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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

solution.

© Siberian Federal University. All rights reserved
This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0).
*  Corresponding author E-mail address: v_zaxval@mail.ru

— 177 —



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

Acknowledgments. The work was realized under support of the State Assignment for the creation of new
laboratories in 2021, including under the guidance of young promising researchers of the national project
“Science and Universities”, research title is “Development of scientific and technological foundations
for the creation of an integrated technology for processing gypsum-containing waste from various
industrial enterprises”, FZWG-2024—0001. This work was supported by the Engineering Center LLC.
We also thanks administrative support of the BSO LLC (Belgorod), and Foundation for Assistance to
Small Innovative Enterprises in Science and Technology (Foundation for the Promotion of Innovation)

for their very kind support.

Citation: Nikulin L. S., Nikulicheva T.B., Kolesnikov D. A., Zakhvalinkiy V.S., Vyugin A.O., Anosov N. V., E. E

Alfimova N.I. Optimization of technological parameters for obtaining a concentrated aqueous solution of F." 5
salts containing rare earth elements extracted from phosphogypsum. J. Sib. Fed. Univ. Chem., 2024, 17(2),
177-185. EDN: CDKVTL E

OnTuMHu3anus TEXHOJIOTHYECKHX NMapaMeTpPoB
MOJTy4YeHH s KOHIEHTPUPOBAHHOT0 BOJTHOT'O PACTBOPA CoJI€i,
COJIEPIKANIUX PeAKo3eMeJIbHbIE )JIeMEeHTHI,

u3BJiekaemble u3 pochorumnca

N. C. Huxkymun® % T.B. Hukyauuesa® %,

. A. Konecuukos?, B. C. 3axBajJuHCKHA?,

A.O. Bororun®?, H.B. Anocos® % H. . Ainpumona®
“BeneopodcKutl 20Cy0apCcmeeHHblll HAYUOHAIbHbIL
uccne0o8amenbCKull yHusepcumem

Poccuiickas ®@eoepayus, beneopoo

%000 «Hncunupunzosviti yenmp HAY «beal Vy
Poccuiickas ®@eoepayus, beneopoo

¢ben2opo0CcKull 20Cy0apcmeeHHblll MexXHOI0SUYeCKUL
yuusepcumem um. B. I [llyxoea

Poccuiickas ®edepayus, bBercopoo

AnnoTtanus. [IpencraBiieHbl SKCIEpPUMEHTAIBHBIE PE3YJIbTaThl BIMSHNS TEXHOIOTHYECKUX TAPAMETPOB
KacKaJHOT'O BbIlleIaduBanus Gpocdorurca u BeIMapUBaHUsI TOJIYYSHHOT'O MOCIIE BbILIECIauBaHUS
pacTBopa Ha coJiep>KaHHe B HEM PEIKO3eMEIbHBIX dieMeHToB (P33). YcTaHOBIEHO, 4TO KOHIIGHT PALIHS
P33 B pacTBOpe pacTeT NpakTUYECKU JUHEHHO ¢ yBETNYCHUEM Yncia KackaaoB [1]. Bermapusanue
P35-conmepikamero [2] pactBopa 10 23 % OT mepBOHAYAIHLHOTO 00beMa MPUBOJIUT K BEITIAICHHUIO
ocajika, B kotopoMm P33 cocrasisiet okono 0,5-0,6 %, uto coBnagaet ¢ conepkanuemM P33 B ucxonHom
rumce. 9To IPUBOIUT K 04UCTKe pacTBopa oT P3D. Ilpu BeimapuBanuu pactBopa cBalie 77 % B ocaake
oOHapy>KuBaeTcs NoBblIeHHOE cofepkanue P33, nocruratomee 10—12 %. Takum oOpa3om, kKackaHoe

BBIICJIAYUBAHUC C MOCIICAYOMIUM BblITapMBAHUEM paCcTBOPA ABJISICTCA SKOHOMHUYCCKHU 9(1)(1)6KTI/IBHBIM
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TEXHOJIOTHYECKHUM TporieccoM. OH MO3BOISAET MOIYUYHUTh PACTBOP C COACPIKAHUEM OT HECKOJIBKUX
JECATKOB JI0 HECKOJIBKMX COTEH rpaMMoB P33 Ha nutp npu Hu3koM coxepxkanuu Ca, P, S, Sr u gpyrux
HEXXeJaTeIbHbIX 3JIEMEHTOB, KOTOPBIA MOXKET OBITh MCIIOJIb30BaH ISl OCAXKICHUsI KapOOHATOB HIIH

runpoxcugos P39 [3].

KuaroueBnle cioBa: PEAKO3EMCIBHBIC JJIEMCHTDBI, KACKa/ITHOC BBILICIAYMBAHUC (1)0C(1)0FI/IHC3, BbIIIAPHMBAHUC

P3D-coaepikaiero pacteopa.

BaarogapuocTu. VcciienoBanue BBIIOTHEHO B paMKax rOCYAapCTBEHHOIO 3aJlaHUs Ha CO3JaHue
B 2021 1. HOBBIX J1a0OPATOPHA, B TOM YHCIIE IO/ PYKOBOACTBOM MOJIOZIBIX MEPCIEKTHBHBIX CIICIIHATHUCTOB
HalMOHAJIBHOTO MpoekTa «Hayka u yHuBepcUTEThI», 110 HayYHOH TeMe «Pa3paboTka u pazBurtue
Hay4YHO-TEXHOJIOTMYECKHX OCHOB CO3/IaHHsI KOMIIJIEKCHO! TEXHOJIOTUH MepepabOTKH TUIICOCOACPIKALINX
OTXOJIOB Pa3JIMYHbIX MPOMBILIIICHHBIX MPEANPUSITHI U TIOUCK HOBBIX CIIOCOOOB IIPUMEHEHU ST ITPOJIYKTOB
nepepaboTkn», (FZWG-2024—-0001). PaboTa BImonHeHa ¢ ucnionb3oBanueM obopynoBanus LIBT

Ha 6a3e BI'TY um. B.T. lllyxosa (r. benropon).

Hutuposanue: Hukynun U. C., Hukynuuesa T.b., Konecuukos JI. A., 3axpanunckuii B. C., Betorun A.O., Anocos H.B.,
Andumona H. 1. OnTuMu3anus TEXHOJIOTNIECKUX ITApaMETPOB ITOJyUSHHU ST KOHLEHTPUPOBAHHOTO BOAHOTO PACTBOPA COJICH,
COZIEPKAIIMX PEAKO3EMEIIbHbIC 3JIEMEHTHI, H3BIeKaeMble u3 pocdorumnca. XKypn. Cub. penep. yn-ta. Xumus, 2024, 17(2).
C. 177-185. EDN: CDKVTL

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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Tube

Flask 1

Flask 2

Solution

Source of heat
HNO:+ H:0

Fig. 1. The evaporation system for increasing the REE concentration

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 1 / 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 1. 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.
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Fig. 2. Diagram of REE content in leachate after cascade treatment of gypsum in 2 molar HNO; solutions
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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

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 / 1, 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 I'V.

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
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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.
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