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Abstract: This research presents a novel precipitation method for scandium (Sc) concentrate refining
from bauxite residue leachates and the effect of aqueous media on this triple-stage successive
precipitation process. The precipitation pattern and the precipitation behavior of the constituent
elements was investigated using different precipitation agents in three major mineral acid media,
namely, HySO4, HNOj3, and HCI in a comparative manner. Experimental investigations showed
behavioral similarities between HNO3 and HCI media, while H,SO4 media was different from them
because of the nature of the formed complexes. NH4OH was found to be the best precipitation agent
in every leaching media to remove Fe(Ill) with low Sc co-precipitation. To limit Sc loss from the
system, Fe(III) removal was divided into two steps, leading to more than 90% of Fe(Ill) removal at
the end of the process. Phosphate concentrates were produced in the final step of the precipitation
process with dibasic phosphates which have a strong affinity towards Sc. Concentrates containing
more than 50% of ScPO, were produced in each case from the solutions after Fe(Ill) removal, as
described. A flow diagram of the selective precipitation process is proposed for these three mineral
acid media with their characteristic parameters.
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1. Introduction

The recent agreements and climate accords in reducing carbon emission and specified deadlines
for automotive industries have placed light metals and alloys under the spotlight [1]. One of the
reasons is the direct relation between a vehicle weight and its energy consumption. Scandium (Sc) is
used as a tuning metal especially for aluminum alloys, which makes it one of the promising candidates
for light-weight alloys [2]. It is, however, an extremely expensive element for widespread application
in industrial usage at the moment [3]. As aluminum alloys with improved strength, thermal resistance,
and weldability can be achieved with minor additions of Sc, improved oxygen-ion conductivity can
also be attained in solid oxide fuel cells [4-6]. Hence, this metal was classified recently as a critical
metal for the future, leading to a steep increase in its demand despite its price [7].

Unfortunately, Sc is widely dispersed in nature and generally has to be extracted from secondary
raw materials or as a by-product of uranium, nickel laterite, or titanium pigment processing. Bauxite
residue (i.e., red mud) is the by-product obtained through the Bayer Process, yielding approximately
four billion tons, with a previously reported annual production of 160 million tons [8,9]. This alkaline
waste can be considered as a valuable resource because of its metal content (Fe, Al, Ti, Sc, Rare earth
elements (REEs), etc.). Therefore, the complete or partial valorization of bauxite residues (BR) has
lately been of great interest [10-13].
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Previously, complete or partial recovery of Sc from bauxite residues was reported to be achieved
mainly by solvent extraction, ion exchange, or the combination of these two techniques, as a result of
its low concentration in the leachates [14-20]. Zhang et al. recovered 91% of Sc from bauxite residue
leachates by inorganic metal(IV)—phosphate ion exchangers, although Fe(IIl) was found to be an
interfering ion in this process [20]. In another study, a newly developed supported ionic liquid phase
(SILP) achieved almost complete Sc extraction, while showing a decreased efficiency in the presence of
Fe(III) [14]. In all of these hydrometallurgical operations, the co-extraction of Fe, Al, and Ti became a
problem, and intensive purification was required to produce a high-quality product.

In our previous work, a three-staged precipitation process was designed using a sulfuric acid
media based on a selective Fe removal step by NH4OH, since Fe is the most problematic element
during Sc processing [21,22]. This was successively followed by selective Sc phosphate precipitation by
(NHy),HPOy. As a result of this precipitation route, a Sc phosphate concentrate containing 65% Sc was
synthesized from impure synthetic bauxite residue leach solutions. Nevertheless, the processing route
must be tailored in relation to the geological presence of the bauxite residue, depending on different
minerology and association of the phases. Hence, different mineral acids other than H,SOy, such as
HNOj and HCl, were also tried for leaching bauxite residues.

In order to cover a wider range of bauxite residues as well as other waste-generating processes,
such as Ti-pigment and Ni laterite production, the design of selective Sc precipitation route for bauxite
residues has to be adapted to different mineral acid media. Thus, this paper investigates the effect of
different aqueous media on the recovery of Sc by a selective precipitation method.

2. Materials and Methods

A bauxite residue sample was obtained from Aluminium of Greece, subjected to lithium borate
fusion, and analyzed using inductively coupled plasma mass spectrometry, ICP-MS/AAS, as shown
in Table 1.

Table 1. Chemical composition of the bauxite residue (LOI: Loss of ignition).

Major Compounds wt. % Minor Compounds ppm
Fe 29.6 La 110
Al 8.6 Ce 380
Ca 8.3 Sc 120
Si 3.3 Nd 100
Ti 2.6 Y 80
Na 2.8
Others 32.1
LOI 12.7

LOI: Loss on ignition

Synthetic leach solutions were prepared considering pre-treatments before performing the
selective precipitation. The expected leachate is the pregnant leach solutions (PLS) after the major part
of Fe, Al, and Ti are recovered from the solution by both pyrometallurgical and hydrometallurgical
methods. Hence, the synthetic solution mentioned in this study is predictive of the formation of the real
PLS. The Sc and REEs concentrations were arranged to be higher than in the real PLS to clearly observe
the precipitation behaviors of these elements. Additionally, the selective precipitation process was also
tested directly on the real solutions, obtaining similar results as those observed in this study [21,23].

In addition to the major impurities present in the bauxite residue (e.g., Fe and Al), Nd and Y are
also considered representative elements of light and heavy REEs within the synthetic PLS, since they
have similar chemical properties as same sub-groups of REEs.

Synthetic solutions in chloride media were prepared by adding the required amount of
reagent-grade FeCl;-6H,O, AlCl3, Scp(SO4)3-5H,0, NdCl3-6H,0, and YCl3-6H,O. In a similar manner,
reagent-grade Fe(NO3)3-9H0, Al»(SO4)3-18H0, Scp(504)3-5H,0, NdCl3-6H;0, and YCl3-6H,O were
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used to synthesize the solution in nitrate media. Sulfate and chloride salts were first precipitated as
hydroxides and washed before being converted into the necessary forms, to avoid unwanted sulfate or
chloride ions which can affect the precipitation yields by promoting complex formations in the aqueous
solution. All precipitation solutions were prepared from reagent-grade salts. The concentrations of the
precipitation agents were 12.5 wt. % for CaCO; (limestone) slurry, 1 mol/L for NaOH, NH;OH, and
KOH, and 1 mol/L for K;HPOy, (NH4),HPO4, and Na,HPOy.

In order to have comparative precipitation results, a composition similar to the one used in the
sulfate media was chosen. The pH of both systems was set between 1.2 and 1.4 with the addition of the
necessary amounts of HCl or HNOs. The composition of the synthetic solutions is presented in Table 2.

Table 2. Composition of the synthetic solutions in HNO3; and HCI media.

Composition in HNO3; Media (mg/L) Composition in HCl Media (mg/L)

Al 340 348
Fe(III) 312 290
Sc 86 78
Y 108 %
Nd 101 105

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

Precipitation solutions containing dibasic phosphates were prepared as 1 mol/L and added into
the leach solutions starting with a stoichiometric amount, considering only scandium precipitation.
In each step, the amount added was doubled until reaching 20 times of the stoichiometric amount.

The resulted suspension for each case was then stabilized and homogenized at a given pH
and temperature for 2 h and subsequently filtered through fine filter paper via suction filtration.
The separated solid residue was washed with distilled water and dried at 110 °C for 24 h. Both filtered
solutions and solid residues were assayed.

The concentrations of the constituent ions of iron (Fe), aluminum (Al), scandium (Sc), yttrium (Y),
and neodymium (Nd) were determined by microwave plasma optical emission spectroscopy (Agilent
MP-AES 4100, Mulgrave, VIC, Australia). Each sample was prepared by adding 100 pL of cesium
ionization buffer and 500 pL of ultrapure concentrated HNO; to 10 mL of solution. Quantitative
analyses were performed at 371.993 nm, 396.152 nm, 361.383 nm, 371.029 nm, and 430.358 nm,
corresponding to the spectral emission lines for Fe, Al, Sc, Y, and Nd respectively.

The pH measurements were performed using a WTW ProfiLine pH 197 series pH-meter with a
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.

3. Results

We previously reported that more than 90% of Fe can be removed with negligible amount of
Sc loss from sulfuric acid-based solutions by simply adding NH4OH in a dual-staged precipitation
process [22]. Furthermore, with a successive precipitation route which combines both hydroxide
precipitation and phosphate precipitation, a Sc phosphate concentrate, which is easier to process, can
be synthesized from sulfate-based aqueous solutions. Since Sc-containing liquors can also exist in
chloride or nitrate media, the effect of those aqueous media on precipitation should be investigated.
By this way, the successive precipitation process can be adapted to other major mineral acid media.



Metals 2018, 8, 314 40f13

3.1. Precipitation in HNO3 Media

3.1.1. Fe Removal Step

In all recovery and purification operations regarding scandium, iron was reported to be one of the
most problematic elements. Thus, to propose an easier route to process scandium, iron content should
be minimized in the solution beforehand. We determined that the easiest route to this purpose was the
hydroxide precipitation. Limestone slurry, sodium hydroxide, potassium hydroxide, and ammonium
hydroxide were chosen as precipitation solutions, and a wide range of pH values was examined with
the addition of these hydroxide donors.

The precipitation trends of the constituent elements as hydroxides are shown in Figure 1.
The precipitation of Fe(IIl) with the addition of limestone slurry took place in the pH range between 2.0
and 3.5. As it can be seen from Figure 1a, when Fe(IIl) precipitation was triggered, the co-precipitation
of the other components was around 25-30%. In the case of NaOH and KOH addition to the system
(Figure 1b,c respectively), a more distinctive Fe(IlI) precipitation was observed. Yet, the co-precipitation
levels were relatively high, between 10% and 20%, when more than 90% of Fe(IlI) was removed.
The addition of NH4OH produced similar results as those described in the sulfate system. A distinctive
Fe(III) precipitation resulting in low co-precipitation levels of the other components was observed
(Figure 1d). When more than 95% of Fe was removed from the solution, less than 5% of Sc and REEs
precipitated. In all cases, the precipitation order was Fe(IlI) > Sc > Al > Y ~ Nd.

QO
=~

Precipitation Efficiency (%)
Precipitation Efficiency (%)

Precipitation Efficiency (%)
Precipitation Efficiency (%)

pH pH

Figure 1. Precipitation behavior of Fe(II), Al, Sc, Nd, and Y in HNOj3 media at different pH values
with the addition of (a) limestone; (b) NaOH; (c) KOH; (d) NH;OH.

In this removal step, it is desirable to remove Fe from the system with minimum co-precipitation
of the recoverable elements; therefore, selectivity was an essential parameter. The selectivity of the
precipitation is calculated by Equation (1) given below:

Cprec Dy
D = P and s = —= 1
AB Cor A/B= ] 1)
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where D4 or Dg is the distribution coefficient of the mentioned element, Cpy is the concentration of
the element in the precipitate, C,; is the concentration of the element in the aqueous solution after
precipitation, S4/p is the selectivity coefficient which indicates the selectivity of A over B.

The precipitation yields of the elements and the selectivity of Fe over Sc can be found in Table 3,
when Fe precipitation reach 70% and 90%, respectively. Table 3a shows that the best candidates
to remove Fe in HNO3; media are NaOH and NH4OH, since the corresponding Sg./s. values are
far superior to those of the other hydroxide donors. Nevertheless, the co-precipitation levels of all
elements abruptly increased in the case of NaOH upon further addition to remove 90% of Fe(IIl). Thus,
NH4OH showed an astonishing performance considering both the co-precipitation levels of the other
elements and the Sge/5.. Once that more than 95% of Fe present in the system was removed, around 4%
of Sc and 1% of the other elements were precipitated with a remarkable Sge /5. of 585. The most logical
explanation of this low co-precipitation levels is the occurrence of an hexamine scandium complex
upon addition of NH4OH [24,25]. Hence, Fe precipitation was triggered, whereas Sc remained in a
complex form, which prevented the co-precipitation of Sc between these pH ranges.

The main difference of the nitrate-based aqueous solution compared to the sulfate-based one regards
the pH ranges of the precipitation. Although it was found that the precipitation of Fe was triggered at
pH values between 2.5 to 4.0 in sulfate media, a similar precipitation level was observed at a lower pH,
between 2.0 to 3.0. It is known that sulfate ion form inner-sphere complexes, while nitrate complexes
can be classified as forming outer-sphere complexes [26,27]. Consequently, more OH™ ions have to be
released to disrupt inner-sphere complexes, since they have lower Gibbs Energy (AG) in that state.

Table 3. (a) Critical pH values for 70% Fe(IIl) removal from the system by hydroxide precipitation
and precipitation % of the constituent ions with selectivity of Fe over Sc; (b) Critical pH values to
obtain above 90% Fe(Ill) removal from the system by hydroxide precipitation and precipitation % of
the constituent ions with selectivity of Fe over Sc.

(@
Precipitation Agent pH Fe (%) Sc (%) Al(%) Y (%) Nd (%) Ske/sc

Limestone 2.95 76.6 26.8 25.1 28.1 242 9
NaOH 2.78 723 1.1 3.3 8.1 6.8 235

KOH 2.74 69.7 104 13.1 21.9 15.2 20
NH4OH (aq) 2.87 71.5 24 0.5 0.5 0.5 102

(b)
Precipitation Agent pH Fe (%)  Sc(%) Al (%) Y (%) Nd (%) Ske/sc

Limestone 3.05 93.6 27.6 259 294 242 38
NaOH 3.00 88.9 11.0 51 9.3 74 65

KOH 291 93.4 13.3 15.3 23.5 174 92
NH4OH (aq) 3.10 96.5 45 0.9 0.6 13 585

3.1.2. Phosphate Precipitation

In previous studies, it was shown that there is a strong affinity of Sc and REEs for PO~
ion [22,28,29]. In leach solutions with sulfate media, addition of dibasic phosphate resulted in a
selective precipitation of both Fe(Ill) and Sc from the system. In light of this, dibasic phosphate
solutions were tested with the intention of recovering Sc from the PLS. Addition of three different
dibasic phosphate solutions and the resulting precipitation patterns of the constituent elements are
shown in Figure 2. Precipitation solutions were added starting from the stoichiometric amount
considering only Sc precipitation, and the amount introduced was increased in each step until reaching
an amount 20 times greater than the stoichiometric value.

In all cases, similar precipitation trends were observed. Upon addition of the precipitant solution,
immediate precipitation of Fe and Sc was initiated. More than 90% of Sc and Fe precipitation occurred
at a pH value around 2.5. Since dibasic phosphates release OH™ into the system, an uncontrolled rise of
pH would lead to the precipitation of the constituent elements as hydroxides, which will deteriorate the
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selectivity towards Sc recovery. It is important to note that, while high levels of co-precipitation of the
other elements were detected with Na,HPO, addition, corresponding approximately to 40-50%, it was
found that they were limited between 20% and 25% when K;HPO4 or (NH4),HPO,4 were introduced
into the solution as phosphate donors. In all cases, the additions yielded to the precipitation order
Fe(Ill) = Sc > Al > Y = Nd. The precipitation efficiencies upon the addition of dibasic phosphate
precipitation solutions can be found in Table 4.

100 100
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—A—sc —A—sc

804 —y—Nd 80+ —y—Nd
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Figure 2. Precipitation of the elements in HNO3 media with the addition of (a) Na,HPOy; (b) KHPO4
and (C) (NH4)2HPO4_

Table 4. Critical pH values for above 90% Sc recovery from the solution system by dibasic phosphate
precipitation and precipitation efficiencies of the constituent ions.

Precipitation Agent pH Fe(III) (%) Sc (%) Al (%) Y (%) Nd (%)

Na,HPO, 2.36 90.8 90.2 448 39.6 54.3
K,HPO, 2.24 91.2 91.3 25.1 24.8 24.9
(NH,),HPO, 2.30 89.3 90.2 36.3 22.0 31.2

3.2. Precipitation in HCI Media

3.2.1. Fe Removal Step

The same precipitation solutions for hydroxide precipitation were further tested in HCl media,
and the results are summarized in Figure 3. Similar precipitation routes and behaviors were observed
as in the case of HNO3 media. While the addition of limestone slurry resulted in the co-precipitation of all
other elements with Fe(III), more distinctive cases were achieved when NaOH, KOH, and NH;OH were
used. As in the previous case, with the addition of NH4;OH, the lowest co-precipitation was achieved, yet
Sc precipitation was observed to be the greatest among the other elements when the Fe content in the
solution was minimized. In all cases, the precipitation order was Fe(Ill) > Sc > Al >Y = Nd.

The precipitation percentages of the elements in the solution can be found in Table 5, when
Fe(IlI) was removed at 70% and 90%, respectively. The major difference in the precipitation behavior
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between HNOj3; media and HCI media regarded the co-precipitation levels of Sc. It was previously
discussed that both in nitrate and in sulfate media, Sc remained in the solution, while Fe(IIl) was
almost completely taken out from the solution. With the addition of NH4OH, 70% of Fe(III) as well as
9% of Sc were precipitated at pH values around 2.8, while Sc precipitation remained at 13% once 93%
of Fe(IlI) was removed from the solution at a pH value around 3.0. The interaction between Fe3* and
Cl™ ions was the main reason why the precipitation level was limited, and the co-precipitation level of
Sc increased when Fe started to precipitate. This interaction shifted the precipitation range of Fe(III)
slightly, prompting Sc precipitation in the same range.

Still, the precipitation procedure to synthesize a scandium concentrate is applicable even in this
case. Although the selectivity of Fe over Sc was found to be 24 when the precipitation of Fe reached
70%, as the precipitation progressed, a value of 100 was reached with the addition of NH;OH.

Precipitation Efficiency (%)
Precipitation Efficiency (%)

100

d)

80+

80 o

60

40 404

Precipitation Efficiency (%)
Precipitation Efficiency (%)

204

Figure 3. Precipitation behavior of Fe(Ill), Al, Sc, Nd, and Y in HCl media with the addition of
(a) CaCOg; (b) NaOH; (c) KOH; (d) NH,OH.

Table 5. (a) Critical pH values for 70% Fe(III) removal from the system by hydroxide precipitation and
precipitation % of the constituent ions with selectivity of Fe over Sc; (b) Critical pH values for above
90% Fe(IlI) removal from the system by hydroxide precipitation and precipitation % of the constituent
ions with selectivity of Fe over Sc.

(@)
Precipitation Agent pH Fe (%) Sc (%) Al (%) Y (%) Nd (%) SFe/Sc

Limestone 2.81 70.7 25.2 153 15.1 15.6 7
NaOH 297 70.3 144 9.9 5.8 10.6 14

KOH 3.05 75.1 16.7 8.2 10.6 8.3 15
NH,OH 2.82 71.3 9.6 44 1.0 0.2 24

(b)
Precipitation Agent pH Fe (%) Sc (%) Al (%) Y (%) Nd (%) SFe/sc

Limestone 2.95 91.2 28.6 259 29.4 24.2 25
NaOH 3.10 91.4 18.9 11.1 6.9 12.3 46

KOH 3.22 96.3 21.0 9.1 11.1 115 98

NH,OH 2.95 93.8 13.2 52 1.1 0.3 100
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3.2.2. Phosphate Precipitation

Figure 4 shows the precipitation behavior with the addition of different phosphate donors into a
synthetic solution with HCI media. The selective precipitations of scandium and iron were triggered
immediately with the addition of a dibasic phosphate solution, and 60% precipitation efficiency was
attained, with below 10% co-precipitation of other elements at pH values around 1.5 in all cases.
After that point, further addition of phosphate ions resulted in the growth of both targeted and
non-targeted elements. The best selectivity with 90% of Sc precipitation efficiency was reached at
pH 2.2 with the addition of K,HPO,, with co-precipitation yields of 27%, 26%, and 43% for Al, Y, and
Nd, respectively. (NHy),HPO4 showed a similar performance with slightly increased co-precipitation
levels corresponding to 36% for Al, 23% for Y, and 42% for Nd when Sc precipitation hit 90%. Critical
pH values for above 90% Sc recovery from the solution system by dibasic phosphate precipitation and
the precipitation efficiencies of the constituent ions can be found in Table 6.

Since introducing new ions into the system is unwanted throughout the precipitation process,

(NH4),HPO4 was selected as the best precipitation agent for selective precipitation of Sc from bauxite
residue leachates.

100 100

b) |

[
=

80 —y—nNd
—o—Al

40

Precipitation Efficiency (%)
Precipitation Efficiency (%)

pH

60 4

40 -

Precipitation Efficiency (%)

204

pH

Figure 4. Precipitation of the elements in HCl media with the addition of (a) Na,HPOy; (b) K;HPO4
and (C) (NH4)2HPO4_

Table 6. Critical pH values for above 90% Sc recovery from the solution system by dibasic phosphate
precipitation and precipitation efficiencies of the constituent ions.

Precipitation Agent pH Fe(III) (%) Sc (%) Al (%) Y (%) Nd (%)

Na,HPO, 2.32 92.1 90.9 39.2 26.0 473
K,HPO, 2.19 90.1 90.2 275 263 427
(NHy4),HPO, 2.27 90.4 90.3 36.3 229 421

3.3. Successive Precipitation in All Media

Taking all the findings into consideration, triple-staged precipitation processes for the synthesis
of a scandium concentrate from bauxite residue solutions can be proposed using the described mineral
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acid systems. The proposed precipitation processes are summarized in Figure 5, and the variation
in concentration with the successive addition of the precipitation agents in HySO,, HNO3, and HCl
media can be found in Figure 5a—c, respectively. Three precipitation regions labelled as regions 1, 2,
and 3 are shown in all graphs. Region 1 is the removal of Fe from a solution with minimum Sc loss by
the addition of NH4OH until a specified pH is reached for each media. The residue obtained from this
step, which was enriched in Fe, was filtered and removed from the solution. The critical pH ranges
for the first Fe removal step were established as 3.3-3.4 for H,SO4 and 2.8-2.9 for HNO; and HCI.
Region 2 denotes the second Fe removal step by further addition of NH4OH that promotes higher Fe
precipitation with a low amount of Sc co-precipitation. The precipitate was then filtered and could
be recycled into the initial feed, which minimized Sc losses during the second Fe removal step and
provided a seeding agent for better Fe separation. The pH ranges for this step were between 3.6-3.7
for HySOy, 3.1-3.2 for HNO3, and 3.0-3.1 for HCI media.

After removing more than 95% of Fe using NH4;OH with low Sc loss, a phosphate precipitation
step was applied in the third part of this successive precipitation process. It was observed that the
phosphate precipitation with dibasic phosphates showed similar performances regardless of the
system. The pH of all systems was adjusted to 2.0 in advance, with the purpose to avoid unwanted
hydroxide precipitation which can be triggered at pH levels above 3.0. Dibasic phosphate solutions
were added into all systems until reaching a pH range between 2.5 and 2.6, where the best selectivity
for Sc was reached. Since Fe was removed in previous steps, both the amount of precipitant solution
and the co-precipitation levels of the constituent ions were decreased. For all media, more than 95% of
Sc and Fe was recovered, while approximately 15% of Al and 10% of Y and Nd were co-precipitated
during the process. The compositions of the resulted concentrate in the form of mixed phosphates can
be found in Table 7.

Table 7. Compositions of each concentrate obtained after their successive selective precipitation
as phosphates.

H,SO,4 HNO; HC1

ScPOy (%) 66 56 51
FePOy (%) 13 12 13
AIPOy (%) 19 23 26
YPO, (%) 1 3 5
NdPO, (%) 1 6 5

In all cases, Sc concentrates containing more than 50% ScPO4 were synthesized. Since the
precipitation patterns of the ions were more discrete in the sulfuric acid media, the best results were
obtained in this media, with 66% ScPO4. The major impurity element was found to be Al in the
concentrate, which can be easily processed and removed with basic purification operations.
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Figure 5. Triple-staged successive precipitation with NH4OH and (NH4),HPO, from (a) HySO4;
(b) HNOj3 and (c¢) HCI media.
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4. Assessment and Conclusions

A triple-step precipitation route is proposed to refine a scandium concentrate from synthetic
bauxite residue leachates, and the effect in aqueous media was investigated. In all media, NH;OH
showed better selectivity and performance than the other hydroxides, similar to the results obtained
in HySO4 media. While HNO3; and HCl media showed quite similar patterns during precipitation,
they differed with respect to the H,SO4 media, especially in the pH ranges of precipitation, because of
the nature of the formed complexes. Although Sc loss during the Fe removal step in HCl media was
observed to be relatively higher compared to the other cases as a result of the interaction between Fe3*
and Cl™ ions, still the concentrate contained more than 50% of Sc. The proposed selective precipitation
route to produce ScPOy concentrate can be seen in Figure 6.

A scandium concentrate containing more than 50% of ScPO, was successfully obtained with this
selective precipitation route from synthetic solutions. Depending on the impurity level, the aqueous
media, and the initial composition of the feed solution, the amount of ScPO; in the synthesized
concentrate could vary between 15% and 65%. Since the concentrate contained more scandium than
the other elements, the processing and the purification of this concentrate will be much easier to
perform. The removal of the most problematic element for scandium precipitation, which is iron, is the
main obstacle for advanced processes to obtain a high-purity scandium product. Furthermore, the
remaining solution after precipitation can be treated for further REEs recovery through other means.

NH4,OH NH4OH (NH4);HPO,
1* Fe removal step 2" Fe removal step Phosphate precipitation
BR leachates/PLS H:50sat pH 3.3-3.4 H2S04at pH 3.6-3.7 All acid media systems ScPOs
HNO; at pH 2.8-2.9 HNO; at pH 3.1-3.2 at pH 2.5-2.6 concentrate
HCl at pH 2.8-2.9 HCl at pH 3.0-3.1

!

Fe-rich residue

Sc-containing Fe-rich residue

Figure 6. Proposed selective precipitation route to synthesize a ScPOy4 concentrate using three mineral
acid media.
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