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Abstract

Rare earth elements (REEs) have special properties that prompted their extensive use in high-tech
applications. The demand for REE has, therefore, increased over the past years, resulting in the
supply risk of the materials. Extraction from non-conventional low-grade ores, like easy-to-mine
ion-adsorption clays (IACs), by hydrometallurgical methods is being explored to supplement the
supply of REEs. The extraction of REEs from low tenor IAC leach solutions requires enrichment
using cost-effective methods such as precipitation. Therefore, the aim of this study was to understand
the recovery of REEs from IAC leach solutions using various reagents for precipitation. In the
first part of the study, recoveries of REEs from IAC leach solutions through direct precipitation
using H,C204 and NH4HCO3, as well as antisolvent crystallization using C;HsOH, were predicted
via thermodynamic modelling using OLI Stream Analyzer. Verification experiments were then
conducted through the use of an agitated reactor. Simulation results showed that high yields of
REEs were possible using each of the reagents, but large quantities of C;HsOH were required.
Experimental results confirmed the high yields predicted from simulations. Precipitation with
H,C,04 was found to selectively recover REEs while rejecting Al. However, utilization of NH;HCO3
and C;H5OH resulted in the co-precipitation of Al. Furthermore, the yield of Y from antisolvent
crystallization was significantly lower than the theoretical value. The product recovered from
antisolvent crystallization consisted of well-faceted, large crystalline particles, which filtered
faster than the fine, amorphous REE carbonates recovered using NHsHCO3. REE oxalates were
crystalline, larger than the REE carbonates and, overall, showed the highest filtration rate.

Keywords

rare earth elements, antisolvent crystallization, precipitation, ion adsorption clays

Introduction

Rare earth elements (REEs) are 17 metallic elements consisting of 15 lanthanides, scandium, and yttrium.
The materials have special physico-chemical properties due to their screened 4f electrons and have several
applications in the electronics, renewable energy, automobile, telecommunication, aerospace and security
industry (Xie et al., 2014). The demand for REEs has increased substantially over recent years due to new
applications in the energy transition economy (Korkmaz et al., 2020). Furthermore, geo-political factors
have resulted in the global supply risk of REEs such as Nd and Dy, which are regarded as critical materials in
the USA and Europe (Grohol and Veeh, 2023). In order to avoid shortages in the supply of REEs, different
economies have been implementing strategies such as circular economy, stockpiling, and diversification of
REE sources (Salim et al., 2022).

Although production from high-grade primary ores such as bastnaesite (Ce,La,Nd)(CO3)E, monazite
(Ce,La,Nd)POy, xenotime (YPOy), and loparite (Soltani et al., 2019; Wu et al., 2018) could be increased
where the ores are available, the extraction of REEs from such ores is still faced with process and economic
viability challenges. Harsh processing conditions and strict hazard management against radioactivity in the
processing of monazite restricts its exploitation (Ahmed, 2017). Therefore, to supplement the current supply
from conventional primary ores, there are attempts to recover REEs from spent products, tailings, and
other non-conventional ores. However, the recycling of REEs from spent permanent magnets, nickel-metal
hydride batteries, and catalysts can only partially resolve the supply risk of REEs. Thus, extraction of REEs
from tailings like phosphogypsum and red mud, from the processing of phosphate minerals and bauxite,
respectively, is necessary to secure and diversify the supply chains.

The supply of heavy REEs (HREEs), i.e., Sm (62) to Lu (71) and Y(39), remains insecure and even
primary ores, such as bastnaesite, have low HREE content (Gupta and Krishnamurthy, 2005; Schulze et
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al., 2017). Although ion-adsorption clays (IACs) have low grades

of REEs, the ores are important sources of HREEs (Schulze et

al,, 2017). Thus, the extraction of REEs from IACs in China has
contributed significantly to the global supply of HREEs. The
recovery of REEs from IACs does not require extensive physical
beneficiation, which offsets their low REE grades, making the
extraction of REEs from such ores cost-effective (Huang et al.,

2015; Xiao et al., 2015; Yin et al., 2020). Furthermore, IACs are less
hazardous due to very low concentrations of radioactive Th and

U (Schulze et al., 2017; Burcher-Jones et al., 2018). However, the
mineralogy of IACs varies widely and the leaching of REEs from the
ores results in dilute pregnant leach solutions (PLS) containing Fe,
Al Si, Ca, Na, Mg, NH4*, and SO42- impurities (Chi and Tian, 2008;
Schulze et al., 2017). Outside China, IAC ores have been found

in several African countries and South America (Nyakairu and
Koeberl, 2001; Burcher-Jones et al., 2018; Ram et al., 2019; Temga et
al,, 2021).

The extraction of REEs from IAC ores involves either excavation
followed by heap leaching, or drilling of boreholes and in situ
leaching using aqueous (NH4)2SO4 or MgSOy as lixiviants. During
leaching, the ion-exchangeable REE fraction is desorbed from the
surfaces of clay particles into the aqueous phase and is replaced
by cations (NH4*" or Mg2*) from the lixiviants. This generates
low-tenor PLS of REEs containing impurities such as Fe, Al, and
Si, which, together with lixiviant species, influence the aqueous
chemistry. Thus, selective extraction of REEs from such impurity-
laden and low-tenor leach solutions is necessary to upgrade REEs
before downstream separation and refining processes. Although
ion exchange, solvent extraction, and adsorption can recover REEs
from PLS, precipitation is conventionally used to extract REEs
from TAC leach solutions because it is cost-effective and relatively
simpler than other methods. Precipitation occurs when the
concentration of sparingly soluble compounds from the chemical
reaction between REEs and anions, such as hydroxides, fluorides,
phosphates, oxalates, and carbonates, exceed their solubility. Thus,
concentrates of REEs are produced from low-tenor leach solutions
of IACs primarily through bulk precipitation. Typically, Fe3+ and
Al are rejected from the PLS via precipitation at pHs of ~3.5 and
~5, respectively, using alkalis such as NaOH, Ca(OH);, NH3, and
NH4HCOs3 (Chi and Xu, 1999; Chi and Tian, 2008; Zhou et al., 2017;
da Silva et al., 2018; Silva et al., 2019; Judge and Azimi, 2020).

REEs are conventionally recovered from IAC pregnant
leach solutions via precipitation with oxalic acid (H2C>04) and
ammonium bicarbonate (NH;HCO3)(Chi and Tian, 2008).
Precipitation with HoC,O4 occurs at acidic pH via the reaction in
Equation [1] (Chi and Tian, 2008; Schulze et al., 2017):

2REE? ) + 3H2CoOuap + xH2O0q) = (1]
REE(C2O4)3.xH2O(s) + 6H (4

The use of H,C,04 achieves selective precipitation of REEs
from impurity-laden pregnant leach solutions in a single stage and
produces large REE oxalate particles, which are easy to dewater (Chi
and Tian, 2008). However, H,C,O4 is expensive, forms complexes
with impurity species and generates acidic wastewaters from the
operations. These challenges motivated the adoption of NHsHCO3
for precipitation of REEs from PLS of IAC ores. This occurs at pH
between 5 and 8, often after prior rejection of metal impurities at
lower pH, and proceeds according to the reaction in Equation [2]
(Chi and Tian, 2008; Anawati and Azimi, 2022);

2REE* (4 + 6NHsHCO3(,) + xH2Oq) =

REE2(CO3)s xH2O¢s) + 3H200) + 3COy)+ 6NHa* (o)

» 738 DECEMBER 2024 VOLUME 124

NH4HCO;3 is cheaper, relatively safer, neutralizes leach
solutions, and replenishes (NH4),SO4 for recycling of the
supernatant back to the leaching stage as a lixiviant. Furthermore,
REE carbonates can be easily redissolved in acids for further
processing. However, REE carbonates precipitate as fine amorphous
particles, which are voluminous and difficult to dewater (Yin et al.,
2020; Yu et al., 2020; Wang et al., 2021).

Recently, studies have shown that antisolvent crystallization
can recover REEs from pregnant leach solutions of spent products
and bauxite residue, as salt crystals with tunable physical properties
(Kaya et al,, 2018; Korkmaz et al., 2020; Pawar et al., 2024). Unlike
oxalates and carbonates, sulphates of REEs are moderately soluble
in water (Cunningham et al.,, 2024). Therefore, in antisolvent
crystallization, water-miscible organic compounds with low
dielectric constants reduce the solubility of dissolved REE salts in
the resultant solution and induce crystallization of the salts when
supersaturation is attained (Pawar et al., 2024). While high yields
and recycling of antisolvents are possible, antisolvent crystallization
is still being developed for industrial application in the recovery
of metals. The method has been applied for the recovery of REEs
from leach solutions with moderate tenors of REEs (Korkmaz et al.,
2020), but has not been utilized for direct recovery of REEs from
low tenor solutions, such as PLS' of IACs.

Overall, the recovery of REEs as carbonates is commonly
practised and H,CyOy is still applied for the recovery of REEs
where high purity is required, while antisolvent crystallization has
shown huge potential as an alternative method of recovering REEs
(Schulze et al., 2017; da Silva et al., 2018). H,C,04 and NH4HCO3
have different properties, react with REEs and impurity species
differently, and produce particles with different physico-chemical
characteristics resulting in process flowsheets with different levels
of complexity. Antisolvents have different properties and their
mechanism of action, i.e., polarization and dehydration of solutes,
differs from that of classical precipitants (Korkmaz et al., 2020).
Furthermore, the reagent demands, and the nature of the residual
effluents differ. These aspects and operating conditions can be
determined via thermodynamic simulation of aqueous chemistry.

Thermodynamic modelling of aqueous chemistry to predict
equilibria and determine yields of REEs from PLS has been
conducted using software such as PHREEQC, Visual MinteQ, and
OLI Stream Analyzer (Judge et al., 2023). OLI Stream Analyzer
uses the Helgeson-Kirkham-Flower equation of state while Visual
MinteQ uses the Debye-Huckel and Davies equations to predict
activities of the solutes in aqueous solutions. The solubility of
respective REE compounds ultimately influences their precipitation
behaviour. It is noted that solubility product constants (Ksp)
of individual REE carbonates range from 10-358 to 10-28 and
the data vary widely amongst different studies (Firsching and
Mohammadzadei, 1986; Runde et al., 1992; Spahiu and Bruno,
1995; Chi and Tian, 2008). REE oxalates are slightly more soluble
than carbonates and their Ksps vary between 10-32 and 10-25 (Chi
and Tian, 2008; Xiong, 2011; Josso et al., 2018). The solubilities
of Y2(S04)3.8H,0 in different H,O alcohol mixtures have been
measured by Sussens et al. (2024), while solubility of various REE
sulphates in H>O have been determined by Judge et al. (2023) and
Moldoveanu et al. (2024).

The overall aim of this study was therefore to determine the
recovery of REEs from PLS’ of IACs using bulk precipitation and
antisolvent crystallization. The objective of the investigation was to
study and compare the performance of different precipitants and
antisolvents in the enrichment of REEs from IAC leach solutions.
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Methods and materials

The extraction of REEs from PLS of IACs using NH;HCO3, HoC,04,
CH30H, and C;Hs0H was studied. A PLS obtained from the
leaching of an IAC ore from Madagascar using 0.5M (NH4)25O4 was
used as the basis of synthetic PLS’ used in the experimental tests.

Thermodynamic modelling

The recovery of REEs from the IAC leach solution using
precipitation was simulated using OLI Stream Analyzer to predict
the yields of REEs, quantities of reagents, and precipitation
conditions. The mixed solvent electrolyte (MSE) framework

was used and extraction of REEs from the PLS using H,C,O4,
NH4HCO3, CH30H, and C;HsOH was simulated. Although
thermodynamic data and models were available for a very limited
number of REE carbonates and oxalates in OLI Stream Analyzer,
the software was selected for simulations because it contained
thermodynamic data and models for REE sulphates (Nd, Y, and Dy)
in the C,HsOH-H,O system. The models were developed by OLI
Systems Inc. for the University of Cape Town and included Y(SO4)3
in the CH;0H-H,O system (Sussens et al., 2024). The software
contained thermodynamic data and models for Nd carbonate and
oxalate, as well as Yb oxalate. Thermodynamic data and a model

for Dy,(COs)3 in water were developed by OLI Systems Inc. for

the University of Cape Town as part of this study. Although Visual
MinteQ and PHREEQC databases contain thermodynamic data for
several carbonates and oxalates, OLI Stream Analyzer was used for
all simulations in this study for consistency.

The recovery of Nd from 1 L of the TAC leach solution
containing 433 ppm of Nd3+ and 300 ppm of Al3+ in aqueous
(NH4)2SO4 solution using precipitation/crystallization with HyC,04,
NH4HCO3, and C,HsOH was simulated. The crystallization
of Y2(SO4)3 from the same aqueous matrix using CH;OH and
C;HsOH was also simulated since its thermodynamic data and
models in both systems were available.

Laboratory experimental tests

Laboratory experiments were carried out to compare the recovery
of REEs from IAC leach solutions using H,C,04, NH4HCO3,
CH30H, and C;Hs0H. Although preliminary experiments were
conducted using the PLS obtained from the leaching of IAC ore
from Madagascar, the quantity of the solution was limited, hence

simplified, synthetic leach solutions were prepared and used for
further investigations. The simplified model PLS’ contained only
major REEs, A3+, and lixiviant species as shown in Table I.
Reagent grade Lay(SO4)3, Pr(S04)3.8H,0, Nd2(S04)3.8H,0,
Y2(SO4)38H20 (ThermoFisher, Germany), (NH4)2SO4 (Merck,
South Africa), and Aly(SO4)3; xH2O (Sigma-Aldrich, South Africa)
were dissolved in deionized water to prepare synthetic PLS'.
Precipitant aqueous solutions were prepared by dissolving 4.3 g of
H,C,04 (Sigma Aldrich) and 10 g of NHyHCO3 (Merck and Sigma
Aldrich) in 1 L of deionized water, but both CH;0H and C,Hs;OH
(Kimix, South Africa) were utilized without modification.
Laboratory tests were conducted to determine the yields of
REEs when each of the four reagents was used, separately, to recover
REEs from the IAC leach solution. In the experiments, 200 mL
of 0.43 wt.% H>C,04 and 1 wt.% NH4;HCO3 aqueous solutions
were individually added to 200 mL of synthetic PLS to precipitate
REE oxalates and carbonates, respectively. In order to crystallize
REE sulphates, 171 mL of C;HsOH and 200 mL of CH;0H were
added to 200 mL of synthetic PLS in different experiments. These
resulted in organic to aqueous (O/A) ratios of 0.86 for C;HsOH
and 1.0 for CH3OH, which were selected to avoid co-crystallization
of (NH4)2SO4 while achieving theoretical yields of total rare earth
elements (TREEs) higher than 95%. In a separate experiment (AS3),
the C;HsOH quantity was increased to 230 mL in an attempt to
improve the recovery of REEs. A summary of the experiments is
provided in Table II.

Experimental equipment

All experimental tests were conducted using an agitated 0.5 L
glass reactor, fitted with three baffles, as illustrated in Figure 1. An
overhead stirrer (IKA RW20), connected to a 6-blade Rushton
turbine (0.033 m), was used for agitation and a Mettler Toledo
pH electrode was used to measure the pH of the reactor contents.
A peristaltic pump (Watson Marlow, 520S) was used to add
precipitants and antisolvents into the reactor.

Experimental procedure

Two hundred (200) mL of the PLS was initially added into the
reactor and the agitator was started. The precipitant/antisolvent was
then pumped into the reactor using a peristaltic pump. In the case
of C;Hs0H, 171 mL and 230 mL were added to 200 mL and 181 mL

Table I
Concentrations of REEs, Al3+, NH4+ and SO42- in the model PLS
Species La3+ Nd3+ Pr3+ Y3+ A3+ NH4* SO42-
Concentration(mg/L) 800 433 137 240 300 13 830 40 239
Table I1
Details of conducted experiments and utilized reagents
Exp. Reagent Conc. (g/L)/ purity (%) * | Volume of reagent(mL) | Volume of PLS (mL) O/A(v/v)
RI H,C,04 43 200 200 -
R2 NH4HCO; 10 200 200 -
AS1 CH3;OH* 99.8 200 200 1.0
AS2 C,Hs;OH* 99.9 171 200 0.86
AS3 C,H50H* 99.9 230 181 1.3
The Journal of the Southern African Institute of Mining and Metallurgy VOLUME 124 DECEMBER 2024 739 «
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[]

Figure 1—Reagent bottle, peristaltic pump, overhead stirrer and 0.5 L reactor

of PLS, respectively. The agitator rotational speed was

500 rpm, and this was selected to avoid the settling of product
particles during antisolvent crystallization. Each experiment was
run for 2 hours to allow time for antisolvent crystallization of REEs,
which was relatively slower at the selected O/A ratios, while keeping
the duration relatively shorter to suit industrial operations (Silva et
al,, 2019). All experiments were repeated at least twice.

After each experiment, samples of the slurry were collected for
size analysis using laser diffraction (Malvern Mastersizer 2000, UK).
The remainder of the product slurry was harvested and vacuum-
filtered using 0.22 pm nylon membrane filters, Merck Millipore
flask and funnel, as well as an oil-less piston vacuum pump
(Vacutec, South Africa). The filtration was monitored to determine
the performance of the different products. Samples of the filtrate
were collected for metal analysis, using inductively coupled plasma
mass spectrometry (ICP-MS) (Agilent 7900, USA), to quantify the
yields of REEs. The yields were estimated from Equation [3]:

CoVo-GsVs

. _ 0 3
Yield of REE =227 x100% (3]

oVo

Co and Cs are concentrations of the metal ions in the PLS and
in the supernatant (ppm), respectively; V, and V; are the respective
volumes (mL). After drying in the desiccator for at least 24 hours,
samples of the products were collected for imaging and elemental
analysis using the scanning electron microscope (Tescan Mira 3
RISE, Czech Republic) and energy dispersive X-ray spectroscopy
(EDS). Samples of products from antisolvent crystallization were
also analysed using powder X-ray diffraction (XRD).

Results and discussion

Thermodynamic Modelling: Recovery of Nd from an IAC
leach solution using different reagents

The recovery of Nd from 1 L of the simplified IAC pregnant leach
solution using H,C,04, NH4HCO3 and C,Hs0H was simulated
using OLI Stream Analyzer (see Figure 2). The results showed that,
further to conventional precipitation using H,C,04 and NH4HCO3,
antisolvent crystallization using C;HsOH can recover high yields
of REEs from IAC leach solutions. The recovery of Nd using
CH30H could not be modelled because thermodynamic data for
the Nd»(SO4)3-H20-CH30H system was unavailable at this stage.
The yields of Nd from the IAC leach solution containing 433 ppm of
Nd3+ are shown in Figure 2 as a function of the amounts of reagents
utilized for recovery.

It was predicted that the amount of H,C,O4 required to recover
>90% of Nd from 1 L of PLS was the least, but comparable to that of
NH4HCO3, while the amount of C;HsOH required to recover the
same amount of Nd was almost two orders of magnitude higher.

» 740 DECEMBER 2024 VOLUME 124

The marked difference in the reagent demand can be attributed
to the differences in the mechanisms of action of the reagents and
solubility behaviour of the recovered products.

While H,C,04 and NH4HCO3 provide C2042- and HCO3®
anions for reactive precipitation of Nd»(C,04)3.10H,0 and
NdAOHCO:s, respectively, C;HsOH induces the crystallization of
Nd,(SO4)3.8H,0 via a different mechanism. C;HsOH reduces both
the activity of water and the dielectric constant of the solution,
which dehydrates and reduces polarization of the ions, respectively,
thus facilitating the crystallization of REE sulphates (Korkmaz et
al., 2020). It is noted that NdOHCOj3, which is more soluble than
Nd,(CO3)s, was predicted as the thermodynamically stable phase.
Nd»(S04)3.8H,0, was predicted to crystallize from the Nd(SO4)s-
H,0-C,Hs0H system and this was confirmed experimentally
through XRD analysis by Pawar et al. (2024). The same compound
was found to be the stable phase that crystallizes from Nd(SO4)s-
H;O solutions at room temperature (Das et al., 2019; Judge et al.,
2023; Moldoveanu et al., 2024).

Al3+ was predicted to remain in the aqueous phase when
H,C,04 was used to precipitate REEs from the IAC leach solution.
This is due to the formation of soluble Al oxalate complexes, such
as AIH3[C,04]52+, which remain in aqueous phase as REE oxalates
precipitate. Contrary to this, the utilization of NHsHCO3 was
predicted to co-precipitate AI(OH)3 and Nd(OH)CO3. However,
the AI(OH);3 was predicted to precipitate at a lower pH than
Nd(OH)CO3, thus presenting an opportunity for sequential
precipitation (Chi et al., 2003). Lastly, it was predicted that adding
more than 670 g of C;Hs0H to 1 L of PLS would result in the co-
precipitation of (NH4)2SO4 with Nd2(SO4)3.8H,0. Operationally,
the crystallization of the lixiviant limits the amount of antisolvent
that can be utilized, although the antisolvent can be recovered.

Experimental: Precipitation of REEs from PLS of IACs
using different reagents

Yields of REEs and rejection of Al by different precipitants/
antisolvents

The yields of the metals were evaluated using Equation [3] and the
residual metal content in the supernatants, with results presented in
Figure 3. The yields of TREEs were generally high when each of the
four reagents was used to recover REEs from synthetic IAC leach
solutions.

The highest recovery of TREEs (>99%) was achieved by using
1 wt.% NH4HCOj3 aqueous solution for bulk precipitation and
a similar yield (>98%) was achieved by using 0.43 wt.% H2C,04
aqueous solution. Crystallization of REEs using CH;OH(OA=1)
resulted in a 92% yield of TREEs, while crystallization using
C,H50H, at O/A=0.86 and 1.27, recovered 88% and 93%,

r s‘//(

=N ®
=) =]
L

Yield of Nd(%)
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f=3

| —o—CH:OH
| | ——NHHCOs

| | ——H:.C:Os
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0.01 0.10 1.00 10.00
Amount of reagent( mol/L of IAC leach solution)

Figure 2—Recoveries of Nd from IAC leachate using H,C>04, NH;HCO3, and
C,Hs0H

N
<
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respectively. As shown in Figure 3, Al was virtually rejected when
H,C,04 was utilized to recover REEs from the IAC leach solutions,
but was co-extracted with REEs when NH4HCO3, CH3;0H and
C,H5sOH were used to precipitate REEs in a single stage. Although
CH30H rejected Al slightly better than C;HsOH (O/A=0.86) during
crystallization of REE sulphates from IAC leach solutions, both
antisolvents were less selective at the conditions employed in this
study. The higher rejection of Al by CH3OH was probably due to

its higher dielectric constant than that of C;HsOH (Korkmaz et al,,
2020; Sussens et al., 2024).

The high yields of TREEs obtained from precipitation using
NH4HCO; and H,C,O4 were expected due to the extremely low
solubilities of REE carbonates and oxalates, which resulted in high
supersaturations and fast precipitation of REEs (Firsching and
Mohammadzadei, 1986; Chi and Tian, 2008; Josso et al., 2018).
Thus, instantaneous formation of particles occurred upon addition
of the precipitants during experiments. The individual yields of La,
Pr, and Nd recovered using CH;OH(O/A=1) and C;HsOH, at both
O/A=0.86 and 1.27, were generally high (>96%) and similar for all
the reagents after 2 hours of crystallization. Therefore, the relatively
lower yields of TREEs obtained in antisolvent crystallization were
attributed to the yields of Y, which was significantly lower than
the rest of the REEs, as demonstrated in Figure 4. The lower yield
suggests that the crystallization of Y using C,HsOH at O/A=0.86
was slower than that of other REEs.

Increasing the amount of C;HsOH to O/A=1.27 and utilizing
CH30H(O/A=1) for crystallization enhanced the yield of Y
significantly, but the recovery still remained below the theoretical
values predicted from thermodynamic simulation, as demonstrated
in Figure 5. The slow crystallization of Y could not be explained
fully, but the behaviour could be attributed to the solubility of
Y2(SO4)3.8H20, which is higher than that of light REEs and similar
to other HREEs. Analysis of the scaling tendency (S) using OLI
Stream Analyzer showed that the supersaturation of Y2(SO4)3.8H,0
(§=555) was significantly lower than that of Nd,(504)3.8H,0
(§=3010) at C;HsOH (O/A=0.86). This possibly explains the
associated slower crystallization kinetics at O/A=0.86, as shown

OTREE DAl

80 4

Yield of metal (%)
5 38

15

C:HsOH(O/A=0.86) CH:OH(O/A=1) C:HsOH(O/A=1.27)

Precipitant/antisolvent

NH:HCO: H:COs

Figure 3—Yields of TREEs and Al for different precipitants after 2 h of
precipitation/crystallization

100

E 3 3

Yield of metals (%)
o

o

C:H:OH(O/A=0.86) CH:OH(O/A=1) C:H:OH(O/A=127)
Precipitant/antisolvent

NH:HCOs H:C.0s

Figure 4—Yields of REES from the IAC leach solution for different precipitants
after a batch time of 2 h

The Journal of the Southern African Institute of Mining and Metallurgy

100 { OY 2 ¢
©ONd

80 [

@Y theoretical

60 1 ®Nd theoretical o

;

20 A

Yield of metals (%)

0

0.0 0.2 0.4 0.6 0.8 1.0 12 14
Amount of ethanol (O/A) ratio (v/v)

Figure 5—Experimental versus theoretical yields of Nd and Y after 2 h of
crystallization at O/A(v/v) of 0.86 and 1.27

by lower yields. Although increasing the amount of C;HsOH

to O/A=1.27 enhanced the supersaturation of the anhydrous
Y2(SO4)s by two orders of magnitude, S=6.5x104, the Y yield
remained significantly lower than the theoretical value. The slow
crystallization of Y was also observed by Korkmaz et al. (2020)
in the recovery of REEs from leach solutions of NiMH batteries.
Further studies to understand the crystallization behaviour of
Y»(SO4)3 during antisolvent crystallization are recommended.

The selective precipitation of REEs from IAC leach solution
achieved using 0.43 wt.% H,C,04 aqueous solution was attributed
to the formation of the soluble AIH3[C;04],2+ complex at acidic pH,
which remained in the aqueous phase during precipitation of REE
oxalates, as suggested by thermodynamic simulation results (OLI
Systems Inc, 2021). Elemental analysis of the REE oxalates product
using EDS affirmed the rejection of Al during precipitation, as
demonstrated in Figure 6a. The small amount of Al shown in Figure
3 was attributed to adsorption, which was also low. The high Al
rejection efficiency in the recovery of REEs using HoCyO4 was also
reported by Silva et al. (2019).

The least rejection of Al observed using NHsHCO;3 was
due to co-precipitation of AI(OH); with REE carbonates. This
lowered the purity of the REE concentrates and was predicted
from thermodynamic simulation. The comparably low rejection
of Al achieved during crystallization of REE sulphates from IAC
leach solution using C;HsOH and CH3OH was attributed to co-
crystallization of Al. This was supported by EDS of the product
recovered using CH3OH, which showed that the darker phase in
Figure 6b (trigonal pyramid particles) contained Al This was not
predicted from simulation of aqueous chemistry and the identity
of the Al compound that co-crystallized with REE sulphates during
crystallization with both CH;OH and C,HsOH could not be
established at this stage, as XRD analysis of the product was still
inconclusive. However, the crystallization of an Al sulphate salt
during antisolvent crystallization with C;HsOH is possible and has
been reported by Kang et al. (1995). Ma et al. (2023) further showed
that Al co-crystallized during antisolvent crystallization of metals
from PLS of Li-ion batteries.

Qualitative observations on filtration performance of
products

The filtration performance of the products generated using the
different reagents was monitored and filtration rates are presented
in Figure 7.

REE oxalates filtered at the fastest rate while REE carbonates
filtered at the slowest rate. The filter cake of the REE carbonates
also developed micro- and macro-fissures during filtration, which
showed poor dewatering behaviour. The filtration of the product
recovered using CH;OH(O/A=1) was faster, but comparable to
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Figure 6—Energy dispersive X-ray spectroscopy (EDS) for REE oxalates from 0.43 wt.% H>C,04 and REE sulphates recovered using CH;OH(O/A=1)
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Figure 7—Filtration performance of the slurry produced using 0.43 wt.%
H>C,04, 1 wt.% NH4HCO3, CH;0H(O/A=1) and C;Hs OH(O/A=0.86&1.27)
at N=500 rpm after 2h

that of the product recovered using C;HsOH(O/A=0.86). Utilising
higher quantities of C;HsOH(O/A=1.27) produced a suspension
that filtered at a slower rate. The difference in filtration performance
was attributed to the differences in particle sizes, lattice structure,
and habit of the products recovered using the different reagents.
These properties determine the packing of the particles and the
subsequent permeability of the filter cakes. Particle size distributions
(PSDs) of the precipitates obtained from the experimental tests
conducted for average batch times of 2 hours are shown in Figure 8.
The highest filtration rate of REE oxalates was attributed to
crystalline particles, a narrow PSD and extensive particle clustering,
which is evident in Figure 9(d-f). The crystalline prismatic particles
had a mixture of sharp and rounded edges. On the contrary, the

" —o0— REE oxalates_0.43 wt.% HiC:O4

—o— REE carbonates_lwt.% NHHCO, (a}
12 1 . e sulphates_ C:HOH(O/ A=0.56)

—0— REE sulphates CH:OH(OA=1)
10 4 —e— REE sulphates_C:H:OH(O/ A=1.27)

Volume(%)

Particle size(pm)

poor filterability of REE carbonates was due to both smaller particle
sizes and amorphous structure. As shown in SEM micrographs

in Figure 9 (a-c), small spherical and amorphous particles were
produced when NH4sHCO3 was utilized for precipitation. The fast
filtration of the suspensions obtained using C;HsOH(O/A=0.86)
and CH3;0H(O/A=1) can be attributed to the large, well-faceted,
and predominantly crystalline product particles as shown in Figure
8 and Figure 9.

Although the product recovered using C;HsOH(O/A=0.86)
consisted of slightly bigger particles than from CH3OH(O/A=1), as
presented in Figure 8, the product from the latter filtered slightly
better, possibly due to lower viscosity of the residual CH;OH-PLS
solution. The product from crystallization using C;HsOH consisted
of a mixture of prismatic and bipyramidal particles, with instances
of sharp edges, broken corners, and intergrowth as illustrated in
Figure 9(g-h). A phase with no clearly defined morphology was
observed on the surfaces of bigger particles at higher magnifications
(Figure 9i). Crystallization with CH;OH produced a similar mixture
of particle morphologies as shown in Figure 9(j-k). However,
sheaves were also produced as shown in Figure 9j.

Although more than just REE compounds crystallized when
NH,4HCO;, CH30H, and C;HsOH were used to recover REEs,
it was clear that crystal growth was dominant during antisolvent
crystallization, hence the clearly defined product morphology.
However, the poorly structured material that attached to the
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Figure 8—Particle size distribution (a) and mean particle sizes (b) of the REE precipitates obtained using different reagents after running each experiment for 2 h
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Figure 9—SEM micrographs of REE precipitates obtained from a synthetic IAC leach liquor using (a-c) 1 wt.% NH4HCO; (d-f) 0.43 wt.% H>C,04 (g-i) C:HsOH(O/

A=0.86) (j-1) CH;0H (0/A=0.93)

surfaces of bigger particles suggests that the crystallization pathways
were less obvious. An intensely white suspension formed after
addition of the antisolvents, and this became progressively less with
time. The formation of amorphous REE carbonates is extensively
reported in previous studies and was therefore expected (Chi and
Tian, 2008; Yin et al., 2020; Yu et al., 2020; Wang et al., 2021).
Contrarily, crystalline REE oxalates formed at similar yields. Thus,
the role of anions in the precipitation of REEs is clearly shown by
the differences in the quality of the products recovered using the
different reagents, in as much as antisolvent molecules and counter-
ions influence the crystallization process.

The Journal of the Southern African Institute of Mining and Metallurgy

Conclusions

The recovery of REEs from PLS of ion-adsorption clay ores was
investigated in this study to understand the technical efficacy

of each reagent to enrich the REEs from low-tenor solutions.
Thermodynamic simulation was conducted using OLI Stream
Analyzer and it revealed that high yields of REEs could be achieved
with reactive precipitation using either HyC,04 or NH4HCO3 and
antisolvent crystallization with either CH;OH or C;HsOH. The
highest yields were obtained from precipitation using HyC>O4

and NH4HCO3, but significantly large quantities of CH3OH and
C;H50H were necessary to achieve similar yields.
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Experimental results confirmed the high REE yields predicted
from thermodynamic simulations, especially for H,C,O4 and
NH4HCOs. However, the recovery of Y from crystallization using
both alcohols was significantly lower than the rest of the REEs and
was below the thermodynamically predicted yield.

The utilization of NHsHCO3, CH;0H and C;HsOH for single-
stage crystallization resulted in the co-precipitation of Al, which was
predicted in the use of NH;HCO3, but not in the case of alcohols.
This meant that REE concentrates of low purity were recovered
when each of these three reagents was utilized.

The utilization of H,C,04 in a single stage resulted in
selective recovery of REEs (La, Nd, Pr, and Y), while Al remained
in the spent solution, and resulted in a product with the best
dewatering performance, i.e., highest filtration rate among the
tested reagents. The product was crystalline and slightly larger
than REE carbonates. Interestingly, the product recovered using
alcohols was characterized by mostly well-faceted, large prismatic
and crystalline particles that dewatered quite easily, as shown by
good filtration performance. Thus, crystal growth appeared to be
dominant in antisolvent crystallization of REEs at the O/A ratios
employed in this study, as shown by the well-formed large and
crystalline particles. The fine, amorphous product recovered using
NH4HCO: filtered at the slowest rate, and the process appeared to
be dominated by nucleation and agglomeration.

Overall, it was concluded that the utilization of HoC,O4 as a
precipitant achieved the best results in a single stage compared to
other reagents. However, the precipitation/crystallization conditions
for other reagents were not optimized and this conclusion is
based on the technical performance in a single precipitation stage.
Consideration of economic, environmental safety and other external
factors is necessary to further compare the reagents and guide the
selection of suitable precipitants.
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