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ABSTRACT

In this study, the various organic extractants, namely D2EHPA, PC-88A, TBP, TBPP, TOA, and TOPO, were
examined to extract REEs from sulphuric acid leach liquor of apatite ore. Extraction parameters including
extractants type, the concentration of extractant, organic to aqueous phase ratio, and contact time were
investigated. Stripping experiments were conducted using different concentrations (0.5-4 M) of hydrochloric
acid. Results showed that the overall extraction of REEs into the PC-88 extractant were ranged between 20 and
35%, while their extraction with other extractants did not exceed 20%. Interestingly, heavy rare earth elements
(Th, Dy, Er, and Y) were selectively extracted with D2EHPA when the light REEs extraction was lower than

5%.
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1. INTRODUCTION

REESs consisting of the 15 lanthanides and yttrium
(YY), scandium (Sc) in the periodic table are relatively
abundant in the earth’s crust. Although they are
typically dispersed and rarely occur in concentrated
forms. Economic deposits of REEs in mining are
bastnasite (La, Ce)FCOs;, monazite (Ce, La, Y,
Th)POs, and xenotime YPOg,, but more than 200 rare
bearing minerals occur in the crust. One of the critical
host minerals for REEs is apatite in igneous and
metamorphic rocks [1-3]. The demand for REEs is
increasing drastically with the development of
electronics, communication, and energy technologies
because of their unique physical, chemical, electrical,
magnetic, and optical properties [4, 5]. The
hydrometallurgical process involving acid leaching
and solvent extraction is the most common method of
recovering rare earth elements from natural
resources. Namely, REEs present in apatite are
typically recovered using hydrochloric (HCI), nitric

(HNOs3), and sulphuric acid (H2SO4) leaching. REEs
dissolution from apatite with HNO3 and HCI solution
is more efficient than that with H,SO, solution due to
the formation of gypsum by-product [6-8].
Recovering REEs from leach liquor obtained by acid
leaching is difficult due to their similar physical and
chemical properties. Accordingly, many organic
extractants, cation, and anion exchangers have been
used to purify and separate REEs from aqueous leach
liqguors [9, 10]. Nowadays, the solvent extraction
process has been widely used for separating REES
from the leach liquor using commercial extractants
such as D2EHPA, HEHEHP, Versatic 10, TBP, and
Aliquat 336 [11-13]. The essential parameters in
leaching, extraction, and purification are needed to
optimize to develop a highly efficient REEs recovery
technique. On the other hand, optimizing a
processing operation for recovering REEs from the
natural ores could be an efficient way to improve the
mining efficiency and reduce the environmental
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impact. To address this challenge, we have proposed
a viable method to extract REEs from leach liquors
obtained from sulphuric, nitric, and hydrochloric acid
leaching of apatite ore using various organic
extractants.

In this study, the extraction of REEs from
sulphuric acid leach liquor of apatite ore using
various organic extractants such as D2EHPA, PC-
88A, TBP, TBPP, TOA, and TOPO was discussed to
determine the most suitable REEs extraction
conditions.

2. EXPERIMENTAL

2.1. Material and Reagents

A sample received from apatite ore located in the
south region of Mongolia was used in this study. The
sample was crushed, milled, and sieved to collect
specific size fractions from < 75 to 250 um. Particle
size -150+100 pm was selected in leaching
experiments presented in this study. The main
mineral constituents in the apatite ore are fluorapatite
(Ca1(PO4)sF2) and phlogopite (KMgs(SisAl)O1oF>2),
while the accompanying minerals are quartz (SiOy),
hematite (Fe;Osz), and celestine (SrSO4) as
determined by X-ray diffraction (XRD) analysis
(Figure 1). The determined chemical composition of
the apatite ore using both X-ray fluorescence (XRF)
spectrometry, ZSX Series (Rigaku), and inductively
coupled plasma optical emission spectrometer (ICP-
OES), SPS-5500 (Seiko Instruments Inc.) are
summarized in Table 1.

@ Fluorapatite, cerian, sodian

(Car 790 26Nag 9(Sig 22P566024)F2)
B Phlogopite (KMga(SizAlNC,4(OH).)
< Quartz (Si0;)
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Figure 1. XRD pattern of apatite ore

Reagents grade chemicals such as sulphuric acid
(H2S0.), hydrochloric acid (HCI), nitric acid (HNOs)
were used to dissolve REEs from the apatite ore.
Several organic extractants, namely di-(2-ethylhexyl)
phosphoric acid (D2EHPA), 2-ethylhexyl phosphonic
acid mono-2-ethylhexyl ester (PC-88A), tributyl
phosphate (TBP), tributyl phosphine (TBPP),
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trioctylamine (TOA), and trioctylphosphine oxide
(TOPO), were used in the solvent extraction
experiments to recover REEs from the leach liquors.
The organic extractants were diluted with kerosene to
the required concentrations for the extraction of
REEs from acidic leach liquor. An automatic shaker
(Almighty shaker, AW-2, AS ONE) and glass
separatory funnels were used for REESs extraction and
stripping experiments.

Table 1. Chemical composition of apatite ore, mass%

Rare earth elements (REES) in the apatite ore

La | Ce | Pr | Nd | Sm | Eu Dy Er Y

30 1|60]07]22|02]004 ]| 003 | 001 0.4

Accompanying elements

Ca P Si | Fe | Al Sr Mg | Na | K F

240 189 |73 ]42 122 ] 15 05 [ 03]03]32

2.2. Analysis

Temperature and agitation speed (revolutions per
minute, rpm) through the apatite dissolution in acid
solutions were controlled by an automatic multi-
position magnetic stirring hot plate, HSH-6D /As One
Corp/. A mechanical shaker [Almighty shaker AW-2,
AS ONE] was used for extraction and stripping
experiments. The components and content of various
solid residues were determined by XRD, RINT-
2200/PC (Rigaku), and XRF, ZSX Primus Il
(Rigaku), respectively. Concentrations of elements in
the aqueous phases obtained from acid leaching,
extraction, and stripping were measured using ICP-
OES, SPS-5500 (Seiko Instruments Inc.). The pH
levels of the aqueous phases were measured using the
LAQUA pH meter, Horiba Scientific.

2.3. Preparation of Leach Liquors

Leach liquor of apatite ore was prepared by
dissolving the pulverized ore sample with -150+100
pum in size with H,SO4 solution under the condition
determined previously [14-16]: acid concentration of
1M, solid to liquid phase ratio of 1:50, agitation
speed of 500 rpm, leaching time of 1 h at ambient
temperature (22+3°C). After completed the leaching
experiment, the leachate as leach liquor and solid
residue were separated by a filtration process, and
then the residue was washed with distilled water. The
leach liquor prepared was used in further solvent
extraction study for the REEs recovery.

2.4. Extraction of REEs

Solvent extraction study was performed using
different organic extractants such as D2EHPA, PC-
88A, TBP, TBPP, TOA, and TOPO in kerosene.
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Various extraction conditions, particularly extractants
type, extractant concentration, organic/aqueous phase
ratio, and contact time, were examined.

The organic extractant and leach liquor were
mixed at the volume ratio of O:A= 2:1 and shaken on
a mechanical shaker (300 rpm, Almighty shaker AW-
2, AS ONE) at an ambient temperature for 20 min
and then separated the 2 phases by a separation
funnel. After phase separation, concentrations of
REEs in the aqueous phase were determined using
ICP-OES, and the concentrations of REES extracted
in the organic phase were calculated by mass balance.
Then the extraction efficiencies of REEs in the
organic phase were estimated using Equation (1).

Eof = Cinitia1=Cfinal _ 100 1)
Cinitial

Where; E% represents the percentage of REEs
extracted into the organic phase, Cinita -
concentration of REE in the leach liquor, Csipa —
remained REE’s concentration in the aqueous phase
(raffinate) after extracting REE into the organic
phase.

2.5. Stripping (Back Extraction) of Loaded
REEs

Stripping of loaded REEs into D2EHPA organic
phase was carried out using various concentrations of
hydrochloric acid (HCI) ranging from 0.5 to 4 M at
ambient temperature for 20 min. The ratio of loaded
organic phase to HCI as strip solution was maintained
at 1:2 for each experiment.

3. RESULT AND DISCUSSIONS

3.1. Preparation of Leach Liquor

The dissolution of main REEs from the apatite ore
in 1 M H,SO, solution is presented in Figure 2. The
result showed that the dissolution efficiencies of
heavy rare earth elements (HREESs), especially Dy,
Er, and Y, are slightly high than the dissolution of
light rare earth elements (LREEs), namely La, Ce, Pr,
and Nd.

It was evaluated that the average dissolution
efficiencies of LREEs (La, Ce, Pr, Nd, and Eu) and
HREEs (Dy, Er, and Y) from the apatite with 1 M
H,SO, were 86.0% and 92.6%, respectively. It
implies that about 14% LREEs and 7.4% HREEs
were lost with the leach residue due to the formation
of gypsum. The REEs dissolution and gypsum
formation through the apatite leaching in H,SOa
solution can be represented as follows [15, 16, 17]:
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REE®* + 502~ = REE,(50,), )
Ca,, (PO,)F, + 10H,50, + xH,0 = 6H, PO, +
10CaS0, -xH, 0 + 2HF ®)
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Figure 2. The tendency of REEs dissolution from
apatite ore in H2SO4 solution (acid concentration: 1
M, particle size: -150+100 um, S: L phase
ratio=1:50, 500 rpm, leaching time: 1 h, leaching
temperature: 22+3°C)

Table 2 shows the contents of REEs and
accompanying elements in the prepared sulphuric
acid leach liquor.

Table 2. Chemical contents of the leach liquor

LREE Conc HREE Conc Other Conc
(ppm) (ppm) | elements | (ppm)
La 798.2 Th 3.6 Na 1115
Ce 1849.4 Dy 15.7 K 39.4
Pr 160.2 Ho 11 Ca 1201.7
Nd 592.7 Er 7.0 Sr 116.1
Sm 74.3 Lu 2.8 Fe 54.3
Eu 9.5 Y 83.4 Al 203.3
Total 3484.3 113.6 1726.3

3.2. Solvent Extraction Study

Various extraction parameters, viz. extractants
type, extractant concentration, organic to aqueous
phase ratio, and contact time were examined and
optimized. Furthermore, influences of the parameters
on the REEs extraction from the sulphuric acid leach
liquor of apatite ore were discussed below.

3.2.1. Influence of the Extractant Type

Figure 3 shows a comparison of extraction
efficiencies of REEs from sulphuric acid leach liquor
of apatite into various organic extractants, namely,
D2EPHA, TBP, TPP, TOA, TOPO, and PC-88A
under the same extraction condition.
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The results indicated that the extraction
efficiencies of Tb, Dy, Er, and Y as HREEs into
D2EPHA were 36.2, 55.0, 77.0, and 88.3%,
respectively, while the efficiencies of LREEs (La, Ce,
Pr, Nd, Sm) extraction were lower than 5%. It implies
that LREEs and HREEs could be extracted
selectively from the leach liquor with D2EPHA in
sulphuric acid media. Whereas a selective extraction
of LREEs and HREES was not achieved with PC-AA
when their extraction efficiencies were between 20%
and 35%. In comparison, the extraction efficiencies
lower than 15% and 22% were obtained for LREES
and HREEs with TBP, TBPP, TOA, and TOPO,
respectively. It indicates that these extractants were
not selective and inefficient in extracting REEs from
the leach liquor.

100 - mla DOCe &Pr

80 1 ENd  BSm  BTo

a0 4 a0y s Er BY

70
60
50 +
40 4
30 4
20
10 A

REEs extraction efficiency, %

TBPP TOA
Organic extractants

D2EFHA  TBF TOPO  PC-88A

Figure 3. REEs extraction efficiencies as a function
of the influence of extractants (O:A ratio=1:2, pH 1
(initial), extractant: 20 vol.%, 300 rpm, at 20°C for
20 min)

The extraction of REEs from the leach liquor into
the organic extractants is generally expressed as
below:

REE_?;:J:I

[ + E{HL:]:::DPE:I = REE{HL:]! + 307 (4)
Where: (HL)2rg) is Organic extractant (D2EHPA, PC-

88A, TBP etc.)

A comparison of REEs extraction with various
extractants implies that the molecular structure of
organic extractants could correspond with the
efficiency of REEs extraction. Because D2EHPA and
PC-88A, which were relatively higher REEs
extraction, have closer molecular structures than
other extractants [17]. A phosphorus (P) atom in
D2EHPA is single bonded to two oxygen atoms and a
hydroxyl (-OH) group and double-bonded with an
oxygen atom. In comparison, the P in PC-88A is
single bonded to one oxygen atom (Figure 4).
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Figure 4. Molecular structure of D2EHPA and PC-
88A

3.2.2. Influence of D2EHPA Concentration

The concentration of D2EHPA as an organic
extractant was varied from 20 to 100 vol.% by
dilution with the kerosene. Figure 5 shows that the
extraction of REEs increases with an increase in the
D2EHPA concentration at the same condition.
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Figure 5. REEs extraction as a function of D2EHPA
concentration (O:A ratio=1:2, pH 1 (initial),
D2EHPA: 20-100 vol.%, 300 rpm, at 20°C for 20
min)

Results indicate that the maximum extraction
efficiencies of REEs except Y were achieved with
100 vol% D2EHPA. On the contrary, over 99% Y
was extracted into 60 vol.% D2EHPA. It was found
that an increase in the efficiency of REEs extraction
could be correlated with a decrease in ionic radii of
hydrated ions.

3.2.3. Influence of Organic-aqueous Phase
Ratio

The extraction efficiencies of REEs from leach
liquor depend significantly on the organic to aqueous
(O/A) phase ratios, as shown in Figure 6. The
extraction rates of La, Ce, Pr, and Nd from leach
liquor were constant through the different O/A ratio
conditions. With decreasing the O/A ratio from 5:1 to
1:4, the extraction of Sm and Eu was reduced
drastically, while the extraction of Tb, Dy, Er, Lu and
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Y as HREEs was slightly decreased under the
conditions. Results indicate that the LREEs and
HREEs can selectively separate using the D2EHPA
extractant because higher extraction efficiencies were
achieved for Th, Dy, Er, Lu and Y when the organic
phase ratio is higher than the aqueous phase.

Extraction efficiency, %

== ¥ e 5
51 41 31 21 11
Organic to aqueous phase ratio

Figure 6. REEs extraction as a function of O/A phase
ratios (O:A ratio=5:1-1:4, pH 1 (initial), D2EHPA:
60 vol%, 300 rpm, at 20°C for 20 min)

The O/A phase ratio of 5:1 was selected as an optimal
condition for further study.

3.2.4. Influence of Contact Time

The extraction of all REEs from the leach liquor
has the same tendency depending on the contact time
(Figure 7). Specifically, the extraction of REEs
increases drastically with an increase in contact time
from 1 to 5 minutes, but the further increase in the
time over 10 minutes has no apparent influence on
the REEs extraction. Hence, the contact time of 10
min chosen was an optimum contact time.
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Figure 7. REEs extraction as a function of contact
time (O:A ratio=5:1, pH 1 (initial), D2EHPA: 60
vol%, 300 rpm, at 20°C for 1-40 min)
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3.2.5. Stripping of loaded REEs

The stripping percentages of LREEs and HREEs
from the loaded organic phase (D2EHPA) showed
different tendencies (Figure 8). Generally, stripping
of REEs loaded into extractants can be represented as
below.

ZREE(HL;); + 3H,50, =REE;(30,); + 6(HL); (5)

Moreover, the stripping percentage of HREEs
such as Th, Dy, Er, and Y increases drastically with
increasing the HCI concentration from 0.5 M to 4 M.
The maximum stripping percentages of 75.2%,
22.6%, 56.3%, and 51.1% were achieved for Th, Dy,
Er, and Y with 4 M HCI strip solution.
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Figure 8. REEs stripping as a function of HCI
concentration (A/O ratio=1:2, HCI concentration:
0.5-4 M, 300 rpm, at 20°C for 20 min)

For LREEs loaded into D2EHPA, La, Ce, Pr, and
Nd were stripped sufficiently by 1 M HCI and their
stripping percentages were normalized to increase the
HCI concentration further. On the other hand, the
maximum stripping percentage for Sm and Eu
achieved was 14.7% and 22.0%, respectively, at 2 M
HCI solution. It indicates that HREEs could be
stripped efficiently and selectively from the loaded
D2EHPA than LREEs. A further study is necessary
to strip LREEs completely from the loaded organic
phase.

4. CONCLUSION

The recovery of REEs from apatite ore using
sulphuric acid leaching, solvent extraction, and
stripping was investigated in this study. The results
obtained from the combined technique are
summarized as follows.

¢+ The vast majority of REEs (87.4% La, 87.3%
Ce, 86.1% Pr, 85.6% Nd, 82.8% Eu, 92.0% Dy,
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91.0% Er, and 94.8% Y) were dissolved from
the apatite ore in a diluted H,SO, solution under
the previously determined conditions.

¢ The dissolution efficiencies of HREEs including
Dy, Er, and Y were 4-5% higher than the
dissolution of LREES (La, Ce, Pr, Nd, and Eu)

« It was revealed that the loss of REEs from
apatite ore in H;SO4 solution is related to the
formation of gypsum (CaSOs-xH;0) as a
passivation layer on the apatite surface.

«» D2EHPA has high efficiency and high
selectivity for extracting HREEs (Th, Dy, Er
and Y) from sulphuric acid leach liquor
compared to the other extractants.

«» Stripping yields of HREEs (Tb, Dy, and Y)
were higher percentage (50-75%) with a 4 M
hydrochloric acid (HCI) solution.

A propose hydrometallurgical technique is a
possibility for REEs recovery from apatite ores.
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