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Abstract. Experimental results of the influence of technological parameters of phosphogypsum cascade 
leaching and evaporation of the solution obtained after the leaching on the rare earth elements (REE) 
content in it are presented. It was found that REE concentration in the solution grows almost linearly 
with increasing number of cascades [1]. Evaporation of REE –  containing [2] solution down to 23 % 
of the initial volume leads to precipitation in which REE is about 0.5–0.6 % which coincides with the 
content of REE in the initial gypsum. This leads to purification of the solution from non –  REE. At 
evaporation of the solution above 77 % an increased content of REE reaching 10–12 % was found in the 
precipitation. Thus, cascade leaching followed by solution evaporation is a cost- effective technological 
process. It allows obtaining a solution containing from several tens to few hundreds grams REE per 
liters with low content of Ca, P, S, Sr and other undesirable elements, which can be used for precipitation 
of REE carbonates or hydroxides [3].

Keywords: rare earth elements, phosphogypsum cascade leaching, evaporation of REE-containing 
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Аннотация. Представлены экспериментальные результаты влияния технологических параметров 
каскадного выщелачивания фосфогипса и выпаривания полученного после выщелачивания 
раствора на содержание в нем редкоземельных элементов (РЗЭ). Установлено, что концентрация 
РЗЭ в растворе растет практически линейно с увеличением числа каскадов [1]. Выпаривание 
РЗЭ-содержащего [2] раствора до 23 % от первоначального объема приводит к выпадению 
осадка, в котором РЗЭ составляет около 0,5–0,6 %, что совпадает с содержанием РЗЭ в исходном 
гипсе. Это приводит к очистке раствора от РЗЭ. При выпаривании раствора свыше 77 % в осадке 
обнаруживается повышенное содержание РЗЭ, достигающее 10–12 %. Таким образом, каскадное 
выщелачивание с последующим выпариванием раствора является экономически эффективным 
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технологическим процессом. Он позволяет получить раствор с содержанием от нескольких 
десятков до нескольких сотен граммов РЗЭ на литр при низком содержании Ca, P, S, Sr и других 
нежелательных элементов, который может быть использован для осаждения карбонатов или 
гидроксидов РЗЭ [3].

Ключевые слова: редкоземельные элементы, каскадное выщелачивание фосфогипса, выпаривание 
РЗЭ-содержащего раствора.
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1. Introduction

REE is extracted on an industrial scale from rocks containing them. Most of the deposits are 
complex i.e. REE is extracted together with extraction of Ti, U, Ta, Th and other elements. Monazite, 
bastnaesite, appatite, loparite and euksenite are the most widespread minerals to extract REE [4]. 
These minerals differ in composition, and REE salts content in them varies from 20 to 60 %, but these 
minerals should be preliminary enriched by separation from waste rock. One of interesting and possibly 
perspective methods of REE concentrate production is treatment of phosphogypsum, a large- tonnage 
waste of phosphoric acid production. The content of REE in such gypsum is from 0.1 % up to 0.6 %, 
but phosphogypsum does not need to be extracted from rocks and besides it is already in the form of 
dispersed powder. REEs can be extracted from phosphogypsum by treating it with water solution of 
nitric acid [5]. The heavy- element- depleted phosphogypsum can be used for the production of fertilizers 
[6] and construction materials that will improve the economic efficiency of recycling this material [7].

The purpose of the research was to obtain concentrated REE –  containing solutions with low 
impurity content, which is convenient to work with when precipitating REE hydroxides or carbonates. 
From the economic point of view, an acceptable concentration for REE precipitation from solution is a 
concentration of the order of several tens of grams of REE or more per liter of solution [8].

2. Experimental

A cascade treatment of phosphogypsum (at least 4 cascades), followed by evaporation of the 
solution to the required concentration was carried out to extract REE from phosphogypsum. It was 
necessary to find out whether repeated treatment of gypsum with the same solution is economically 
feasible to assess the effectiveness of extraction, i.e:
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– Whether the increase in REE concentration is approximately a linear function of the number 
of treatment cascades –  How the solution containing REEs would evaporate, i.e., whether the REEs 
would remain in solution at high concentrations or precipitate out.

This information will allow to determine what types of treatment will be acceptable and 
can be applied in semiindustrial and industrial technology of REE concentrate production from 
phosphogypsum [9].

A 2 molar solution of nitric acid in the volume of 2 liters was prepared to carry out the cascade. 
Phosphogypsum in an amount of 10 kg was sieved on laboratory sieves with a minimum mesh of 160 microns.

Thermal treatment of gypsum in nitric acid solution was carried out at a temperature of 103–
105 C under ̊ continuous stirring (rotation speed was about 100 rpm). The ratio of solid (gypsum) to 
liquid (2 molar solution of HNO3) was S / L = 1: 1.8.

Time of heating the reactor contents to the boiling point of solution was about 30–40 minutes. 
Holding time at boiling point was 10 minutes. After cooling the reactor contents to 45–50 ̊C the nitric 
acid solution was filtered from the gypsum.

The treated gypsum was washed with distilled water in 2 steps. In the first step, it was rinsed 
with approximately 650 ml of water. This amount roughly corresponds to the volume of acid solution 
that remains in the treated gypsum after filtration, with the addition of 10–15 % for better washing. 
The rinse water is returned to the filtrate for use in the next experiment. The second time, the treated 
gypsum was washed with more water to completely wash away the acid residue. This was necessary to 
analyze the elemental composition of the dry residue.

The obtained solution, namely the filtrate, together with the washing water from the first wash was 
used to treat the next portion of gypsum. It should be noted that the acidity of the washing solution did 
not undergo significant changes compared to the original solution, which allowed using it in the next 
experiment. Moreover, the amount of acid taken to prepare the solution was excessive to treat the above 
amount of gypsum. The procedure was repeated similar to the first process. Thus, 10 kg of gypsum 
were treated with an initial amount of 2 liters of 2 molar nitric acid solution. The difference is in the 
last fourth process. At the end of this process, the amount of washing water was increased from 650 ml 
to 900 ml because the REE concentration in the solution was already very high and the washing was 
done with more water to avoid loss of REE.

The obtained solution (let’s call it solution IV) was used for evaporation experiments. Evaporation 
of the solution was carried out in stages, because in the process of evaporation a precipitate fell out, 
which was filtered out. Samples of the filtrate and precipitate were taken for composition analysis. 
After sampling, the filtrate continued to be evaporated. For clarity, the IV solution was first evaporated 
at 50 %, then the filtered evaporated solution was further evaporated at 40 %, then at 25 %, 15 %, 15 %, 
15 %, 15 %, 15 %, and lastly at 20 %. Accordingly, we obtained the corresponding points on the graphs 
(see in the conclusions) of the final evaporation: 50 %, 70 %, 77.5 %, 80.9 %, 83.7 %, 86.2 %, 89 %. 
The evaporation system for increasing the REE concentration is shown in Figure 1.

Experiments on distillation of nitric acid from solution were carried out in parallel with evaporation 
of solution containing REE. It was found that in 2 molar solutions of nitric acid easily dissolved REE 
salts more than a hundred grams per liter of solution.

Naturally, the need for distillation of excess acid arose because, on the one hand, the cost of acid is 
a significant part of the total cost of obtaining REE concentrate from gypsum. The distilled acid could 
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be reused to extract REE from gypsum. Secondly, the less acid in solution, the less alkali is required 
for precipitation of REE hydroxides. It has been observed that at temperatures below boiling point, 
water is preferentially distilled off, and at solution boiling point, water with acid is distilled off. At 
overheating (when the bottom is much hotter than the solution) predominantly nitric acid is distilled. 
The distillation process can thus be regulated. It has been found that up to 40–45 % of the nitric acid 
can be recovered in the distillation process.

1.1. Analysis

The composition of the samples from liquid phases were analyzed by ICP (PerkinElmer AVIO 
220 Max). Argon of 99.996 % purity was used as an inert gas. Its flow rate was set to 16 l / min. The 
plasma temperature was set at 10000K. The analysis of each sample was repeated at least three times.

2. Results and discussions

It was found that the increase of REE concentration in the solution is almost linear, which allows 
the experiment to conduct repeated cascade treatment of gypsum with acid (Fig. 2) 

Four times treatment in the same solution of 10 kg of gypsum, we obtained about 3 liters of 
filtrate. The composition of the filtrate was determined using a PerkinElmer Avio 220 Max optical 
spectrometer with inductively coupled plasma. The composition of the filtrate after 4 –  fold treatment 
of gypsum at S / L = 1: 1.8 is shown in Fig. 3.

As can be seen from the figures, as a result of 4 –  cascade treatment of gypsum can be obtained a 
solution containing a total of about 8.5 g [10] of REE per liter of solution. The volume of the solution 
obtained after 4 –  cascade treatment of gypsum was a little more than 3 l. This is 1.5 times more than 
the original volume of acid in which the first portion of gypsum was treated, because we added small 
amounts of water at each washing step, mixing the washing water with the filtrate.

Fig. 1. The evaporation system for increasing the REE concentration
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Fig. 4a, b, c shows plots of dependence of REE and other elements content on the degree of final 
solution evaporation for filtrate and sediment [11]. These graphs refer to the samples which passed the 
evaporation process.

As can be seen from the graph in Figure 4 a, at evaporation to 70 % we obtain a concentration 
of total REE about 20 g / l, which is already sufficient for cost- effective precipitation of REE 
hydroxides. When evaporated to 90 %, the concentration reaches a value of 43 g / L. From Figure 
4 b it can be concluded that the relative content of different REEs in the solution does not change 
with increasing degree of solution evaporation, i.e. the ratio between REEs remains the same as 
in the initial solution IV.

It has been found that the REE concentration in the precipitate increases with the degree of 
evaporation of the IV solution (Fig. 4c). However, the growth rate is significantly inferior to the growth 

Fig. 2. Diagram of REE content in leachate after cascade treatment of gypsum in 2 molar HNO3 solutions

a                                                                                b

Fig. 3. Composition of the leachate after 4 cascades of gypsum treatment (there were 2 liters of 2 molar nitric acid, 
10 kg of gypsum were treated): a) REE content in solution. b) Content of chemical elements in solution
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Fig. 4. Dependence of element content on the degree of solution evaporation: А) Total REE and other chemical 
elements in solution. B) Relative REE content in the solution. C) Content of elements in sludge after evaporation
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rate of REE concentration in the evaporated solution. This allows the evaporation method to be used 
to enrich the REE solution. Since the precipitate contains more REE than gypsum, it can be reused for 
REE extraction with a new batch of gypsum powder.

3. Conclusion

To summarize, we can say the following: cascade leaching followed by solution evaporation is a 
cost- effective technological process. Multistage evaporation of the solution leads not only to an increase 
in the concentration of REE, but also to a relative reduction in the content of undesirable impurities 
precipitated in the process of evaporation. This also makes it possible to obtain a solution containing 
REE salts in an amount of several tens to several hundreds of grams per liter. Such a solution is already 
economically convenient for precipitation of rareearth carbonates or hydroxides.

Declarations

Ethical Approval: Not applicable.
Competing of interests: The authors declare no conflict of interest.
Authors’ contributions: Ivan S. Nikulin: Conceptualization, Writing –  original draft, Writing –  

review & editing, Tatiana B. Nikulicheva: Metodology, Writing –  original draft, Writing –  review 
& editing, Dmitry A. Kolesnikov: Investigation, Alexey O. Vyugin: Investigation, Nikita V. Anosov: 
Metodology, Writing –  original draft, Writing –  review & editing.

References

[1] Kulczycka J., Kowalski Z., Smol M., Wirth H. Evaluation of the recovery of Rare Earth 
Elements (REE) from phosphogypsum waste –  case study of the WIZÓW Chemical Plant (Poland). 
Journal of Cleaner Production, 2016, 113, 1 February, 345–354

[2] Michard A., Albarède F. The REE content of some hydrothermal fluids. Chemical Geology, 
1986, 30 May, 55(1–2), 51–60

[3] Dutrizac J. E. The behaviour of the rare earth elements during gypsum (CaSO4·2H2O) 
precipitation. Hydrometallurgy. 2017, December, 174, 38–46

[4] Peng Cen, Xue Bian, Zhannian Liu, Manyi Gu, Wenyuan Wu, Baokuan Li. Extraction of 
rare earths from bastnaesite concentrates: A critical review and perspective for the future. Minerals 
Engineering, 2021, 171, 1 September, 107081

[5] El Afifi E. M., Hilal M. A., Attallah M. F., EL-Reefy S. A. Characterization of phosphogypsum 
wastes associated with phosphoric acid and fertilizers production. Journal of Environmental 
Radioactivity. 2009, May, 100(5), 407–412

[6] Rychkov V.N., Kirillov E. V., Kirillov S. V., Semenishchev V. S., Bunkov G. M., Botalov M. S., 
Smyshlyaev D. V., Malyshev A. S. Recovery of rare earth elements from phosphogypsum. Journal of 
Cleaner Production. 2018, 20 September, 196, 674–681

[7] Hentati O., Abrantes N., Luísa Caetano A., Bouguerra S., Gonçalves F., Römbke J., Pereira 
R. Phosphogypsum as a soil fertilizer: Ecotoxicity of amended soil and elutriates to bacteria, 
invertebrates, algae and plants. Journal of Hazardous Materials. 2015, 30 August, 294, 80–89

[8] Alaa M. Rashad. Phosphogypsum as a construction material. Journal of Cleaner Production 
Volume 166, 10 November 2017, 732–743



Journal of Siberian Federal University. Chemistry 2024 17(2): 177–185

[9] Al- Thyabat S., Zhang P. REE extraction from phosphoric acid, phosphoric acid sludge, and 
phosphogypsum. Mineral Processing and Extractive Metallurgy. 2015, 19 Jan, 143–150

[10] Ines Hammas- Nasri, Karima Horchani- Naifer, Mokhtar Férid, Donatella Barca. Rare earths 
concentration from phosphogypsum waste by two- step leaching method. International Journal of 
Mineral Processing. 2016, 10 April, 149, 78–83

[11] Myrzakhmetov B.A., Sholak A. Chemical Composition Of Phosphogypsum And Complex 
Method Of Its Processing. 2015, 67–71

[12] Molkov A.A., Dergunov Y. I., Suchkov V. P. Method Of Phosphogypsum Processing. 2006, 
141–145

[13] Onoprienko N. A., Kripak V. R., Scherbina N. A., Mesyalena Alexandrovna. Study Of The 
Effect Of Hydrochloric Acid Concentration On The Extraction Efficiency Of Cerium And Lanthanum 
From Phosphogypsum. 2022, 82–85

[14] Dollimore D. The thermal decomposition of oxalates. A review, Thermochimica Acta, 1987, 
331–363

[15] Daminev R.R., Kurbangaleeva M. Kh. Extraction of rare- earth elements from 
phosphogypsum. Bashkir Chemical Journal. 2021, 90–92


