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With the increasing global demand for rare earth elements and the depletion of traditional mineral resources, recycling 
rare earth elements from industrial solid waste has become an important direction of sustainable resource utilization. 
Phosphogypsum is a kind of industrial by-product with huge output and trace rare earth elements, its effective treatment 
and resource utilization are of great significance for environmental protection and economic development. Based on the 
occurrence state of rare earth elements in phosphogypsum, the research progress of leaching of rare earth elements in 
phosphogypsum was reviewed in this paper. The leaching mechanism and influencing factors of different leaching agents 
were summarized and analyzed. 
Keywords: phosphogypsum, rare earth element, leaching, solid waste utilization. 

 
1. INTRODUCTION∗ 

Rare earth elements comprise 17 elements, including 15 
lanthanide elements and scandium and yttrium with similar 
chemical properties to lanthanide elements [1]. The rare 
earth element is an important strategic resource. Due to its 
unique electromagnetic and radioactive shielding 
properties, it is widely used in the military, new materials, 
aero-space, and other high-end fields [2 – 4]. It is an 
important raw material necessary for the development of 
high-tech industries. 

According to the data released by the United States 
Geological Survey (USGS), the total global reserves of rare 
earth resources in 2022 are about 130 million tons. 
Considering the non-renewable nature of rare earth 
resources, its source is particularly important. In nature, 
apart from independent rare earth mineral resources, rare 
earth is also widely associated with other metallic and non-
metallic minerals, such as phosphate rock, bauxite, coal 
mine, etc., among which the rare earth content in phosphate 
rock is relatively high [5, 6] and the total amount of 
phosphate rock containing rare earth is as high as 1 × 1010 t 
[7], so phosphate rock is a potential source of rare earth 
elements in industry [8]. In the world, rare earth-containing 
phosphate ores are mainly distributed in Russia, the United 
States, and China, especially in Russia's Hibbing phosphate 
ores with the highest grade (0.5 % ~ 5 %) [9]. China's Zhijin 
Xinhua in Guizhou Province, Anning in Yunnan Province, 
Fangshan in Hebei Province, Shangzhuang in Qinghai 
Province, and other places are rich in apatite-associated rare 
earth minerals [10]. Among them, Zhijin Xinhua in Guizhou 
Province has associated rare earth phosphate deposits of 
about 1.3 billion tons and rare earth oxide reserves of over 
one million tons, ranking second in China after Inner 
Mongolia [11]. Because of the low grade of rare earth 
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elements in phosphate rock, the extraction of rare earth 
elements often needs to be combined with the preparation of 
phosphoric acid. At present, the sulfuric acid method is 
often used to prepare phosphoric acid [12] at home and 
abroad, so that rare earth elements are initially enriched in 
phosphogypsum as a by-product, so the extraction and 
recovery of rare earth elements from phosphogypsum are of 
great significance. 

2. PHOSPHOGYPSUM 

2.1. Physicochemical properties of 
phosphogypsum 

Phosphogypsum (PG) is a by-product waste residue in 
the process of wet-process preparation of phosphoric acid. 
It is generally gray-black, gray-white fine powder solid, and 
acidic (pH 2.37 ~ 5.33) [13]. 80 % ~ 90 % of the 
components are dihydrate gypsum (CaSO4⋅2H2O). 
Compared with natural gypsum, its adhesiveness, viscosity, 
and fluidity are poor. According to the composition and 
treatment process of phosphate rock, the impurities in PG 
are different, such as residual phosphoric acid, fluorine, acid 
insoluble, iron aluminide, organic matter, etc., and there are 
also a small number of heavy metals and radioactive 
substances [14]. Therefore, PG should be pre-treated to 
remove impurities before comprehensive utilization of PG. 
For example, sulfuric acid should be used to remove 
harmful impurities, especially soluble phosphorus and 
fluoride, before PG is used as cement retarder. 

2.2. Present situation of comprehensive utilization 
of PG 

At present, the mainstream phosphoric acid preparation 
process is wet-process phosphoric acid, that is, crude 



phosphoric acid is obtained by adding sulfuric acid to 
phosphate rock. 4 – 5 tons of PG can be produced for each 
phosphoric acid product pro-duced [15]. The annual growth 
rate of PG is about 1.7 × 108 tons, and only 15 % of the 
global production of PG is value-added [16]. By the end of 
2020, the total amount of global PG solid waste has reached 
7 × 109 tons, of which China's inventory is about 8.2 × 108 
tons, and is growing at a rate of 7 × 107 tons per year 
[17, 18]. 

The large accumulation of PG will encroach on the land, 
pollute the water body, and cause serious harm to the 
surrounding environment. At present, the utilization rate of 
PG in China is less than 50 %. Due to the high content of 
calcium sulfate, low solubility, and difficult separation, the 
direct use of PG in the chemical industry, agricultural and 
forestry production, and building materials has attracted 
more attention [19]. At present, the utilization of PG is still 
at the primary and low-value level based on gypsum 
building materials, cement retarders, road filling materials, 
and so on [20]. The resource utilization of high-added value 
is helpful to improve the added value of products and 
alleviate the environmental problems caused by PG to a 
greater extent. Therefore, it is imperative to change the idea 
of PG utilization. There is a certain amount of rare earth 
elements in PG, and rare earth elements are important non-
renewable resources. The comprehensive re-covery of rare 
earth in PG has extremely important strategic significance. 
The extraction and recovery of rare earth elements from PG 
can not only improve the utilization rate of PG, but also 
obtain better economic benefits, and provide a new direction 
for the resource application of PG [21]. 

3. OCCURRENCE STATE OF RARE EARTH 
ELEMENTS IN PHOSPHATE ROCK AND 
PG 

3.1. Occurrence state of rare earth in phosphate 
rock 

PG is the by-product of wet-process phosphoric acid 
from phosphate rock. Studying the occurrence state of rare 
earth in phosphate rock can clarify the change and trend of 
rare earth after the wet-process phosphoric acid process. The 
occurrence forms of rare earth elements in phosphate rock 
are mainly three categories, which are independent 
minerals, isomorphism, and adsorption. Because rare earth 

elements are similar to Ca2+ ion radius, rare earth elements 
in phosphate rock are mostly present in cellophane and 
apatite in the form of isomorphism [22, 23], and a small 
amount exists on the surface of minerals and between 
particles in the form of independent minerals (such as 
monazite, bastnaesite, etc.) or ion adsorption (such as clay 
minerals, mica minerals, etc.) [7, 24]. 

Most of the rare earth elements in the form of 
isomorphism are non-ionic rare earths that are difficult to 
use. It is difficult to separate and purify, and the economic 
feasibility is poor. To better recycle rare earth elements, the 
researchers controlled the flow of rare earth elements by 
adding some additives in the process of sulfuric acid 
decomposition of phosphate rock. For example, Jeanfavz et 
al. [25] proposed that 56 % of the rare earth in the 
concentrate can enter phosphoric acid by introducing 
aluminum ions, iron ions, silicon ions, or their mixed ions 
into the slurry when sulfuric acid decomposes phosphate 
rock; Yang et al. [26] and Wang et al. [27] controlled the 
crystallization rate and crystal morphology of calcium 
sulfate in the leaching process by adding calcium sulfate 
seeds, surfactants and controlling the stoichiometric ratio of 
sulfuric acid to phosphate rock to reduce the entry of rare 
earth elements into calcium sulfate precipitation. 

3.2. Occurrence state of rare earth in PG 
Shivaramaiah et al. [28] proposed that there may be 

three possible occurrence states of rare earth elements in 
PG: (1) the occurrence of rare earth elements in PG lattice 
with isotropic substitution of Ca2+; (2) Rare earth elements 
are adsorbed on the surface of PG; (3) The rare earth 
elements form an amorphous or crystalline independent 
phase between the PG surface and the PG particles. Current 
studies have shown that most of the rare earth elements exist 
mainly in the PG lattice, and a small part of the rare earth 
elements exist in the other two forms, such as unreacted 
phosphate rock, monazite, and other minerals containing 
rare earth, or in the form of insoluble compounds such as 
sulfate, phosphate, fluoride and calcium sulfate crystals 
[29 – 31]. The mechanism of the leaching process of rare 
earth elements in PG is shown in Figure 1. Under the erosion 
of sulfuric acid, the PG crystal surface and the rare earth 
mineral phase dissolve, and the single rare earth phase and 
the isomorphic REE3+ are diffused into the solution through 
the ash layer. 

 
Fig. 1. Mechanism diagram of leaching process of rare earth elements in PG 



Yu Weijian et al. used sulfuric acid to study the leaching 
of rare earth elements in PG and found that with the change 
of leaching conditions, the leaching of rare earth elements 
and calcium elements was consistent, and the linear fitting 
correlation coefficient of the leaching rate of rare earth 
elements and calcium leaching rate were both greater than 
0.9, indicating a strong linear relationship be-tween the two 
[34]. The results show that rare earth elements in PG 
samples mainly exist in the PG lattice [32]. Li et al. used 
time-of-flight secondary ion mass spectrometry to study the 
occurrence mode of rare earth in PG, and the results showed 
that rare earth elements were released after the destruction 
of PG lattice, and rare earth existed in the form of both 
isomorphous calcium ion substitutes and separated phases 
such as oxides and sulfates [33] Therefore, effective 
methods to achieve high leaching rates are based on the 
destruction of the PG lattice. 

In addition, studies have shown that the production 
process of phosphate rock has a significant effect on the 
content of rare earth elements in PG. Sulfuric acid reacts 
with phosphate rock to form calcium sulfate which is not 
soluble in the liquid phase. According to the hydration 
degree of calcium sulfate, it can be divided into a dihydrate 
process and a semihydrate process. Al-Thyabat and Zhang 
found that in the process of dihydrate production, light rare 
earth elements are more likely to enter the gypsum crystal 
in the form of eutectic and enrich in the PG due to the 
isomorphic substitution effect with Ca2+.In the process of 
semi-hydrate production, heavy rare earth elements are 
more concentrated in the acid solution due to the stronger 
acidity in the wet production process [34]. In general, about 
20%~30% of the rare earth elements in the dihydrate 
process are enriched in phosphoric acid; about 90% of the 
rare earth elements in the semi-hydrate process are enriched 
in PG [35]. The rare earth elements in the PG produced by 
the semi-hydrated process mainly exist in the form of an 
independent phase of rare earth phosphate hydrated 
precipitation [36]. 

Therefore, some researchers have proposed to control 
the reasonable phosphoric acid production process to 
facilitate the comprehensive recovery and utilization of rare 
earth elements. Due to the influence of process technology 
and operating conditions, the occurrence state of rare earth 
elements in PG is complex. The occurrence state of rare 
earth elements has an important influence on its leaching 
rate, and it is of great significance to clarify its existence 
form for recycling. 

4. LEACHING METHOD OF RARE EARTH 
ELEMENTS IN PG 

4.1. Acid leaching of rare earth in PG 
The commonly used leaching agents for acid leaching 

are strong inorganic acids, such as sulfuric acid, nitric acid, 
and hydrochloric acid. The use of inorganic acid to leach 
rare earth elements in PG has created favorable conditions 
for its migration from a solid phase to a liquid phase, and its 
leaching efficiency is generally high and the process is 
simple [37]. The process of pretreatment, acid leaching, 
solid-liquid separation, and extraction is mainly used to 
recover rare earth from PG by acid leaching [38]. 

4.1.1. Leaching pretreatment 

Canovas et al. found that water pretreatment of PG can 
remove a considerable part of impurities without consuming 
rare earth elements [39]. Masmoudi-Soussi et al. used so-
dium chloride and sodium carbonate solutions to pretreat 
PG to ensure better dissolution of impurities and conversion 
of PG into a calcite matrix that is easy to erode in acidic me-
dia, providing better conditions for acid leaching of PG [40]. 
Rychkov et al. carried out mechanical grinding and 
ultrasonic impact pretreatment of a PG in Russia. Using 
sulfuric acid with a mass concentration of 10-20g/L as a 
leaching agent, after leaching and further concentration and 
purification, the rare earth leaching rate of PG increased 
from 15 % to more than 70 % [41]. Lambert et al. developed 
a new process to improve the leaching rate of rare earth in 
PG by microwave irradiation. The results showed that the 
leaching rates of Nd, Y, and Dy reached 80 %, 99 %, and 
99 % respectively under the optimum microwave conditions 
(treated at 1200 W for 15 min). As a processing technology, 
microwave pre-treatment is a low-cost processing step, 
which significantly improves the efficiency of rare earth 
extraction [42]. 

4.1.2. Leaching of rare earth elements in PG by sulfuric 
acid 

Sulfuric acid is the most widely used inorganic strong 
acid in the wet-process phosphoric acid process. It has the 
advantages of low price and no introduction of impurity 
ions. Therefore, it is applied to the removal of impurities in 
PG and the leaching of rare earth elements. The rare earth 
elements in PG are leached by sulfuric acid, and the possible 
chemical reactions in the leaching process are shown in 
Eq. 1 [43]. 

xCaSO4-REE(s)+yH2SO4→(x-n)CaSO4+n(REE)2(SO4)3 

+nH+ (1) 

Although sulfuric acid as a leaching agent has the 
advantage of not introducing impurity ions, due to the 
isoionic effect of SO4

2−, the solubility of PG in sulfuric acid 
solution is generally low. In addition, due to the low 
solubility of rare earth phosphates in solution, rare earth 
elements may also be reprecipitated by phosphate ions 
released by PG dissolution during acid leaching, thus 
hindering the leaching of rare earth elements. Increasing the 
concentration of sulfuric acid can promote the dissolution of 
rare earth phosphate, but the higher concentration of sulfate 
ions may also cause the dissolved rare earth elements to 
form insoluble sodium/potassium rare earth disulfate 
(�Na

K
� − REE(SO4)2) with sodium ions or potassium ions in 

the solution. Sodium/potassium rare earth disulfate 
precipitation will become more stable [44]. Therefore, in the 
sulfuric acid leaching process of PG, when the sulfuric acid 
concentration increases to a certain extent, the leaching rate 
of rare earth elements will not continue to increase, and even 
decrease [45]. Liang et al. used sulfuric acid to extract rare 
earth elements from PG produced by Mosaic Company in 
Florida. When the sulfuric acid concentration was less than 
3 %, the rare earth leaching rate increased rapidly with the 
increase in sulfuric acid concentration, and then showed a 
slow growth, reaching the maximum leaching value when 



the sulfuric acid concentration was about 5 %. After that, the 
leaching rate of rare earth elements decreased with the 
increase of sulfuric acid concentration. Experiments show 
that the best leaching conditions for rare earth elements in 
PG are 5 % sulfuric acid solution, liquid-solid ratio of 4, 
leaching temperature of 50 C, and reaction time of 120 min, 
under which conditions, the leaching rate of rare earth 
elements is 43 % [46]. 

In order to improve the leaching rate of rare earth 
elements in PG in sulfuric acid solution, researchers have 
studied various measures such as prolonging the leaching 
time, increasing the liquid-solid ratio, and mechanical 
activation. Generally, the leaching rate of rare earth 
elements in PG by sulfuric acid can be increased from 
12 % ~ 40 % to more than 60 %. Lokshin et al. extended the 
leaching time to several weeks to improve the leaching rate 
of rare earth elements in PG by sulfuric acid solution. In the 
experiment, 0.5 % ~ 4 % sulfuric acid solution was used to 
continuously extract 40 g PG for 3025 h (18 weeks) under 
the condition of liquid-solid ratio of 2. The leaching rate of 
rare earth elements increased from 17.2 % to 68.2 % 
compared with that of leaching for 1 h under the same 
conditions [44]. Rychkov et al. have shown that the sulfuric 
acid leaching rate of rare earth elements in PG can be 
significantly improved by mechanical grinding, adding ion 
exchange resin, and ultrasonic treatment. The combination 
of these three methods was used to strengthen the sulfuric 
acid leaching process of PG. Under the condition that the 
sulfuric acid concentration was only 10 ~ 20 g/L, the 
leaching rate of rare earth elements in PG could be increased 
from 15 % – 17 % to more than 70 %. Moreover, after 
sulfuric acid leaching, the content of PG impurities in the 
acid-soluble slag decreased significantly, which could be 
used as raw materials for cement production [41]. Hammas-
Nasri et al. washed the PG samples with distilled water, 
separated them by solid-liquid separation, and then stirred 
them with 10 % sulfuric acid solution at 60 °C for 1 ~ 2 h 
two times. The results show that compared with single 
leaching, two-step leaching can effectively improve the 
leaching efficiency of rare earth elements and make rare 
earth elements better leached. XRD and ICP-MS analysis 
showed that fluoride and phosphate in PG were basically 
dissolved in the first acid leaching, while the rare earth 
elements in the residue were dissolved in the sulfuric acid 
solution in the second acid leaching, and finally about 86 % 
of the total rare earth leaching rate was obtained [47]. 
Habashi leached PG with 0.1 ~ 0.5 mol/L sulfuric acid 
solution at a liquid-solid ratio of 10 at room temperature. 
The recovery rate of rare earth elements was about 50 %, 
and it was confirmed that quantitative extraction could not 
be achieved without destroying the lattice of calcium sulfate 
[48]. Kijkowska et al. used 10 % ~ 13 % sulfuric acid 
solution and hydrogen peroxide to leach PG slurry, stirred 
at 60 °C for 60 ~ 120 min, filtered and washed, and the 
leaching solution evaporated and crystallized at 100 °C. The 
recovery rate of rare earth reached 50 %. Through this 
recovery method, Fe2O3  and K2O  in PG are completely 
removed, and the removal rates of P2O5 and Fare more than 
60 %, which provides favorable conditions for further 
utilization of PG [49]. Wu Lin et al. took the phosphate ore 
in Zhijin Xinhua phosphate ore in Guizhou as the research 
object, and comprehensively compared the effect of adding 

surfactants on the leaching rate of rare earth and the leaching 
rate of PG with organic acids during sulfuric acid leaching. 
The experimental results show that the addition of surfactant 
PEG-400 can improve the crystallization properties of 
calcium sulfate and increase the rare earth leaching rate to 
65.89 % [50]. 

Sulfuric acid as a leaching agent is not only cheap, but 
also does not introduce impurity ions, which provides 
convenience for the subsequent reuse of PG. However, the 
leaching rate of rare earth elements in PG by sulfuric acid 
solution is low due to the co-ionic effect and the possibility 
of rare earth disulfate precipitation during leaching. In 
addition, the strong acidity of sulfuric acid will make the 
acidity of the leaching solution too high, and the acidity of 
PG will increase, resulting in the difficulty of 
comprehensive utilization of PG and the risk of secondary 
pollution. Therefore, it is one of the future research 
directions to improve the recovery rate of rare earth 
elements in PG by using appropriate process strengthening 
methods at lower concentrations of sulfuric acid. 

4.1.3. Leaching of rare earth elements in PG by nitric 
acid 

Nitric acid as a leaching agent has been used in the 
leaching of trace rare earth elements from phosphate ores. 
H+ of nitric acid is used to decompose phosphate rock, and 
NO3

− can be retained in the product as a nitrogen fertilizer 
component, thus realizing the double utilization of nitric 
acid. Therefore, some researchers have also studied the rare 
earth elements in PG leaching by nitric acid. The leaching 
of rare earth elements in PG by nitric acid, and the possible 
chemical reaction in the leaching process can be expressed 
by Eq. 2. 

xCaSO4-REE(s)+yHNO3→(x-n)CaSO4+nCa(NO3)2

+nREE(NO3)3+nH+  (2) 

Compared with sulfuric acid leaching, nitric acid 
leaching can generally obtain higher rare earth leaching rate. 
Walawalkar et al. use hydrochloric acid, nitric acid and 
sulfuric acid to leach PG from Agrium fertilizer plant. The 
results show that the leaching efficiency of rare earth 
elements is affected by the degree of dissolution of PG in 
acid, because the solubility of PG in sulfuric acid is 
obviously lower than that of hydrochloric acid and nitric 
acid. Under the optimal leaching conditions, the rare earth 
leaching rates of hydrochloric acid, nitric acid and sulfuric 
acid were 51 %, 57 % and 23 %, respectively [51]. Canovas 
et al. studied the leaching efficiency of rare earth elements 
in PG under different acid solutions and different working 
conditions and the release of impurities during the leaching 
process. The experimental results show that 3 mol/L nitric 
acid and 0.5 mol/L sulfuric acid are the best leaching 
concentrations of rare earth elements in PG, and the 
leaching rates of rare earth elements are 80 % and 
46 % ~ 58 %, respectively [39]. 

Increasing the concentration of nitric acid, extending 
the reaction time, increasing the reaction temperature and 
liquid-solid ratio can improve the leaching rate of rare earth 
elements to a certain extent, but it will also dissolve a large 
number of fluoride minerals, or promote the hydrolysis of 
fluorosilicate ions, etc., and the concentration of free 



fluoride ions in the solution will increase, so that rare earth 
elements will be reprecipitated in the form of fluoride. 
Therefore, after the concentration of nitric acid is too high, 
the leaching rate of rare earth elements will increase. The 
leaching rate of rare earth elements may decrease. The 
precipitation reaction of rare earth fluoride is shown in 
equation (3) [52]. 

3F-+REE3+=REEF3↓ (3) 

Ismail et al. added calcium salt in the leaching process 
to reduce free fluorine and increase the leaching rate of rare 
earth. The results showed that the recovery rate of rare earth 
was increased from 47.4 % to 59.5 % by leaching PG with 
a mixture of 3 mol/L nitric acid and 1 mol/L Ca(NO3)2 , 
compared with that of leaching with only 3 mol/L nitric acid 
under the same conditions [52]. In the leaching process, 
calcium salt is added to increase the concentration of 
calcium ions, which makes calcium ions combine with free 
fluorine, thus reducing the probability of rare earth fluoride 
precipitation. Lokshin et al. also studied the effects of 
Al(NO3)3 , Ca(NO3)2 , Na2B4O7 , Na2SO4 , H2B4O7  and 
other additives on the nitric acid leaching of rare earth in 
PG, and the results showed that Na2B4O7 greatly improved 
the leaching rate of rare earth from 43.6 % to 96.8 % [53]. 
They believe that B4O7

2− may form stable soluble fluorides 
with fluorine, such as BF3−, reducing the probability of rare 
earth fluoride precipitation formation. 

The preparation of phosphate fertilizer by nitric acid 
decomposition of phosphate ore can not only recover rare 
earth elements from the leaching solution, but also retain 
nitrate ions in the product as nitrogen fertilizer, increasing 
the utilization rate of nitric acid and saving costs. However, 
for PG leaching, although the leaching rate of rare earth 
elements is high, the residual nitrate ions as impurities will 
affect the subsequent reuse of PG, and the leaching solution 
with high acidity also has a great impact on the environment. 

4.1.4. Leaching of rare earth elements in PG by 
hydrochloric acid 

Although relevant studies have shown that the leaching 
efficiency of using nitric acid is higher than that of sulfuric 
acid, the economy and practical feasibility are poor for 
large-scale recovery of rare earth elements, compared with 
the use of hydrochloric acid leaching is more economical 
[51]. In the early 1960s, the process of producing 
phosphoric acid by hydrochloric acid was first 
industrialized. In the process of phosphoric acid production 
by hydrochloric acid process, most of the rare earth 
elements enter the hydrochloric acid decomposition 
solution. The leaching effect of hydrochloric acid on rare 
earth elements in PG is similar to that of nitric acid, and with 
the development of the chlor-alkali industry, the cost 
advantage of hydrochloric acid is more obvious. The 
possible chemical reaction of leaching rare earth elements 
from PG by hydrochloric acid is shown in Eq. 4 [43]. 

xCaSO4+yHCl→(x-n)CaSO4+nCaCl2+nREECl3+nH+ (4) 

The influence of hydrochloric acid solution 
concentration, leaching reaction temperature, liquid solid 
ratio and leaching time on the leaching effect of rare earth 
in PG is similar to that of nitric acid. Hydrochloric acid can 

also react with calcium fluoride in PG to generate free 
fluorine and react with rare earth elements in the leaching 
solution to generate rare earth fluoride precipitation, thus 
reducing the leaching rate, as shown in Eq. 5 and Eq.6 [52]. 

2HCl+CaF2=CaCl2+2HF↑ (5) 

3HF+REE3+=REEF3↓+3H+ (6) 

In recent years, with the development of chlor-alkali 
industry, the cost of using hydrochloric acid as the leaching 
agent has gradually decreased, but there are also problems 
such as calcium chloride in the leaching solution is not easy 
to remove, and the waste acid wastewater generated by the 
leaching process is easy to cause secondary environmental 
pollution. 

4.1.5. Leaching of rare earth elements in PG by organic 
weak acid 

In general, the extraction of rare earth in PG at home 
and abroad mainly uses sulfuric acid, nitric acid, 
hydrochloric acid, and other inorganic strong acids to leach 
PG, in order to improve the leaching rate, the acid 
concentration needs to be above 15 %, and the recovery rate 
of rare earth reaches more than 80 %. However, the use of 
strong acid to leach rare earth will lead to an increase in the 
acidity of PG, and the subsequent comprehensive utilization 
of PG needs to be washed to remove acid or neutralize 
before use. In recent years, the trend of weak acids as 
leaching agents is becoming more and more obvious. From 
the perspective of environmental protection, weak acids are 
easier to degrade and have little impact on the environment. 
At the same time, organic acids have a high selectivity for 
rare earth leaching. Rare earth ions are hard acids and have 
large ionic radii, so they are more inclined to bond with 
ligands containing O, N, F, and other hard bases to form 
complexes with high coordination numbers. Among them, 
oxygen-containing ligands have the strongest coordination 
ability with rare earth ions. Therefore, as a common and 
easily obtained ligand, carboxylic acid ligand can not only 
be used as a coordination oxygen atom supplier, but also 
meet the requirements of high coordination number of rare 
earth complexes with its diversified coordination modes, so 
it is one of the easiest ligands to coordinate with rare earth 
ions. At present, citric acid, malic acid, tartaric acid and so 
on are used in the research, that is, the carboxyl group in 
organic acids is used to form complexes with rare earth 
elements [54]. 

Organic acids can erode rocks and lead to the 
decomposition and dissolution of minerals. The dissolution 
of minerals mainly includes the following three 
mechanisms: (1) produce H+ , which promotes the 
dissolution of minerals. H^+ binds with surface oxide ions 
and weakens key bonds, so that metal substances are 
released into the solution; (2) Removal of structural metals 
from the surface of minerals by the formation of surface 
complexes on the surface of minerals, that is, ligands 
through exchange with hydroxyl groups on the surface of 
minerals to form surface complexes, surface complexes 
polarize key metal-oxygen bonds, thereby promoting the 
separation of metallic substances on the surface of minerals: 
(3) Further dissolution of minerals is promoted by reducing 
the concentration of saturated solution through the 



formation of complexes between ligands and metal ions 
[55 – 57]. 

Gasser et al. used different concentrations of boric acid, 
malic acid, and citric acid to study the leaching of lanthanide 
Y from PG, and the results showed that citric acid had a 
better leaching rate of total Ln-Y than boric acid and malic 
acid. Under the conditions of 1.0 mol/L citric acid, liquid-
solid ratio of 5, leaching time of 15 min, and leaching 
temperature of 85 °C, the maximum leaching rate of total 
lanthanides from PG was 83.4 % after three cycles of 
leaching. Er (89.4 %) > Ce (88.2 %) > La (81.8 %) > Pr 
(71.9 %) > Y (40.7 %) [54]. Citric acid has 3 carboxyl 
structures and strong coordination with rare earth ions, 
while malic acid has only two carboxyl structures. The 
difference in the number of carboxyl groups may lead to the 
difference in the leaching of rare earth elements between 
malic acid and citric acid. The coordination reaction 
between citrate and rare earth ion in the leaching process is 
shown in Eq. 7, Eq. 8, and Eq. 9 [58]. 

RE3++H3cit=[REH2cit]2++H+,K1=109.1 (7) 

RE3++[H2cit]-=[REHcit]++H+,K2=104.3 (8) 

RE3++[Hcit]2-=REcit+H+,K3=100.8 (9) 

The existence form of organic weak acid in the solution 
is also affected by the pH value of the solution. 𝑐𝑐𝑐𝑐𝑐𝑐3− exists 
only in pH = 4.5 and is easy to react with trivalent 
lanthanides and yttrium. In malic acid solution, when 
pH < 7, there are two ions, 𝐻𝐻 −𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−  and 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2− , 
which form with rare earth elements in 1: Complexes of 1 
or 1:2, such as LnH2Mal2+ , LnHMal+ , and LnHmal02− , 
form multinuclear complexes with malate oxygroups when 
pH > 7 [58, 59]. Therefore, in the process of organic acid 
leaching, the concentration and pH value of organic acid can 
be controlled to achieve the best leaching effect. 

Organic weak acid is biodegradable and can be 
produced by the biological metabolism of organic matter, 
which is environmentally friendly in the production and 
application process and avoids the secondary pollution 
caused by inorganic strong acids. Although the single 
leaching rate of organic acids to rare earth in PG is low, it is 
still one of the important research directions in the future 
because of its green environment and certain selectivity in 
the leaching process. 

4.2. Biological leaching of rare earth in PG 
The strong acid leaching method of rare earth leaching 

from PG, although the rare earth leaching rate is high, but it 
dissolves toxic substances and acid pollutants, which is 
unfavorable to the environment. Bioleaching is the focus of 
research in recent years. Bioleaching is the effective 
separation of target metals from minerals by utilizing the 
redox characteristics of microorganisms in the metabolism 
process, usually using gluconobacter, thiobacillus acid and 
Vibrio desulphuricum [60]. The efficiency of bioleaching 
depends not only on the oxidation capacity of 
microorganisms, but also on the types of rare earth minerals 
and the particle size. Microbial leaching conditions are mild 
and environmentally friendly. The use of microbial leaching 
instead of traditional hydrometallurgy can solve the adverse 
effects of traditional leaching methods on the environment, 

so the application of microbial leaching in the field of 
metallurgical extraction has attracted more and more 
attention in recent years [61]. 

Viktorovna et al. used several mixed bacteria of 
thiobacilus acidophilus to bleach rare earth elements and 
phosphorus in PG. Under the conditions of liquid solid ratio 
of 5, temperature of 15 ~ 45 °C, ventilation and pH value of 
1.5 ~ 1.8, the leaching rate of rare earth was 55 % ~ 70 %. 
The leaching rate of phosphorus was 93.3 % ~ 94.7 % [62]. 
Antonick et al. found that gluconobacter oxygens can 
produce a bioactive substance containing organic acids, the 
main chemical component of which is gluconic acid, which 
can be used for the leaching of rare earth elements in PG. 
The bioactive substance, sulfuric acid, phosphoric acid and 
industrial gluconic acid were respectively used for the 
leaching of rare earth elements from PG. The results showed 
that the bioactive substance leaching agent was more 
effective than industrial gluconic acid and phosphoric acid 
for the leaching of rare earth elements at equal molar 
concentrations [63]. Barmettler et al. cultured a mixed 
culture of sulfur-oxidizing bacteria for 30 days at a pH value 
of 1.5 ~ 1.8, and extracted 55 % ~ 70 % rare earth elements 
from PG [64]. Salo et al. use bioreactors to process PG to 
recover rare earth elements and remove sulfate from the 
residual solution. It was found that rare earth leaching began 
when the concentration of H2SO4  was 0.01 mo/L (yield 
6 % – 15 %), and the leaching yield showed a steady 
increase trend when the concentration of H2SO4 gradually 
increased to 0.05 mol/L (yield 34 % – 62 %). Bioreactors 
require a fairly mild leach solution (c(H2SO4) < 0.02 mo/L) 
for microorganisms to reliably survive and precipitate rare 
earths from the leach solution [65]. 

The bioleaching method has the advantages of simple 
equipment, low energy consumption, and fewer pollutants, 
but the actual yield and efficiency of rare earth extraction 
are lower than that of strong acid leaching, and the leaching 
time is long. Bioleaching is less harmful to the environment 
than strong acid leaching methods that produce toxic 
substances and acidic contaminants. The application of 
biological leaching in the extraction of rare earth from PG 
also needs to focus on improving the efficiency of rare earth 
recovery and finding suitable strains for large-scale 
engineering, especially those that are selective to rare earth 
minerals or acid resistant. 

4.3. Other leaching methods 

Compared with acid leaching and bioleaching, other 
leaching methods such as organic solvent leaching, 
recrystallization and ion exchange also have certain 
development prospects. 

Organic solvent metallurgy was invented in the early 
1960s and is mostly used to recover uranium from low-
grade complex ores. In solvent leaching, the leaching 
process is to use the complexing agent dissolved in the 
organic solvent for leaching, and metals can be recovered 
from the organic phase after leaching. As the study 
progressed, some researchers found that rare earth elements 
could be recovered from PG while leaching radioactive 
elements [66]. 

El-Didamony et al. used tributyl phosphate (TBP) and 
trioctylphosphine oxide (TOPO) to remove radioactive 



elements from PG in kerosene, while recovering rare earth 
elements from the leaching solution. The results showed that 
the leaching rates of 226Ra, 210Pb, 238U, 40K, and total REE 
were 65.6 %, 72.8 %, 57.2 %, 70.4 %, and 68.5 %, 
respectively, when 0.5 mol/LTBP was used at 55 °C and the 
ratio of liquid to solid was 1 for 2 h. Under the same 
leaching conditions, the leaching rates of 226Ra, 210Pb, 238U, 
40K and total REE were increased to 71.1 %, 76.4 %, 
62.4 %, 75.7 %, and 69.8 %, respectively, and the leaching 
rates were no longer further improved for the third time [67]. 
Compared with inorganic acid leaching, organic solvent 
leaching of PG can selectively obtain rare earth elements 
and reduce solvent consumption and the volume of the 
leaching solution [68]. Organic solvent leaching has certain 
selectivity and does not require specific equipment, but the 
solvent price is high, some of the solvents will be adsorbed 
in the gypsum to increase the solvent usage and increase the 
difficulty of the subsequent utilization of PG, thus limiting 
its utilization in PG recovery and leaching. 

Mukaba et al. used a high-pressure reactor to 
hydrothermal treat PG slurry, and the results showed that the 
recovery rate of rare earth elements was increased from 5% 
to 80% by recrystallization of PG [69]. 

The ion exchange method uses ion exchange resin to 
exchange rare earth ions from the leaching solution, the rare 
earth ions are adsorbed to the specific and selective ex-
changer, and then the rare earth element ions are desorbed 
to the solution through the re-verse elution process [70]. 
Virolainen et al. added ion exchange resin to the acid-
leaching process, and each 1 kg ion exchange resin could 
support 20 g rare earth elements, and the recovery efficiency 
was about 80 %. By adding resin for selective adsorption of 
rare earth elements, high purity rare earth can be further 
separated to avoid the influence of other metal elements 
[71]. Koopman et al. used ion exchange resin to extract and 
recover the rare earth elements leach during the 
recrystallization of PG. The study results showed that the 
extraction rate of Eu was 53 %, that of La was 34 %, and 
that of Sm was 10 % [72]. 

5. CONCLUSIONS 
As one of the bulk storage solid wastes, PG usually 

contains a large amount of rare earth elements. It is of great 
economic and environmental significance to study the 
recovery of rare earth elements in PG. Most of the rare earth 
elements in PG are present in the lattice of PG. At present, 
leaching is mainly used to recycle them. Inorganic strong 
acids such as sulfuric acid, hydrochloric acid and nitric acid 
are commonly used leaching agents at home and abroad. 
They have the advantages of a generally high leaching rate 
and simple process, but the acidity of the leaching solution 
is high, which may cause the risk of secondary pollution. 
The organic solvent leaching effect is good, but the cost of 
leaching reagents is high, and the organic solvent will 
increase the difficulty of subsequent utilization of PG and 
cause environmental problems. The efficiency of the 
organic weak acid and bioleaching is low, but it has little 
impact on the environment, and leaching has a certain 
selectivity. It is an important research direction for the 
recovery and utilization of rare earth elements in PG in the 
future. 
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