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Fluoride molten-salt electrolytic slag is an important secondary resource for
recovery of rare earth elements. In this study, the recovery of rare earths from
this source was systemically investigated using borax roasting followed by
hydrochloric acid leaching. Increasing the roasting temperature, reaction time
and borax dosage promoted the recovery of rare earth elements. The roasting
process kinetics was controlled by interfacial chemical reaction, with an
activation energy of 159.02 kJ mol !. The leaching experiments demonstrated
that increasing the leaching temperature, time, hydrochloric acid concentra-
tion and liquid/solid ratio improved the rare earth recovery. The optimum
conditions were identified as roasting the slag at 700°C for 60 min with a
borax mass dosage of 38 wt.% and subsequently leaching the resulting rare
earth-containing residues in 4 mol L~ HCI at 60°C at a liquid/solid ratio of 5:1
for 40 min. These conditions gave a rare earth recovery exceeding 97%. This
work proposes a novel technical route for efficiently and economically recov-

ering rare earths from this source.

INTRODUCTION

Rare earth (RE) elements are widely used in
photoelectric, magnetic and alloy materials because
of their unique properties."”™ In recent years,
demand for RE metals and alloys has grown rapidly
with increasing consumption of NdFeB and other
permanent magnetic materials. In modern indus-
trial practices, RE metals are mainly produced by
molten-salt electrolysis using RE chlorides (RECly),
fluorides (REF3) or oxides (RE;O3) as raw materi-
als;* however, the RE yield is usually < 95%,
resulting in the enrichment of residual RE in the
fluoride molten-salt electrolytic slag (FMSES). It is
estimated that about 5000 tons of RE oxides are lost
via this route every year in China.’ The utilization
of secondary RE-containing resources has become a
popular research topic in recent years owing to the
low content and uneven distribution of RE in
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ores. ! Efficient and economical recycling from
FMSES is therefore of crucial importance for sus-
tainable rare earth production.

FMSES is usually characterized by its high RE
content in the form of fluorides and oxides together
with graphite powder (from graphite electrolytic
cells) and iron oxide (from entrainment of steel tools
or equipment) as impurities. RE oxides can be
readily recovered by acid treatment, while RE
fluorides hardly react with either hydrochloric or
sulfuric acids. The current methods of recovering
RE from fluorides are by NaOH digestion or by
roasting. When digested in concentrated NaOH
solution, the RE fluorides in FMSES convert to
insoluble RE(OH); and soluble NaF at a certain
temperature, allowing the separation of RE** and
F~ by their difference in solubility. According to the
research of Chen'? and Sun,'® the reaction temper-
ature is a key factor for the recovery of REF;, with
this route giving a final RE recovery of only about
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90% under optimized conditions. In the roasting
method, the separation of RE and fluorine through
roasting has been investigated extensively in the
treatment of bastnaesite.'*'® Additives are required
to convert RE fluoride to the respective oxide:
recovery of the RE is achieved in a subsequent
washing or leaching process. There are many papers
concerning the reactions of REF5; with NaOH'%'7
and Ca(OH),'® in the roasting process, as demon-
strated by Eqs. 1 and 2. However, use of NaOH
would seriously corrode the furnace lining, while
Ca(OH); needs a higher roasting temperature
(about 950°C) to obtain sufficient recovery.
Recently, Liang et al.'® recovered RE from a lan-
thanum-containing electrolytic slag by adding
NaySiO3 to the roasting process: the recovery
reached about 99% in the leaching process, but a
roasting temperature as high as 850°C was still
required.

2REF; + 6NaOH = RE;O3 + 6NaF + 3H,0 (1)

9REF; + 3Ca(OH),= RE,05 + 3CaFs + 6H,0 (2)

It is critical to the efficient recovery of RE from
FMSES that the RE fluorides can be converted to
RE oxides at lower temperatures. Boron salts have
successfully been used as defluorination agents in
the treatment of fluoride-containing magnetic tail-
ings.?’ Roasting FMSES with the addition of borax,
followed by subsequent hydrochloric acid leaching,
was studied in this article with the aim of reducing
production cost by converting RE fluorides in
FMSES at a lower temperature. The effects of
roasting temperature, roasting time, borax dosage,
leaching temperature, leaching time, hydrochloric
acid concentration and the liquid-to-solid ratio (L/S
ratio, mL/g) on the RE recovery were systemically
investigated. The FMSES conversion mechanism
in the roasting process and the optimum conditions
for RE recovery were clarified to provide theoret-
ical and technical support for the economic and
efficient utilization of FMSES.

EXPERIMENTAL
Materials

Analytical-grade reagents were used, including
borax, sodium hydroxide and hydrochloric acid.
Deionized water was used in solution preparation
and for washing. Samples of FMSES were obtained
from a plant located in Longnan, Jiangxi Province,
China, crushed by a ball mill and sieved into
granules (< 150 um). The compositions of the
FMSES and RE distribution are presented in
Table I.

An x-ray diffraction (XRD) pattern of the FMSES
is presented in Fig. 1. The RE elements were mainly
present as fluorides (NdF3; or PrOF); graphite
powder and Fe,Os were present as impurities.
Analysis of the FMSES is shown in Table I,

Yang, Wei, Xiao, Niu, and Shen

indicating that the total REO content was
38.62 wt.%. The main RE elements were neody-
mium, praseodymium and lanthanum.

Procedures

The roasting experiments were performed in a
muffle furnace at a preset temperature, in which
well-mixed FMSES and borax (particle size
< 150 yum) were placed in a corundum crucible
and roasted in air for a certain duration. The
roasted product was cooled to ambient temperature
in air and then washed twice in a 2 mol L™! NaOH
solution at 85°C for 60 min, using an impeller
speed of 200 r min~' and L/S ratio of 5:1 to
separate the RE and fluoride. In the washing step,
unreacted RE fluorides can further convert to RE
hydroxides by reacting with NaOH in solution.?!
The filtered residue was washed in hot water,
dried at 50°C for 24 h and then leached in a HCI
solution. The leaching experiments were conducted
in a beaker heated using a water bath. After
filtering, the RE contents of the solution and the
leach residue were analyzed by Ganzhou Accurate
Testing & Technology Co., Ltd. The total amount of
rare earth oxides (TREO) was determined by the
oxalate gravimetric method (GB/T 14635-2008,
China), with the analytical error of < 0.4 wt.%.
RE element analyses were conducted by induc-
tively coupled plasma emission spectrometer (ICP,
725-OES, Agilent Technologies, USA) according to
the national standard of China (GB/T 18882.1-
2008, China), with the analytical error of
< 0.7 wt.%. Solid samples were characterized by
x-ray diffractometry (Empyrean, PANalytical B.V.,
The Netherlands) with Cu Ko radiation and a
scanning speed of 10° per minute to determine the
phase transformation qualitatively in the roasting
process.

Method
Rare Earth Recovery

Owing to the complex composition of FMSES, it
was difficult to directly determine the conversion of
RE fluorides during the roasting process. There-
fore, after fluoride removal, the roasted product
was dissolved in hydrochloric acid solution (hy-
drochloric acid 5 mol L™, 200 r min—!, L/S ratio
5:1, 85°C, 60 min), and the RE contents in the
solution and residue were determined. The RE
recovery in the combined roasting and hydrochloric
acid leaching process was calculated according to
Eq. 3:

mw
Me

where /1 is the RE recovery, %; m is the mass of
leaching residue, g; o is the RE content in leaching
residue, %; M represents the mass of FMSES, g; and
¢ is the RE content in FMSES, %.

2=1-""5100% (3)
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Table I. Rare earth components in fluoride molten-salt electrolytic slag sample

TREO?
TREO? F Graphite Other impurities Lay0O3 PrgO;; Nd;O3 Gdz;03 Others
Contents (wt.%) 38.6 9.9 30.9 20.6 15.1 12.6 64.4 4.6 3.3

TREO is the total RE content of FMSES sample and is expressed as oxides, as shown in detail in the table.
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Fig. 1. XRD pattern of FMSES before roasting.

Kinetic Analysis of Roasting Process

A kinetic analysis of the FMSES roasting process
was performed using the Kissinger method.?*?* The
activation energy of the roasting process was esti-
mated using multiple differential scanning
calorimetry (DSC) measurements. A 10-mg mixture
of FMSES and borax (particle size < 150 um) was
placed in a corundum crucible and detected with
DSC (DIAMOND TG/DTA6300, PerkinElmer, USA)
at different heating rates. High-purity nitrogen
(> 99.999%) was used as the protective gas at a
flow rate of 20 mL min !. Accordingly, the activa-
tion energies were obtained from Eq. 4:

din(4)
E, = —R% (4)
4(z)
where E, is the activation energies of the roasting
process, J mol '; R is the gas constant, 8.314 J (-
mol K)~!; T, is the temperature at the peak valley

on the DSC curve, K; f is the heating rate,
°C min~ 1.

RESULTS AND DISCUSSION

Roasting Process

The effect of roasting temperature on the RE
recovery was first investigated with a roasting

duration of 60 min. The results are shown in
Fig. 2a. Elevated roasting temperature was of ben-
efit to the RE recovery, which rapidly increased
from 73% to 92% with an increase in the roasting
temperature from 500°C to 600°C. This indicated
that conversion of the RE fluorides can be acceler-
ated at higher temperatures. With a further
increase of roasting temperature to 750°C, the RE
recovery slowly increased from about 92% to 97%,
but did not improve significantly further beyond a
certain value. Thus, considering both the RE recov-
ery and the energy consumption, 700°C was adopted
for optimizing the roasting process.

Figure 2b presents the effect of roasting time on
the RE recovery at 700°C. As is customary, pro-
longed roasting time favored the RE recovery. It
increased from 90.8% to 96.7% with an increase in
the roasting time from 10 min to 40 min. The
recovery improved slightly further, to about 98%
after 80 min. Therefore, an appropriate roasting
time was chosen as 60 min, which was considered
adequate to achieve a complete conversion of the RE
fluorides.

Figure 2¢ shows the effect of borax dosage on the
RE recovery at 700°C for a reaction time of 60 min.
The results indicate that increasing the borax
dosage facilitated the RE recovery. When the borax
dosage increased from 15% to 38% (relative to the
mass of FMSES), the RE recovery increased from
85% to 97%. With further increase of borax dosage,
the RE recovery increased only slightly. The RE
fluorides reacted almost completely at a borax
dosage of 38%, so this value was adopted in the
later experiments.

The optimized conditions for the roasting process
were at a temperature of 700°C, reaction time of
60 min and a borax mass dosage of 38%. An XRD
analysis of the roasted product in optimized condi-
tions is displayed in Fig. 3. Compared with Fig. 1,
the diffraction peaks of the RE fluorides were
significantly reduced after roasting, while those of
RE oxides (Nd3O3, PrO41) and Pr(BOy)s appeared.
Additionally, the characteristic peaks of graphite
and Fe,O3 were still visible, owing to the low
roasting temperature and short roasting duration.
Furthermore, the difference in fluorine contents
before and after roast in the solid samples under
optimized conditions was < 0.14%, indicating that
fluorine does not enter the gas phase in the form of
F5 or HF. Meanwhile, unreacted RE fluorides may
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Fig. 2. Effect of roasting conditions on RE recovery: (a) roasting
temperature (roasting condition: mass ratio of borax to FMSES
0.38:1, 60 min; (b) roasting time (roasting condition: mass ratio of
borax to FMSES 0.38:1, 700°C; (c) borax dosage (roasting condition:

700°C, 60 min).

exist in the roasted product, such as some LaF; in
Fig. 3, which can convert to RE hydroxide in the

subsequent NaOH washing step by Eq. 7.2
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Fig. 3. X-ray diffraction pattern of roasted product under optimized
conditions.
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Thus, the conversion of RE fluorides with borax in
the roasting step probably occurred according to
Eqgs. 5 and 6. Based on the thermodynamic data
from resources®* and,? the Gibbs energy change of
Reaction (5) was calculated as — 2368.06 kJ mol !
at 700°C, and it was — 1964.54 kJ mol ! while
using NayB,0;. Because of similar properties of
rare earth elements, Reaction (6) can also occur
thermodynamically at 700°C despite lacking ther-
modynamic data for PrOF. Furthermore, molten
B503 can promote the roasting reaction because of
its low melting point of ~ 450°C.%® This also can be
confirmed by no B;O3 phase being detected by XRD
in the roasted product.

3NayB4O7 - 10H20(s) + 2NdF5(s)
= NdzO3(S) + 6NaF(s) + 6B203(S) + 30H20(g)

(5)

3NagB4O7 - 10HO(s) + GPTOF(S)
= Pry03(s) + 6NaF(s) + 4Pr(BO2);(s)
+ 30H20(g) (6)

REF3(s) + 3NaOH(aq) = RE(OH)4(s) + 3NaF(aq)
(7)

To further study the FMSES conversion mecha-
nism in the roasting process, a kinetic analysis was
carried out using the Kissinger method.?*?? The
resulting DSC curves at different heating rates are
shown in Fig. 4. The exothermic peak appears at
about 620°C under various heating rates, indicating
that the reactions happen in a temperature range of
550-675°C, yielding the obtained temperatures (7,,)
representing the valley of the curves at different
heating rates. Combining these data with the
corresponding heating rates (ff) gave the plot shown
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Fig. 7. Novel flow sheet for the recovery of rare earths from fluoride slags of molten-salt electrolytes.

in Fig. 5, from which the activation energy of the
reaction in the roasting process can be obtained
from the slope of the best-fitting line. The slope of

the fitted linear relationship between —R lnT/—i and

T,! was 159.02 x 102, indicating that the apparent
activation energy (E,) of FMSES reacting with
borax in the roasting process was 159.02 kJ mol 1.
Therefore, it was inferred that the roasting process
is controlled by an interfacial chemical reaction,
which is in agreement with the above experimental
results.

Leaching Process

The leaching experiments were conducted with
the roasting product obtained under optimized
conditions. The influences of leaching temperature,
leaching time and hydrochloric acid concentration
on the RE recovery were studied.

The effect of leaching temperature is shown in
Fig. 6a. Increasing the leaching temperature
increased the RE recovery, which reached 97% at
60°C. It did not obviously increase further at higher
temperatures > 50°C. Consequently, 60°C was
selected as an appropriate leaching temperature.

The effect of leaching time on the RE leaching
recovery is described in Fig. 6b. The RE recovery
increased moderately with an increase of leaching
time from 10 min to 50 min, reaching about 97% in

40 min. Thus, the leaching time of 40 min was
chosen.

The hydrochloric acid concentration is usually the
governing factor of the RE recovery in industrial
practice. The effect of hydrochloric acid concentra-
tion on the RE recovery is presented in Fig. 6¢. As
predicted, hydrochloric acid concentration had a
significant influence: the RE recovery was 96% in
4 mol L' HCL. Higher HCI concentrations did not
further accelerate the leaching process, owing to the
sufficient HCI for the leaching reaction.

The effect of the L/S ratio on the RE recovery is
shown in Fig. 6d. The recovery increased from 41%
to 97% with an increase of the L/S ratio from 2:1 to
5:1. This can be attributed to the lack of sufficient
hydrochloric acid to recover RE and to the limited
solubilities of RE chlorides in the solution.?® More-
over, no obvious improvement of RE recovery was
achieved with a further increase of the L/S ratio to
6:1. Thus, an appropriate L/S ratio of 5:1 was
assigned to the leaching process.

Proposed Process Flow Sheet

Based on the discussion above, a process flow
sheet for treatment of FMSES was developed, as
described in Fig. 7. RE elements can be recovered
efficiently from FMSES by borax roasting followed
by hydrochloric acid leaching. The optimum
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conditions found in this study were roasting of the
FMSES at 700°C for 60 min with a borax dosage of
38% and subsequently leaching the roasted RE-
containing calcine in 4 mol L™ hydrochloric acid
solution at 60°C for 40 min with a L/S ratio of 5:1.
Under these conditions, the RE recovery exceeded
97% with graphite and iron oxides remaining in the
residues. The resulting RE-containing solution can
be processed to further separate the individual RE
elements.

CONCLUSION

This work proposes a novel technical route for
recovering RE from FMSES, featuring borax roast-
ing followed by hydrochloric acid leaching. The RE
fluorides react with borax to form RE oxides in the
roasting step. Increasing the roasting temperature,
reaction time and borax dosage promoted the RE
recovery. A kinetic analysis showed that the roast-
ing process was controlled by interfacial chemical
reaction. The optimized conditions of the roasting
process were a temperature of 700°C for 60 min
with a borax dosage of 38 wt.%.

The effects of leaching temperature, leaching time
and hydrochloric acid concentration on the RE
recovery were also studied. The optimum conditions
for the leaching step of the roasted FMSES were a
4 mol L~ hydrochloric acid solution at 60°C, leach-
ing time of 40 min and a L/S ratio of 5:1. The RE
leaching recovery exceeded 97%. This work will
contribute to the development of a novel and more
efficient treatment of FMSES for RE recovery,
providing technical and theoretical support for the
feasible recovery of RE from various FMSES-type
residues.
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