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Summary:

Sulfuric acid dissolution of rare earth elements from bastnasite ore was
studied after reductive smelting with carbon as a reducing agent at
1600°C. The two-step strategy: 1.carbothermic reduction, and
2.dissolution with sulfuric acid at 70°C was applied under atmospheric
pressure aiming at an increased selective extraction of rare earth
elements from slag containing rare earth elements.
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Introduction

Rare earth elements are a group of metallic elements of the periodic
table, often overlooked, but very significant in today’s industrial
landscape and modern lifestyle. Like other metals, rare earths are
silvery-gray, malleable, ductile, and they conduct electricity. They appear
in nature in the form of oxides and other compounds, but with one
particularity — the chemical similarity between all of them is so astounding
that they all occur together in their bearing minerals, substituting one
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another at the molecular level (Gupta & Krishnamurthy, 2005), (Castor &
Hedrick, 2006, pp.769-772). Bastnasite (La,Ce)COgF is fluororcarbonate
of the cerium group found in ore deposits, metamorphic zones and
pegmatites. In average, it contains 70% rare earth oxides, most of them
belonging to the light fraction and in particular lanthanum, cerium and
neodymium (Stopi¢ & Friedrich, 2018, pp.757-770). The sulfuric acid
leaching process was studied for the processing of roasted ore of
Dechang bastnasite in Sichuan, China, in order to obtain rare earth
elements (Feng et al, 2013, pp.849-854). With a particle size of 0.074-
0.100mm, 1.5 mol/L sulfuric acid concentration, a liquid to solid mass
ratio of 8 and a stirring speed of 500 rpm, the reaction rate of the
leaching process can be controlled by diffusion through the product/ash
layer, as described by the shrinking-core model, and the calculated
activation energy of 9.97 kJ/mol, which is typical for the diffusion
controlled process.

A stepwise carbochlorination-chemical vapor-transport-oxidation
process was developed for the green rare earth extraction from a
bastnasite concentrate using carbon as a reductant, chlorine gas as a
chlorination agent, gas as a defluorination agent, aluminium chloride as a
vapor complex former and a mixture from oxygen and hydrogen as an
oxidant (Zhang et al, 2004, pp.217-221). After carbochlorination for an
efficient rare earth extraction and thorium free volatile by—product
release, thorium was removed by chemical vapor transport at 800°C for
0.5 hours in the chlorine-, silicium chloride-, and aluminium chloride
atmosphere and alkaline earths were separated from rare earth by
oxidation at 700°C to 1000°C in the mixture of oxygen and water
atmosphere for 0.5 hours, followed by water leaching at room
temperature. Their proposed treatment reached a clean and efficient rare
earth extraction from the bastnasite concentrate.

A process for rare earth recovery from the Baotou bastnasite
concentrate was developed by fixing fluorine and chlorinating with
ammonium chloride in the ore (Shi et al, 2003, pp.438-442). The
optimum conditions were determined as follows: the MgO/ore ratio of 3 at
600 °C; chlorinating the fixed fluorine calcine in 80 min, with ammonium
chloride/ore ratio of 2 at 500°C.

The main equations concerning a dissolution of rare earth elements
from bastnasite ore in sulfuric acid are described as:

2REFCO;s + 3H,S04 — RE>(SOy)s + 2HF + 2H,CO3 (1)

CaC03 + H2S04 — CGSO4 + H2C03 (2)

562



F€203 + 3H2S04 — Feg(SO4)3 + 3H20 (3)
MnO + HQSO4 i MnSO4 + H,O (4)

According to the “Recovery behavior of rare earth from Bayan Obo
Complex Iron ore” (Ding et al, 2013, pp.28-36) a two step strategy with a
carbothermic reduction in an electric furnace and a subsequent sulfuric
acid leaching of the formed slag was proposed. As already mentioned,
the rare earth elements such as Ce and La which are more fully
crystallized when the cooling rate of the liquid slag is decreased, were
leached by hydrochloric acid to evaluate the relations between the
leaching efficiency of rare earth elements and the cooling conditions.
This method would allow a separation of the produced iron and the
formed slag containing REE. Once smelted, the slag should contain a
high fraction of rare earth elements together with other compounds that
normally appear in slags. Therefore, the slag can be considered as a rare
earth concentrate suitable for leaching operations using sufuric acid and
for a subsequent recovery of REEs.

The formation of slag during iron manufacture is the result of a
number of complex operations between silica, oxides, other oxidation by-
products from melting and reactions with refractory linings, etc. It is
therefore a complex liquid phase made of oxides of iron, manganese,
magnesium, silicon, silicates and sulfides plus other complex compounds
that may include alumina, calcium oxides and sulfides, and rare earth
oxides. Depending on the elements present in bastnasite ore, the formed
slag will probably contain MgO, SiO,, Fe,03, Ca0, and MnO as well as
rare earth compounds.

An advantage of reduction smelting of bastnasite ore with high iron
oxides grades is that the mineral already contains calcium carbonate
which is normally used as an additive in iron smelting. A popular additive
is limestone with small quantities of calcium fluoride.

The main aim of the following experimental study was to compare
the leaching efficiencies of rare earth elements from bastnasite ore by
smelting and a subsequent leaching of the slag using sulfuric acid.

The proposed strategy for the treatment of bastnasite ore was
shown in Figure 1. In this paper, we will be focused only on reductive
smelting and acidic leaching.
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Bastnasite ore

Off-gas

Slag
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Waste solution

REE-Oxalate

REE-Oxide

Figure 1 — Research strategy from bastnasite ore to rare earth oxide
Puc. 1— Uccnedoeamenbckas cmpameausi om 6acmHe3umosoli pydbl 0o okcudos
PedKO3EeMESTbHbIX S/IEMEHMO08
Cnuka 1 — Cmpameauja ucmpaxusgarba 00 bacmHe3umHe pyde 0o okcuda pemke
3emMrbe

The precipitation was performed using oxalic acid in order to

produce rare earth oxalate. Finally, rare earth oxides were prepared after
thermal decomposition of rare earth oxalate at 800°C in a muffle furnace.
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Experimental work, material, parameters, and procedure

The chemical composition of bastnasite ore was shown in Table 1.

Table 1 — Chemical composition of the Rodberg bastnasite ore sample
Tabnuua 1 — Xumuyeckull cocmae obpa3sua «Podbepeckull bacmHe3um — MuHepar,
codepxauwuti, pmopkapboHam»

Tabena 1 — Xemujcku cacmas y3opka,Podbepz pyde bacmHe3um Koja cadpxu
¢nyopokapboHamHu muHepan”

Compound || FesOs | CaCO3 | MgCO3 | MnO || TREO | ThO, | SiO2
(%) 78.1 11.0 6.0 05 |15 0.1 2.8

The reduction smelting of bastnasite ore was carried out in a small
electric arc furnace and carbon was added as a reducing agent.

Figure 2 — Reduction smelting of the Rodberg ore in an electric arc furnace (left) and a
ladle with the resultant slag (right)
Puc. 2 — BoccmaHosumernbHas rnaska obpasuya Podbepaa 6 anekmpodyzoeol rnequ
(cniesa) u Kosw ¢ NoyYeHHbIM WIIakoM (cripasa)
Cnuka 2 — PeGykmugHO morsbere y30pka Podbepe y enekmporsyyHoj nehu (nego) u
Kymnay4a ¢ 00bujeHoM wibakom (0ecHo)
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The bastnasite sample was a high iron grade ore used for reductive
smelting. The initial mass of bastnasite ore added to the furnace was
1480 g. The furnace was kept at 1600°C for 45 minutes. After this time,
the slag formed at the top of the furnace was poured onto a ladle and left
to cool. Both the slag and the reduced portion of iron were weighed after
cooling. The mass of the produced metallic iron after reduction was of
816 g. The mass of the produced slag was of 58 g.

Table 2 — Chemical composition of the produced slag
Tabnuua 2 — Xumuyeckuli cocmae rnosy4eHHo20 wWiaka
Tabena 2 — Xemujcku cacmae dobujeHe wirbake

Compound (%) | SiO2 FexOs CaO MgO |Laz03 |Nd203 CeO,

Amount 11.4 15.4 30.2 0.78 1.43 2.62 2.59
Compund (%) Y203 Sc203 ThO» Gd203 | Pr,03 | Smy0O3; | Total
Amount 0.15 0.059 0.94 0.30 0.64 0.28 66.79

The slag was then crushed and ground to powder with a comparable
particle size similar to direct leaching. The leaching agent used was
sulfuric acid. The apparatus and the experimental procedure were the
same as in the first set of experiments (Stopi¢ & Friedrich, 2019, pp 241-
254). Once the 1L acidic solution had been prepared and heated on an
induction plate, the available mass of slag, 49g, was added into the
beaker. The samples were collected every 1, 2 and 3h. The leaching
parameters are very similar to the ones used in the first set of
experiments.

Table 3 — Parameters for the leaching of slag with sulfuric acid
Tabnuua 3 — MNapamempesi 0515 8blujeniadu8aHuUe WIakoe ¢ MoMoWbio CEPHOU KUCIOMbI
Tabena 3 — lNapamempu 3a fyxere wibake noMohy CyMrnopHe KucesnuHe

Parameter set value
Concentration of sulfuric acid (mol/L) 1
Temperature (°C) 70

Solid -liquid ratio (g/L) 49

Time (h) 1,2,3
Stirring rate (rpm) 400
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% in slag

Results and discussion

The chemical analysis results show that the slag became a rare
earth concentrate with 6.67% of REE in comparison to original bastnasite
ore which contained 1.36% REE.

100
90
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50
40
30

20 I I
© i 0 N
Ca Mg La Nd Ce Pr Sm G

Si Fe

d

Figure 3 — Percentage of elements that have passed from bastnasite ore to slag
Puc. 3 — lonsi anemenmos, nepewedwux u3 bacmHesuma & wrnak
Cnuka 3 — NpouyeHam enemMeHama Koju cy npewrnu u3 bacmHe3umHe pyde y wibaKky

Figure 3 shows the percentage of REEs that the slag has acquired
from the bastnasite ore. Only 0.58% of iron was passed onto the slag,
together with 15.02% Si, 12.53% Ca and 3.69% Mg. The proportion of
lanthanide elements that were passed onto the slag was greater: 29.87%
La, 13.55% Ce, 25.79% Pr and 19.56% Nd, but still not very high. All of
gadolinium, a representative of heavier rare earths, went into the slag.
The average of rare earth incorporation into the slag is 34.54%
(La+Ce+Nd+Pr+Sm+Gd). In general, it can be said that important
amounts of REEs are not incorporated into the slag and will be lost for
further processing. In order to establish the content of REE, the analysis
of the formed iron metal was performed. The ground slag was dissolved
in 1mol sulfuric acid at 70°C, as shown in Figure 3.
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Figure 4 — Percentage of rare earth elements dissolved from slag in sulfuric acid after 1
hour (blue color), 2 hours (orange color) and 3 hours (gray color) using 1mol/L sulfuric
acid
Puc. 4 — [Jonsa anemeHmos pedko3emeribHbIX pyd, 8bI0eIeHHbIX U3 WIlaKos 8 pacmeope
cepHoU Kucaomel, o ucmeyeHuu 00Ho20 Yaca (cuHuli cmonbuk), d8yx 4acoe
(opaHxeebili cmornbuk) u mpex yacos (cepbili cmonbuk), ¢ ucrionib3osaHuem 1mol/L
cepHoU Kucrnomsel
Cnuka 4 — lNpoyeHam eniemMeHama pemKux 3eMarba pacmeopeH U3 Wibake y CYMIOPHOj
KucesnuHu riocrie jeOHo2 cama (nnaea 6oja), 08a cama (HapaHyacma 6oja) u mpu cama
(cusa b6oja) y3 kopuwhere 1mol/L cymrnopHe KucenuHe

The pH-values of the solution during the leaching process between 1
and 3 hours amounted to between 0.44 and 0.53. As shown in Figure 3,
the proportions of REEs leached from the slag using the sulfuric acid
solution after 1h, 2h and 3h are sufficient. The maximum leaching
efficiencies are 100% for cerium, neodymium and samarium. The
minimum leaching efficiency is about 25 % for gadolinium. The
differences in the leaching efficiency for single rare earth elements can
be explained via the inhomogeneity of the produced slag.

In all cases, the leaching efficiency was increased with time from 1
hour to 3 hours, as it happened in direct leaching. For instance, the
recovery of cerium and neodymium is around 18% higher after 3h than
after 1h. The biggest proportion of rare earths is leached out after the first
hour, then the rate of extraction decreases but does not reach a steady
state rate within 3h of the experiment.

Gadolinium is the least dissolved element, followed by lanthanum
and praseodymium. After 1h, the percentage of Gd extracted from the
slag is 22.27%, followed by 51.22% La and 64% Pr. The rest of the
elements, cerium, neodymium and samarium, exhibit large dissolution
ratios. 87% Nd and 96% Sm dissolve within the first hour. Cerium is
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completely dissolved according to these results. The average percentage
of the REEs (La+Nd+Ce+Pr+Sm+Gd) dissolved after 1h and 3h is
73.76% and 88.68%, respectively.

Finally, if we compare the leaching efficiency of the two step
strategy: the smelting and slag leaching process with the direct leaching
of bastnasite ore from the first set of experiments, (see Figure 5), we find
that the direct leaching process is not more efficient. Direct leaching of
bastnasite ore with sulfuric acid at 70°C gives the leaching efficiency
between 16 of 20 % for rare earth elements (La+Ce+Nd+Sm) between 1
and 3 hours in comparison to 30 % and 60 % in the two step strategy
The best leaching efficiencies are obtained for samarium during 1hour
smelting and the 3-hour leaching process. The reason for this behavior
is that rare oxides are in a form more suitable for leaching. On the other
hand, iron was removed during the smelting process as metallic iron.
Finally, the leaching of the formed concentrate is more favorable than the
leaching of bastnasite ore.

100
90 1h direct leaching

80 +—w3hdirectleaching

1h smelting + 1h leaching of slag

~
o

[e2]
o

1h smelting +3h leaching of slag

% extraction
A O
o O
\

w
S
\

20 —
10 _— - _— —
0 i

La Nd Ce Sm

Figure 5 — Percentage of rare earth recovery by direct leaching in comparison to the two
step strategy: smelting and leaching of slag
Puc. 5 — [Jonsi soccmaHosnieHusi pedko3emeribHbIX py0d, NpsMbIM 8blliesiayugaHuemM
cpasHeHuu ¢ 08yxamarHbIM MemoOoM: nnasneHue U ebllyenadyueaHue u3 wiaka
Cnuka 5 — lNpoyeHam oropaska pemkux 3eMarba OUPEeKMHUM fyxeHeM y nopehemy ca
cmpameaujom y 08a Kopaka: morbere U fly)XeHe Wibake
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The real advantage of the smelting method is the reduction of acid
consumption. If we were to use the same amount of solid to liquid ratio,
this means the smelting strategy would allow us to save 86% of the acid.
Given the low prices of sulfuric acid, it is evident that the most favorable
strategy for REE extraction is direct leaching for the bastnasite ore with a
decreased content of iron. Rare earths are critical metals and, above all,
a priority strategic resource, indispensable in economic well-being,
industrial production and national security affairs.

Conclusions

The followings findings:

1. Two step strategy: carbothermic reduction of bastnasite ore with a
high content of iron oxide and a subsequent leaching of the formed slag
with sulfuric acid has shown some advantages (high leaching efficiencies
of REE in sulfuric acid and the newly formed slag as a concentrate of
REE with 8 % TREO) with some disadvantages (a high percentage of
thorium is present in the slag).

2. The direct leaching process will be used for bastnasite ores with a
decreased content of iron oxide.

3. Removal of thorium from the solution during precipitation after
leaching will be considered using sodium pyrophosphate of different pH-
values in the future work.

4. The future work will be continued in order to improve a transfer of
rare earth elements from bastnasite ore to slag via changing the
parameters for reductive smelting.
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BbILWENAYNBAHWE PEOKO3EMEJIbHbIX 3NEMEHTOB 13
norPoAd, COOEPXAWMX ®TOPKAPBOHATbLI — TPETbA YACTb

Cpeuko P. Ctonuy, bepHad I'. dpuapux

TexHunyeckun yHmBepcuTeT ropoda AXeH,

MHCTUTYT MeTannyprm4yecknx npoLeccoB U peLuKMpoBaHus MeTarsios,
AxeH, ®epepaTtunBHas Pecnybnuka MepmaHus

PYBEPUKA TPHTW: 61.13.21 XuMnyeckne npouecchl
BWO CTATbW: opurmHanbHas Hay4Has ctaTbs
A3bIK CTATbW: aHrnuickumn

Pe3some:

lMpu uccnedosaHuu npoyecca e6bluenaqyusaHusi pPedKo3eMesibHbIX
PyOHbIX nopod, codepxauwjux ¢hmopkapboHam, rNPUMEHSICS Memod
80CCMaHo8UMeIbHO20  M1asnieHuUsi 8  yernepoOHol cpede  ripu
memnepamype 1600° C, cocmoswuld u3 08yx amanos: 1)
Kapbomepmu4YecKkoe 80CCmMaHOB/IeHUE U 2) pacmeopeHue 8 cepHol
Kucsiome npu  ammocghepHoM OasrnieHuU, C Uesbi  y8esluyeHust
ceriekmugHo20 u3gre4yeHuss pedKo3eMeslbHbIX 3/1eMEHIMO8 U3 Wilaka,
codepxkauie2o pedKo3eMesibHbIe 31IEMEHMbI.

Knroyveeblie  criosa: peOKosemeanb/e 3rieMeHmsbl, riiaserieHue,
8blWesiad4ueaHue, cepHas Kucrsioma.
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PACTBAPAHE EJIEMEHATA PETKUMX SEMAJBA 3 PYOA KOJE
CAOPXXE ®JTYOPOKAPBEOHATHU MUHEPAI (TPETRW OEO)
Cpehko P. Ctonuh, bepHd . Ppugpux

TexHnukn yHuBep3aunTeT y AxeHy, IHCTUTYT 3a npouecHy MeTanyprujy u
peunknupake metana, AxeH, CaBesHa Penybnuka Hemauka

OBNACT: xemujcke TexHornoruje
BPCTAUNIAHKA: opuruHanHu Hay4Hu pag
JESNK YJTAHKA: eHrneckm

Caxemak:

Pacmeapare enemeHama pemkux 3emarba U3 bacmHe3umHe pyde
(pyOe Koja cadpxku ¢briyopokapboHamHuU MUHepari) rpoyyYaeaHo je nocrie
pedykmueHoz2 morsbera yerbeHukoM Ha 1600°C. Cmpameauja y Osa
Kopaka: 1. pedyKuuja yarbeHUKOM, U 2. pacmeaparbe rnomMohy cymropHe
KuceruHe rnpuMeH-eHo je Ha ammoCgepCKOM MPUMUCKyY ca yurbem da ce
rnoseha ekcmpakyuja eniemMeHama pemkux 3emarba U3 Wibake Koja
cadpxu efnleMeHme pemkux 3emasba.

Krbque pe4u: erneMeHmu pemkKkux 3emasba, MmorliybeHe, JlyXeHe,
KuceruHa.
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