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Abstract This research presents an alternative method for
scandium (Sc) recovery from impure bauxite residue
solutions containing Fe(IIl), Al, Ca, Nd, and Y through the
use of hydroxide and phosphate precipitation. Among
hydroxide donors, ammonia solution removed the most
Fe(Ill) from solution, while co-precipitation of other ele-
ments in the synthetic pregnant leach solution remained
negligible. When using dibasic phosphate as the precipi-
tant, in the pH range of 1.5-2.5, both Sc and Fe were
removed rapidly, while co-precipitation of other ions
remained low. Experimental results were used to propose
the preliminary design of a three-stage precipitation pro-
cess capable of producing a scandium product from highly
impure process solutions.

Keywords Scandium - Bauxite residue - Red mud -
Precipitation - Recovery

Introduction

Scandium (Sc) is an extremely expensive element for
industrial usage at the moment. However, despite its price,
the demand of Sc is increasing worldwide owing to the
recent developments of a wide range of promising
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applications. The Al-Sc alloys, which mainly target aero-
nautical and transportation industries, sporting equipment,
and military demand, have superior properties compared to
its counterparts: high thermal resistance, light weight, and
high strength as well as can be proposed as a solution to
problems occurring during welding operations in aluminum
[1-3]. In addition, the extreme oxygen-ion conductivity of
scandia-stabilized zirconia makes it a suitable material for
use in solid-oxide fuel cells [4, 5].

Due to very limited and rare direct sources of Sc ores, it
must be extracted as a by-product which leads to complex
metallurgical processes combined with high production
and purification expenses. A lot of effort has been put to
produce Sc as a by-product from uranium, tungsten, tita-
nium, and nickel laterite ores using hydrometallurgical
processes especially with ion-exchange and solvent
extraction or the combination of both these processes
[6-9]. Bauxite residue (i.e., red mud) is the by-product and
the waste obtained from processing bauxite via Bayer
process and is currently stockpiled in huge amounts all
over the world. The estimated amount of red mud stocks is
around four billion tonnes and it is continually growing
[10]. The cost of transporting and depositing large amounts
of bauxite residue affects both the production costs of
aluminum and alumina and has a large potential for neg-
ative environmental impact, if not handled appropriately.
Conversely, red mud can contain significant amounts of
valuable elements, Ti, Sc, Y, Nd, Ce, and has the potential
to be a precious resource.

As a result of the low concentration of Sc in bauxite
residue leachates, previous studies regarding Sc recovery
from bauxite residue were mainly focused on solvent
extraction and ion-exchange processes [11-15]. Previous
works considered bauxite residues obtained from different
parts of the world, showing that nearly complete Sc
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recovery was achieved by the proposed processes. Unfor-
tunately, due to high concentrations of Fe, Al, and Ti, co-
extraction became a problem for these hydrometallurgical
operations, and intensive purification was therefore
required to produce a high-quality product.

This paper investigates a different approach for Sc
recovery from bauxite residue: precipitating Sc with dif-
ferent precipitation agents and co-precipitating the major
constituent elements of the synthetic red mud leachates
used in the work.

Experimental Procedure

A red mud sample was obtained from Aluminium of
Greece, subject to lithium borate fusion, and analyzed
using ICP-MS/AAS, as shown in Table 1 (Vassiliadou V.,
internal communications, 2015).

EU H2020 ETN Red Mud is a collaborative project
between industry and research institutes and mainly focu-
ses on complete valorization of the bauxite residue. As a
member of this project, this study considers the expected
pregnant leach solutions (PLS) obtained by sulphuric acid
leaching after recovering Fe by pyrometallurgical methods,
Al by combining pyrometallurgical and hydrometallurgical
processes, and Ti by liquid extraction procedures in
accordance with the recent developments by linked studies
within the project. Hence, the synthetic solution mentioned
in this study is the predictive of the speciation of real PLS
in cooperation with the linked studies. The synthetic
bauxite residue PLS was designed by considering the major
impurity elements (e.g., Fe, Al, and Ca), as well as the
minor ones, Nd and Y. These REEs was preferred as the
representative elements of light and heavy group, since the
sub-groups of REEs distinguishes similar chemical
properties.

Synthetic solutions were prepared by adding the
required amount of Fe,(SO4);-9H,0, Aly(SO4)s-18H,0,
Sc2(804)3:5H,0, NdCl3-6H,0, and YCl;-6H,0. Chloride

Table 1 Chemical composition of the red mud (Vassiliadou V.,
internal communications, 2015)

Major compounds % Minor compounds %
Fe,03 42.34 La,O3 0.09
Al,O5 16.25 CeO, 0.06
CaO 11.64 Sc,05 0.02
SiO, 6.97 Nd,03 0.01
TiO, 4.27 Y,0; 0.01
Na,O 3.83 Others 1.85
LOI 12.66
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salts were first precipitated as hydroxides and converted
into sulfate before addition to avoid unwanted chlorine ions
which can result in unwanted complex formation. Con-
sidering the conversion of Fe(Il) to Fe(Ill) in open system,
to form a synthetic solution similar to the real one, only
Fe(III) was chosen to be used in the solution. All precipi-
tation solutions were prepared from reagent-grade salts.
Concentrations of the precipitation agents were 12.5 wt%
for CaCOs (limestone) slurry, 1 mol/L for NaOH, NH;(aq),
and KOH, 0.1 mol/L for hexamethylenetetramine
(HMTA), and 1 mol/L for K,HPO,, (NH4),HPO,, and
NazHPO4.

The concentration of the synthetic PLS is presented in
Table 2. To investigate the precipitation behaviors, syn-
thetic solution was prepared by using the reagent-grade
salts of the existing ions, and sulphuric acid was added to
aqueous solution in order to maintain pH between 1.2 and
1.4. In all the precipitation trials, the same PLS composi-
tion was used to compare the effects of different experi-
mental conditions and precipitants used.

The precipitation agents mentioned were carefully
dripped using precision burette into 50 mL of the synthetic
PLS while monitoring the pH and temperature. All
experiments presented in this study were performed at
room temperature. For hydroxide precipitation, agents
were added until the target pH was attained under mild
agitation to reach homogeneity in the solution and to pre-
vent local pH differences.

For hexamethylenetetramine, precipitant solution
(0.1 mol/L) with varying volumes, 50, 75, 100, and
125 mL, were dripped into 100 mL of solution at a rate of
5 mL/min to ensure the required amount of ammonia was
released from the reagent. The pH and the temperature
were carefully monitored during addition.

Precipitation solution of dibasic phosphates (1 mol/L)
was added to the 50 mL synthetic PLS starting with
0.5 mmol, and in each case the amount added was doubled
until pH > 5 was reached. Dibasic phosphates were chosen
to observe the behavior of precipitation at different pH
ranges.

The resulted suspension for each case is then stabilized
and homogenized at a given pH and temperature for 2 h
and subsequently filtered through fine filter paper via

Table 2 Composition of the

synthetic PLS obtained from red Concentration(mg/L)
mud after the recovery of Fe, Al 450
Al, and Ti

Fe(III) 400

Ca 250

Sc 100

Y 100

Nd 100
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suction filtration. The separated solid residue was washed
with distilled water and dried at 110 °C for 24 h. Both
filtered solutions and the solid residues were assayed.

The concentrations of the constituent ions of Fe, Al, Sc,
Y, and Nd were determined by microwave plasma optical
emission spectroscopy (Agilent MP-AES 4100). Each
sample was prepared by adding 100 pL of caesium ion-
ization buffer and 500 pL of ultrapure concentrated HNO3
to 10 mL of sample solution. Quantitative analyses were
performed at 371.993, 396.152, 361.383, 371.029, and
430.358 nm spectral emission lines for Fe, Al, Sc, Y, and
Nd, respectively.

The measurements for pH were performed using WTW
ProfiLine pH 197 series pH-meter with Sentix 81 precision
electrode. The pH meter was calibrated with standard
technical buffering solutions at pH 2.00, 4.01, and 7.00 to
achieve maximum sensitivity in pH measurements.

Results and Discussion
Simulation of the Solution System

Visual MINTEQ™ is a software capable of simulating
equilibrium states of the species while taking into con-
sideration the thermodynamic parameters, and can be also
used to calculate the equilibrium composition of aqueous
solutions. The precipitation mechanism of the red mud
leachate was simulated by the addition of required
amount of OH™ ions to the system to reach the target pH
value. Figure | clearly indicates the dependencies of pH
and the precipitation ranges of the constituent ions in the
solution. According to this figure, precipitation order is
resolved as

Fe*t > AP > 8¢t > Y3+ > N@*t > Fe?t > et

Although Sc precipitation completed at pH 8, after
reaching this point Sc starts to dissolve again in the system
according to the simulated solution system as a conse-

quence of stabilization of Sc(OH)gf complex which is
soluble in highly alkaline environment [16].

According to the simulation results of the solution sys-
tem, Fe(IIl) and Al can be completely separated from the
other constituents in the solution easily by hydroxide pre-
cipitation; however, the formation of intermediate com-
plexes and interactions of ions with each other in the
multicomponent system during precipitation was ignored
by the software. Since the major problem of the scandium
recovery by precipitation from multicomponent solution is
co-precipitation with ions presented in the system, espe-
cially with iron, experimental investigation of the system is
necessary.
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Fig. 1 Visual MINTEQ simulation for hydroxide precipitation from
red mud leachate

Hydroxide Precipitation

In order to observe the precipitation behavior of Sc with
both conventional and unconventional precipitation agents,
solution containing only 0.5 g/L Sc was tested. Figure 2
demonstrates the experimental results of precipitation of
Sc(OH); with limestone, NaOH, NH;(aq), and HMTA. The
conventional hydroxide precipitation agents, limestone,
NaOH, and NHj3(aq), showed similar behavior in the
absence of other constituent ions. The precipitation begins
from the addition of the agents, has plateaus between pH 2
and 5, and then is followed with the rise of the precipitation
rate until the completion of the reaction.

On the other hand, HMTA, which undergoes a slow
hydrolysis reaction that results in the release of formalde-
hyde and ammonia in low pH or elevated temperatures,
exhibits a totally different behavior when compared to the
rest of the solutions [17, 18]. In this case, immediate pH
change was not detected upon addition, due to slow
decomposition of the precipitation agent. However, as a
result of ammonia discharge in acidic environment, pre-
cipitation started with the addition of the agent to the
system.

Addition of limestone, NaOH, NH;(aq), and KOH to
synthetic multi-element red mud solution was investigated
as well, and the precipitation trends of the ions in the
system is shown in Fig. 3. Since the release of formalde-
hyde gas upon adding HMTA into the acidic system is
toxic, this precipitation agent was not used in these
comparisons.

The first aim is to remove Fe(Ill) from the system with
minimal amount of co-precipitation of the other ions in the
solution. Addition of limestone slurry to the system

@ Springer
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Fig. 2 Hydroxide precipitation with limestone, NaOH, NHj;, and
HMTA of solution containing only 0.5 g/L. Sc

initially triggered the Fe(IIl) precipitation around pH 2.8
which then finalizes the precipitation at pH 3.5. During
complete Fe(Ill) precipitation, all other elements were co-
precipitated around 15-20 %. Similar precipitation
behavior was also seen in the case of NaOH and KOH
addition where Fe(III) precipitation was observed to occur
between pH 2.5 and 3.5, and co-precipitation of the other
ions was in the range between 15 and 30 % for both pre-
cipitants. The precipitation of these elements was in the
order Fe(Ill) > Al ~ Sc > Y = Nd.

In the case of NHj(aq) addition, Fe(IIl) precipitation
started at pH 3.1 and terminated at approximately pH 3.8.
The minimum co-precipitation values were obtained with
the addition of ammonia solution to the system. When
Fe(IlI) was almost completely eliminated from the system,
Sc and REE losses were between 4 and 10 %. This indi-
cates that ammonia addition is superior, compared to other
hydroxide donors with regard to the co-precipitation of
valuable and recoverable ions in the system. A possible
reason for low Sc co-precipitation as Fe(II) is almost
completely precipitated unlike other precipitants is because
of the occurrence of scandium hexammine complex upon
addition of ammonia to the system. This can inhibit the
interaction between Fe and Sc and prevent co-precipitation
in the system [16, 19, 20].

Analogous to solvent extraction parameters, selectivity
coefficients (S) can also be used as a suitable tool to
compare the selectivity of the different precipitation
agents. Selectivity of the element A over B can be calcu-
lated using the following equation:

Dy

CI'CC
DA = P and SA/B :D—, (1)
B

aq
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where D, or Dg is the distribution coefficient of the
mentioned element; Cp. is the concentration of the ele-
ment in the precipitate; C,q is the concentration of the
element in the aqueous solution after precipitation; and Sy,
g is the selectivity coefficient which indicates the selec-
tivity of A over B.

Tables 3 and 4 shows the critical pH values for Fe(III)
removal by comparing all the precipitation agents accord-
ing to precipitation efficiency and indicates the selectivity
coefficients of Fe(IIl) over Sc.

As clearly seen from Tables 3 and 4, in all cases,
ammonia solution showed superior selectivity when com-
pared to the other precipitation solutions. The most effi-
cient precipitation agent for partial and nearly complete
Fe(III) removal while keeping Sc and the other recoverable
precious ions in the solution is the ammonia solution within
the pH range of 3.3-3.6.

Phosphate Precipitation

This section of the study investigates the precipitation of Sc
and REEs by the addition of 1 mol/L dibasic phosphate
solutions. Previous studies showed that Y>* and REE ions
indicated strong affinity towards PO] ", compared to SO~
upon the addition of phosphate salts to sulfate solution of Y
and REEs [21-24]. Due to the behavioral similarities
between Sc and REEs, similar precipitation behavior can
be triggered by the addition of dibasic salts.

Dibasic salts, K;HPO,, (NH4),HPO,, and Na,HPO,,
were tested for Sc precipitation:

REE(SOy), *(aq) + PO; (aq)
— REEPO() + SO} (aq) @)

These specific dibasic phosphates were chosen to
observe the effect of pH on precipitation efficiency and
precipitated products without addition of basic solutions.
Upon dissolution in aqueous solutions, these dibasic
phosphates decompose into its base (KOH, NHj, and
NaOH in this specific case) and the phosphate ion, so the
favored complexes formed with different reactions in var-
ious pH values can also be observed.

The precipitation behavior of Sc in a pure solution with
dibasic phosphate salts is shown in Fig. 4 with respect to
change in pH values. Immediate precipitation was observed
after the addition of these precipitation solutions. For all of
the cases, precipitation was finalized between pH 2 and 3
and all of the precipitation agents showed similar behavior
in the absence of another impurity ion.

When impurity ions were introduced into the system, the
precipitation agents again showed similar behaviors as
observed in the pure solution. However, the efficiencies of
the reactions are distinctive for each case. Figure 5 shows
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Fig. 3 Hydroxide precipitation of synthetic red mud leachate solution by a limestone, b NaOH, ¢ KOH, and d NH3(aq)

Table 3 Critical pH values for

70 % Fe(Ill) removal from the Precipitation agent pH Fe (%) Sc (%) Al (%) Y (%) Nd (%) Ske/sc

system by hydroxide ~ Limestone 328 727 12.9 11.8 11.4 12.1 18

precipitation and precipitation

% of the constituont foms wity  NaOH 316 713 16.4 1.9 19.0 177 13

selectivity of Fe over Sc KOH 3.20 69.7 26.7 224 27.7 28.1 6
NHj;(aq) 3.35 73.5 1.6 7.4 1.4 1.3 170

the precipitation trends of the individual ions present in the
system after the addition of dibasic phosphate precipitation
solution. Since protons were released via H,PO} ™
(1 < x < 3) during precipitation of the constituents with a
pH change, it is postulated that there has been a change in
reaction mechanism. For all cases, the precipitation was

observed to be in the following order:
Sc = Fe(Ill) > Y = Nd > Al

Addition of K,HPOy, solution into the synthetic red mud
leachate resulted in immediate reaction of both Sc and
Fe(IIl), while the co-precipitation of the other impurities
remained at low levels (Fig. 5a). Addition of 0.2 mmol of
precipitation solution resulted in the precipitation of 73 %
of Sc in the solution, while 66 % Fe, 7 % Al, 16 % Nd, and
17 % Y were co-precipitated at pH 1.35. Further additions
of the precipitant increase the pH and alter the stability of

@ Springer
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Table 4 Critical pH values for

~90 % Fe(IIl) removal from Precipitation agent pH Fe (%) Sc (%) Al (%) Y (%) Nd (%) SFe/sc

the system by hydroxide Limestone 354 951 17.0 14.8 15.1 17.1 95

precipitation and precipitation .

% of the constituent ions with Limestone 3.83 95.6 18.7 15.8 18.9 17.4 94

selectivity of Fe over Sc NaOH 3.40 94.6 22.1 18.7 23.6 23.1 62
NaOH 3.57 97.1 28.4 22.3 254 24.3 84
KOH 3.68 96.7 28.9 24.1 29.3 28.9 72
NH;(aq) 3.48 92.1 4.0 8.4 1.9 1.9 280
NH;(aq) 3.65 96.6 8.9 16.7 6.7 7.6 291
NH;(aq) 3.82 98.1 20.4 18.7 12.3 11.8 201

100
—m—K HPO,
—e— (NH,),HPO,
1 —A—NanPO,
75

50

Precipitation Efficiency (%)

25

0 — 1 .
1,0 1,5 2,0 2,5 3,0 3,5 4,0
pH

Fig. 4 Phosphate precipitation with K,HPO,, (NH4),HPO,, and
Na,HPO, of solution containing only 0.5 g/L Sc

the phosphate ion. When Sc is completely precipitated,
94 % of Fe, 34 % of Al, 51 % of Y, and 48 % of Nd were
also co-precipitated.

In accordance with Fig. 5b, although (NH4),HPO,
solution showed analogous precipitation behavior with the
K,HPO, solution, rather than an instant reaction, it was
observed that the reaction rate was lower than the others,
but the co-precipitation percentages of the impurity ions
were limited. 86 % of the Sc was recovered from the lea-
chate, whereas 80 % Fe, 25 % Al, 18 % Y, and Nd were
co-precipitated with Sc at pH 1.9. Once Sc was almost
completely recovered from the solution, the precipitation
efficiencies of Fe, Al, Y, and Nd were observed as 89, 37,
48, and 46 %, respectively. Furthermore, decomposition of
(NH4),HPO, into NHs(aq) and its phosphate in aqueous
solutions can be followed by the formation of hexammine
complexes and the change in precipitation behavior than
the other phosphates used.

@ Springer

Figure S5c shows the precipitation behavior of the syn-
thetic red mud leachate upon the addition of Na,HPO,
solution. The precipitation behavior was very similar which
was also detected in the case of K,;HPO, precipitation. As
the precipitant was added to the solution system, precipi-
tates immediately formed. 74 % Fe, 20 % Al, 32 % Y, and
29 % Nd were precipitated, whereas Sc had 79 % precip-
itation efficiency at pH 1.8. 92 % of Fe, 38 % of Al, 51 %
of Y, and 49 % of Nd in the solution were precipitated
from the system when almost complete Sc recovery was
fulfilled.

Critical recovery percentages and the related pH values
considering maximum Sc recovery with the lowest co-
precipitation percentages of the ions in the solution are
given in Table 5.

When the dibasic phosphate solutions were compared,
the best pH range for low co-precipitation was established
to be between 1.5 and 2.5. The precipitation efficiencies for
all species in the system are observed to be higher once pH
reaches greater values, owing to the additional complexes
forming in the system, which is the main cause for this
amplified yield. For instance, aside from FePO,, precipi-
tation of Fe(OH); was also favored at higher pH values
compared to the previously mentioned pH interval. The
formation of hydroxide species at higher pH values also
adversely affects the selectivity for Sc and Fe precipitation.
In addition, in the pH range used, the phosphate complex
has a higher thermodynamic stability than the double sul-
fate complex; thus, the final precipitates contained no
double sulfates.

In terms of selectivity for Sc over the impurities in the
solution, K,HPO, was more selective for Sc compared to
Na,HPO, as shown in Table 6. On the other hand,
(NH,4),HPO, displayed superior performance compared to
other precipitation agents, for both partial and the complete
Sc recovery from the solution. It has the highest Sc
recovery percentages, in addition to lowest co-precipitation
percentages among the dibasic phosphate salts.
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Precipitation Efficiency (%)

Table 5 Critical pH values for
above 80 % Sc recovery from
the solution system by dibasic
phosphate precipitation and the
precipitation efficiencies of the
constituent ions
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Fig. 5 Phosphate precipitation of synthetic red mud leachate solution by a K,HPO,4, b (NH4),HPO,, and ¢ Na,HPO,
Precipitation agent pH Fe(I1I) (%) Sc (%) Al (%) Y (%) Nd (%)
K,HPO, 1.84 84.2 91.2 21.6 35.1 33.1
K,HPO, 2.45 94.8 97.1 33.9 50.7 47.7
(NH,4),HPO, 1.93 80.1 86.3 254 18.1 18.4
(NHy4),HPO, 2.85 89.1 97.6 36.5 47.8 45.6
Na,HPO,4 1.79 73.6 78.7 19.5 324 29.2
Na,HPO, 2.80 91.8 94.2 37.8 51.2 49.2
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Table 6 Selectivity coefficients of Sc over Al, Y, and Nd for partial
and almost complete Sc recovery from the solution by dibasic
phosphate precipitation

Precipitation agent pH Sse/al Ssery Sse/Nd
K,HPO, 1.84 38 19 21
K,HPO, 2.45 65 33 37
(NH,),HPO, 1.93 19 29 28
(NH,),HPO, 2.85 71 44 49
Na,HPO, 1.79 15 8 9
Na,HPO, 2.80 27 15 17
Bauxite Residue PLS

|

NH; ——»{ 1st Fe Removal Stage [~ Fe-rich Residue

|

NH; =—>{2nd Fe Removal Stage — Fe-rich Residue

|

Sc Phosphate
Precipitation

|

NaOH ——»{ Conversion to OH

H, SO, for pH Arrangement =i

Dibasic Phosphates =

j——> Sc(OH); for Purification

Fig. 6 Proposal flow sheet for Sc recovery from bauxite residue PLS
Assessment and Conclusion

Two different precipitation approaches were tested on
synthetic red mud pregnant leach solution for recovery of
Sc from sulfate media. Different hydroxide donors such as
limestone, NaOH, NHj(aq), and KOH were investigated,
and among those, NH3(aq) showed superior performance in
the removal of Fe(Il) from the system and had the lowest
co-precipitation percentages of the remaining species in
solution. While above 90 % of the Fe(Ill) was removed
from the solution, Sc losses owing to co-precipitation with
Fe(IIl) were 4 % at pH 3.5. At pH 3.35, almost 75 % Fe
can be removed, while Sc losses were approximately
1.5 %. A two-step process for Fe removal is proposed prior
to final Sc separation from the PLS.

The other approach examined is phosphate precipitation
using dibasic phosphate solutions as the precipitant. As a
consequence of addition of dibasic phosphate to the syn-
thetic PLS, almost instantaneous and selective Sc and Fe
precipitation was achieved. (NH,4),HPO, exhibited greater
yield in terms of Sc and Fe(IIl) precipitation with minimal
Al and REEs co-precipitation. Selective Sc separation is

@ Springer

possible with dibasic phosphates only if Fe in the solution
is removed beforehand.

Calcium, one of the major impurities in the BR, does not
react with any of the precipitation agents introduced to the
system; therefore, no additional steps are needed for Ca
removal from the system. On the contrary to the prob-
lematic behavior of Fe(Ill) during various purification
steps, co-precipitation with Sc, or loading, scrubbing, and
stripping problems throughout solvent extraction, etc.,
aluminum remaining in the system can be removed with
additional minor steps.

Taking into consideration the results attained from this
study, a possible process route is proposed, which may be
directly applicable to the highly impure PLS (Fig. 6). A
dual-stage Fe removal process with ammonia solution
addition prior to the final Sc recovery stage, by the addition
of dibasic phosphate in the absence of Fe, in the PLS is
proposed. This is expected to result in high yield and
selectivity for the recovery of Sc from solution. To allow
minimal losses of Sc during the second iron removal stage,
the residue obtained from the second stage is recycled and
used as seed material for the first stage of iron removal.
Since this residue contains lower amount of Fe in its
composition compared to the residue obtained by first Fe
removal stage, recycling it directly into the PLS will not
affect the initial composition drastically and will provide a
driving force for nucleation/precipitation. The resulting
ScPO, precipitate produced, which contains a small
amount of Al and REEs, can be converted into hydroxide,
via dissolution in NaOH for further product purification.

To enhance the efficiency of the process, kinetics and
the temperature dependence of the mentioned reactions
have to investigated in more detail.
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