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ABSTRACT

Rare-earth elements (REEs) were efficiently recovered by a supported ionic liquid phase (SILP) after iron(III)
precipitation from simulated bauxite residue (BR) leachates in sulfuric acid media, since leaching of BR with
sulfuric acid is more feasible than leaching with other mineral acids. The SILP betainium sulfonyl(tri-
fluoromethanesulfonylimide) poly(styrene-co-divinylbenzene) [Hbet-STFSI-PS-DVB] exhibits a high selectivity
for the rare-earth elements (REEs) over other elements in acidic BR leachates. However, scandium(III) uptake by
the [Hbet-STFSI-PS-DVB] from sulfuric acid leachates is difficult due to strong electrostatic interactions of small
scandium(IIl) ions with sulfate anions. Sulfuric acid leachates generally contain high concentrations of base
metal ions like iron(Ill) and this reduces the efficiency of the [Hbet-STFSI-PS-DVB] for uptake of REEs.
Therefore, a precipitation step for iron(III) removal with aqueous ammonia solution was introduced, as a simple
and economically viable pretreatment step of BR leachate, prior to the REEs recovery by the SILP. Iron(III)
precipitation from sulfuric acid BR leachates increased the efficiency of purification by column chromatography.
Additionally, scandium(III) phosphate precipitation, after iron(III) removal, was performed in order to compare
and assess the optimum route for scandium(IIl) purification between the two common processes: selective
precipitation and elution chromatography. After scandium(IlI) phosphate precipitation, the recovery and sub-
sequent purification of the remaining REEs on the [Hbet-STFSI-PS-DVB] column were also examined, and re-
sulted in a higher purity of these REEs.

1. Introduction

Commission, 2017). Since 2014 the REEs are no longer considered as
one group in the list of CRMs, but are split into light and heavy REEs,

The rare-earth elements (REEs) greatly contribute to modern tech-
nology, but there are only few mineable REE deposits (Binnemans et al.,
2018; Fernandez, 2017; Zhang et al., 2016). Their most important ap-
plications are in permanent magnets for wind turbines, electric ve-
hicles, computer hard-disk drives and mobile phones, alloys for re-
chargeable batteries, high-performance aluminium and magnesium
alloys, as well as lamp phosphors (Binnemans et al., 2015; Binnemans
et al., 2018; Seidman et al., 2002; Riesgo Garcia et al., 2017; Zhang
et al., 2016). The high economic importance of the REE:s is reflected by
their leading position in the list of the critical raw materials (CRMs) of
the European Commission (Binnemans et al., 2018; European
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whereas scandium was assessed separately from other REEs. In the
2017 update of the CRMs list, the light REEs were assessed as the CRMs
with the highest supply risk. Moreover, the steadily growing demand
for scandium (Sc), especially in high-strength aluminium alloys, ne-
cessarily increased its criticality and intensified the need for its pro-
duction (Binnemans et al.,, 2018; European Commission, 2017;
Pyrzynska et al., 2018). Although scandium resources have been
identified across the globe, its concentration in the ores is generally
low, so scandium is mainly produced as a by-product during processing
of various ores or recovered from previously processed tailings or re-
sidues (Narayanan et al., 2017; Ochsenkiihn-Petropoulou et al., 2002;
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Pyrzynska et al., 2018).

The scarcity of naturally occurring REEs deposits, presents an op-
portunity for utilization of secondary resources. In fact, in a quest for an
alternative source of REEs, bauxite residue (BR), a waste material
abundantly produced by the alumina industry, has recently drawn a lot
of research attention. The REEs in BR are enriched by a factor of two
compared to the bauxite ore (Deady et al., 2014; Ochsenkiihn-Petropulu
et al., 1996). It is well known that > 90% of the trace metal value in BR
can be attributed to the presence of scandium (Borra et al., 2015; Liu
and Naidu, 2014; Liu and Li, 2015). For instance, Greek BR is rich in
scandium, with a concentration of around 120 g per tonne (Borra et al.,
2015). However, the base elements, namely iron (Fe), aluminium (Al),
calcium (Ca), silicon (Si), titanium (Ti) and sodium (Na), are much
more abundant in BR (e.g. 5-60% of Fe,03), which represents one of the
major drawbacks for BR utilization in REEs recovery (Evans, 2016).
Several flow-sheets are proposed for the selective recovery of REEs from
the BR matrix, including alkali roasting—smelting for the separation of
Al and Fe (Alkan et al., 2017; Borra et al., 2016). The residue can then
be further treated by leaching with mineral acids (Ochsenkiihn-
Petropoulou et al., 2002). These methods are either energy-intensive,
consume large volumes of chemicals, and are thus not economically
feasible.

Borra et al. (2015) reported that leaching of Greek BR gave similar
results for HCl, HNO3; and H,SO,4, with a maximum scandium leaching
efficiency of 80%. However, from an economical point of view, H,SO4
is the preferred lixiviant (Borra et al., 2016). In our previous studies,
REEs were recovered from HCl, HNO; and H,SO,; media by
the supported ionic liquid phase (SILP) betainium sulfonyl(tri-
fluoromethanesulfonylimide) poly(styrene-co-divinylbenzene) [Hbet-
STFSI-PS-DVB] (Fig. 1) (Avdibegovi¢ et al., 2017; Avdibegovi¢ et al.,
2018). In contrast to HCl and HNO3 media, [Hbet-STFSI-PS-DVB] did
not exhibit a very high tendency for Sc(IIl) uptake from H,SO, media,
especially in the presence of high concentrations of base elements. This
issue sparked the idea of introducing a pretreatment step for BR lea-
chates with H,SO,4 prior to the recovery of REEs, and Sc(III) in parti-
cular, by [Hbet-STFSI-PS-DVB] column chromatography. Precipitation
of highly concentrated and interfering ionic species from solutions is a
commonly used treatment method in hydrometallurgy (Deblonde et al.,
2016; Giiler and Seyrankaya, 2016; Han et al., 2016; Mazurek, 2013;
Narayanan et al., 2017; Singh et al., 2017; Yagmurlu et al., 2017b;
Wang et al., 2011). The focus of the present study was to purify the
REEs from a simulated H,SO, BR leachate by a tandem process invol-
ving a multi-step precipitation and [Hbet-STFSI-PS-DVB] column
chromatography. The precipitation steps comprised Fe(III) removal by
addition of an aqueous ammonia solution and selective ScPO, pre-
cipitation. The tested leachate consisted of substantial concentrations of
REEs (Sc, Y, Nd, Dy) and base elements (Fe, Al, Ca) which are typically
difficult to separate from the REEs and present in high concentrations.
Still, real BR leachates contain a variety of elements not considered in
the present study which might, to some extent, cause deviation of re-
sults compared to our study with a simulated leachate. Typical BR
acidic leachates comprise only several mg L™! of REEs and thousand
times more concentrated base elements, so a significant loss of REEs
due to co-precipitation with base elements can be anticipated (Borra
et al., 2015; Evans, 2016). Procedures for selective enrichment of REEs
in the BR leachate have been developed (Alkan et al., 2018; Onghena
et al., 2017; Rivera et al., 2018). Since it is elaborate to obtain a sub-
stantial amount of enriched BR leachates, a simplified study with the
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Fig. 1. Structure of the SILP betainium sulfonyl(trifluoromethanesulfonylimide)
poly(styrene-co-divinylbenzene) [Hbet-STFSI-PS-DVB] for REEs recovery and
separation by column chromatography.
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simulated leachate composed by realistic metal concentrations to a
typical BR leachate was performed (Borra et al., 2015; Evans, 2016;
Rivera et al., 2018). The main goal of this work is to give insight into
the performance of the tandem process for the separation of REEs and
base elements.

2. Experimental
2.1. Chemicals

HNO3; (65%), Al»(SO4)3:18H,0 (100-110%), standard solutions of
scandium, yttrium, neodymium, dysprosium, lanthanum, aluminium,
iron and calcium (1000 pg mL~') were purchased from Chem-Lab NV
(Zedelgem, Belgium). CaSO42H,O was purchased from Vel (Leuven.
Belgium). Nd,(SO4)3xH>0 (99.9%) was purchased from Alfa Aesar
(Karlsruhe, Germany), DyCl36H>0 (99.9%) from abcr (Karlsruhe,
Germany) and YCl36H,O (99.9%) from Strem Chemicals
(Newburyport, USA). H3PO, (85%) was purchased from Ashland
Chemicals (Columbus, USA). (NH,4),HPO, (98%) and NHjs solution
(25%) were purchased from Merck KGaA (Darmstadt, Germany).
Betaine hydrochloride (99%), triethylamine (99%), and H,SO4 (96%)
were purchased from Acros Organics (Geel, Belgium). Poly(styrene-co-
divinylbenzene) (PS-DVB) sulfonyl chloride resin (0.91 mmolgfl,
200-400 mesh) was purchased from RappPolymere (Tiibingen,
Germany). Trifluoromethanesulfonamide (98%) was purchased from J
&K Scientific GmbH (Pforzheim, Germany). Dichloromethane (DCM)
(p.a.) and acetone (p.a.) were purchased from Fisher Chemical
(Loughborough, UK). Scy03 (99.99%) was kindly provided by Solvay
(La Rochelle, France). Hydrated Sc,(SO4)s3 was prepared from Sc,O3
according to a literature procedure (Li et al., 2003). Hydrated Y»(SO4)3
and Dy,(SO4)3 were prepared in a similar manner from Y,O3 and
Dy,03, respectively.

2.2. Equipment

pH measurements were performed with WTW ProfiLine pH 197
series pH-meter with a Sentix 81 precision electrode. A fraction col-
lector CF-2 (Spectrum Laboratories, Inc.) equipped with a drop sensor
and an IPC 8-channel peristaltic pump (ISMATEC) was used for sam-
pling during the chromatography studies. An inductively coupled
plasma optical emission spectrometer (ICP-OES) (Perkin Elmer OPTIMA
8300) was used to measure the concentrations of the elements in so-
lutions. The calibration solutions and all samples were prepared by
dilution with 2 wt% HNOj. Lanthanum (5 mg L~1) was used as an in-
ternal standard. The following spectral lines (wavelengths in nm) in
axial view were used for quantification: Fe 238.204, Al 308.215, Ca
317.933, Sc 361.383, Y 371.029, Dy 394.468, Nd 401.225, La 408.672.

2.3. Preparation of a simulated BR leachate and precipitation steps

A simulated H,SO,4 BR feed was prepared by dissolving the sulfate
salts of the REEs and base elements in water, and the pH was adjusted
to 1.50, typically with a 4 mol L™ ! H,SO, solution. The generated feed
was used for column chromatography tests and for Fe(III) removal by a
selective hydroxide precipitation with an ammonia solution.

Fe(III) was selectively removed by a dual-step precipitation proce-
dure (Yagmurlu et al., 2017a, 2017b, 2018). First, the largest part of Fe
(II1) was precipitated by addition of 10 wt% NH3(,q), until the pH of the
solution reached the value of 3.3 and then the mixture was filtered.
Secondly, a 10 wt% NH3(,q) was further added to the generated filtrate
to remove the remaining Fe(IIl), until the pH of the solution reached the
value of 3.7. The mixture was filtered and the solution pH was re-ad-
justed by dilute H,SO, solution to 2.0 to aid the selectivity of the fol-
lowing ScPO, precipitation step. In this step, the remaining leachate
after Fe(Ill) precipitation was further treated with 1molL ™!
(NH4),HPO, solution to selectively precipitate Sc(III) as a phosphate
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(ScPOy), until the equilibrium pH reached the value of 2.7.

After Fe(IlI) and Sc(IIl) precipitations, aliquots of 10 mL of the
leachates were taken for column chromatography separation studies.
The total dilution factors after the Fe(IlI) and Sc(IIl) precipitation steps
were 1.08 and 1.15, respectively, including the additional dilutions for
pH adjustments prior to column chromatography tests. These dilution
factors were taken into account when calculating the precipitation
percentage for each element.

The precipitation of metal ions was calculated from the Eq. (1).

cC—QC

Precipitation (%) = -100

(€8]

c and c; are the metal concentrations (mg L™ 1) in the feed and in the
solution after precipitation, respectively. c; is corrected by a dilution
factor after the pH adjustments.

2.4. Test with the SILP in a column chromatography

The SILP [Hbet-STFSI-PS-DVB] used in chromatography studies was
prepared following an earlier reported literature procedure
(Avdibegovi¢ et al., 2017). A gravity flow glass column (BIO-RAD) of
30 cm length and 0.7 cm diameter was used in chromatography se-
paration experiments. Approximately 10.8 mL bed volume (the total
volume of the SILP in the column including the void volume, BV) of
[Hbet-STFSI-PS-DVB] was packed in a column by a wet method (1.36 g
of [Hbet-STFSI-PS-DVB], dry mass). [Hbet-STFSI-PS-DVB] was pre-
conditioned with H,SO,4 solution (pH = 1.5) prior to each experiment.
For every chromatography separation, the column was loaded with
2 mL of synthetic BR leachate, of which the pH was adjusted to 1.5. An
aliquot of 5mL of H,SO4 (pH = 1.5) was added to remove remaining
impurities in the column, prior to flowing the eluting solution through
the column for the separation process. H3PO4 and HNO3; were used as
eluting agents, according to the previously optimized column chroma-
tography process for the separation of REEs and base elements in BR
(Avdibegovi¢ et al., 2018). During each experiment, 5mL fractions
were collected and analyzed by ICP-OES. All column chromatography
experiments were conducted at room temperature with a set flow rate
of 0.5mL min ™. The recovery of metal ions by [HBET-STFSI-PS-DVB]
was calculated from eq. 2.

-

Recovery (%) = £~ % 900
¢

2
c and c, are the metal concentrations (mg L™Y) in the feed before and
after column loading, respectively.

3. Results and discussion

Dual-step Fe(III) precipitation as a pretreatment of BR leachate prior
to recovery and purification of REEs by the [HBET-STFSI-PS-DVB]

Table 1

Metal concentrations in the simulated H,SO,4 BR leachates: (1) initial H,SO, BR
leachate, (2) after dual-step Fe(III) removal, and (3) after ScPO,4 precipitation.
For comparison, the concentrations are corrected by dilution factors after pH
adjustments.

Elements H,SO, BR leachates
1) (2) 3)
Concentration (mgL™")
Al 3145 2991 2261
Fe 2942 23 7
Ca 390 390 367
Dy 31 12 9
Nd 25 22 11
Sc 16 14 5
Y 10 10 9
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Fig. 2. Precipitation (%) of elements in: (1) Fe(IIl) dual-step removal with
ammonia solution, and (2) ScPO, precipitation step with di-ammonium phos-
phate. The precipitation (%) was calculated relative to the concentration of
elements in the simulated H,SO,4 BR leachate.

column chromatography was examined. Three simulated BR leachates
were studied: 1) H,SO4 leachate with very high concentrations of base
elements and lower concentrations of REEs, 2) H,SO, leachate after Fe
(I1I) removal with ammonia, and 3) H,SO,4 leachate after Sc(IIl) pre-
cipitation with dibasic phosphate solution from the Fe(IlI) depleted
leachate.

3.1. Selective precipitation

Selective removal of Fe(IlI) was attempted in order to increase the
efficiency of the SILP column chromatography operation for REEs (and
especially Sc) purification from H,SO4 medium. An ammonia solution
was used as an efficient and selective precipitating agent for the two-
stage removal of Fe(IlI) from the solution (Yagmurlu et al., 2017a,
2017b). Then, Sc(III) was precipitated from the Fe(IIl) depleted solution
with di-ammonium phosphate to produce a Sc concentrate.

The precipitation tests were conducted on a H,SO, solution, with a
composition similar to real BR leachate with enriched REEs con-
centrations (Table 1) (Borra et al., 2015; Evans, 2016; Rivera et al.,
2018; Yagmurlu et al., 2017a, 2017b). Sc(III), Y(III), Nd(III) and Dy(III)
were studied taking into consideration their concentration in BR, high
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Fig. 3. Recovery (%) of elements by [Hbet-STFSI-PS-DVB] after loading of: (1)
simulated H,SO4 BR leachate, (2) leachate after dual-step Fe(III) removal by
addition of ammonia solution, and (3) leachate after ScPO, precipitation.
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Fig. 6. pH gradient elution with H3PO4 and HNO;. Feed: 2mL of simulated
H,SO4 BR leachate after ScPO, precipitation (pH = 1.5). Flow rate

0.5mLmin~ .

supply risk and economic importance (Borra et al., 2015; European
Commission, 2017). Nd(III) was studied as a representative element of
the light REEs and Dy(III) of the heavy REEs. In highly concentrated Fe
(III) solutions, such as the simulated H,SO,4 BR leachate, an increase in
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Fig. 7. Molar ratios of REEs and base elements in the feed solutions (open
symbols) and after recovery and elution in the [Hbet-STFSI-PS-DVB] column
(filled symbols) with: (1) simulated H,SO4 BR leachate, (2) leachate after Fe(III)
removal, and (3) leachate after ScPO, precipitation.

pH favors dimerization, which proceeds according to eq. 3 (Coetzee
et al., 2018).

2Fe3* + 20H — [Fe,(OH),J** 3)

The product [Fe,(OH),]** undergoes polymerization and larger
iron(IlI)-hydroxo compounds are most likely being formed by the dis-
placement and ionization of adjacent water molecules with other iron
(II)-containing monomers and oligomers. The resulting species are the
precursors to self-nucleated Fe(III) oxide/Fe(III) hydroxide precipitates.
These precipitates can also incorporate other ligands into the structure,
such as sulfate ions.

A decrease in Fe(Ill) concentration from approximately
2900 mg L~ " to 20mgL~' (99% removal) confirmed the efficiency of
the dual-step precipitation (Table 1, Fig. 2). Upon Fe(IIl) precipitation,
2mgL~! of Sc(Ill) and 19mgL~' of Dy(Ill) were co-precipitated
(Table 1, Fig. 2). The total removal of other elements in the feed was
even lower than that of Sc(Ill) (Fig. 2). It appears that Fe(III) pre-
cipitation step is more beneficial for the later Sc(IIl), Y(III) and light
REEs recovery by [Hbet-STFSI-PS-DVB], due to their low co-precipita-
tion, than for the heavy REEs. This is even more important considering
that the concentration of light REEs in the BR is generally higher than
that of the heavy REEs (Borra et al., 2015; Narayanan et al., 2017;
Ujaczki et al., 2017). The highest of co-precipitation occurs during the
second Fe(Ill) removal step, where minor amount of Fe(III) is being
precipitated (Yagmurlu et al., 2017a, 2017b). The co-precipitated REEs
can still be recovered by re-dissolving the precipitate and further
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Table 2
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Summary of REEs and major elements quantities in the fractions after purification by the [Hbet-STFSI-PS-DVB] column chromatography from: (1) simulated H,SO4
BR leachate, (2) leachate after Fe(IlI) removal, and (3) leachate after ScPO, precipitation.

REEs Feed m (mg) Al Ca Dy Fe Nd Sc Y V (mL) Fractions
wt%

Sc 1 0.007 4.25 63.8 0.00 24.0 0.00 0.27 0.00 40.0 1-8

2 0.020 0.00 7.92 0.00 45.5 0.00 46.6 0.00 15.0 1-3

3 0.003 87.1 8.71 0.00 1.87 0.00 2.29 0.00 10.0 2-3
Y 1 0.004 80.2 15.8 1.10 2.59 0.07 0.00 0.17 52.5 17-28
Nd 0.002
Dy 0.022
Y 2 0.003 73.4 25.5 0.46 0.06 0.38 0.00 0.15 57.5 16-28
Nd 0.009
Dy 0.011
Y 3 0.000 93.6 4.60 1.77 0.00 0.00 0.00 0.00 22.5 27-31
Nd 0.000
Dy 0.001
Y 1 0.009 1.35 2.70 58.4 5.84 17.1 0.00 14.7 18.0 29-32
Nd 0.010
Dy 0.034
Y 2 0.005 0.49 25.6 30.7 4.30 24.6 0.00 14.3 18.0 29-32
Nd 0.009
Dy 0.012
Y 3 0.002 8.84 14.2 42.6 0.00 24.3 0.00 10.1 4.50 32
Nd 0.009
Dy 0.009
Y 1 0.004 26.9 14.3 14.7 5.30 34.2 0.00 4.53 27.0 33-38
Nd 0.028
Dy 0.012
Y 2 0.002 0.00 44.5 7.13 7.81 36.2 0.00 4.43 27.0 33-38
Nd 0.017
Dy 0.003
Y 3 0.000 8.93 48.5 10.15 0.00 32.4 0.00 0.00 13.5 33-35
Nd 0.003
Dy 0.000

processing of the solution by a column chromatography.

Selective precipitation of Sc(IlI) from the Fe(IIl) depleted BR lea-
chate was studied by addition of (NH,),HPO,. After this step, 56% of Sc
(III) initially present in the Fe(Ill) depleted BR leachate was pre-
cipitated as ScPO4 (Fig. 2). However, during Sc(IIl) precipitation, the
co-precipitation of other REEs increased compared to their co-pre-
cipitation rate during Fe(II) removal with ammonia. In particular, the
Nd(III) co-precipitation rate increased from 9%, during Fe(III) removal,
to 55% during Sc(Ill) precipitation. The co-precipitated REEs could
eventually be recovered by re-dissolving ScPO, and performing [Hbet-
STFSI-PS-DVB] column chromatography. The solution that can be
generated in this way would have low concentrations of the base ele-
ments, due to their limited co-precipitation with Sc(Il) (Fig. 2). Hence
this feed composition is a convenient source for downstream processes
to easily obtain high-purity fractions of REEs by [Hbet-STFSI-PS-DVB]
column chromatography.

3.2. Purification of REEs by the SILP in a fixed bed column

The recovery of REEs by the SILP in column chromatography was
studied by making use of the [Hbet-STFSI-PS-DVB] SILP as the solid
support, since this material has a proven ability to recover REEs from
acidic media (Avdibegovic et al., 2017, 2018). The possibility to obtain
high-purity REEs fractions by column chromatography with [Hbet-
STFSI-PS-DVB] was examined for the three simulated H,SO, BR lea-
chates (Table 1).

Firstly, the simulated H>SO4 BR leachate was tested prior to any
precipitation treatment. As expected, Sc(III) sorption from this leachate
was much lower compared to that of all other elements (Fig. 3). The low
affinity of [Hbet-STFSI-PS-DVB] towards Sc(II) in H,SO,4 solution was
previously explained by the high electrostatic interactions between the
small Sc(IIl) cations and sulfate anions, which tightly retain Sc(III) in
the solution (Avdibegovi¢ et al., 2017; Cotton, 2006). In addition, Sc
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(II1) uptake was hindered by the high concentration of base elements,
especially of Fe(III) which exhibits very similar physico-chemical be-
havior to Sc(III). Recovery rate of the base elements from the sulfate
feed was nearly complete (Fig. 3). The electrostatic interactions be-
tween sulfate anions and metal ions were less pronounced for other
REEs (Y(III), Nd(III), Dy(I1I)) than for Sc(IIl), resulting in their quanti-
tative recovery.

Since the base elements were recovered by [Hbet-STFSI-PS-DVB] to
a great extent, separation from the REEs was performed by applying a
pH gradient elution with HsPO, (from pH 1.5 to approximately 0.0).
HNO; (pH = 0.5) was used to specifically enhance Ca(Il) elution
(Fig. 4). With the applied elution profile, Sc(Ill) and other REEs were
separated from the other elements of the simulated H,SO, BR leachate
in the following sequence: Sc(Ill) > Fe(III) > Ca(Il) > AI(IIl) > Dy
(IID) = Y({II) > Nd(IID).

The second test was performed with the leachate obtained after
precipitating Fe(III) with ammonia. Here, the Sc(III) recovery by [Hbet-
STFSI-PS-DVB] increased dramatically from 33% to 94% (Fig. 3). The
interaction between the carboxyl group of [Hbet-STFSI-PS-DVB] and Sc
(II) ions was facilitated, since the binding sites on [Hbet-STFSI-PS-
DVB] are no longer occupied by Fe(III) ions. Therefore, Fe(III) removal
by precipitation as Fe(OH)3; had a positive impact on the Sc(III) re-
covery from the H,SO,4 leachate by [Hbet-STFSI-PS-DVB]. The recovery
of other REEs and base elements still remained nearly quantitative
(Fig. 3).

The elution sequence of the REEs recovered by [Hbet-STFSI-PS-
DVB] from the feed after Fe(III) removal, followed the same trend as
with the BR H,SO, leachate without Fe(III) precipitation (Fig. 5). Sc(III)
was eluted within the first three fractions. The remaining REEs started
to partially elute already with HNO3, although with original leachate,
the REEs were only eluted with H3PO, at a pH below 0.5 (Figs. 4, 5).
These results indicate that ammonium ions in the feed, not consumed
during the Fe(Ill) removal step, may have partially occupied the
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Fig. 8. Summary of the compositions (wt%) of: (1) simulated H,SO4 BR lea-
chate, (2) ScPO, precipitate, (3) Sc(III) chromatography fractions after Fe(III)
removal, and (4) REEs chromatography fractions after ScPO, precipitation.

available ion-exchange sites of [Hbet-STFSI-PS-DVB]. As a consequence
of increased competition, the REEs migrated further through the
column during the loading of the feed, and eventually started eluting
earlier, already during the HNO; elution step.

The last tests were performed with the simulated H,SO, BR lea-
chates after two consecutive precipitation steps, where Fe(II) and Sc
(III) had been extensively removed by precipitation with NH3 and
(NH,4),HPO, solutions, respectively. [Hbet-STFSI-PS-DVB] exhibited a
maximum recovery of 58% of trace amount of Sc(III) that could not be
sorbed and persisted in the solution (Fig. 3). Although the Fe(III) con-
centration in the tested feed was negligible (Table 1), presumably the
presence of phosphate anions that remained after Sc(IIl) precipitation
inhibited trace Sc(III) recovery by [Hbet-STFSI-PS-DVB]. Nevertheless,
the recovery of other REEs remained remarkably high (> 98%). It must
be noted that the REEs concentrations in the feed after Sc(III)
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precipitation were lower than in the initial H,SO4 leachate and after Fe
(II1) removal, due to their co-precipitation (Table 1).

The elution sequence in the column chromatography for the se-
paration of REEs and base elements from the leachate after Sc(III)
precipitation was in agreement with the previous ones (without pre-
cipitation and after Fe(III) removal) (Fig. 6). The trace amount of Sc(III)
recovered by [Hbet-STFSI-PS-DVB] was eluted with H3PO, in only two
fractions and the remaining REEs were eluted with H3PO,4. The REEs
did not migrate faster through the column than in the case with the
leachate after Fe(III) removal by ammonia. The influence of ammonium
ions was less pronounced in the presence of phosphate counter-ions that
were primary added for Sc(IIl) precipitation.

3.3. Assessment of the different combinations: precipitation — SILP
chromatography

In all three tested cases, the REEs collected in the fractions after
[Hbet-STFSI-PS-DVB] column chromatography were largely purified
from the base elements (Fig. 7, Table 2). The most efficient Sc(III) re-
covery and purification route was found to be by [Hbet-STFSI-PS-DVB]
column chromatography after Fe(II) removal (Fig. 3). The purity of Sc
(II) in the fractions obtained when performing only Fe(IIl) removal
prior to the chromatography separation, was superior to the purity of Sc
(IIT) concentrate obtained by the phosphate precipitation (Fig. 8).
However, by ScPO, precipitation generally higher feed volumes can be
treated per purification step in comparison with [Hbet-STFSI-PS-DVB]
column chromatography, making the former process more suitable for
large-scale scandium production. The amount of the feed solution
treated with [Hbet-STFSI-PS-DVB] column chromatography is limited
by the presence of large concentrations of base elements. Sc(III) pre-
cipitation resulted in a feed with lower concentrations of interfering
elements, which was beneficial for the subsequent column chromato-
graphy separation of other REEs. As a result, the purity of the REEs
fractions was better compared to the purity obtained after separation
from the simulated H,SO, BR leachate, before and after Fe(IIl) pre-
cipitation (Fig. 7, Fig. 8). Hence, the precipitation and column

Bauxite Residue Leachate ¢
1* Fe Removal . .
NH 59— Step -—) Fe-rich Residue
Filtrationl
2.., Fe Removal Solid Residue
NH 339 — Step
Aqueous Solution
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Phosphate ‘
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g : 1 g
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Fig. 9. Flow-sheet for REEs purification (including Sc) by a precipitation and [Hbet-STFSI-PS-DVB] column chromatography tandem processes.
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chromatography tandem process enables recovery and purification of
scandium and other REEs via two routes, which are split based on the
resulting purity degree of REEs (Fig. 9). The proposed routes aim for
simultaneous utilization of BR as a secondary source of several critical
REEs, outreaching previously reported processes which are mainly fo-
cused on the recovery of a single REE, mainly scandium (Onghena
et al., 2017; Roosen et al., 2016; Zhang et al., 2017).

4. Conclusions

The REEs Y(III), Nd(III) and Dy(III) were efficiently (=100%) re-
covered by [Hbet-STFSI-PS-DVB] from three simulated BR leachates: 1)
H,SO, leachate with very high concentrations of base elements and
lower concentrations of REEs, 2) the same leachate after Fe(III) removal
with ammonia, and 3) the latter leachate after additional precipitation
of Sc(Il) with a dibasic phosphate solution. Sc(IIl) recovery from the
H,S0, leachate by [Hbet-STFSI-PS-DVB] was only efficient after Fe(III)
precipitation. A subsequent column chromatography separation step
resulted in Sc(Il) fractions of purity superior to ScPO, precipitate.
Therefore, the precipitation of Fe(III) prior to Sc(IIl) recovery by [Hbet-
STFSI-PS-DVB] appeared to be the most promising route to separate Sc
(I11) from the base elements in H,SO, leachates of BR. The obtained Sc
(III) purity (47%) may be further improved by an additional column
chromatography cycle. The highest REEs purity (23% for the group of
REEs) was achieved for the feed solution after Sc(III) precipitation. In
other words, precipitation of interfering elements as a pretreatment of
BR H,SO, leachates boosted the efficiency of the [Hbet-STFSI-PS-DVB]
column chromatography towards obtaining purified fractions of Sc(III)
and other REEs.

Conflicts of interest
There are no conflicts to declare.
Acknowledgments

The research leading to these results has received funding from the
European Community's Horizon 2020 Programme under Grant
Agreement number 636876 (REDMUD - H2020-MSCA-ETN-2014).
Project website: etn.redmud.org. Wenzhong Zhang is acknowledged for
scientific discussions.

References

Alkan, G., Xakalashe, B., Yagmurlu, B., Kaussen, F., Friedrich, B., 2017. Conditioning of
red mud for subsequent titanium and scandium recovery-a conceptual design study.
World Metall. 70 (2), 5-12.

Alkan, G., Yagmurlu, B., Cakmakoglu, S., Hertel, T., Kaya, S., Gronen, L., Stopic, S.,
Friedrich, B., 2018. Novel approach for enhanced scandium and titanium leaching
efficiency from bauxite residue with suppressed silica gel formation. Sci. Rep. 8 (1),
5676.

Avdibegovié, D., Regadio, M., Binnemans, K., 2017. Recovery of scandium(IIl) from di-
luted aqueous solutions by a supported ionic liquid phase (SILP). RSC Adv. 7 (78),
49664-49674.

Avdibegovié, D., Regadio, M., Binnemans, K., 2018. Efficient separation of rare earths
recovered by a supported ionic liquid from bauxite residue leachate. RSC Adv. 8,
11886-11893.

Binnemans, K., Jones, P.T., Blanpain, B., Van Gerven, T., Pontikes, Y., 2015. Towards
zero-waste valorisation of rare-earth-containing industrial process residues: A critical
review. J. Clean. Prod. 99, 17-38.

Binnemans, K., Jones, P.T., Miiller, T., Yurramendji, L., 2018. Rare earths and the balance
problem: how to deal with changing markets? J. Sustain. Metall. 53, 1-21.

Borra, C.R., Pontikes, Y., Binnemans, K., Van Gerven, T., 2015. Leaching of rare earths
from bauxite residue (red mud). Miner. Eng. 76, 20-27.

Borra, C.R., Blanpain, B., Pontikes, Y., Binnemans, K., Van Gerven, T., 2016. Recovery of
rare earths and other valuable metals from bauxite residue (red mud): A review. J.
Sustain. Metall. 2 (4), 365-386.

Coetzee, R., Dorfling, C., Bradshaw, S.M., 2018. Precipitation of Ru, Rh and Ir with iron

Hydrometallurgy 180 (2018) 229-235

ions from synthetic nickel sulphate leach solutions. Hydrometallurgy 175, 79-92.

Cotton, S., 2006. Lanthanide and Actinide Chemistry. Wiley, Chichester.

Deady, E., Mouchos, E., Goodenough, K., Williamson, B., Wall, F., 2014. Rare earth ele-
ments in karst-bauxites a novel untapped european resource, 2014. In: Proceedings of
the 1st Conference on European Rare Earth Resources, Milos, Greece, pp. 1-12.

Deblonde, G.J.-P., Chagnes, A., Weigel, V., Cote, G., 2016. Direct precipitation of niobium
and tantalum from alkaline solutions using calcium-bearing reagents.
Hydrometallurgy 165, 345-350.

European Commission, Directorate-General for Internal Market, Industry,
Entrepreneurship and SMEs, 2017. Study on the Review of the List of Critical Raw
Materials: Final Report. 1-93. https://doi.org/10.2873/876644.

Evans, K., 2016. The History, Challenges, and new developments in the management and
use of bauxite residue. J. Sustain. Metall. 2 (4), 316-331.

Fernandez, V., 2017. Rare-earth elements market: A historical and financial perspective.
Resour. Policy 53, 26-45.

Giiler, E., Seyrankaya, A., 2016. Precipitation of impurity ions from zinc leach solutions
with high iron contents - A special emphasis on cobalt precipitation.
Hydrometallurgy 164, 118-124.

Han, H., Sun, W., Hu, Y., Cao, X., Tang, H., Liu, R., Yue, T., Yue, T., 2016. Magnetite
precipitation for iron removal from nickel-rich solutions in hydrometallurgy process.
Hydrometallurgy 165, 318-322.

Li, J.-G., Ikegami, T., Mori, T., 2003. Fabrication of transparent Sc203 ceramics with
powders thermally pyrolyzed from sulfate. J. Mater. Res. 18 (08), 1816-1822.

Liu, Z., Li, H., 2015. Metallurgical process for valuable elements recovery from red
mud—A review. Hydrometallurgy 155, 29-43.

Liu, Y., Naidu, R., 2014. Hidden values in bauxite residue (red mud): Recovery of metals.
Waste Manag. 34 (12), 2662-2673.

Mazurek, K., 2013. Recovery of vanadium, potassium and iron from a spent vanadium
catalyst by oxalic acid solution leaching, precipitation and ion exchange processes.
Hydrometallurgy 134-135, 26-31.

Narayanan, R.P., Kazantzis, N.K., Emmert, M.H., 2017. Selective process steps for the
recovery of scandium from Jamaican bauxite residue (red mud). ACS Sustain. Chem.
Eng. 6 (1), 1478-1488.

Ochsenkiihn-Petropoulou, M.T., Hatzilyberis, K.S., Mendrinos, L.N., Salmas, C.E., 2002.
Pilot-plant investigation of the leaching process for the recovery of scandium from
red mud. Ind. Eng. Chem. Res. 41 (23), 5794-5801.

Ochsenkiihn-Petropulu, M.T., Lyberopulu, T., Ochsenkiihn, K., Parissakis, G., 1996.
Recovery of lanthanides and yttrium from red mud by selective leaching. Anal. Chim.
Acta 319, 249-259.

Onghena, B., Borra, C., Van Gerven, T., Binnemans, K., 2017. Recovery of scandium(III)
from sulfation-roasted leachates of bauxite residue by solvent extraction with the
ionic liquid betainium bis(trifluoromethylsulfonyl)imide. Sep. Purif. Technol. 176,
208-219.

Pyrzyniska, K., Kilian, K., Pegier, M., 2018. Separation and purification of scandium: From
industry to medicine. Sep. Purif. Rev. 9, 1-13.

Riesgo Garcia, M.V., Krzemien, A., Manzanedo Del Campo, M.A., Menéndez Alvarez, M.,
Gent, M.R., 2017. Rare earth elements mining investment: It is not all about China.
Resour. Policy 53, 66-76.

Rivera, R.M., Ulenaers, B., Ounoughene, G., Binnemans, K., Van Gerven, T., 2018.
Extraction of rare earths from bauxite residue (red mud) by dry digestion followed by
water leaching. Miner. Eng. 119, 82-92.

Roosen, J., Van Roosendael, S., Borra, C., Van Gerven, T., Mullens, S., Binnemans, K.,
2016. Recovery of scandium from leachates of Greek bauxite residue by adsorption
on functionalized chitosan-silica hybrid materials. Green Chem. 18 (7), 2005-2013.

Seidman, D.N., Marquis, E.A., Dunand, D.C., 2002. Precipitation strengthening at ambient
and elevated temperatures of heat-treatable Al (Sc) alloys. Acta Mater. 50 (16),
4021-4035.

Singh, D.K., Hareendran, K.N., Sreenivas, T., Kain, V., Dey, G.K., 2017. Development of a
phosphate precipitation method for the recovery of uranium from lean tenor alkaline
leach liquor. Hydrometallurgy 171, 228-235.

Ujaczki, E., Zimmermann, Y.S., Gasser, C.A., Molnar, M., Feigl, V., Lenz, M., 2017. Red
mud as secondary source for critical raw materials - extraction study. J. Chem.
Technol. Biotechnol. 92 (11), 2835-2844.

Wang, X., Xiao, C., Wang, M., Xiao, W., Xiao, W., 2011. Removal of silicon from vanadate
solution using ion exchange and sodium alumino-silicate precipitation.
Hydrometallurgy 107 (3-4), 133-136.

Yagmurluy, B., Alkan, G., Xakalashe, B., Friedrich, B., Stopic, S., Dittrich, C., 2017a.
Combined SAF smelting and hydrometallurgical treatment of bauxite residue for
enhanced valuable metal recovery. In: Proceedings of 35th International ICSOBA
Conference, Hamburg, Germany, pp. 578-594.

Yagmurlu, B., Dittrich, C., Friedrich, B., 2017b. Precipitation trends of scandium in
synthetic red mud solutions with different precipitation agents. J. Sustain. Metall. 3
(1), 90-98.

Yagmurlu, B., Dittrich, C., Friedrich, B., 2018. Effect of aqueous media on the recovery of
scandium by selective precipitation. Metals 8 (5), 314 (1 —13).

Zhang, J., Zhao, B., Schreiner, B., 2016. Separation hydrometallurgy of rare earth ele-
ments. Springer, Cham.

Zhang, W., Koivula, R., Wiikinkoski, E., Xu, J., Hietala, S., Lehto, J., Harjula, R., 2017.
Efficient and selective recovery of trace scandium by inorganic titanium phosphate
ion-exchangers from leachates of waste bauxite residue. ACS Sustain. Chem. Eng. 5
(4), 3103-3114.


http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0005
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0005
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0005
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0010
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0010
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0010
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0010
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0015
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0015
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0015
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0020
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0020
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0020
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0025
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0025
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0025
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0030
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0030
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0035
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0035
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0040
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0040
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0040
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0045
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0045
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0050
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0055
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0055
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0055
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0060
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0060
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0060
https://doi.org/10.2873/876644
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0070
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0070
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0075
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0075
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0080
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0080
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0080
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0085
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0085
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0085
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0090
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0090
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0095
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0095
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0100
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0100
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0105
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0105
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0105
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0110
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0110
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0110
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0115
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0115
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0115
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0120
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0120
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0120
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0125
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0125
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0125
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0125
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0130
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0130
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0135
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0135
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0135
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0140
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0140
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0140
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0145
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0145
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0145
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0150
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0150
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0150
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0155
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0155
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0155
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0160
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0160
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0160
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0165
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0165
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0165
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0170
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0170
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0170
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0170
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0175
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0175
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0175
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0180
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0180
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0185
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0185
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0190
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0190
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0190
http://refhub.elsevier.com/S0304-386X(18)30352-9/rf0190

	Combined multi-step precipitation and supported ionic liquid phase chromatography for the recovery of rare earths from leach solutions of bauxite residues
	Introduction
	Experimental
	Chemicals
	Equipment
	Preparation of a simulated BR leachate and precipitation steps
	Test with the SILP in a column chromatography

	Results and discussion
	Selective precipitation
	Purification of REEs by the SILP in a fixed bed column
	Assessment of the different combinations: precipitation – SILP chromatography

	Conclusions
	Conflicts of interest
	Acknowledgments
	References




