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Abstract: Currently, most high-technology productions are impossible
without rare-earth elements (REE). The heavy rare-earth elements are of
great interest as they have the highest market value and are in demand in
the vast majority of knowledge-intensive industries. The main recourse of
REE in Russia is apatite ore which is used in the production of fertilizers.
As a result of its leaching, about 15-20% of REE goes to wet-process
phosphoric acid. To enhance the depth of apatite processing, it is necessary
to develop a technology which will allow obtaining rare-earth elements as
by-products. The method of extraction and concentration of REE discussed
in this paper was conducted by using the extractant based on di-(2-
ethylhexyl) phosphoric acid (D2EHPA). The mechanism of extraction was
studied, as well as the impact of the extractant concentration, phase ratio
and the number of stages on the extraction process.

1 Introduction

Rare-earth elements (REE) are the strategically essential raw material that has found appli-
cation in various branches such as catalysts and magnet productions, metallurgy, microelec-
tronics, glass industry, and many others. Among rare-carth elements, metals of the heavy
group (gadolinium to lutetium and yttrium) are regarded as the most crucial ones due to
their extensive application, low reserves, and difficult separation [1].

The consumption of REE has wildly increased over the last several decades [2]. Conse-
quently, the production volumes of REE have risen as well with a growth rate of more than
47% only for the period between 2014 and 2018. Global mine production of rare-earth ele-
ments in 2019 consisted of 210.000 metric tons (recalculated to oxides), while the share of
Russia in the global production was only about 1.3% even though Russia has the fourth-
largest reserves of REE in the world [3,4].

The sustained growth of rare-earths consumption necessitated the search for new tech-
nologies. Since Russia imports overwhelming amounts of rare-earth elements in the forms
of oxides, metals, and alloys, it is an important issue to increase its output to meet domestic
and global demand.

Nowadays, there are several main ways of rare-earth elements extraction and separation:
solvent extraction [5, 6], sorption [7,8], chemical precipitation [9,10], and electrochemical
extraction [11]. Solvent extraction is the most efficient technology owing to its high capaci-
ty and fast mass transfer [12, 13].

Loparite is considered to be the traditional raw material of rare-earth elements in Russia.
On the other hand, apatite ore as the alternative REE source is preferable as it has elevated
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concentrations of heavy and middle groups of REE and near-zero radioactivity due to the
lack of radioactive isotopes of thorium and uranium. Nevertheless, although apatite is the
main source of rare-earth elements in Russia, they have not been previously extracted on an
industrial scale because the total amount of the lanthanides in it does not exceed 1%.

Apatite has been used in the production of fertilizers for several decades. To obtain fer-
tilizers, apatite is leached by acids such as sulphuric, nitric, or hydrochloric. The resulting
solutions of phosphoric acid, which are used in the further process without rare-earth ele-
ments extraction, contain up to 0.1% of REE. The described technology offers to add a
stage of rare-earth elements obtaining as by-products from these solutions before their fur-
ther use. Since the described method does not change P,Os concentration, phosphoric acid
after REE extraction can be effectively used in fertilizer production. Therefore, the intro-
duction of the extraction stage will increase the depth of apatite ore processing by obtaining
a valuable product without significant changes in the technological scheme. However, the
technology requires additional space and equipment for the regeneration of the extractant so
that it can be reused.

2 Theoretical basics of the process

2.1 Study object and research methods

The decomposition of apatite concentrate with sulfuric acid can be carried by semihydrate
or dihydrate methods. In the case of the most widespread dihydrate process, the formation
of wet-process phosphoric acid and the precipitation of calcium sulfate dihydrate (phospho-
gypsum) occur. This reaction can be described by equation 1:

Ca,F(PO,), +5H,50, +2H,0 =3H,PO, +5CaSO, -2H,0+ HF. (1)

As objects of the present study, a product of apatite concentrate processing was used,
namely industrial solutions of phosphoric acid obtained from PAO PhosAgro (The Balako-
vo Branch of Apatit, Saratov Region, Balakovo District, Russia). The composition of these
solutions is shown in Tables 1 and 2.

Table 1. Composition of industrial phosphoric acid solutions (mass. %).

REE P205 SO3 F A1203 CaO F€203 8102
0.07-0.1 26-28 1.2-1.8 1.4-1.5 0.1-0.4 0.3-0.8 0.3-0.4 0.8-1.1

Table 2. Relative composition of REE oxides in industrial phosphoric acid solutions.

REE oxide Composition, REE oxide Composition, REE oxide Composition,

rel. % rel. % rel. %
La,0; 15.07 Sm,04 3.18 Dy,03 1.92
Ce,0; 37.54 Eu,0; 0.96 Yb,0; 0.51
Pr,0; 4.67 Gd,0; 3.51 Y,0; 12.51
Nd,0; 18.34 Tb,0; 0.43 Er,O3 0.88

As a result of apatite leaching, 15-20% of rare-earth elements go to wet-process phos-
phoric acid including elements of the highest value: dysprosium, yttrium, ytterbium, and
erbium, relative abundances of which recalculated to oxides are 1.92, 11.51, 0.88, and 0.51
%, respectively. The industrial solid waste of this process, phosphogypsum, contains 80-
85% of rare-earth elements, mostly light and middle groups [14]. Despite this distribution,
wet-process phosphoric acid is more economically attractive, as it does not require prelimi-
nary preparation for usage [15].
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The presence of a large number of different salts in apatite processing products, as well
as similar physical and chemical properties of rare-earth elements, make it difficult to ex-
tract and separate them into individual components. Their low concentration in comparison
with impurity compounds also plays an important role: while the content of lanthanides is
0.07-0.10 %, the contents of iron (IIT) and calcium are 0.3-0.4 and 0.3-0.8 % (recalculated
to oxides).

To describe the general tendencies of REE extraction, simulated solutions were also
used. Simulated solutions contained 4.5 mol/L H3;PO,4 and 0.19 mol/L H,SO,4 and were pre-
pared by using concentrated (87%) phosphoric acid from OOO Komponent-Reactiv, Mos-
cow, Russia, and 6 mol/L solutions of sulphuric acid. To achieve the required concentra-
tions of rare-earth elements, their nitrates were used (grade “chemically pure”).

Since apatite concentrate and hence industrial phosphoric acid solutions are characte-
rized by extremely low amounts of REE, the extraction is the main method for their effec-
tive concentration and separation from complex solutions with low pH values.

Physical-chemical and chemical analysis methods were used to evaluate the data. The
composition of aqueous solutions and organic media was analyzed using infrared spectros-
copy and X-ray fluorescence spectroscopy. The process parameters such as temperature,
phase contact time, and the stirring speed were kept constant in a series of experiments.

2.2 Selection of the extractant

Taking into account the specifics of industrial solutions of wet-process phosphoric acid, the
extractant should have certain properties that ensure the selective extraction of metals. At
the same time, it should not change the composition of phosphoric acid for its further
processing.

The most affordable extractants are carboxylic acids such as naphthenic and oleic acids
which are easily regenerated and almost insoluble in aqueous solutions. However, carboxyl-
ic acids are not selective enough to use them industrially.

Furthermore, crown ethers are widely used in REE extraction. These extractants form
the strongest bonds with cations the size of which corresponds to the cavity of the crown
ethers. Their high selectivity can be achieved by changing the glycol chain numbers and in-
troducing substituents to their structure. Such operations limit the availability of crown eth-
ers as extractants for REE on a commercial scale [16]. Besides, there is data about their
poor effectiveness in acidic solutions with low pH values [17].

Presently, promising extractants are amides and ionic liquids. However, it has been
noted that when used in a strongly acidic medium, they are also less effective since the ex-
traction deteriorates significantly with acidity increasing [18,19].

Solid extractants and sorbents, which are also actively used for REE extraction, are infe-
rior to liquid extractants when it comes to ease of the process implementation and selectivi-
ty [20,21].

For systems with high acidity and complex composition, neutral and acidic organo-
phosphorus extractants are the most appropriate: D2EHPA, Tributyl phosphate, Cyanex
272, Cyanex 302. Cyanex 923, PC 88A [22,23]. The highest extraction efficiency can be
achieved by using D2EHPA that is selective to the most valuable heavy REE [24,25], and
has poor solubility in aqueous solutions [26]. Kerosene was chosen as an inert diluent to re-
duce the viscosity of the extractant and accelerate the phase separation due to its availabili-
ty and inertia in relation to solutions with low pH.

Di-(2-ethylhexyl) phosphoric acid used in the study was obtained from ZAO Acrus,
Moscow, Russia, with D2EHPA concentration of at least 95%. Kerosene with a mass frac-
tion of saturated hydrocarbons of at least 95% (grade “pure”) was obtained from OOO
Komponent-Reactiv, Moscow, Russia.
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2.3 The extraction mechanism

According to known data, D2EHPA extracts rare-earth metals by cation-exchange mechan-
ism [13, 24]. However, since the extractant’s phosphoryl group P = O is polar and oxygen
is an electron donor, D2EHPA forms also donor-acceptor bonds with REE and the solva-
tion of acid’s molecules occurs. Taking into consideration that in phosphoric acid solutions
REE form dihydrogenphosphate complexes, the following equation (2) was proposed to de-
scribe the extraction process [27]:
Ln(H,PO,)* +(25YHR), = Ln(H,PO,)R, -(HR); + H", @)
where § is the number of acid’s solvating molecules; Ln(H>PO,)** is complex REE ions
(I1I).

Infrared spectroscopy was used to confirm the correctness of the equation (Fig. 1).
Analysis of IR spectra of D2EHPA before and after extraction showed a shift of the absorp-
tion band from 1227 cm™, which is distinctive for the phosphoryl group, to 1204 cm™ due
to the extractant’s interaction with REE ions. In addition, a wavenumber of 1100 cm™ was
detected in the IR spectrum that characterizes the stretching vibrations of the (H,PO,)
group in the extractant’s organic phase. The stoichiometric ratio of ions in the organic
phase as Ln’*:H,PO,’* = 1:1 was confirmed by the results of X-ray fluorescence analysis.

Absorbance

1400 1300 1200 1100 1000 900 800

Wavenumber (cm™)

Fig. 1. IR spectra of D2EHPA and organic complexes of REE with D2EHPA, where 1 is the organic
phase before extraction; 2 is the organic phase after extraction of Y; 3 is the organic phase after ex-
traction of Er.
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According to the law of mass action, the equilibrium constant can be defined as:

[Ln(H,PO,)R, .(HR)S].[H+]2 ‘7/1%1*

K= - - 3)
[Ln(H, PO 17 o [(HR),]
or
mMK=mD+2ha, -y —(“—Sjln[(HR)] 4)
HY (Ln(H,PO,))* 2 2b
where D is the distribution coefficient; @, . is the activity of hydrogen ions;

V4 (Ln(H,PO,)* and ¥ 4+ are activity coefficients.

For phosphoric solutions with ionic strength I = 0-2.5 mol/kg, can be cal-

culated as follows (Lebedev 1978):

To find out the number of solvates of organic complexes, the dependence of the distri-
bution coefficient on the molar fraction of the extractant was studied (Fig. 2). The angular
coefficient of each metal corresponds with the solvate number in the extracted complex of
this metal. The results of the calculation of solvate numbers are shown in Table 3.

8
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Nd

Dy
Tb
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Yb

Fig. 2. Dependence of the logarithm of the distribution coefficient of REE on the logarithm of the
D2EHPA molar fraction.

7 (Ln(H,PO,)**

Table 3. Equations of the extraction equilibrium.

RE Approximation Sol- Equations of the extraction equilibrium
E equations vent
num-
ber
(2+8)
Nd mhD=087-lhx—127 2 Nd(H,PO,)’" +(HR), = Nd(H,PO,)R, +2H"

Sm  hD=1.10-hx-0.62 3 Sm(H,PO,)*" +1.5(HR), = Sm(H,PO,)R,(HR) +"
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Gd mD=136-hx+029 3 Gd(H,PO,)*" +1.5(HR), = Gd(H,PO,)R,(HR)+:

To WmD=136-lhx+1.89 3 Th(H,PO,)*" +1.5(HR), = Gd(H,PO,)R,(HR)+2.

Dy  InD=1.71-lnx+3.11 4 Dy(H2P04)2+ +2(HR), = Dy(H,PO,)R,(HR), +

Y mhD=087-lhx-127 4 Y(H,PO,)*" +2(HR), =Y(H,PO,)R,(HR), +2H

Er mD=176-lmhx+541 4 Er(H,PO,)*" +2(HR), = Er(H,PO,)R,(HR), +Z

Yo InD=227-mhx-103C 5 yp(H,PO,)*" +2.5(HR), = Yb(H,PO,)R,(HR), +

Thus, as the order number of REE from light to heavy increases, there is a decrease in
ionic radii of metals and the so-called lanthanide contraction occurs. This causes polariza-
tion and stronger electrostatic interaction of REE ions with ligands, which increases the co-
valent contribution to the mechanism of solvation extraction. Consequently, heavy metals
form stronger organic complexes, which, in its turn, leads to an increase in the extraction
efficiency (Fig. 3).

§ Y]J.

4
Elt
Ho¥s 3’
0
\
"2 008 0085  0.09 3095 0.1 0.105
- Gd Nd
-4 I
LnK =-816,28r + 74,996 "*-.
8 R?=0,963
12 S T
lonic radmus (r), nm

Fig. 3. Dependence of extractability on the ionic radius.
The different stability of the extracted complexes was also confirmed by Gibbs energies
calculations as follows:
AGY=—RT In K, ()
where R is the universal gas constant; T is the absolute temperature (298,15 K); K is the
extraction constant.
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Calculated standard Gibbs energies for REE that were explored in this paper are pre-
sented in Table 4.

Table 4. Gibbs energies of extracted REE complexes, kJ/mol.

Yb(H,PO,)* Er(H,PO4)*" Y(H,PO,)* Dy(H,P0O,)*"

-14.41+0.29 -6.49+0.19 -4.77+£0.09 -0.91+0.05

It has been also established that an organic phase with a low concentration of D2ZEHPA
in it mainly extracts elements with the smallest radii, which are heavy REE (Table 5).
These metals have the greatest practical value, therefore, further work was continued with
them.

Table 5. Extraction of REE from wet-process phosphoric acid by the extractant with 30% D2EHPA.

Extraction efficiency, %
Yb Er Y Dy Other REE
99 95 90 65 <10

The effect of D2EHPA concentration on the extraction process was studied. The results
are shown in Figure 4.

]00 .|..l'.ll-r.--lluuu.uuu"u.."...

0% 20% 40% 60% 80% 100%
Extractant's concentration

oYb mEr ¢DyaY

Fig. 4. Dependence of extraction efficiency on extractant’s concentration.

According to the graph, to achieve a high extraction efficiency (E, %) of ytterbium, it is
enough to use D2EHPA in the extractant of 30-40%, while for other metals, the extractant
with a higher concentration is required.
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To evaluate the effectiveness of the organic solvent, solutions of phosphoric acid after
apatite processing and solutions simulating its composition were used. As can be seen in
Figure 5, when extracting REE from apatite leaching product, the extraction degree is 10-
15% lower compared to extraction from simulated solutions. It can be explained by a large
number of impurities in wet-process phosphoric acid, such as titanium and iron, the content
of which in the feedstock is several times higher than the total REE content.

100%

80%

m 60%

40%

20% - A
050 150 250 35 450 55 6,50
C(H3P04), mt}lfkg
& Wet-process phosphoric acid
® Simulated solutions

Fig. 5. Dependence of extraction efficiency on a concentration of phosphoric acid.

3 Concentration and separation of ree

3.1 Effect of phase ratio on the extraction process

In further experiments, two simulated solutions were made. A solution with the same con-
tent of metals, namely ytterbium, erbium, yttrium, and dysprosium, was used to study the
general patterns of REE extraction, while a solution with metals content close to their con-
tent in industrial solutions of phosphoric acid was used to determine the effect of each met-
al concentration on the extraction. Based on the obtained data that a low concentration of
D2EHPA is sufficient to extract ytterbium; the experiment was conducted by using the ex-
tractant with 30% of D2EHPA.

It was found that with the first solution, the extraction efficiency goes down sharply in
case of an increasing aqueous-to-organic phase ratio due to a significant decrease of REE
distribution coefficients (Table 6, Fig. 6). The extraction efficiency of ytterbium is much
better, as it forms a stronger extractable complex.
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Table 6. The results of extraction from the solution with the same REE content.

Yb Y Er Dy
Vaq/vorg
D E, % D E, % D E, % D E, %
20 6.90 25.64 0.32 1.55 0.50 2.44 0.45 2.19
10 13.98 58.30 0.93 8.48 1.57 13.56 0.50 4.76
83.65 94.36 1.32 20.84 2.46 32.96 0.43 7.96

398.00 99.50 1.19 37.40 1.74 46.50 0.27 11.70

2 4 6 Svaq}%mgu 14 16 18 20

¢Dy eYb AY mEr

Fig. 6. Dependence of extraction efficiency on phase ratio.

When extracted from the solution with REE content close to its content in industrial so-
lutions, the behavior is similar (Table 7, Fig. 7). The average separation factors of metals
take the following values: Yb/Y =8, Y/Er =4, Er/Dy = 4. In joint presence, the results of
extraction deteriorate, which is explained by the competitive participation of elements.
Thus, even though the content of yttrium is an order of magnitude higher than the content
of other metals, ytterbium displaces it and compounds of other metals.

Table 7. The results of extraction from the solution with the content of REE close to industrial solu-

tions.
Yb Y Er Dy

Vaq/vorg
D E, % D E, % D E, % D E, %
20 6.09 23.33 0.84 4.01 0.17 0.86 0.07 0.35
10 8.07 44.67 0.87 8.04 0.32 3.14 0.06 0.60
8.64 81.20 0.95 15.92 0.24 4.57 0.05 0.90
9.19 91.41 1.10 21.23 0.25 6.51 0.05 1.12
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Fig. 7. Dependence of extraction efficiency on phase ratio.

3.2 Effect of the number of stages on the extraction process

The next step was to study the dependence of the extraction on the number of stages. The
same simulated solutions were used. Each step of multi-stage batch extraction was con-
ducted with a new portion of the initial aqueous solution to saturate the organic phase by
REE. The results are presented in Tables 8-9 and Figure 8.

Table 8. The results of extraction from the solution with the same REE content.

S D E, %
tage Yb % Dy Yb % Dy
1 3.33 0.56 0.24 39.97 10.06 4.57
2 3.24 0.36 0.17 39.32 6.69 3.30
3 2.52 0.06 0.10 33.55 1.14 2.03
4 1.87 0.13 0.08 27.19 2.48 1.59
Table 9. The results of extraction from the solution with the content of REE close to industrial solu-
tions.
D E, %
Stage

Yb Y Dy Yb Y Dy

1 3.82 0.91 0.10 4333 1543 1.90

2 8.89 0.28 0.07 54.00 5.37 1.40

3 5.42 0.27 0.05 52.00 5.11 0.90

4 4.74 0.13 0.04 48.67 2.52 0.80

5 4.15 0.12 0.05 4533 237 0.90

10
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Fig. 8. Dependence of extraction efficiency on the number of stages: a) from the solution with the
same REE content, b) from the solution with the content of REE close to industrial solutions.

b)

When performing a multi-stage extraction, there is a drop of extraction degree, which
can be explained by the gradual saturation of the organic phase and the shift of the equili-
brium towards the side of reactants. Nevertheless, in the case of extraction from the solu-
tion with REE content close to industrial, the extraction efficiency of ytterbium either in-
creases or remains unchanged due to the displacement of dysprosium and yttrium. Thus,
ytterbium’s ability to form a stronger extractable complex with D2EHPA leads to its con-
centration in the organic phase while its percentage content grows (Fig. 9). The extraction
efficiency of dysprosium, in its turn, decreases sharply, as well as the extraction efficiency
of yttrium, despite its high concentration in wet-process phosphoric acid. As a result, the
separation factors increase from stage to stage, and for the pair of ytterbium/yttrium, the
factor rises from 5 to 36 after five stages.

16
2 14 e ®
12 L L
E g -
5.2 10
g5 s - ®
=
55 6 ¢
a5 ¢
P 4
ﬁ 2
0
1 2 3 4 5

Extraction stages

Fig. 9. The percentage of ytterbium depending on the number of stages.

In terms of using the extractant with 30% of D2EHPA, the extraction efficiency of
dysprosium to the organic phase tends to zero, so it is advisable to extract it by a solvent
with a higher concentration of the extractant. Thus, extraction was carried by D2EHPA of
70%. The obtained data are shown in Table 10 and Figure 10. With increasing the volume
of the aqueous phase, both the extraction efficiency and distribution coefficient fall dramat-
ically. There is no practical use in a phase ratio greater than V,,/V, =5 since the extrac-
tion efficiency will be less than 30% per stage in this case.

11
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Table 10. The results of dysprosium extraction.

Vaq/vorg D E,%
2 2.59 56.46
5 227 31.22
10 1.35 11.89
20 1.57 7.26
70
60 4
50
<40\,
= 30 \0
20 N~
10 e L, —.
0

2 4 6 8 10 12 14 16 18 20
VadVorg

Fig. 10. Dependence of extraction efficiency of dysprosium on phase ratio.

To purify the extract from iron and titan during the extraction process, as well as after it,
there should be a stripping stage for which oxalic acid can be used. A fuller separation of
rare-carth elements can be achieved at the stage of re-extraction by sulfuric acid with sub-
sequent precipitation of REE by sodium carbonate [28].

3.3 The extractant capacity

The saturation of the organic phase by ytterbium is limited by the extractant capacity,
which was determined by multi-stage countercurrent extraction using a cascade of extrac-
tors. The results can be seen in Figure 11. It was found that the capacity of D2EHPA for yt-
terbium takes the value of 45 mM which exceeds its concentration in wet-process phos-
phoric acid by several orders of magnitude.

12
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Fig. 11. D2EHPA’s capacity for ytterbium.

4 Conclusions

In the course of the research, the equation describing the extraction mechanism by di-(2-
ethylhexyl) phosphoric acid was derived. It has been established that the extraction effi-
ciency rises with a decrease in the radius of metals due to the formation of more stable ex-
tractable complexes with the extractant.

It was found that the usage of different concentrations of D2EHPA in the solvent pro-
vides selective extraction of rare-earth elements. Thus, the highest extraction degree of yt-
terbium and yttrium was achieved at the phase ratio V,q/Vo, = 10 using D2EHPA with a
molar fraction of 0.3 for ytterbium and 0.7 for yttrium. The obtained average REE separa-
tion factors were as follows: Yb/Y =8, Y/Er = 4, Er/Dy = 4.

Though dysprosium has the least effective extraction results, it is possible to achieve the
extraction efficiency of more than 90% by increasing the volume of the organic phase to
phase ratio V,/Vo, = 2 and performing three stages of extraction. If the phase ratio is
Vag/Vorg = 5, six stages are required.

The saturation of the organic phase for ytterbium is limited by extractant capacity,
which is 45 mM according to the study.

This paper was supported by the Russian Science Foundation as part of project No. 19-19-00377.
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