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Abstract: Optimization of the acid leaching process for Mongolian apatite-based ore containing
rare-earth elements (REEs) was studied. The ore contained approximately 10% of REEs as total rare
earth oxides, and the major impurities were Ca (33% as CaO) and Fe (23% as Fe2O3). Fe bearing
minerals could be removed by passing the sample through a wet high-intensity magnetic separator
before leaching. After magnetic separation, basic leaching tests were conducted to investigate the
influence of the acid type and concentration, temperature, and the pH on the REE leaching level and
kinetics. Hydrochloric acid was found to be the most effective leaching agent, leaching more than
90% of REEs in an hour. However, the concentrations of Ca ions in the leachate were also high, which
would complicate recovery of the REEs. Therefore, to reduce the amount of Ca ions in the leachate,
a two-stage leaching procedure was attempted. In stage 1, the sample was preleached using 1.0 M
hydrochloric acid to dissolve Ca. In stage 2, the solid residue of stage 1 was leached using 2.0 M
hydrochloric acid to dissolve REEs. Consequently, this two-stage leaching significantly reduced the
Ca concentration in the final leachate without affecting the leaching levels of REEs.

Keywords: rare-earth element; acid leaching; apatite; magnetic separation; two-stage leaching;
Ca removal

1. Introduction

With increasing demand for rare-earth elements (REEs) and the corresponding recent surge in
their prices, many countries have begun to reevaluate old rare-earth mining prospects and explore
new ones. According to a 2009 estimate by the U.S. Geological Survey, Mongolia has 31 million tonnes
of rare-earth reserves (approximately 17% of the world’s total), exceeded only by China [1]. In light of
Chinese restrictions on REE exportation, Mongolia has become a leading contender in the current rush
for REE resources [1]. At present, Mongolia plans to increase its transportation infrastructure to ship
mineral resources to Russia and the Far East [1]. Therefore, Mongolian resources potentially represent
a major supply of REEs for Korea.

The REE ore deposit currently under investigation is located in southern Mongolia and contains
over 300,000 t of rare-earth oxides (REOs) as combined REOs according to a recent exploration
campaign [2]. The average REO grade in this area is 1.36% but reaches 6.15% in a newly discovered
high-grade zone. This deposit consists of sheet-like magnetite–apatite ore bodies [3].

REE ores are usually processed in two steps: physical concentration and leaching. The first step
typically includes crushing the ore and physically separating the REOs from the ore. This separation
process dramatically increases the percentage of REOs in the working material but is successful only if
the REEs are largely concentrated in a single mineral phase such as a form of bastnäsite (REECO3F)
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or monazite (REEPO4) [4]. Unfortunately, this is not the case for the REE ore under investigation,
which contains primarily apatite [Ca10(PO4)6(OH,F,Cl)2] as the major source mineral. REEs in apatite
usually occur as ionic substitutions for Ca within the crystal lattice rather than in discrete mineral
form [5–7]. Intuitively, it is possible to obtain REE concentrates by selective separation of REE-bearing
apatite from the ore. Froth flotation is a common process applied to phosphate ores. Consequently,
various flotation tests were conducted in an attempt to obtain REE concentrates. However, the results
were not satisfactory, yielding either a low recovery and/or little REE enrichment in the concentrates.
Other physical concentration methods such as gravity separation and magnetic separation were also
found to be ineffective in concentrating REEs, but magnetic separation showed positive effects on
impurity removal.

The extraction of REEs from ore usually involves decomposition with acidic or alkaline reagents.
In the acid route, acid baking is commonly used for the major REE minerals including monazite,
bastnäsite, and xenotime. The treatment involves mixing REE concentrates with sulfuric acid followed by
baking at around 200 ˝C. The resulting cake is leached with water to dissolve REEs. Alkaline digestion
is typically used for monazite. The ore is decomposed with NaOH to produce rare earth hydroxides.
The resulting products are then leached using hydrochloric acid to dissolve REEs. In addition, direct
decomposition by HCl is another common method used for carbonate minerals such as bastnäsite.

Several studies have examined the acid leaching of REE apatite [8–12]. It was reported that apatite
leached well in hydrochloric or nitric acid [8,10,11], but it was very difficult to attack with sulfuric acid
unless the concentration and/or temperature were very high [8,10,12]. However, owing to the complex
metallurgy of REEs, there is no standard process for leaching REE-bearing minerals. The choice of
decomposition method depends on the mineralogy of the REE-containing phases as well as other
non-REE minerals present in the ore that often affect the effectiveness of the leaching process.

This study investigates the leaching behavior of a Mongolian REE ore in response to various
acids. To reduce impurities in the leachate, pre-removal of Fe by magnetic separation and a two-stage
leaching process for selective removal of Ca were studied. The specific objectives were to examine the
mineralogical characteristics of the sample, determine the effects of the acid type and concentration,
temperature, and the pH on the leaching efficiency, and assess the optimum conditions of the leaching
process for this apatite-based ore.

2. Materials and Methods

2.1. Mineralogical Characteristics of the Sample

The sample was collected from the southern region of Mongolia. Previous studies reported that
the REE deposit consists of apatite ore bodies including apatite, barian celestite, magnetite, hematite,
goethite, fluorite, gypsum, phlogopite, carbonate (mostly calcite), pyrite, and monazite-(Ce) [3,13].
The chemical composition of the sample was analyzed by X-ray fluorescence (XRF) and summarized
in Table 1. The total level of REOs is approximately 10%. The most abundant REE is Ce, followed by
La, Nd, Pr, and Y.

X-ray diffraction (XRD) (D/MAX-2500V/PC, Rigaku, Tokyo, Japan) was used to characterize the
mineral phases in the sample. As shown in Figure 1, the main minerals were identified as apatite and
silicate minerals. Minor minerals were goethite, hematite, maghemite, quartz, monazite, and so on.

Detailed mineralogical characterization of the ore was conducted by Enkhbayar et al. [14],
who found that REEs were mostly associated with fluorapatite and hydroxyapatite. As shown
in Figure 2, the apatite grains have hexagonal structures with a layered arrangement of outer
crystals grown upon an inner layer of crystals. Electron probe microanalysis revealed that the REE
(Ce2O3 + La2O3 + Nd2O3) content increases from the center to the edge of the specimen (9.45 wt % in
mh21, 12.51 wt % in mh23, 45.57 wt % in mh24). The Si and Na contents also increased from the center
to the edge of the structure. Conversely, the amounts of P and Ca decreased from the center to the edge
of the sample. These trends indicate that more REE was substituted for Ca in apatite as the crystals
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grew. Monazite crystals were also found between the two outer layers. Therefore, it can be expected
that the leaching rate would initially be high owing to the presence of a high-grade REE layer in the
outer rim of the apatite particles and then decrease because monazite is less reactive than apatite [15].

Table 1. X-ray fluorescence (XRF) analysis of the sample.

Formula Concentration (%) Formula Concentration (%)

CaO 32.75 MgO 0.53
Fe2O3 22.91 SrO 0.47
P2O5 18.30 Na2O 0.45
SiO2 9.65 Pr6O11 0.42
CeO2 5.80 MnO 0.29
La2O3 3.01 Y2O3 0.28

SO3 1.80 K2O 0.25
Nd2O3 1.48 ThO2 0.06
Al2O3 0.87 ZnO 0.05
TiO2 0.62 CuO 0.04
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Figure 2. The layered structure of apatite in the sample [14].

2.2. Experimental Procedure

Lumps of the ore sample were crushed into smaller pieces with a hammer and were crushed
again to ´1 mm in stages by a jaw crusher and disk mill. They were then ground to 90% of the passing
size of 0.3 mm using a ball mill. Figure 3 shows the cumulative size distribution of the sample.
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Because the chemical analysis indicated that the sample contained a large amount of Fe (23%
Fe2O3), Fe-bearing minerals were removed from the sample before leaching. A mixture of water and the
sample, bearing 10 wt % solid materials, was prepared and fed through a laboratory wet high-intensity
magnetic separator (Eriez Series L-4 Model, Eriez, Erie, PA, USA) operating at 0.2 T. The chemical
compositions of the resulting magnetic and nonmagnetic streams were analyzed using XRF.

Basic leaching tests were conducted using sulfuric, hydrochloric, and nitric acids at various
concentrations in the ranges of 0.1–13.0 M for sulfuric acid and 0.5–2.0 M for hydrochloric and nitric
acid. All of the leaching tests were replicated 4–5 times, and average values obtained after removing
significant outliers were used for analysis. Ten grams of the sample were added to a beaker containing
90 mL of the acid solution. The slurry was then agitated with an impeller-type stirrer (Daehan Scientific,
Wonju, Korea). The slurry samples were collected at regular intervals and the leachate was separated
from the solid particles using a filter for lower acid conditions (0.1–2.0 M acids) or a centrifuge for
higher acid conditions (5.0–13.0 M acids). The separated leachate was diluted with 1.0 M hydrochloric
acid to prevent precipitation of REEs and analyzed using an inductively coupled plasma optical
emission spectrometer.

As the leachate contained a considerable amount of Ca, a two-stage leaching method was
employed to reduce the amount of Ca in the final leachate. In stage 1, the sample was preleached
using 1.0 M hydrochloric acid to dissolve Ca. In stage 2, the leachate of stage 1 was separated from the
residue, and only the solid residue was leached using 2.0 M hydrochloric acid to dissolve the REEs.

3. Results and Discussion

3.1. Magnetic Separation

Table 2 presents a chemical analysis of both the feed sample and the magnetic and nonmagnetic
streams collected from the magnetic separator. The Fe2O3 content in the nonmagnetic portion
decreased significantly from the feed value of 22.9% to 10.6%. In addition, the REE contents increased
correspondingly, as REE-containing apatite is nonmagnetic. Some REEs were lost to the magnetic
stream, but the recovery of the REEs in the nonmagnetic stream was still greater than 90%. The Fe2O3

content of the magnetic stream was very high, and the Fe grade was compatible with typical iron-ore
concentrates. Therefore, magnetic separation before leaching offers a potential opportunity not only to
reduce Fe impurities in the leachate but also to generate revenue by selling the Fe-rich byproduct to smelters.
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Table 2. Result of XRF analysis of raw sample and magnetically separated samples.

Magnetic Intensity Sample Yield (%)
Content (wt %)

Fe2O3 CeO2 La2O3 Nd2O3 Pr6O11 Y2O3

- Raw 100 22.9 5.8 3.0 1.5 0.4 0.3

0.2 T
Magnetic 19.5 72.5 1.5 0.9 0.4 0.1 0.1

Nonmagnetic 80.5 10.6 6.8 3.6 1.6 0.5 0.3

Recovery to Nonmagnetic (%) 37.6 95.0 94.5 94.9 96.7 96.1

3.2. Effect of Acid Concentration and Type

Figure 4 shows the change in the leaching efficiency with the sulfuric acid concentration.
The experiments were run for 5 h at 20 ˝C. At low acid concentrations, the leaching level increased
with increasing acid concentration. However, the leaching level decreased at 5.0 M. This may result
from reprecipitation of REEs via calcium sulfate formation. It is known that calcium sulfate hydrates
(gypsum, hemihydrate, and anhydrite) are readily formed wherever calcium and sulfate are present
together in aqueous solutions [16].
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Figure 4. Leaching levels at various initial sulfuric acid concentrations at 20 ˝C.

Indeed, the XRD analysis of the residue after leaching shows the presence of gypsum
(CaSO4¨2H2O) and anhydrite (CaSO4) (Figure 5). This residue may contain REEs by isomorphous
substitutions for Ca2+ [8,12,17,18], because Ca and REEs have similar ionic radii. To confirm the
existence of REEs in the precipitated gypsum and CaSO4, the leaching residue was dried in atmosphere
and was washed with water. The solution phase from this washing was found to contain a significant
amount of Ca and REEs (1.03 g/L Ca, 0.08 g/L Ce, 0.03 g/L La, 0.03 g/L Nd, 0.02 g/L Pr, and
0.009 g/L Y), which indicates that the precipitated calcium sulfate hydrates contain REEs by ion
substitution. The Ca concentration seems to be higher than the solubility of gypsum (2.4 g/L), but
the solution may contain free calcium ions and associated calcium sulfate neutral species [CaSO4(aq)]
dissolved from anhydrite [16,19].

On the other hand, when the concentration of sulfuric acid further increased above 5.0 M, the
leaching level increased again. It can be postulated that the increase in the acidity may change the
solution chemistry to limit the precipitation of calcium sulfate hydrates. To examine more closely the
relationship between the leaching patterns and H2SO4 concentration, the Ca speciation was calculated
for the Ca-SO4-H2O system using thermodynamic data available in the literature [20–22]:
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HSO´4 `H2O “ H2SO4 `OH´ K1 “
rH2SO4s

“

OH´
‰

“

HSO´4
‰ “ 3.002ˆ 10´26, (1)

HSO´4 `OH´ “ SO2´
4 `H2O K2 “

”

SO2´
4

ı

“

HSO´4
‰ “

OH´
‰ “ 1.034ˆ 1012, (2)

Ca2` `OH´ “ CapOHq` K3 “
rCa

`

OHq`
‰

”

Ca2`
ı

“

OH´
‰

“ 25.119, (3)

Ca2` ` SO2´
4 “ CaSO4 paqq K4 “

”

CaSO4 paqq

ı

”

Ca2`
ı ”

SO2´
4

ı “ 1.157ˆ 102, (4)

Ca2` ` 2OH´ “ CapOHq2 Ks1 “
”

Ca2`
ı

rOH´s2 “ 3.890ˆ 10´6, (5)

Ca2` ` SO2´
4 “ CaSO4 psq Ks2 “

”

Ca2`
ı ”

SO2´
4

ı

“ 4.930ˆ 10´5, (6)

Ca2` ` SO2´
4 ` 2H2O “ CaSO4 ¨ 2H2O Ks3 “

”

Ca2`
ı ”

SO2´
4

ı

“ 3.140ˆ 10´5. (7)

There are seven species in the solution: OH´, H2SO4, HSO4
´, SO4

2´, Ca2+, Ca(OH)+, CaSO4(aq).
Therefore, three more equations in addition to Equations (1)–(4) are required to calculate the
equilibrium composition. Two additional equations used were mass balance equations for Ca species
and sulfate species. One additional equation could be the charge balance equation, but in our
calculations, the OH´ concentrations were assumed to be known and were calculated from the
final pH of the solutions in the actual experiment. The total Ca concentration was assumed to be
0.5 M considering the number of moles of Ca in the ore. The equilibrium composition was then
calculated under different levels of total sulfate concentrations (1.0, 2.0, 5.0, 9.8, and 13.0 M). If the
calculated values were greater than any of the Ksp values [Equations (5)–(7)], the Ca2+ concentration
was recalculated using the Equations (5)–(7) and the calculations were repeated until the calculated
values satisfied all conditions. The exact solution was obtained by an iterative method using “Solver”
function in MS Excel (Microsoft, Redmond, WA, USA).
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Figure 6 shows the calculation results, showing the distribution of Ca species as a function of
the initial sulfuric acid concentration. In this highly acidic condition, Ca was present mainly in the
form of Ca2+ and CaSO4(aq). The concentration of CaSO4(aq) does not change with the sulfuric acid
concentration, as the solution become saturated owing to the high concentrations of Ca2+ and SO4

2´.
On the other hand, the concentration of Ca2+ changes with the sulfuric acid concentration, showing
a minimum at 5.0 M. The final pH of the solution decreased initially with increasing the sulfuric acid
concentration, but remained the same from 2.0 to 5.0 M of sulfuric acid. However, with more addition
of sulfuric acid, the final pH decreased again, which accompanies the increases in the concentration
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of Ca2+. It indicates that the concentration of Ca2+ species changed in a complicated manner due
to the competing balance between the precipitation and dissolution of Ca, which is affected by H+,
SO4

2´ and Ca2+ in the solution. Accordingly, the total soluble Ca species varies with the sulfuric acid
concentration in a pattern very similar to the leaching pattern. This result suggests that sulfuric acid
may not be a good leaching agent for this ore, as the side reaction, Ca(REE) sulfate precipitation, limits
the REE leaching level, which did not exceed 80%, even when a large excess of acid (13.0 M) was used.Minerals 2016, 6, 63 7 of 16 
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Figure 6. Ca speciation under different initial sulfuric acid concentrations at 25 ˝C, 1 atm.
Equilibrium composition calculated by solving Equations (1)–(7).

Figure 7 shows the variation in the leaching levels with the initial concentration of hydrochloric
acid. Almost no REEs were leached when the concentration was less than 1.0 M. At higher
concentrations of hydrochloric acid, the leaching levels increased sharply. At an acid concentration of
2.0 M, nearly 100% of the REEs were leached. However, the amount of Ca in the leachate was also very
high (27,480 mg/L), which would undoubtedly cause complications during REE recovery by either
precipitation or solvent extraction.
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Figure 7. Leaching levels at various initial hydrochloric acid concentrations at 20 ˝C. Leaching time:
2 h; solid/liquid (S/L) ratio (w/v): 1:9.

Figure 8 shows the change in the leaching levels with time when 2.0 M hydrochloric acid was
used as the leaching agent. More than 90% of the REEs were leached in 10 min. At 1 h, almost 100% of
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the REEs were leached, and the reaction reached equilibrium in 2 h. It could be noted that the rate of
the leaching reaction was quite fast. Thus, it was sufficient to leach the ore at room temperature for
a relatively short time.Minerals 2016, 6, 63 8 of 16 
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Figure 8. Change in leaching levels with time using hydrochloric acid at 20 ˝C. Initial acid concentration:
2.0 M; leaching time: 2 h; S/L ratio: 1:9.

Unfortunately, the radioactive elements U and Th were also leached with the REEs, although
the level of radioactivity was statistically insignificant for the ore treated in this study (U: 45 mg/L,
Th: 24 mg/L). Additionally, the Th leaching level decreased with time because Th precipitated as
phosphate in the relatively low pH region. Thus, the radioactivity of the leaching solution could be
further decreased. Note, however, that if the radioactivity of the ore was significant, the removal of
radioactive elements from the leachate would require the use of separation techniques such as selective
precipitation or the solvent extraction method.

Leaching tests were conducted at elevated temperatures to determine whether the leaching
levels and reaction rate could be improved. Because almost 100% of the REEs were leached using
2.0 M hydrochloric acid in an hour, tests of the temperature dependence were conducted using 1.0 M
hydrochloric acid at 20, 50, and 80 ˝C. As shown in Figure 9, the overall leaching levels for all REEs
did not increase significantly; however, other impurity ions (Fe, P, Ca, and U) were leached more
as the temperature increased. Therefore, it is preferable to operate with a higher concentration of
hydrochloric acid at room temperature than to operate at elevated temperatures.
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Figure 9. Comparison of final leaching levels using hydrochloric acid at 20, 50 and 80 ˝C. Initial acid
concentration: 1.0 M; leaching time: 3 h; S/L ratio: 1:9.
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Figure 10 shows the leaching levels at varying concentrations of nitric acid. No REEs, aside from Y,
were leached at 1.0 M, whereas impurities such as P and Ca were leached quite well. However, as the
acid concentration was increased to 2.0 M, almost 100% of the REEs were leached. These results were
similar to the hydrochloric acid case. Because nitric acid is generally more expensive than hydrochloric
acid, it was not considered in later sections. Consequently, hydrochloric acid was chosen as the
optimum leaching agent for this apatite REE ore, and the effects of other variables on the leaching
efficiency were investigated using hydrochloric acid in later experiments.
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Figure 10. Leaching levels at various initial nitric acid concentrations at 20 ˝C. Leaching time: 2 h;
S/L ratio: 1:9.

3.3. Two-Stage Leaching

As mentioned previously, the leachate obtained using 2.0 M hydrochloric acid contained
a significant amount of Ca, as the major mineral phase of the sample is apatite. Therefore, a two-stage
leaching process was attempted to reduce the amount of Ca in the leachate.

3.3.1. Stage 1 Leaching

In stage 1, 1.0 M hydrochloric acid was used to dissolve the apatite. Figure 11 shows the change
in the leaching levels of P and Ca ions together with the REEs over time. Within the first 10 min
of leaching, the REE leaching levels were higher than those of P and Ca. This may result from the
mineralogical structure of the ore. As mentioned earlier, the REE concentration was higher at the outer
edge of the apatite grains than at the center. The monazite grains, which bore a much higher percentage
of REEs, were also present at the surface of the apatite. Conversely, the amounts of P and Ca increase
gradually from the edge to the center of the apatite grains. Thus, a high initial leaching level of REEs is
expected, as the leaching solution reacts first with the outer layer of the solid particles. After 10 min,
the REE levels in the leachate decreased. It seemed that this could be attributed to precipitation of
REEs as phosphates.

To analyze the leaching behavior more specifically during stage 1, a thermodynamic analysis
was performed to calculate the leaching pH values for apatite, REE phosphates, and Ca phosphate
using thermodynamic data available in the literature [22–27]. It was assumed that the concentration
of the substance reaches 1.0 mol/L for apatite and Ca phosphate, and 0.1 mol/L for REE
phosphates. The leaching pH values were calculated on the basis of the chemical reactions given
in Equations (8)–(10). The results are summarized in Tables 3 and 4. Fluorapatite, hydroxyapatite,
and chlorapatite leach at pH values of 1.0, 3.2, and 2.3, respectively. Therefore, in the early stages of
leaching with 1.0 M hydrochloric acid, all three forms of apatite could be leached from the ore because
the pH of the acid solution was 0:
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Ca10pPO4q6X2 ` 20H` “ 10Ca2` ` 6H3PO4 ` 2HX pX “ F, OH, Clq , (8)

Ca3pPO4q2 ` 6H` “ 3Ca2` ` 2H3PO4, (9)

REEPO4 ` 3H` “ REE3` `H3PO4. (10)

Minerals 2016, 6, 63 10 of 16 

 

Ca (PO ) X + 20H = 10Ca + 6H PO + 2HX (X = F, OH, Cl), (8) Ca (PO ) + 6H = 3Ca + 2H PO , (9) REEPO + 3H = REE + H PO . (10) 

 

Figure 11. Change in leaching levels over the course of stage 1 using hydrochloric acid at 20 °C. Initial 
acid concentration: 1.0 M; leaching time: 4 h; S/L ratio: 1:9. 

During leaching, it was found that the pH increased from 0 to approximately 1.5. In this range, 
the dissolved REEs and phosphate ions can react to form REE phosphates, as the leaching pH for REE 
phosphates is less than or around 0 (Table 4). In contrast, Ca does not precipitate because both apatite 
and Ca phosphate are still leachable in this pH region, as shown in Table 3. Therefore, Ca dissolution 
continues during this stage, whereas the amount of REEs in the liquid phase decreases as the REE 
phosphates precipitate.  

Table 3. Thermodynamic data and leaching pH of apatite and calcium phosphate according to 
Equations (8) and (9), respectively (ΔG°f of H+: 0 kJ/mol; Ca2+: −553.58 kJ/mol; H3PO4: −1142.54 kJ/mol). 

Apatite 
ΔG°f(kJ/mol)

Leaching pH 
Apatite HX1 ΔG°rxn

Ca10(PO4)6F2 Fluorapatite –12,885.9 –296.82 –98.76 1.00 
Ca10(PO4)6(OH)2 Hydroxyapatite –12,503.5 –237.18 –361.93 3.24 

Ca10(PO4)6Cl2 Chlorapatite –12,403.0 –131.23 –250.50 2.33 
Ca3(PO4)2 –3884.82 - –61.00 1.84 

1 X = F, OH, Cl for fluor, hydroxy and chlorapatite, respectively. 

Table 4. Thermodynamic data and leaching pH of REE phosphates according to Equation (10) (ΔG°f 
of H+: 0 kJ/mol; H3PO4: −1142.54 kJ/mol). 

REE Phosphate 
ΔGf° (kJ/mol)

Leaching pH 
REEPO4 REE3+ ΔG°rxn

YPO4 –1846.96 −686.92 17.50 –0.36 
LaPO4 –1898.43 –730.46 25.43 –0.82 
CePO4 –1827.32 –677.33 7.45 0.23 
PrPO4 –1880.33 –712.88 24.92 –0.79 
NdPO4 –1870.92 –704.09 24.29 –0.75 

Time (min)

0 50 100 150 200 250

P
er

ce
n

t 
le

ac
hi

n
g

0

20

40

60

80

100

Fe P Ca 

Ce La Nd Pr Y 

Figure 11. Change in leaching levels over the course of stage 1 using hydrochloric acid at 20 ˝C.
Initial acid concentration: 1.0 M; leaching time: 4 h; S/L ratio: 1:9.

During leaching, it was found that the pH increased from 0 to approximately 1.5. In this range,
the dissolved REEs and phosphate ions can react to form REE phosphates, as the leaching pH for REE
phosphates is less than or around 0 (Table 4). In contrast, Ca does not precipitate because both apatite
and Ca phosphate are still leachable in this pH region, as shown in Table 3. Therefore, Ca dissolution
continues during this stage, whereas the amount of REEs in the liquid phase decreases as the REE
phosphates precipitate.

Table 3. Thermodynamic data and leaching pH of apatite and calcium phosphate according to
Equations (8) and (9), respectively (∆G˝

f of H+: 0 kJ/mol; Ca2+: ´553.58 kJ/mol; H3PO4: ´1142.54 kJ/mol).

Apatite ∆G˝
f(kJ/mol) Leaching pH

Apatite HX1 ∆G˝
rxn

Ca10(PO4)6F2 Fluorapatite –12,885.9 –296.82 –98.76 1.00
Ca10(PO4)6(OH)2 Hydroxyapatite –12,503.5 –237.18 –361.93 3.24

Ca10(PO4)6Cl2 Chlorapatite –12,403.0 –131.23 –250.50 2.33
Ca3(PO4)2 –3884.82 - –61.00 1.84

1 X = F, OH, Cl for fluor, hydroxy and chlorapatite, respectively.

Table 4. Thermodynamic data and leaching pH of REE phosphates according to Equation (10) (∆G˝
f of

H+: 0 kJ/mol; H3PO4: ´1142.54 kJ/mol).

REE Phosphate ∆Gf
˝ (kJ/mol) Leaching pH

REEPO4 REE3+ ∆G˝
rxn

YPO4 –1846.96 ´686.92 17.50 –0.36
LaPO4 –1898.43 –730.46 25.43 –0.82
CePO4 –1827.32 –677.33 7.45 0.23
PrPO4 –1880.33 –712.88 24.92 –0.79
NdPO4 –1870.92 –704.09 24.29 –0.75
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In Figures 7 and 11, it can be noted that the percentage of dissolved P is always less than that of Ca
for 1.0 M hydrochloric acid. This also implies that the dissolved P is consumed as the REE phosphates
form. Otherwise, the leaching levels of P, REEs, and Ca would be similar over time. Table 5 presents
the hypothetical P leaching levels if no precipitation occurred. In these calculations, it was assumed
that the REEs disappeared from the solution according to the reaction REE3` ` PO3´

4 “ REEPO4; i.e.,
moles of phosphate ions and REEs were removed from the solution in a 1:1 ratio as precipitation
progressed. When the number of moles of phosphate ions consumed by the precipitation reaction is
calculated and added to the experimentally measured phosphate level, the calculated leaching levels
of P are very close to those of Ca throughout the process. This confirms that the REE phosphates
precipitate out of the solution during this stage.

Table 5. Comparison of P and Ca leaching level during stage 1 leaching.

Leach Time (min)
P Leaching Level Ca Leaching Level

Actual Re-Calculated

1 52.25 52.26 52.93
3 60.26 60.28 60.86
7 60.29 60.31 61.01
10 59.29 60.23 62.07
20 59.83 74.53 76.31
30 54.33 69.30 72.41
40 59.83 76.87 80.74
50 58.44 75.20 79.01
60 63.50 81.83 86.16

120 60.24 77.70 81.80
180 63.42 81.83 86.16
240 62.21 80.25 84.37

Indeed, some REE phosphates were identified by XRD analysis of the residue from stage 1, as
shown in Figure 12. This indicated that it would be possible to dissolve Ca and P selectively from
the ore while keeping the REEs in the solid residue by using 1.0 M hydrochloric acid for a reasonable
leaching time, approximately 3–4 h.

Minerals 2016, 6, 63 11 of 16 

 

In Figures 7 and 11, it can be noted that the percentage of dissolved P is always less than that of 
Ca for 1.0 M hydrochloric acid. This also implies that the dissolved P is consumed as the REE 
phosphates form. Otherwise, the leaching levels of P, REEs, and Ca would be similar over time.  
Table 5 presents the hypothetical P leaching levels if no precipitation occurred. In these calculations, 
it was assumed that the REEs disappeared from the solution according to the reaction REE +PO = REEPO ; i.e., moles of phosphate ions and REEs were removed from the solution in a 1:1 ratio 
as precipitation progressed. When the number of moles of phosphate ions consumed by the 
precipitation reaction is calculated and added to the experimentally measured phosphate level, the 
calculated leaching levels of P are very close to those of Ca throughout the process. This confirms that 
the REE phosphates precipitate out of the solution during this stage. 

Table 5. Comparison of P and Ca leaching level during stage 1 leaching. 

Leach Time (min) 
P Leaching Level

Ca Leaching Level 
Actual Re-Calculated

1 52.25 52.26 52.93 
3 60.26 60.28 60.86 
7 60.29 60.31 61.01 

10 59.29 60.23 62.07 
20 59.83 74.53 76.31 
30 54.33 69.30 72.41 
40 59.83 76.87 80.74 
50 58.44 75.20 79.01 
60 63.50 81.83 86.16 
120 60.24 77.70 81.80 
180 63.42 81.83 86.16 
240 62.21 80.25 84.37 

Indeed, some REE phosphates were identified by XRD analysis of the residue from stage 1, as 
shown in Figure 12. This indicated that it would be possible to dissolve Ca and P selectively from the 
ore while keeping the REEs in the solid residue by using 1.0 M hydrochloric acid for a reasonable 
leaching time, approximately 3–4 h. 

 
Figure 12. XRD analysis of the residue from stage 1, showing the presence of REE phosphates. 

3.3.2. Stage 2 Leaching 

The solid residue from stage 1 was subjected to stage 2 leaching using 2.0 M hydrochloric acid 
as a leaching agent. Figure 13 shows that the leaching of REEs reaches nearly 100% in a short time. 
Table 6 compares the leaching levels of REEs, calculated as the ratio of the amount of REEs in the 
leachate after 120 min of leaching to that in the raw sample, with those obtained by one-stage leaching 

Figure 12. XRD analysis of the residue from stage 1, showing the presence of REE phosphates.

3.3.2. Stage 2 Leaching

The solid residue from stage 1 was subjected to stage 2 leaching using 2.0 M hydrochloric acid as
a leaching agent. Figure 13 shows that the leaching of REEs reaches nearly 100% in a short time. Table 6
compares the leaching levels of REEs, calculated as the ratio of the amount of REEs in the leachate
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after 120 min of leaching to that in the raw sample, with those obtained by one-stage leaching under
the same conditions. The amounts of the major impurities (Ca, P, and Fe) in the final leachate are also
shown. The leaching levels of the REEs were not affected by the use of two-stage leaching, indicating
that only the impurities were selectively leached during the first stage of leaching. As a consequence,
the amounts of Ca and P in the final leachate were considerably reduced from 27,480 and 11,260 mg/L
to 5030 and 4400 mg/L, respectively.
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3.4. Optimal Processing Route 

On the basis of the experimental results of this study, we propose a route for optimal processing 
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Figure 13. Leaching levels for various elements over the course of stage 2 using hydrochloric acid.
Initial acid concentration: 2.0 M; leaching time: 3 h; S/L ratio: 1:9.

Table 6. Comparison of REE leaching levels in the leachate after 120 min and the amount of some
impurities in the final leachate between one and two-stage processes.

Type of Leaching REE Leach Level (%) Amount of Impurity (mg/L)

Ce La Nd Pr Y Ca P Fe

One-stage 98.1 97.7 98.0 98.0 98.7 27,480 11,260 190
Two-stage 98.4 97.9 98.8 90.7 90.0 5030 4400 147

3.4. Optimal Processing Route

On the basis of the experimental results of this study, we propose a route for optimal processing
and leaching of REEs from this ore, as shown in Figure 14. In this process, the ore is crushed and
ground to 90% passing 0.3 mm. Then, magnetic separation is applied to separate Fe bearing minerals,
which results in 60% removal of Fe with a 5%–6% loss of REEs. The Fe grade of the magnetic product
is very high (over 70%), so it can be sold to the steel-making industry. The nonmagnetic stream is
then subject to a two-stage leaching process. In stage 1, the ore is leached with 1.0 M HCl, where
approximately 90% of the Ca is removed with no loss of REEs. The residue from stage 1 leaching is
then subject to stage 2 leaching with 2.0 M HCl, where most of the REEs are leached out in an hour.
The final recovery of REEs after leaching is around 92%–94% for each REE—a considerably higher
amount than that yield by other current processing practices. Table 7 summarizes the metallurgical
balance of the proposed processing flow.
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4. Conclusions

The REE ore deposit currently under investigation can become a new major source of REEs
judging from its magnitude and grade. Furthermore, test results show that this ore can be processed by
a rather simple route with a recovery of all REEs of over 90% REEs. It seems that physical separation
of REE-containing minerals may not be easy. However, removal of Fe-bearing minerals before leaching
is possible using magnetic separation with minimal loss of REEs. This would reduce the operation cost
of the leaching process because much of the acid could be consumed by Fe minerals in the ore. At the
same time, additional profit can be realized by the sale of Fe concentrate as the magnetic product has
a smelter grade.

Leaching tests reveal that REEs can be effectively extracted using HCl at ambient temperature and
pressure. The U and Th content of the leachate was not at a significant level that demands additional
treatment. However, the Ca level was very high when direct leaching with HCl was performed.
Consequently, a two-stage leaching process was developed. In stage 1, leaching is conducted under
a mild condition (1.0 M HCl) to elute Ca from the ore. In stage 2 leaching, 90%–100% of the REEs were
recovered using 2.0 M HCl. The final recovery of REEs after leaching is very high around 92%–94% for
each REE—a considerably higher amount than that yield by other current processing practices.
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