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The production ofmixed rare earth oxide powder from a thorium containing bastnasite ore by sulfuric acid bake-
water leaching followed by precipitation with oxalic acid and thermal decomposition of the oxalates was inves-
tigated. The sulfuric acid baking was performed at 250 °C and the optimum baking time was found to be 3 h.
Using deionized water as lixiviant, 92.6% La, 86.8% Ce, 86.9% Pr, 82.3% Nd, 95.4% Th and 31% Y were dissolved
from the baked ore at 25 °C after 30 min of leaching. The effect of solid-to-liquid ratio on the dissolution of the
rare earth elements and thorium shows thatwhen the solid ratio in thewater increased from1:10 to 1:3, the dis-
solution percentage decreased. The final mixed rare earth oxide powder contained 88.54% REO and 6% ThO2 to-
gether with small amounts of other impurities. The SEMmapping results revealed that the produced REO has an
irregular crystal shape. Based on the experimental results obtained from the current study, a flowsheet was pro-
posed for the production of mixed rare earth oxide powder from a specific complex bastnasite ore.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The rare earth elements (REE) are critical raw materials for
manufacturing many emerging electronics and advanced components
with widespread fields of applications in the energy, medical, defense,
aerospace andautomotive industries [6,11,24,32]. The global consumption
for REEwas estimated between 120 and 150 kt in 2016 and the global de-
mand for REE is expected to growat anannual rate of 5%by2020 [12]. This
demand would continue to grow for a long time following the increasing
growth of green and advanced technologies and thus, it is important to se-
cure sustainable supply chains for REE to meet the growing demand.

The global production of REE is mainly derived from three mineral
resources, namely bastnasite, monazite and xenotime [15,34]. Among
these three, bastnasite (a fluorocarbonate mineral) is the most indus-
trially important with its deposits in Bayan Obo, China, and Mountain
Pass, USA, currently constitute the largest percentage of the world's
rare earth resources. The processing of bastnasite ores at these two lo-
cations involves froth flotation processes to produce concentrates of
rare earth oxides (REO) with an REO content of 50% or higher [20,
30, 31]. At Mountain Pass, these concentrates are further processed
by caustic conversion in a supersaturated sodium hydroxide solution
oglu).
at 120–130 °C [23]. The produced rare earth hydroxides were then
leached in hydrochloric acid solutions to dissolve the REE to allow
the separation of the individual rare earth and precipitation of mar-
ketable compounds. Reportedly, only 10% of the bastnasite concen-
trates at Bayan Obo are processed by such a caustic conversion [51].
The rest of the concentrates are processed via a cheaper acid baking
route in a 98% sulfuric acid solution at 400–500 °C [23,27,51]. This
converted the fluorocarbonates to sulfates, which can be leached in
water to dissolve the REE.

The formation of water-soluble sulfates of lanthanides (Ln2(SO4)3)
during the acid baking process occurs via Reaction (1). Thorium, if pres-
ent, also forms soluble sulfate during baking. Gaseous carbon dioxide
and hydrogen fluoride are released during the process but the latter
can be captured as a by-product if the ore contains a high level of fluo-
rite (CaF2) and the baking is performed at a temperature higher than
200 °C [18] or recovered as solid ammoniumfluoride (NH4F) by reacting
with ammonium carbonate ((NH4)2CO3) [46]. The former reportedly
provides natural agitation to themixture and thus,mechanical agitation
is not required when mixing the ore and sulfuric acid [35].

2LnFCO3 sð Þ þ 3H2SO4 aqð Þ ¼ Ln2 SO4ð Þ3 sð Þ þ 2HF gð Þ þ 2CO2 gð Þ þ 2H2O lð Þ ð1Þ

Over the past two decades, the combination of pyro and hydromet-
allurgical method via acid roasting that is followed by leaching and
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Fig. 1. The particle size distribution of the ground ore.

Fig. 2. X-ray diffraction pattern of the complex bastnasite ore.

S. Kursunoglu, S. Hussaini, S. Top et al. Powder Technology 379 (2021) 641–654
precipitation has been the most common processing route for
extracting REE not only from bastnasite but also monazite and
xenotime [14,17,38,49]. In Malaysia, The Malaysian Rare Earth Corpo-
ration (MAREC) separated monazite and xenotime from the ores via
magnetic separator to produce separate concentrates of each ore.
The xenotime concentrate was converted to water-soluble sulfate by
an acid bake process. The product was leached with cold water to
produce yttrium-rich solution. Oxalic acid was then added to the
pregnant leach solution to precipitate yttrium oxalate, which was sub-
sequently calcined to produce yttrium oxides. The company produced
200 tons of yttrium concentrate, which comprised of 60% Y2O3 during
the 1990s [39].

In Turkey, specifically at Beylikahir in the Eskisehir region, bastnasite
occurs in complex ores consisting of high levels of fluorite and barite
with thorium. The resource of such rare earth ores was estimated to be
1million tons with an average grade of 3.14% REO [18,26]. The benefici-
ation of bastnasite from these ores is, however, difficult because these
three minerals have similar specific gravity and floatability. The pres-
ence of high levels of fluorite is especially detrimental to the beneficia-
tion process since complete fluorite flotation, to separate the mineral,
would lead to high losses of bastnasite in the fluorite concentrate [4].
Moreover, the bastnasite mineral in these ores occurs either as cement
material between fluorite and barite particles or is intimately associated
with these two minerals [18].
Table 1
Elemental analysis of the complex bastnasite ore by XRF and ICP-MS.

Major elementsa (>1%) Minor Elementsa (<1%)

Element Weight percentages (%) Element Weight percentages

Ba 31.80 Pb 0.09
Ca 26.83 Zn 0.07
F 17.71 P 0.21
Fe 5.64 Sr 0.32
Si 4.05 Na 0.07
S 3.60 Nb 0.01
Al 2.03 Mg 0.42
Mn 1.44 Ti 0.20

Cl 0.01
K 0.76

a XRF analysis
b ICP-MS analysis
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Researchers have carried out attempts to beneficiate such a complex
bastnasite ore. Ozbayoglu and Atalay [26] used attrition scrubbing
followed by screening and desliming by cyclones to produce a
so-called pre-concentrate containing about 23.5% REO. This pre-
concentrate was then upgraded using a multi-gravity separator to pro-
duce an REO grade of 35.5%. The recovery of the proposed beneficia-
tion process was, however, low at only about 48% relative to the
original ore. Beneficiation via attrition scrubbing was also performed
by Kul et al. [18] to produce a pre-concentrate with 23.5% REO content
but the recovery was not reported. Our research groups have also
attempted to beneficiate similar bastnasite ores using gravity separation
and flotation techniques but satisfactory results cannot be attained.
Therefore, in this study, we investigated the efficiency of the production
of mixed REO powder from a complex bastnasite ore from Beylikahir,
Turkey, as the object of research without prior physical beneficiation
process. Also, we investigated the recovery of thorium together with
the mixed REO product. We proposed the use of sulfuric acid baking-
water leaching technique followed by oxalate precipitation to allow
the dissolution [9,18] and precipitation [22,29,41] of thorium along
with the REE. The proposed processing route to produce mixed rare
earth oxide powder from such a complex ore without prior physical
beneficiation has not been studied before. The results of this experimen-
tal study may help improve the resource utilization of complex
bastnasite ores that contain high level of fluorite, barite and thorium.
Rare earthsb Radioactive elementsb

(%) Element ppm (mg/kg) Element ppm (mg/kg)

La 7248 Th 326.20
Ce 11,912 U 110.60
Y 291.30
Pr 1052
Nd 2683
Sm 155.20
Eu 29.73
Gd 83.65
Dy 44.61
Er 26.84
Yb 23.40



Fig. 3. SEMmapping of the complex bastnasite ore.
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2. Material and methods

2.1. Material

The ore used in this study was provided by Eti Maden Operations
General Directorate in Ankara, Turkey. The ore was firstly crushed in a
laboratory jaw crusher and then ground in a laboratory ball mill. The
milled orewas subjected to particle size analysis by using a laser diffrac-
tion particle analyzer (Malvern Mastersizer 2000). An X-ray fluores-
cence (XRF) spectrometer (Zetium, PANalytical and Axios Advance,
PANalytical (for double-check)) was used for the elemental analysis of
the ore. In addition, elemental analysis using inductively coupled
plasma (ICP-MS, PerkinElmer-NexION 2000) was also performed to de-
termine the REE content in the ore. The ore mineralogical composition
was determined using an X-ray diffraction (XRD) instrument (Bruker
Discover) at the Central Research Laboratory in Abdullah Gul University
643
(AGU),whichwas calibratedwith a silicon standard for alignment of the
2θ = 5–75° or 2θ = 10–80° using radiation generated at 40 mA and
40 kV. The mineral phases were identified using Diffrac Suite EVA soft-
ware equipped with the current ICDD PDF-2/Minerals database. A field
emission scanning electronmicroscopy (FE-SEM) coupled with energy-
dispersive X-ray spectroscopy (EDX) (Zeiss GeminiSEM 300) was used
for ore characterization at the AGU's Central Research Laboratory.

2.2. Methods

2.2.1. Sulfuric acid baking
In the sulfuric acid baking experiments, 50 g of ore and 50 g of ana-

lytical grade sulfuric acid (98% purity of H2SO4, Merck) were weighted
and transferred into a 500-mL glass beaker. The slurry was stirredman-
ually using a stirring rod to allow diffusion of acid to the ore sample and
subsequently, the beaker was placed on a temperature-controlled



Fig. 3 (continued).
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ceramic hot plate at 250 °C. After a certain baking duration, the beaker
was removed from the hot plate and allowed to cool down before the
baked ore was gently stripped from the beaker. The stripped sample
was then transferred into an oven at 100 °C for 3 days. The dried sample
was then digested and analyzed by ICP-MS. The solid-to-liquid (S/L)
ratiowas chosen to be 1:1 (w/w) in all the baking experiments. The bak-
ing experiments were carried out for 1 to 3 h.
2.2.2. Water leaching
The water leaching experiments were carried out by transferring

20 g of the baked sample into a 250-mL round-bottom glass flask after
adding 200 mL of deionized water. Unless otherwise stated, the S/L
ratio of 1:10 (w/v) was kept constant in all experiments. The agitation
of the sample was provided by a digital magnetic stirrer equipped
with a temperature-controlled heating mantle (MTOPS-MSDSM). The
temperature and stirring speed were kept at 25 °C and 400 rpm,
644
respectively, in all leaching experiments, while the duration of the stir-
ring was varied between 30 and 90 min. After the leaching experiment
was finished, the slurry was filtered with Whatman 1 filter paper. The
obtained filtrates were then analyzed by ICP-MS. The dissolution per-
centage was determined using the following equation:

Dissolution %ð Þ ¼ cl � VL

cs �MS
� 100% ð2Þ

where, cl is the REE concentration in the leachate (mg/L), VL the volume
of the analyzed leachate (L), cs the REE concentration in the baked ore
sample (mg/kg), and MS the weight of the baked ore sample (kg).

2.2.3. Precipitation
The precipitation experiments used the pregnant leach solutions

(PLS) collected from the acid bake-water leaching experiments under
the determined optimum conditions. The pH of the PLS was measured



Fig. 3 (continued).

Fig. 4. Equilibrium composition of sulfuric acid as a function of temperature (1 kmol sulfuric acid, total pressure: 1 bar, HSC Chemistry 6).
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Fig. 5. a) Original ore sample, b) Sulfuric acid baked ore sample at 250 °C for 3 h.
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by pHmeter (Hach HQ40d) equippedwith IntelliCAL PHC 28101 probe.
The precipitating agent was 0.5 mol/L oxalic acid, which was freshly
prepared from analytical grade oxalic acid (H2C2O4.2H2O, Merck) and
deionized water. The reaction of the lanthanides (Ln3+) with oxalic
acid can be expressed as:

2Ln3þ aqð Þ þ 3H2C2O4 þ nH2O ¼ Ln2 C2O4ð Þ3:nH2O↓þ 6Hþ aqð Þ ð3Þ

The experiment was performed using 100 mL of the PLS in a glass
beaker heated on a temperature-controlled hot plate equipped with
magnetic stirred. To avoid excessive evaporation, the glass beaker was
covered with aluminum foil during the experiment. Once the desired
temperature reached, the precipitating agent was delivered slowly
using a syringe with a needle while the solution is stirred at a speed of
200 rpm. The period of the precipitating agent addition was 30 min,
followed by 60 min of aging time at the same temperature and stirring
speed. Subsequently, the slurry was allowed to settle at ambient tem-
perature for 24 h. The precipitate was then filtered through Whatman
42 filter paper. The solid was collected and oven-dried at 100 °C for
1 h, while the filtrate was collected for ICP-MS analysis. The precipita-
tion percentage of the REE as a function of temperature was calculated
based on the difference of the REE concentration in the solution before
and after the precipitation experiment, expressed as:

Precipitation %ð Þ ¼ ci � Vi−cf � Vf

ci � Vi
� 100% ð4Þ

where, ci is the initial REE concentration in the PLS (mg/L), cf the final
REE concentration in the PLS (mg/L), Vi the initial volume of the PLS
(L) and Vf the final volume of the PLS (L).
Table 2
Results of elemental analysis of the baked ore at 250 °C for different times.

Element 250 °C 1 h acid baking
ppm (mg/kg)

250 °C 2 h acid baking
ppm (mg/kg)

250 °C 3 h acid baking
ppm (mg/kg)

La 5096 5187 5094
Ce 8018 8178 8049
Y 199.60 200.40 198.10
Pr 725.60 740.40 732.90
Nd 1838 1849 1826
Sm 104.50 104.70 104
Eu 19.60 19.60 19.60
Gd 56.40 56.60 56.30
Dy 29.50 29.70 29.40
Er 17.90 17.90 17.90
Yb 15.30 15.50 15.30
Th 738.70 741.40 739.70
U 62.60 62.80 62.70

Fig. 6. Effect of leaching time on the dissolution of rare earth elements and thorium from
baked ores at 25 °C (a- baked ore at 250 °C for 1 h, b- baked ore at 250 °C for 2 h, c- baked
ore at 250 °C for 3 h).
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Fig. 7. XRD pattern of the baked ore after leaching with water (250 °C acid baking for 3 h,
solid to liquid ratio of 1:10, leaching with water at 25 °C for 30 min).

Table 3
The mean concentration of PLS collected from the optimum conditions (pH: 0.80).

Element mg/L Rare Earth Element mg/L Radioactive Element mg/L

Al 206.80 La 486 Th 73.35
As 16.80 Ce 718 U 7.24
Ba 0.48 Y 5.26
Ca 676.30 Pr 64.27
Cu 1.51 Nd 149.20
Fe 799.30 Sm 6.15
K 333.50 Eu 0.96
Mg 63.13 Gd 3.10
Mn 55.12 Dy 0.92
Mo 3.27 Er 0.52
Na 78.69 Yb 0.50
Nb 2.96 ∑REE 1434.80
P 45.57
Pb 1.71
S 1813
Ti 29.95
Zn 14.14
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2.2.4. Thermal decomposition
The thermal decomposition of the obtained rare earth oxalates was

carried out in a muffle furnace (Lenton Thermal Furnace). The solid
sample, obtained from the optimum precipitation test condition, was
placed on a porcelain crucible (Ø 30mm/38mm) and heated in the fur-
nace at 900 °C for 2 h. The decomposed sample was then subjected to
XRD analyses to verify the transformation of the rare earth oxalates to
rare earth oxides. The sample was then analyzed by XRF to determine
the chemical composition of the rare earth oxides. SEM analyses were
also performed to reveal the morphological structure of the mixed
rare earth oxides. The thermal decomposition reactions can be
expressed as followings:

Ln2 C2O4ð Þ3:nH2O ¼ Ln2 C2O4ð Þ3 þ nH2O " ð5Þ

Ln2 C2O4ð Þ3 ¼ Ln2 C2O4ð Þ CO3ð Þ2 þ 2CO " ð6Þ

Ln2 C2O4ð Þ CO3ð Þ2 ¼ Ln2 CO3ð Þ3 þ CO " ð7Þ
Fig. 8. Effect of solid to liquid ratio on the dissolution of rare earth elements and thorium
from the 250 °C baked ore for 3 h, leaching with water at 25 °C for 30 min.
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Ln2 CO3ð Þ3 ¼ Ln2O CO3ð Þ2 þ CO2 " ð8Þ

Ln2O CO3ð Þ2 ¼ Ln2O2CO3 þ CO2 " ð9Þ

Ln2O2CO3 ¼ Ln2O3 þ CO2 " ð10Þ

3. Results and discussions

3.1. Material characterization

The size distribution, chemical andmineral composition of the sam-
ple was analyzed. The particle size distribution of the ground sample is
shown in Fig. 1. The results showed that 80% of the sample was smaller
than 124 μm. Table 1 shows the chemical compositions of the sample by
the XRF analysis. The REE concentrations obtained from the ICP analysis
are also included in Table 1. The XRD patterns of the sample depicted in
Fig. 2 show that themajor peaks were from fluorite (card no: 04–0864)
and barite (card no: 24–1035). Theminor peakswere determined as Ce-
bastnasite (card no: 11–0340) and La-bastnasite (card no: 41–0595).
The presence of high levels of fluorite and barite in the sample is in
agreement with the findings of Yorukoglu et al. [47], Kul et al. [18]
and Kursun et al. [19] who also used bastnasite ores from the Eskisehir
Fig. 9. Precipitation percentage of the REE and thorium from the PLS using different
stoichiometric times of oxalic acid at 75 °C.



Fig. 10. The distribution of three species of oxalic acid at a concentration of 0.5 mol/L (Software Medusa-ChemicalEquilibrium Diagram).

Fig. 11. Precipitation percentage of REE and thorium from the PLS using 10 TSOxR at
different temperatures.
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region. Representative SEMmapping results of the sample are shown in
Fig. 3. The SEM results revealed that the major constituents of the ore
were calcium, fluorine, barium and iron-containing minerals. The re-
sults also indicate that most of the REE occurred either as cementmate-
rial betweenfluorine andbariumparticles orwere intimately associated
with these elements.

3.2. Effect of baking and leaching time on dissolution

Previous studies show that baking temperatures of higher than
200 °C are required to achieve complete decomposition of bastnasite
and monazite concentrates within reasonable baking time to allow
high dissolutions of the REE [8,35,37,40]. The equilibrium composition
of sulfuric acid as a function of temperature simulated using HSC Chem-
istry version 6, shown in Fig. 4, however, indicates that the acid is
started to decompose at ~200 °C. Therefore, while increases in baking
temperature up to 330 °C enhances the leaching efficiencies of the REE
in bastnasite and monazite, the use of lower baking temperatures is
more desirable to not only save energy cost but also minimize evapora-
tive loss of the acid [8]. In agreement with the computed equilibria,
Soltani et al. [37] experimentally found that decomposition of sulfuric
acid is negligible at temperatures of 200–250 °C. Hence, in this study,
the baking experiments were performed at 250 °C at various baking du-
rations ranging between 1 and 3 h. Baking at these temperatures
showed that almost complete solubilization of the rare earth elements
and thorium was achieved in the subsequent water leaching. Schwartz
et al., [34], Li et al., [21], Wang et al., [43] and Demol et al., [8] were in-
dicated that bake duration varies between 0.5 h and 4 h for monazite
bearing concentrate whereas baking temperatures were achieved at
greater than 200 °C for complete decomposition [36,40].

The evolutions of gases from the baking reactions are apparent from
the spongy feature of the baked sample (Fig. 5 b). The fluorite (CaF2) in
the ore is transformed into one of either gypsum (CaSO4.2H2O), hemi-
hydrate (CaSO4.0.5H2O), or anhydrite (CaSO4) during the sulfuric acid
baking experiments [18,37]. The elemental concentrations of the sam-
ples baked for 1, 2 and 3 h are depicted in Table 2. The water leaching
tests on these baked samples were then carried out for up to 90 min
at 25 °C. Notably, the effect of leaching temperature on the leaching ef-
ficiency was not studied [25] since the solubility of lanthanide sulfates
in water decreases with an increase in temperature owing to the exo-
thermic nature of their dissolutions in water [18,48].
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The leaching results, depicted in Fig. 6, show that the dissolutions of
the REE and Th from the three baked samples were relatively constant
throughout the tested leaching duration suggesting that the dissolution
reactions occurred rapidly. Chemical analyses of the PLS obtained from
the sample baked for 1 h showed that 89.7% La, 83.1% Ce, 82.5% Pr and
75.5% Nd were dissolved from the sample along with 85% of Th after
30min of leaching, while Y dissolutionwas only 24.7% (Fig. 6a). The dis-
solutions of La, Ce, Pr, Nd, Y and Th were increased to 92.6%, 85.8%,
85.9%, 82.3%, 31%, and 95.4%, respectively, after 30 min of leaching
when the baking duration was increased to 3 h (Fig. 6c).

Fig. 7 shows the XRD patterns of the sample baked at 250 °C for 3 h
followed by water leaching at 25 °C for 30 min. The patterns revealed
that the major peaks originate from barite (card no: 24–1035) and cal-
cium sulfate anhydrite (card no: 37–1496). These show that fluorite
was mainly transformed into anhydrite and that the formed anhydrite
was poorly soluble in water and its recrystallization to gypsum after
leaching was minimal. These are consistent with the findings of Kul



Fig. 12. a) Precipitated rare earth oxalates from the leach solution using 10 TSOxR at 25 °C, b) Produced rare earth oxalate powder after drying.

Fig. 13. Produced mixed rare earth oxide powder after thermal decomposition.
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et al. [18] and Soltani et al. [37] with bastnasite and monazite concen-
trates, respectively.

3.3. Effect of solid-to-liquid ratio on dissolution

The effect of solid-to-liquid ratio ranging from 1:10 to 1:3 (w/v) on
the dissolutions of REE and Th from the baked sample obtained at
250 °C after 3 h baking time was studied at a leaching temperature of
25 °C. The results, depicted in Fig. 8, show that the dissolution percent-
age of the REEmarkedly decreasedwhen the solid-to-liquid ratio during
leaching was increased from 1:10 to 1:3. This can be attributed to the
relative decrease in the amount of solvent per unit of solid at the higher
solid-to-liquid ratios, which appears to lowered the solubility of the
metals since their dissolutions were observed to be relatively
unchanged after 30 min of leaching. Given these results, the solid-to-
liquid ratio of 1:10 was determined to be optimum. Kul et al., [18] stud-
ied the effect of solid-liquid ratio on the dissolution of rare earth
elements from pre-concentrate ore. They stated that when the solid-
to-liquid ratio was changed from 1:8 to 1:3, the rare earth concentra-
tions remained constant. Barghusen and Smutz, [2], Vijayalakshmi
et al., [42] and Kim and Osseo-Asare, [16] reported that an optimum
solid-to-liquid ratio was varied between 1:4–1:10 for the dissolution
of rare earth elements from high-grade mineral concentrates.

3.4. Precipitation of leach solution with oxalic acid

The precipitation tests were carried out using the PLS obtained from
leaching the sample that was baked at 250 °C for 3 h in the water at a
solid-to-liquid ratio of 1:10 and a temperature of 25 °C for 30 min. The
mean concentration of the produced PLS is given in Table 3. The average
pH of the PLS was 0.80. The measured low pH is due to the remaining
acid left after baking. The precipitating agent used was oxalic acid,
which is known to have a strong affinity toward trivalent REE ions to
form REE oxalates that have low solubility in aqueous solution [3]. The
oxalic acid addition was calculated as the times of stoichiometric oxalic
acid requirement (TSOxR) for the total molar concentration of REE ions
in the PLS (∑REE) to precipitate as oxalates. The concentrations of
other elements were not been taken into consideration for the calcula-
tion of the oxalic acid requirement. It is known that the produced
mixed rare earth oxalates contain a substantial amount of Th and can
lead to contamination in themixed rare earth oxalates [5,28]. However,
the addition of reagent for the removal of impurities before oxalate
precipitation can create some drawbacks such as complexity of recov-
ery, opex, capex and environmental impact.

Precipitation temperature has an important effect on oxalate activ-
ity, solubility and metal complex stability. The precipitation of REE
was initially conducted at 75 °C to allow better crystallization (Fig. 9).
It can be seen that more than 95% of Ce, Nd, Pr and Thwere precipitated
at 3 TSOxR, while La and Y precipitations were below 77%. The results
indicate that Ce, Nd, Pr and Th precipitations become more favorable
than La and Y precipitations at lower TSOxR. The precipitation of La in-
creased sharply when the oxalic acid addition was 5 TSOxR but the Y
precipitation almost remained constant. A possible reason for this ten-
dency is that the yttrium oxalate has a high solubility at higher pHs
[45]. The maximum simultaneous REE precipitation was achieved
when the oxalic acid addition was 10 TSOxR. No further increases in
the precipitation percentage were observed when the oxalic acid addi-
tion was increased up to 20 TSOxR. The results obtained from the pre-
cipitation experiments were consistent with the findings of [1]. The



Fig. 14. SEM mapping of the produced mixed rare earth oxide powder.
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authors reported that 10 times the stoichiometric amount of oxalic acid
was required for the precipitation of REE from their PLS.

The solution pH is an important factor for an oxalate precipitation
process as the pH is affecting the activity of the dissociated oxalate an-
ions. The speciation diagram of oxalic acid shown in Fig. 10 for an acid
concentration of 0.5 mol/L, wherein HC2O4

– and C2O4
2− ions are the
650
predominant species in the pH ranges of 2.5–3 and 7–14, respectively,
explain why the reaction rate increases over these pH ranges. Theoreti-
cally, therefore, the total oxalic acid requirement decreases and the
metal recovery increases with increasing pH owing to the higher oxa-
late ionization. Increasing the pH, however, also lead to lower product
purity owing to co-precipitation of impurities such as iron and



Fig. 14 (continued).

S. Kursunoglu, S. Hussaini, S. Top et al. Powder Technology 379 (2021) 641–654
aluminum as has been experimentally shown by Chi and Xu [7]. These
authors found that the REE precipitation increased significantly when
the pH increased from ~0 to 0.5, wherein it reached a plateau and in-
creased only slightly with further increases in pH. These findings are
in agreement with this study, wherein more than 97% of the REE and
Fig. 15. The pattern of produced mixed rare earth oxide powder.
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Th, except Y, were precipitated from the PLS, which had a pH of 0.8,
without any pH adjustment. Based on these, the effect of pH on the pre-
cipitation recovery was not pursued in this study.

The effect of temperatures ranging from 25 to 90 °C on the precipita-
tion of REE and Th using 10 TSOxR is shown in Fig. 11. At 25 °C, 99.7% La,
99.8%Ce,97.3%Nd,98.1%Pr,91.7%Yand97.4%Thwereprecipitated from
thesolution.Theprecipitationpercentageof thesemetalswere relatively
unchangedwhen the temperaturewas increased from25 to75 °C.When
the precipitation temperaturewas increased further to 90 °C, the La and
Ce precipitation percentages decreased significantly to 93.2% and 97.5%,
respectively. It can be attributed to the fact that the oxalate precipitation
at elevated temperatures appeared to fit into the tendency observed in
double-sulfate salt precipitation where the solubility of the double-
sulfate salt decreases with the increasing precipitation temperature.
Given the fact that increasing temperature does not affect the precipita-
tion recovery significantly, 25 °Cwasdetermined tobe theoptimumpre-
cipitation temperature in this study. Images of the precipitated oxalates
from the leach solution using 10 TSOxR at 25 °C is shown in Fig. 12. The
pH of the barren leach solution (BLS) was measured to be 0.77
(Fig. 12a), whichwas precipitated as rare earth oxalates from the leach
solution using 10 TSOxR at 25 °C. Fig. 12b shows the produced rare
earth oxalate powder after drying.

3.5. Thermal decomposition of precipitate

The last step in this research is the thermal decomposition of the ob-
tained rare earth oxalate powder. The mixed rare earth oxalate powder



Table 4
The chemical composition of the mixed rare earth oxide powder
by XRF.

Compound Weight percentages (%)

*CeO2 44
*La2O3 27
*Nd2O3 12
*Pr2O3 4.70
*Y2O3 0.84
ThO2 6
SO3 2.10
Cs2O 0.90
CaO 0.84
Nb2O5 0.33
TiO2 0.26
SiO2 0.25
P2O5 0.24
Fe2O3 0.15
Al2O3 0.14
CuO 0.13
PdO 0.12
*∑REO 88.54
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produced under the optimumprecipitation conditionswere roasted in a
muffle furnace at 900 °C for 2 h to convert them to rare earth oxide pow-
der (REO). Fig. 13 shows the produced mixed rare earth oxide powder.
The produced mixed REO powder were investigated by SEM mapping
method (Fig. 14). The product has an irregular crystal shape. Fig. 15
shows theXRDpatterns of the producedmixed REOpowder. The results
show eight REO powder peaks that are consistent with the findings of
Zhu et al., [50] for Nd2O3, Dy2O3 and Eu2O3; Djenadic et al., [10] for
REO containing Ce, La, Sm, Nd, Pr, and Y, Gomes et al., [13] for REO con-
taining Er, Dy, Y, and Yb, and Wang et al., [44] for CeO2. The diffraction
Fig. 16. Proposed flow sheet for the production of mixed rare earth oxide powder fr
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peaks of the mixed rare earth oxide powder are also sharp without
any impurity peaks, indicating that the purity of the product was high.
The chemical composition of the produced material at 900 °C for 2 h is
given in Table 4. The total REO powder concentration was found to be
88.54%. The concentration of ThO2 was found to be 6%, and 0.84% CaO,
0.15% Fe2O3, 0.14% Al2O3 and 0.13% CuO was detected in the product.

3.6. Proposed flowsheet

Fig. 16 demonstrates the proposed flowsheet for the production of
mixed rare earth oxide powder from the thorium containing bastnasite
ore. The sulfuric acid baking producesHF gas, which can be converted to
solid NH4F by reacting with (NH4)2CO3 [46]. The water-soluble sulfates
of lanthanides and Th were dissolved into the PLS while CaSO4 and
BaSO4 remained in the leach residue, which can be selectively recovered
by the conventionalmineral processing techniques. Theproduced PLS at
optimum conditions were subjected to a precipitation process with
oxalic acid. It was determined that there is no selective precipitation
in this stage as the REE is precipitated alongwith Th at all the tested ex-
perimental conditions. In the last stage, thermal decomposition was
conducted at 900 °C for 2 h to convert the produced rare earth oxalate
powder to oxides. The final product containing 88.54% REO and 6%
ThO2 was produced together with other impurities such as iron, alumi-
num, copper and calcium. Based on these experimental results, a
flowsheet was proposed.

4. Conclusions

Sulfuric acid bake-water leaching, precipitation with oxalic acid
followed by thermal decomposition on the thorium containing
bastnasite ore was investigated for the production of mixed rare earth
oxide powder. The best sulfuric acid baking temperature was
om the thorium containing bastnasite ore (dashed lines indicate future works).
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determined to be 250 °C, and the optimumbaking timewas found to be
3 h. The optimum water leaching conditions were found to be the fol-
lowing: leaching temperature of 25 °C, a solid-to-liquid ratio of 1:10,
and leaching time of 30 min. Under these conditions, 86.8% Ce, 92.6%
La, 86.9% Pr, 82.3% Nd, 95.4% Th and 31% Y were extracted from the
baked sample. The optimum conditions for the production of mixed
rare earth oxalates from the produced PLS were the following: precipi-
tation temperature of 25 °C, precipitation time of 90min, and oxalic ad-
dition of 10 times the stoichiometric amount of the REE and Thpresence
in the baked ore. Under these conditions, 99.8% Ce, 99.7% La, 97.3% Nd,
98.1% Pr, 91.7% Y and 97.4% Th were precipitated from the PLS. Subse-
quently, the produced oxalates were roasted in a muffle furnace to con-
vert themixed rare earth oxalate powder to oxides at 900 °C for 2 h. The
converted product contained 88.54% REO and 6% ThO2 alongwith small
amounts of other impurities such as 0.84%CaO, 0.15% Fe2O3, 0.14%Al2O3

and 0.13% CuO. The XRD confirms that the produced mixed rare earth
oxide powder are consistent with the findings of previous researchers.
The SEMmapping results on the producedmixed REO powder revealed
an irregular crystal shape structure product, which contains a consider-
able amount of rare earth elements and thorium. As a result, mixed REO
powder were produced from the thorium containing complex
bastnasite ore. Based on the experimental results, a flowsheet was pro-
posed. The separation and purification of thorium and rare earth ele-
ments from the produced PLS and the mixed REO powder by leaching
and solvent extraction (SX) is currently under investigation by our re-
search group.
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