484 

that the P release in sediments was effectively controlled within 2 to 9 years after 485 

treatment. Kurzbaum et al. (2017) used Phoslock® to treat phosphate wastewater in 486 

fish ponds and achieved a removal rate of 94% within 150 min. 487 

Previous studies only focused on the effect between phosphate and LMB, while 488 

the iron redox cycle is the main way to control phosphate migration in sediments. 489 

Ding et al. (2018) studied the adsorption of LMB in the presence or absence of iron 490 

(II) and its influence on P fixation. The results showed that during the 518 h 491 

equilibrium process, the iron preloaded LMB effectively retained P, while in the LMB 492 

without Fe preloaded, up to 16.7% of the adsorbed P was desorbed. This study 493 

revealed the iron cooperative adsorption and provided a new idea for the mechanism 494 

of P immobilization by LMB.  495 

Ferric chloride could be used as a flocculant for cyanobacteria, Waajen et al. 496 

(2016) studied the eutrophication of Lake De Kuil in the Netherlands from 2009 to 497 

2014 by combining ferric chloride and Phoslock®. The results showed this combined 498 
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method not only eliminated the cyanobacterial biomass in water, but also intercepted 499 

the phosphate released from the bottom sediments, which greatly improved the water 500 

quality. Kurzbaum and Bar Shalom (2016) used La-modified bentonite to remove 501 

phosphate from dairy wastewater and municipal sewage. Studies showed that 502 

increasing the dosage or prolonging the contact time could better remove phosphate 503 

because of the existence of some dissolved organic matter in the wastewater. 504 

Phoslock® has been widely used in the field of lake restoration, but 505 

environmental samples from phosphate and lanthanum synthesis have not been 506 

reported. Therefore, it is uncertain in what form phosphate and lanthanum are fixed. 507 

Considering that there was very little information about the local structure of 508 

lanthanum in bentonite and its reaction with phosphate, Dithmer et al. (2015) studied 509 

the adsorption mechanism, products, and the morphology of lanthanum-phosphate in 510 

bentonite through solid nuclear magnetic resonance (SSNMR), extended X-ray 511 

absorption (EXAFS) and powder X-ray diffraction (PXRD) through the adsorption 512 

experiment of bentonite and phosphate. Studies have shown that phosphate and 513 

lanthanum are fixed in the form of LaPO4ˑnH2O, n≤3. 514 

Humic substance (DOC) is common in eutrophic water, and its presence will 515 

affect the removal effect of Phoslock® on filterable reactive phosphorus (FRP). 516 

Lurling et al. (2014) studied the active phosphorus removal effect of DOC in the 517 

short-term (1 d) and long-term (42 d) environments. The results showed that the 518 

removal ability of humus to FRP decreased in both short-term and long-term 519 

experiments, but the declining capacity in long-term experiments was less than 520 
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predicted by the model. Other researchers have found similar phenomena (Lurling and 521 

Faassen, 2012; Ross et al., 2008). 522 

Spinels are minerals composed of magnesium aluminum oxide, which is 523 

superparamagnetic properties and can be separated from water under the action of an 524 

external magnetic field, but its P adsorption properties are limited. Gu et al. (2018) 525 

prepared a new magnetic adsorbent of copper ferrite (CuFe2O4) modified by 526 

lanthanum and 1,6-hexamethylenediamine. The maximum P adsorption capacity 527 

could achieve 32.59 mg P/g. 528 

2.3.3 Porous silica as carriers of La3+ 529 

Silicon oxide has the characteristics of non-toxicity, highly ordered structure, 530 

large specific surface area, adjustable pore size, and high functionality. It has been 531 

widely used in drug delivery, catalysis, and storage (Fang et al., 2013; Li et al., 2009; 532 

Zhu et al., 2005). Huang et al. (2014b) first prepared ordered mesoporous silica 533 

hollow spheres doped with lanthanum. The adsorption results showed that the pure 534 

ordered mesoporous hollow silica particles could hardly adsorb phosphate and the 535 

maximum adsorption capacity of the adsorbent could reach 47.89 mg P/g. 536 

It has been reported that flower-like mesoporous silica spheres (FMS) have 537 

narrow inner pores and wide outer pores, which not only have good diffusion 538 

characteristics, but also can load a large number of active sites on the surface. Huang 539 

et al. (2015) synthesized La-doped flower-like mesoporous silica ball adsorbent 540 

(FMS-xLa), which had a higher La utilization rate. In addition, MCM-41 is a 541 
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mesoporous molecular sieve with clear and order pore distribution, a large specific 542 

surface area, and a large pore volume. Zhang et al. (2010) prepared La25M41 by 543 

doping lanthanum into MCM-41 using the sol-gel method, with a maximum 544 

adsorption capacity of 22.0 mg P/g. However, the cost of synthesizing this adsorbent 545 

is relatively high, and it is not suitable for the economical adsorption of phosphate. 546 

2.3.4 Polymers as carriers of La3+ 547 

Chitosan is a non-toxic, antibacterial and bioavailable natural polymer material, 548 

which is rich in hydroxyl groups and amine groups. Karthikeyan et al. (2019) 549 

synthesized lanthanum-doped chitosan film (La@CS) by casting method, which could 550 

simultaneously adsorb phosphate and nitrate. Konjac glucomannan (KGM) is also an 551 

environmentally friendly biopolymer, but it is easily soluble in water and cannot be 552 

used as an adsorbent directly. To overcome this problem, some researchers have 553 

functionalized KGM using cross-linking agents to obtain spherical konjac 554 

glucomannan, most commonly modified to carboxymethyl konjac glucomannan 555 

(CMKGM). Zhang et al. (2018a) used an electronic injection pump to load lanthanum 556 

on CMKGM to make a microsphere adsorbent. Interestingly, its appearance did not 557 

change after being immersed in different pH for 10 days, indicating that the material 558 

was stable, durable, and could be separated well from water. 559 

In recent years, polymer ligand exchangers (PLE) have been widely used 560 

because they are not only effective and selective in adsorption of anions, but also 561 

reusable without loss of efficiency. Du et al. (2018) designed PLE, which was 562 
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prepared by passing LaCl3 solution through a column of Dowex M4195 cation-563 

exchange resin. The PLE can not only remove phosphate and nitrate simultaneously, 564 

but also be undisturbed in the presence of other anions. The column could be readily 565 

regenerated by eluting with 0.1 M hydrochloric acid. 566 

2.3.5 Industrial wastes as carriers of La3+ 567 

Although Phoslock® has been widely used in practice, when the covering layer 568 

is thick, it will hinder the release of oxygen in the sediment and cause an increase in 569 

the redox potential. And fly ash has a unique performance, its surface can carry a large 570 

number of active sites. Goscianska et al. (2018) used fly ash as raw material to 571 

develop zeolite and then modified it with lanthanum ions to synthesize LMZ. With the 572 

increase of lanthanum content, the phosphate adsorption performance also increased. 573 

Subsequently, Wang et al. (2017) simulated the phosphate control behavior of LMZ in 574 

the water-sand system and found that when the environment was under high pH and 575 

hypoxia, the P release in the sediments was enhanced, and the released P would be 576 

transformed into stable P by LMZ. Remarkably, LMZ not only has great potential for 577 

controlling phosphate load in lakes, but also can adsorb cationic pollutants. 578 

2.3.6 Other materials as carriers of La3+ 579 

Layered chalcogenide is a promising new adsorbent, but according to the hard 580 

and soft acids and bases (HSAB) theory, its sulfur atom is hard basic, and the 581 

phosphate is also hard basic, so it is difficult to remove phosphate. To expand the 582 
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application, Li et al. (2019) modified with three ions of La, Ca, and Mg, and results 583 

showed that La modified has the best P adsorption capacity and higher selectivity. 584 

Magnetic materials are easy to separate and widely developed, but Fe3O4 585 

nanoparticles are easy to oxidize and aggregate. EDTA has a high affinity for Fe3O4, 586 

coating EDTA on Fe3O4 can prevent the aggregation of nanoparticles and enhance the 587 

stability of nano-dispersion. Yang et al. (2013) prepared La-EDTA-Fe3O4 by co-588 

precipitation, its P adsorption rate was 3-1000 times higher than that of EDTA-Fe3O4 589 

and could be quickly separated by permanent magnets. 590 

2.4 Adsorbents in the form of La-MOFs and La-MOFs derivative 591 

Metal-organic Frameworks (MOFs) are periodic, networked, and porous 592 

crystalline material formed by the self-assembly of inorganic or organic ligands and 593 

metal ions or metal clusters through coordination bonds. In the past few decades, 594 

metal-organic framework materials have been widely used in the fields of pollutant 595 

removal (Audu et al., 2016; Bai et al., 2016; Haque et al., 2013; Hasan and Jhung, 596 

2015), gas adsorption separation (Hu et al., 2014), catalysis (Zhu and Xu, 2014), 597 

biological drug carrier (Zhou et al., 2017) and sensing (Tang et al., 2014) due to their 598 

advantages such as large specific surface area, abundant adsorption sites, adjustable 599 

pore size, and diverse structures. Liu et al. (2016) prepared La-based metal-organic 600 

frameworks (La-MOFs) by hydrothermal method and results showed the maximum P 601 

adsorption capacity was 142.04 mg PO4
3-/g (46.30 mg P/g). Using the same method, 602 

Luo et al. (2020) successfully synthesized magnetic amino-functionalized lanthanum 603 
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metal-organic framework (Fe3O4/NH2-La-MOF nanocomposite) by changing the 604 

ligand from terephthalic acid to amino terephthalic acid. Results showed that the 605 

introduction amino groups enhanced phosphate adsorption performance and the max 606 

sorption capacity was 111.22 mg P/g. 607 

In general, doping is a method to improve the adsorption performance, because it 608 

can generate more adsorption sites, for example, the doping of metal Ce and Pt can 609 

improve the adsorption capacity of the gas (Ebrahim and Bandosz, 2013; He et al., 610 

2014). Min et al. (2019) synthesized UiO-66 doped with La-MOFs (La-BDC) using a 611 

simple solvothermal reaction. The results showed that the doping of La-BDC had a 612 

great influence on UiO-66, including partial disappearance of crystal surface, 613 

reduction of specific surface area, and even complete deformation of morphology. 614 

However, compared with La-BDC, the coordination number of La-BDC-doped UiO-615 

66 and terephthalic acid was reduced from 7 to 6, which increased the adsorption sites 616 

and enhanced the phosphate adsorption which can arrive 348.43 mg PO4
3-/g (113.59 617 

mg P/g). 618 

The application of metal-organic framework materials has attracted wide 619 

attention in many fields, and they can be calcined to obtain different MOF derivatives 620 

such as porous carbon, metal, and metal oxide materials. In La-MOF precursor, most 621 

of the La sites are occupied by ligands, and calcination can expose more La active 622 

sites. Zhang et al. (2017) first synthesized lanthanum metal-organic framework 623 

[La(1,3,5-BTC)(H2O)6] at room temperature and then calcined the precursor at a 624 

temperature of 400-800℃  to obtain the product La2O2CO3. Among them, the P 625 
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adsorption performance was the best at 500℃, and it can reach 173.8 mg P/g.  626 

To prevent the infiltration of La-based adsorbents into the water and adversely 627 

affect aquatic organisms, Zhang et al. (2018b) prepared carbon-coated lanthanum 628 

nanorods (C-La-MOF) after hydrothermal carbonization of glucose and La-MOF and 629 

adjusted the thickness of the carbon layer mainly by changing the hydrothermal time. 630 

This preparation method not only has a good phosphate adsorption ability, but also 631 

has the lowest risk of lanthanum leakage. Therefore, it is very important to control the 632 

thickness of the carbon layer reasonably. Not only that, C-La-MOF can 633 

simultaneously control phosphate and organic carbon as nutrients for microbial 634 

growth, achieving an antibacterial strategy of bacterial nutrition starvation. 635 

2.5 Discussion of phosphate removal based on different forms of 636 

lanthanum 637 

At present, the lanthanum existing forms in La-based adsorbents are mainly 638 

La(OH)3, La2O3, La3+, La2(CO3)3, La-MOFs and La-MOFs derivatives, mostly in the 639 

form of lanthanum oxide and lanthanum hydroxide, La3+, followed by lanthanum 640 

carbonate state, and La-MOF and La-MOF derivatives emerged in recent 10 years 641 

(Fig. 2a). Multi-metal composites have higher adsorption capacity, such as Fe-Mg-La 642 

composite (415.2 mg P/g), LaFeO3/biochar (228.17 mg P/g), and Fe3O4/Zn-Al-Fe-La 643 

(169.5 mg P/g). 644 

The specific surface area (BET), average pore diameter (APD), pore volume 645 

(PV), adsorption capacity and La content of the adsorbent were collected and 646 
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analyzed using principal component analysis (Fig. 2b). Among all the parameters 647 

analyzed, PV, lanthanum content and adsorption capacity tend to cluster together. This 648 

result suggests that between pore volume, lanthanum content and phosphate 649 

adsorption capacity have a positive correlation, indicating the increase of La content 650 

and PV will lead to the increase of phosphate adsorption. 651 
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Fig. 2. (a) P adsorption capacity of La-based adsorbents with different lanthanum forms, (b) 654 

Principal component analysis (PCA) of specific surface area, average pore diameter, pore volume 655 

and adsorption capacity. 656 

 657 

The pH range of nature or waste water was 6.0-8.5, and according to literature 658 

review, La-ZB, HPAL-LaOH, MCH-La(OH)3-EW, and LC can be taken into account 659 

in practice, while Fe3O4/Zn-Al-Fe-La, La-EDTA-Fe3O4, and La-MOF-500 have 660 

greater advantages in acidic and weakly acidic conditions (Fig. 3). And under 661 

different pH values, there is no obvious law of P adsorption in the adsorbents with 662 

different lanthanum forms, which may be related to the synthetic conditions and 663 

different carriers. And the advantages and disadvantages of La-based materials with 664 
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different lanthanide forms before and after loading carriers are listed in Table S6. 665 
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Fig. 3. P adsorption capacity of La-based adsorbents at different pH. 668 

 669 

It can be seen from Table S1-S5 and S8 in Supplementary Material that most 670 

of the adsorption process of phosphate by La-based adsorbents is in good agreement 671 

with the pseudo-second-order model, and this phenomenon indicates that the 672 
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phosphate adsorption by La-based adsorbents is mainly a chemical adsorption process, 673 

rather than being controlled by the material transport steps (Liu et al., 2015, Kong et 674 

al., 2018). The adsorption isotherms conform to Langmuir model, indicating that the 675 

adsorption process is controlled by homogeneous monolayer behavior (Li et al., 676 

2016a). Thermodynamic parameters, enthalpy (H), entropy (S), and Gibbs free energy 677 

(G), can determine the endotherm and exotherm of the reaction process, the degree of 678 

chaos in the system, and the spontaneity of the reaction (Atkins and Julio, 2006). 679 

Doping calcium, magnesium, and other alkaline earth metals can not only 680 

increase the pHzpc, but also increase the phosphate adsorption capacity, especially for 681 

calcium and magnesium doped adsorbent, which can adsorb phosphate through the 682 

precipitation process. 683 

Loading magnetic materials, other carriers, or preparing film form will facilitate 684 

the recovery and separation of adsorbents. Current magnetic substances contain Fe3O4, 685 

γ-Fe2O3 and natural magnetite, etc., carriers mainly include carbon materials, clay 686 

minerals, porous silicon, polymers, and industrial by-products, etc., and mostly used 687 

membrane materials are polyvinylidene fluoride, etc. They all tend to have large 688 

specific surface areas or pore sizes, which can facilitate the loading of different forms 689 

of lanthanum. Moreover, the polymer itself is positively charged and has amino 690 

groups, which can improve the adsorption effect through electrostatic attraction, but 691 

its selectivity to phosphate is poor. Biochar has a negative charge and produces 692 

electrostatic repulsion when absorbing phosphate. Therefore, the adsorption effect is 693 

generally improved by cation modification. 694 
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Judging from the P adsorption capacity, calcination will affect the adsorption 695 

performance, which is largely related to the morphology of lanthanum in the 696 

lanthanum-containing adsorbents after calcination. On the one hand, a suitable 697 

calcination temperature may have a larger specific surface area, which is beneficial to 698 

phosphate adsorption. For example, the active sites of lanthanum in the La-based 699 

metal-organic framework will be occupied by ligands, and a large number of active 700 

sites of lanthanum will be exposed after calcination, thus facilitating the phosphate 701 

adsorption. In addition, the adsorption capacity of La-containing LDHs is greatly 702 

increased after calcination, which may be due to the memory effect that makes the 703 

phosphate enter the water and restore in LDHs. On the other hand, when the 704 

calcination temperature is too high, the hydroxyl sites will be destroyed during the 705 

calcination process, resulting in the reduction of capacity. 706 

In Table S6 of Supplementary Material, the types of treated water of La-based 707 

adsorbents in different forms of lanthanide is listed. According to the available 708 

literature analysis, it can be seen that the selected objects of types of water applicable 709 

were mostly low concentration phosphate, such as primary and secondary, 710 

sedimentation pond effluent, river water and tap water, domestic sewage effluent, etc. 711 

The phosphate recovery by different materials under the same conditions is very 712 

important. Huang et al. (2022) synthesized lanthanum carbonate/biochar (LCB300) and 713 

lanthanum hydroxide/biochar (LHB800) composites. The results showed that LCB300 714 

and LHB800 had similar maximum adsorption capacities for phosphate (64.3 mg/g and 715 

65.0 mg/g, respectively). However, LHB800 (90-100%) was more selective for P than 716 
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LCB300 (73-99%), and LHB800 was less sensitive to environmental conditions than 717 

LCB300. In addition, the competing ions accelerated the intermediate process of P 718 

adsorption by LHB800, but slightly inhibited the adsorption rate of P by LCB300. These 719 

results indicate that LHB800 shows a great application potential in the recovery of 720 

phosphate from wastewater. 721 

3. Cost comparison of lanthanum-based and conventional 722 

adsorbents 723 

The cost of adsorbents is very important in industrial applications. The cost 724 

evaluation of La-based and conventional adsorbents for phosphate adsorption is 725 

shown in Table 1. It can be seen that although the preparation cost of traditional 726 

adsorbents is low, their phosphate adsorption capacities are much lower than those of 727 

La-based adsorbents (Table S1-S5 in Supplementary Material). In addition, adsorption 728 

equilibrium time of traditional adsorbents is longer, so it is not suitable for large-scale 729 

application for phosphate recovery. Although the preparation costs of La-based 730 

adsorbents are relatively high, they have high phosphate adsorption capacities and 731 

short reaction equilibrium time. Therefore, researchers comprehensively considered a 732 

combination of different forms of lanthanum into other carriers which are traditional 733 

adsorbents mostly. This way can not only disperse the effective active sites of La, but 734 

also reduce the cost of adsorbents. Phoslock® has been widely used in actual water 735 

bodies, and the required price for P removal is 27.9 $/kg P. Xu et al. (2017) developed 736 

a new material LAH and the estimated price is 18.5-25.6 $/kg P, which is cheaper than 737 

Phoslock® by 2.3 $/kg P. This price gap should not be ignored in the practical 738 
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application of phosphate recovery. Therefore, it is necessary to continue to develop 739 

low-cost La-based adsorbents for mass production in the future.740 
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Table 1. Cost comparison between La-based and conventional adsorbents 741 

Adsorbent 

Adsorption 

capacities (mg/g) 

or removal 

efficiency (%) 

Experimental type 

Adsorption-

desorption 

cycles or period 

Water type Cost Price Reference 

LH 107.53 mg/g 

Static adsorption in 

laboratory 

4 Wastewater High - (Xie et al., 2014a) 

La2O2CO3/γ-Fe2O3 134.82 mg/g 

Static adsorption in 

laboratory 

5 

Wastewater and 

Songhua river 

High - (Shan et al., 2020) 

La@201 78.51% Pilot-scale 8 months River water Medium - (Zhang et al., 2021) 

MgFe2O4-BM-La(b) 26.83 mg/g Fixed-bed column 3 

Synthetic secondary 

treatment wastewater 

(STWW) 

Medium - (Wang et al., 2019) 

LC@AER (1:2) 77.43 mg/g Fixed-bed column - River water Medium - (Teea et al., 2022) 

Maize straw BC 9.47 mg/g 

Static adsorption in 

laboratory 

- - Low - (Zhao et al., 2017) 
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Pectin based 

quaternary amino 

anion exchanger (Pc-

QAE) 

31.07 mg/g 

Static adsorption in 

laboratory 

- Wastewater Low - 

(Naushad et al., 

2018) 

Phoslock® 8.6 mg/g - - - - 27.9 $/kg P 

(Xu et al., 2017) 

LAH 45.3 mg/g - - - - 
18.5-25.6 $/kg 

P 

“-” indicates that it is not mentioned in the literature. 742 
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4. Adsorption mechanism of lanthanum-based adsorbents 743 

for phosphate 744 

It can be seen from the table in Chapter 2 that the mechanisms of phosphate 745 

adsorption include electrostatic attraction, ligand exchange, Lewis acid-base 746 

interaction, ion exchange, and surface precipitation. And the specific schematic 747 

diagram is shown in Fig. 4(a). In order to better explain the mechanism, the 748 

morphological distribution of phosphate at different pH conditions is shown in Fig. 749 

4(b). It is important to study the phosphate adsorption mechanism because it involves 750 

the recycling of adsorbents. 751 

 752 

 753 

Fig. 4. (a) The phosphate adsorption mechanisms in La-based adsorbents, (b) The morphological 754 

distribution of phosphate at different pH conditions. 755 

 756 

4.1 Electrostatic attraction 757 

Electrostatic attraction can be divided into two types, one is La-based adsorbents 758 
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are protonated at low pH, and the other is that La-based adsorbents contain positively 759 

charged groups. When pH<pHpzc, the hydroxyl groups on the surface of the La-based 760 

adsorbents are protonated and positively charged (La-OH+H+↔La-OH2
+), which can 761 

promote the phosphate adsorption. On the contrary, pH>pHpzc will produce 762 

deprotonation (La-OH2
+↔La-OH+H+), which is not conducive to phosphate 763 

adsorption (Su et al., 2015, Fig. 4a.Ⅰ ). When the La-based material contains 764 

positively charged groups such as quaternary ammonium salts, the mechanism of 765 

phosphate adsorption involves electrostatic attraction. The reason is that a large 766 

number of positive groups can maintain a positive charge in a wide range of pH, thus 767 

promoting phosphate adsorption. 768 

4.2 Ligand exchange 769 

The phosphate adsorption by La-based adsorbents is mainly carried out by ligand 770 

exchange for intramolecular complexation, which has a strong force and can adsorb 771 

phosphates well even at low phosphate concentrations. The inner sphere complex is 772 

formed when phosphate is adsorbed on the surface of the La-based adsorbent and 773 

forms a covalent chemical bond with lanthanum, thereby releasing OH- or ligand 774 

combined with lanthanum ions. When the La-containing adsorbent contains hydroxyl 775 

groups, the zero charge point (pHpzc) of the La-containing adsorbent will decrease 776 

after phosphate adsorption due to the release of negatively charged OH-(Liao et al., 777 

2018; Liu et al., 2013; Wu et al., 2017; Xu et al., 2017). Further, it can be seen that in 778 

the preparation process of adsorbent, increasing the content of metal hydroxide will 779 
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lead to an increase of surface hydroxide, thereby increasing the active site of 780 

adsorption. The combination of lanthanum and phosphate can be divided into three 781 

types: (1) mononuclear monodentate complex; (2) mononuclear bidentate complex; (3) 782 

binuclear bidentate complex (Fig. 4a.Ⅱ). 783 

4.3 Lewis acid-base interaction 784 

At pH>10, the phosphate adsorption mechanism by ligand exchange and 785 

electrostatic interaction is almost impossible to exist because of pH>pHzpc and 786 

electrostatic repulsion (Zhang et al., 2012). At this time, the Lewis acid-base 787 

interaction is the dominant mechanism. Phosphate has different forms in solution with 788 

different pH, when pH is high, the active sites of lanthanum will react with the oxygen 789 

anions in phosphate to form La-O coordination through the Lewis acid-base 790 

interaction mechanism (Li et al., 2016a, Fig. 4a.Ⅲ). The formation of this process can 791 

be verified by FT-IR. 792 

4.4 Ion exchange 793 

Ion exchange refers to the exchange of ions in solution with ions on the 794 

adsorbent, the purpose is to remove certain ions or specific ions in solution. When 795 

there are ion exchange resins and layered hydroxides (LDH) in the La-based 796 

adsorbents, the adsorption mechanism involves ion exchange (Fig .4a.Ⅳ), which is 797 

reversible and has high selectivity for anions. 798 
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4.5 Surface precipitation 799 

Surface precipitation is also one of the mechanisms of phosphate adsorption. 800 

When the product of solution concentration of each component in the solution 801 

exceeds the solubility product of the precipitate to be formed, precipitation will be 802 

generated. This mechanism has the characteristics of rapid and irreversible 803 

(Loganathan et al., 2014). When the La-based adsorbent contains only lanthanum 804 

metal, LaPO4 precipitation will produce [Ksp=3.7×10-23], and when doped with other 805 

metals, other precipitation will occur, such as calcium, iron, aluminum ，  and 806 

magnesium, etc (Huang et al., 2014a). Their solubility products are 807 

Ksp[Ca3(PO4)2]=2.07×10-33, Ksp(FePO4)=1.3×10-22, Ksp(AlPO4)=5.8×10-19 and 808 

Ksp[Mg3(PO4)2]=1.04×10-24, respectively. Scanning electron microscopy (SEM) and 809 

x-ray diffraction (XRD) provide strong evidence for the formation of surface 810 

precipitates (Wang et al., 2019a, Fig. 4a.Ⅴ). 811 

4.6 Discussion of phosphate removal mechanisms based on different 812 

forms of lanthanum 813 

In order to more clearly express the phosphate adsorption mechanism of various 814 

La-based adsorbents, several mechanism diagrams are described. The main 815 

mechanisms of La-based adsorbents in different lanthanide forms are shown in Fig. 5.  816 

 817 
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 818 

Fig. 5. Possible configurations of phosphate adsorption by (a) lanthanum hydroxide adsorbent 819 

(Zhang et al., 2021), (b) Lanthanum carbonate adsorbent (Zhang et al., 2021), (c) La3+ adsorbent 820 

(Mucci et al., 2020), (d) La-MOF adsorbent (Min et al., 2019). 821 

 822 

In summary, it can be seen that the main adsorption mechanism of La-based 823 

adsorbents in the form of La3+ is precipitation and electrostatic attraction, while other 824 

La-based adsorbents (lanthanum oxides/hydroxides, lanthanum carbonate, La-MOF 825 

and their derivatives) are mainly ligand exchange and electrostatic attraction. 826 

5. Recovery of lanthanum-based adsorbents 827 

5.1 Regeneration of lanthanum-based adsorbents 828 

The recovery performance of adsorbent is a standard to measure whether it can 829 

be used for practical application. The adsorbents must have the following advantages, 830 

such as high adsorption capacity, harmless to the environment, low cost, easy 831 
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availability of raw materials, easy solid-liquid separation, and reusability. Therefore, 832 

studies on phosphate desorption and adsorbent regeneration are particularly important. 833 

The regenerants currently used are acids, alkalis, and alkalis-salts. A summary of 834 

studies on phosphate desorption and adsorbent regeneration is shown in Table 835 

S9.Studies have shown that hydrochloric acid can be used as a regeneration fluid for 836 

adsorbents. Chen et al. (2019) prepared a magnetic-ordered mesoporous silica and 837 

then modified it by lanthanum hydroxide with a maximum phosphate adsorption 838 

capacity of 54.7 mg P/g. The adsorbent was regenerated by 0.1 M HCl and its 839 

adsorption capacity could still adsorb 53.8 mg P/g. Such high adsorption capacity of 840 

the regenerated adsorbent might be because it was only regenerated once. Therefore, 841 

it is necessary to recycle multiple times to determine its regenerating performance. 842 

The researchers' view of alkaline solutions as regenerated liquids is consistent 843 

largely because OH- may exchange with phosphates, which is the opposite of the 844 

adsorption mechanism. Liu et al. (2019a) used 5.0 M NaOH to regenerate 845 

LPC@La(OH)3, and the results showed that phosphate could be almost 100% 846 

removed after the first regeneration. After the second and third cycles, the removal 847 

rate were 93.5% and 92.7%, respectively (still above 90%). The reason for the decline 848 

might be related to the leaching of lanthanum. Liao et al. (2018) used 3 M NaOH to 849 

regenerate La10-MC and the P removal rate was still above 92.93% after 3 cycles. Fu 850 

et al. (2018) used 1 M NaOH to regenerate Mag@Fh-La, and the phosphate 851 

adsorption capacity was still 86% of the initial value after 4 cycles. It was found that 852 

the concentration of alkali solution would affect the desorption effect. Studies have 853 
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shown that increasing the concentration of desorption solution can increase the 854 

amount of phosphate desorption. Du et al. (2019) used 2 wt % and 10 wt % NaOH 855 

solutions to desorb SP-Zr-La composites. After 10 cycles, the recovery rate in 10 wt% 856 

NaOH experiment group is above 90%, while that in 2 wt% NaOH group is 82%. In 857 

addition, Gu et al. (2018) used NaOH solution to study the phosphate desorption of 858 

CuFe2O4-2N-La. The result showed that the increasing NaOH concentration or 859 

desorption temperature could significantly improve the desorption efficiency of 860 

phosphate. 861 

The mixed solution of alkali and salt is also commonly used regenerant for 862 

phosphate desorption. Generally, an alkaline solution can reduce the adsorption of 863 

phosphate, and a salt solution can desorb phosphate by ion exchange. Wu et al. (2019) 864 

used a mixed solution of 3 M NaOH and 1.5 M NaCl to regenerate lanthanum oxide-865 

modified diatomaceous earth, which showed very good reproducibility. After the first 866 

regeneration, the adsorbent had 99% phosphate adsorption capacity, and it could still 867 

reach more than 90% after 5 cycles. Among them, the decrease of phosphate 868 

adsorption might be related to the fact that phosphate was not completely desorbed. 869 

Chen et al. (2018) used 15% wt NaOH and 5% wt NaCl solution to regenerate 870 

La(OH)3 loaded polyvinylidene fluoride composite membrane material, and the 871 

adsorption capacity was still 98% of the initial value after 5 cycles. 872 

5.2 Direct utilization of adsorbent after phosphate adsorption 873 

Studies have shown that compared to commercial fertilizers (Triple 874 
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superphosphate, TSP), the adsorbent after adsorbing phosphate is more conducive to 875 

plant growth. Qiao et al. (2019) compared the metal element ratio of Fe3O4/Zn-Al-Fe-876 

La-LDH before and after phosphate adsorption, and they did not change significantly, 877 

indicating that the material has good stability and the structure of the adsorbent will 878 

not be destroyed after phosphate adsorption. In addition, the growth of soybean under 879 

the application of P-Fe3O4/Zn-Al-Fe-La-LDH and TSP were studied. It was found that 880 

after four weeks, compared with TSP, the wet weight and dry weight of soybean of 881 

the P-Fe3O4/Zn-Al-Fe-La-LDH group increased by 8.02% and 10.42% respectively, 882 

indicating that P-Fe3O4/Zn-Al-Fe-La-LDH could promote plant growth and increase 883 

the biomass of plants. At the same time, the sufficient iron content in the adsorbent 884 

can avoid plants from growing slowly due to iron deficiency. Other studies have 885 

shown that the addition of lanthanum to soil can improve the physical and chemical 886 

properties of the soil. It can make the soil loose and improve the permeability, which 887 

is beneficial to the growth and development of plants (Li et al., 2020). Moreover, it 888 

was found that the content of lanthanum in soybean leaves significantly decreased, 889 

which may be due to the absorption of low concentration of lanthanum by plants, 890 

causing plant growth. Although the addition of lanthanum in the soil can promote the 891 

growth of plants, the risk will exist if the content of lanthanum is too high, so it is 892 

necessary to strictly control the content of lanthanum (Dai et al., 2014; Sun et al., 893 

2013). 894 

In addition, it can be considered that the carbon-containing lanthanum adsorbents 895 

can be directly used by land after adsorbing phosphate because the appropriate 896 
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amount of lanthanum can promote plant growth, and biochar can provide the biomass 897 

carbon source needed for the restoration of soil ecosystems. Therefore, it can be used 898 

as a slow-release fertilizer in agricultural production (Dufour, 2013). For example, 899 

studies showed that adsorbents containing biochar can continue to release phosphate 900 

after adsorbing phosphate, so they can be used as slow-release fertilizers (Fang et al., 901 

2014; Fang et al., 2015; Yao et al., 2013). The destination of P-containing La-based 902 

adsorbents were shown in Fig. 6. 903 

 904 

 905 

Fig. 6. The destination of P-containing La-based adsorbents. 906 

 907 

6. Conclusions and outlook 908 

This paper summarizes the research progress of La-based adsorbents on 909 

phosphate adsorption performance, adsorption mechanism, adsorption kinetics and 910 

thermodynamics, and regeneration performance in the past decades. These La-based 911 

adsorbents have mainly been studied in the laboratory for phosphate adsorption, and 912 

some have carried out column experiments. Researchers should develop adsorbents 913 

with high phosphate adsorption capacity and low cost, which can be used in industrial 914 

production and can be better applied to actual water bodies in the future. 915 
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Among the reviewed La-based adsorbents, lanthanum-modified bentonite 916 

(Phoslock®) in the form of La3+ has been used in practice. Not only that, but the 917 

researchers also used this material to study the concentration of phosphate and 918 

lanthanum in the sediments of 10 lakes in Europe. But Phoslock® takes a long time to 919 

adsorb phosphate, which increases the cost of water treatment. By comparing the La-920 

based adsorbents in the form of lanthanum oxides/hydroxides, lanthanum carbonate, 921 

La3+, La-MOF and La-MOF derivatives, in the form of La-MOF and La-MOF 922 

derivatives have higher phosphate adsorption rate, which can be a development 923 

direction in the future. 924 

It can be seen from Chapter 2 that the La-based materials currently studied are 925 

mainly concentrated on the adsorbents in the forms of lanthanum oxides and 926 

hydroxides. The La-based adsorbents in the form of lanthanum carbonate has a high 927 

adsorption capacity for phosphate, but it needs heating during regeneration. Therefore, 928 

it is necessary to further explore the mechanism of desorption, and find an easy 929 

desorption method. Studies on La-MOF and its derivatives are less, mainly because its 930 

structure, properties, and adsorption mechanism are not yet clear, so it is necessary to 931 

conduct an in-depth study. However, most of the ligands synthesizing lanthanum 932 

metal-organic framework materials are toxic and expensive, which will increase the 933 

cost of synthesizing MOF. Thus, it is a good choice to use a low-cost, 934 

environmentally friendly organic ligand.  935 

In addition, many studies show that by loading the lanthanide adsorbent with 936 

different lanthanide forms on the carrier can develop the compound La-based 937 
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adsorbents with low cost, high utilization rate of lanthanide and excellent adsorption 938 

capacity. Meanwhile, the general characteristics of La-based adsorbents (specific 939 

surface area, average pore diameter, pore volume and lanthanum content) can affect 940 

the phosphate adsorption capacity, revealing lanthanum content and pore volume are 941 

positively correlated with the adsorption performance. 942 

Due to the different experimental methods and conditions conducted by various 943 

researchers, so it is difficult to make a reasonable and fair comparison on the 944 

adsorption performance. Studies show that La-based adsorbents with different forms 945 

of lanthanide contain materials with a wide range of pH application, and future 946 

researches should focus on the specific water types of each type of adsorbent. 947 

Langmuir and Freundlich models are usually used to simulate the maximum 948 

adsorption capacity, because these two models are two-parameter models and are 949 

more convenient to evaluate. However, three-parameter models such as Langmuir-950 

Freundlich can fit isotherm data more accurately, so researchers should use other 951 

three-parameter models more widely for fitting. The pseudo-second-order equation is 952 

often used to determine the adsorption equilibrium time, and ΔG and ΔH are normally 953 

used to reflect if the reaction process is spontaneous or if it is endothermic or 954 

exothermic processes. 955 

The mechanisms of La-based adsorbents for phosphate adsorption include 956 

electrostatic attraction, ligand exchange, Lewis acid-base interaction, ion exchange, 957 

and surface precipitation. According to all available literature reviewed, the 958 

adsorption mechanisms of phosphate by different La-containing adsorbents in 959 
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different lanthanum forms mainly include ligand exchange or surface precipitation 960 

and electrostatic attraction under acidic conditions. But when it comes to the specific 961 

La-based adsorbent, the adsorption mechanism depends on the properties of the 962 

material itself and it should combine the characterization analysis before and after the 963 

adsorption of phosphate to determine which mechanisms be involved. At present, the 964 

research on the primary and secondary adsorption mechanisms by La-based 965 

adsorbents are not very in-depth. Therefore, more attention should be paid to the 966 

difference between the primary and the secondary adsorption mechanism in the future.  967 

Although the research on La-based adsorbents has increased year by year, there 968 

is still much work to be done in the future. One is the desorption of phosphate and 969 

regeneration of adsorbents, and the other is the direct use of phosphate after 970 

desorption. In current studies, the cycle times of desorption and regeneration of La-971 

based adsorbents are very limited, and most of them are carried out in the laboratory. 972 

Future researches should explore the optimal type and proportions of desorption agent 973 

to achieve economic benefits. Due to the insolubility of LaPO4, recovery and reuse of 974 

PO4
3- or La3+ from LaPO4 is expected to be difficult, researchers need to explore an 975 

effective method to extract PO4
3- from La-based adsorbents. The fate of phosphate 976 

after desorption is rarely mentioned in the literature, and researchers should pay more 977 

attention to where it goes in order for it to be truly recycled. 978 
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Highlights: 

1. La-based adsorbents with different La forms are reviewed comprehensively. 

2. Main mechanisms are ligand exchange, electronic attraction and surface precipitation. 

3. Regeneration and direct utilization are the fate of adsorbents after P adsorption.  
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