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Abstract—It has been established that the addition of elemental iodine significantly enhances the extraction
of scandium by means of tributylphosphate. The metal distribution coefficients exhibit an increase with increas-
ing TBP and iodine concentration in the organic phase as well as with increasing chloride ion concentration
in the aqueous phase. As an outsalting agent, chlorides of alkali, alkaline earth and other weakly extracted
metal cations can be used. The process is promising for the extraction of scandium from solutions of hydro-
chloric-acid leaching of mineral and man-made materials.
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INTRODUCTION

Interest in scandium in recent years has signifi-
cantly increased, the fields of its application have been
broadened. In particular, aluminum alloys with scan-
dium additives can be welded, so are considered very
promising for widespread use in aerospace engineer-
ing. Itis expected that soon the scale of scandium con-
sumption will significantly increase. Some hold that
the world is on the threshold of the third “scandium
boom” [1].

Scandium belongs to the trace metals; it is rarely
found in the form of its own rich ores. It represents a
companion of rare earth metals, uranium, thorium
and some others.

In view of its low content, the extraction of scan-
dium and its purification is not an easy task, especially
if it concerns the processing of man-made materials.
One of the important technological problems consists
in the development of processes for a selective
extraction of scandium from hydrochloric-acid leach-
ing solutions with a complicated composition.

To solve this problem, one can use different classes
of extractants. As far as cation-exchange extractants
are concerned, a process of scandium isolation via the
extraction by di(2-ethylhexyl) phosphoric acid
(D2EHPA) is well known [2], including the use of this
reagent in the composition of so-called solid extract-
ants [3]. However, along with scandium, a large num-
ber of other elements can be extracted in the organic
phase. In addition, the reextraction of the metal is
hampered to a considerable extent, which requires the
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use of expensive hydrofluoric acid or water-soluble
fluorides. To suppress the extraction of impurities and
to facilitate the reextraction of scandium, the authors
of [4] investigated the extraction of scandium and
some metal impurities by the salts of D2EHPA and
ammonium bases.

For neutral extractants, as a rule, the reextraction
of metals is not a big problem. The method for scan-
dium extraction by tributylphosphate is well known
[5—7]. The disadvantage of this process consists in low
scandium distribution coefficients and, as a conse-
quence, the need to use very high concentrations of
outsalting agents to increase the extraction level, as
well as large volumes of the organic phase in relation
to water.

A number of literature sources noted that the addi-
tion to chloride solutions of salts with large and weakly
hydrated anions in the TBP systems leads to a signifi-
cant increase in scandium distribution coefficients.
The authors of [8] reported a significant increase in
the extraction of scandium from mixed chloride—
sodium and chloride—perchlorate solutions in com-
parison with the solutions of individual salts. The
authors suggested that this can be caused by the
extraction of mixed-ligand scandium salts into the
organic phase.

The extraction of scandium with TBP is enhanced
to a considerable extent in the presence of iron (3+)

anionic complexes such as FeCl, [9]. A disadvantage
of the technological process consists in the problem of
HFeCl, preservation in the extraction system. This
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complex acid is destroyed in neutral (weakly acidic)
media is redistributed between the aqueous and
organic phases, which significantly complicates the
process and makes it impossible to reextract scandium
with water without an almost complete removal of iron
chlorides together with the reextract.

Apparently, for the same reason, the extraction of
mixed-ligand chloride complexes is associated with an
enhancement of the extraction of scandium from bro-
mide—indium solutions by tributyl phosphate, which
was discovered by A.B. Sokolov and Yu.A. Zolotov
[10]. The increase in the distribution coefficients
when adding indium to bromide solutions was
observed only for scandium, whereas for the other
metal impurities the increase in indium concentration
led to a suppression of their extraction level.

The authors of [11] have confirmed the assumption of
an increased stability of mixed-ligand scandium com-
plexes in the systems with TBP such as ScCl,B;_,, - L,
(here, B is a weakly hydrated anion, L is a molecule of
TBP) revealing a significant increase in the extraction
of scandium chloride in the mixtures of TBP with
molecular iodine. In these systems, molecular iodine
can form fairly large, slightly hydrated complex anions

together with halide anions such as ClI;, and CI(1,),,

This work was aimed at an evaluation of the pros-
pects for using this system to develop new technologies
for the extraction and purification of scandium from
chloride solutions of complicated composition.

EXPERIMENTAL

In the experiments, chemically pure and analytical
grade tributylphosphate, toluene, iodine, mineral
acids and their salts were used.

The initial organic phase was prepared via dissolv-
ing the samples of molecular iodine in a solution of
tributyl phosphate in toluene. It was first established
that iodine solutions in TBP are sufficiently stable and
for a few days there was no significant decrease in
iodine concentration in the organic phase. Neverthe-
less, in order to prevent possible photochemical reac-
tions, the prepared extractant was stored in the dark.

The extraction was carried out via mechanical stir-
ring of the organic and aqueous phases in separating
funnels at a temperature of 25°C. The time equilib-
rium was established was determined from the depen-
dence of the distribution coefficients of the extracted
substance on the duration of mixing. It was shown that
duration of phase contact ranging from 3 to 5 min is
sufficient to achieve constant values of the distribution
coefficients. The extraction was carried out mainly at
an equal ratio between the volumes of the phases.

After the process was complete, the phases were
separated, the analyzed solutions were then filtered to
prevent an admixture of the second phase. To deter-
mine the concentration of salts in the organic phase,
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they were previously reextracted with water after a
fivefold dilution of an aliquot of the extract five times
with toluene, followed by analysis of the aqueous solu-
tions. The concentration of scandium in solutions was
determined mainly by means of a spectrophotometric
method using alizarin C [12]. In the presence of other
metals, the composition of the solutions was deter-
mined using an atomic absorption technique (a Perki-
nElmer Analist 400 spectrometer) or mass spectromet-
ric method (an Agilent 75004 ICP-MS) method. The
content of Cl~ was determined by means of an argen-
tometric titration of aqueous solutions with potassium
chromate as an indicator.

RESULTS AND DISCUSSION

It is well known that molecular iodine forms stable
complexes with with halide ions such as CI(I,),

Br(I,)-, I5, and others. Such anions are more hydro-
phobic than the initial halide ions, which can be used
to increase the selectivity of the extraction of halide
ions during anion-exchange extraction or the
extraction of halide salts in systems with neutral
extractants. The authors of one of the first papers in
this field [13] showed the possibility of extracting
cesium iodides in the form of polyiodide complexes
using organic solvents. The authors of [14, 15] pro-
posed a process for extracting calcium bromide from
natural calcium chloride solutions using tributyl phos-
phate and iodine mixtures. During the study of the
process, it was established that the recovery is accom-
panied by the formation of compounds having differ-
ent compositions, such as Ca(Brl,), - pL, Ca(Cll,)
(Brl,) - pL, Ca(Cll,), - pL in the organic phase.

The reextraction of recovered salts can be readily
carried out using water. In this case, iodine remains in
the organic phase, and its loss due to passing to the
aqueous solution do not exceed 0.05%.

Figure 1 shows data concerning the extraction of
scandium from the solutions of potassium chloride
added as an outsalting agent, with tributyl phosphate
and different amounts of molecular iodine. As may be
seen from the results, iodine additives cause a signifi-
cant increase in the extraction of scandium from chlo-
ride solutions, and when the content of iodine in the
organic phase exceeds 0.15 mol/L, the metal distribu-
tion coefficient (Dg,.) reaches a value of one or greater.
It is obvious that this increase is connected with the
organic-phase formation of iodine complexes with the
chloride ion belonging to the extracted scandium
chloride according to the following the interfacial
reaction:

3 —
SCaa * 3Clag + PLiorg + Lyor

Process (1) is written in a simplified form without
taking into account the formation of iodine solvates

(1

plorg)
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Fig. 1. Effect of molecular iodine additives on scandium
extraction from KCI solutions with tributyl phosphate:
organic phase—Crgp = 80% (in toluene); Cy, = var; water
phase—Cxcy(injy = 5 mol/L; Csccy = 0.05 mol/L.
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with TBP such as L - I, obviously taking place in these
systems. Hereinafter, indices (aq) and (org) denote
whether a component belongs to the aqueous or the
organic phase, respectively.

The equilibrium constant for this process can be
expressed by relationship (2), whereas the value of the
distribution coefficient, by relationship (3):

3 P 4

Koy = G 3*<org>/ Cs@*(aq) cr (aq)cL(mg)C'z(Ofg))yi
_ 4.
=D, sc** (CCr<aq)CL(0rg)Clz(org)7i)’

— p 4
Dy = K(l)Ccr(aq)CL(org)C12(org)Yia 3)

where Ds&* is the scandium distribution coefficient;
and v, is the average ionic activity coefficient of scan-
dium chloride in a mixed solution.

In accordance with expression (3), an increase in
the activity of chloride ions in the aqueous phase
owing to the addition of weakly extractable salts
(potassium, ammonium, magnesium, etc.) should
lead to an increase in the extraction of scandium into
the organic phase. Indeed, this takes place, as shown
in Fig. 2a. In this case, magnesium chloride was used
as an outsalting agent. It can be seen from the data pre-
sented that the scandium distribution coefficients in
the case of TBP and molecular iodine mixture
depending on the concentration of magnesium chlo-
ride has a power-law character. In Fig. 2b, the same
data are presented in logarithmic coordinates.

The relationship approaches a linear one, however,
its slope ratio is about 3.7, instead of the value of 3
which follows from Eq. (3). This discrepancy between
the calculated and experimental data is caused, first of
all, by changes in the activity coefficients of salts,
including scandium chloride, with a significant

(2
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Fig. 2. Effect of outsalting agent (magnesium chloride)
concentration on the extraction of scandium chloride by
means of aT BP (80%) solution with iodine (0.2 mol/L) in
toluene: (a) scandium distribution coefficients depending

on magnesium chloride concentration (CMgClz(aq), g-eq/L);
(b) log Ds. depending on log Cyjecy, -

change in the ionic strength of the solution. Thus,
according to the reference data, when the concentra-
tion of magnesium chloride is changed from 1 mol/kg
H,0 to 5 mol/kg H,0, the average ionic coefficient of
MgCl, exhibits a more than 20-fold increase from
approximately 0.57 to 14. In addition, in the course of
a quantitative analysis of such systems, the competing
coextraction of the outsalting agent, magnesium chlo-
ride in this experiment, should be considered.

Confirming of the influence of the latter factor,
Fig. 3 shows an isotherm of magnesium chloride
extraction using a mixture of TBP with molecular
iodine (/) and TBP without iodine (2).

The results show that the addition of iodine to the
organic phase significantly enhances the extraction of
this outsalting agent, alongside with scandium. It
should be also noted that as the organic phase is satu-
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Fig. 3. Isotherm of of magnesium chloride extraction by
80% TBP in toluene: (/) in the presence of 0.2 mol/L
iodine in the organic phase; (2) without iodine.

rated with magnesium chloride, the ratio between the
content of the extracted chloride ion in the complex
salt significantly (1.5 times) exceeds the iodine con-
tent. In this case, the nature of the isotherm indicates
the saturation of the organic phase with magnesium
chloride is not achieved. This result can be explained
by the formation of mixed salts such as MgCI(ClI,) -
pL nominally formed by HCI and a complex acid
H[CII,] in the organic phase when it is saturated with
magnesium chloride.

The coextraction of the outsalting agent signifi-
cantly complicates the quantitative description of the
system, considering, in addition, a possible interaction
of extracted compounds between each other.

Figure 4 shows an effect of TBP concentration on
the scandium distribution coefficients. The curve has
a complex S-shaped character and exhibits an increase
in the slope ratio with increasing TBP concentration
in the initial part of the curve, and a decrease with high
TBP concentration. The quantitative analysis thereof
also requires consideration of the competing
extraction of magnesium chloride.

Selectivity is one of the most important extraction
parameters. To assess the selectivity of scandium
extraction, the system under study should be com-
pared with the extraction of different metal salts from
a mixture of their chlorides in the presence of ammo-
nium chloride. An 80%-solution of TBP in toluene has
been used as the extractant at different concentrations
of iodine in the organic phase. The content of metal
chlorides in the initial aqueous solution was
0.002 mol/L, and that of ammonium chloride was
5.6 mol/L. The choice of ammonium chloride as an
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Fig. 4. Scandium distribution coefficients depending on
TBP concentration: initial aqueous solution—Cyjgc), =
3.5 mol/L; Csccy, = 0.01 mol/L; initial organic solution—
Cy, = 0.2 mol/L; Crgp = var.

outsalting agent is due to a high purity of the salt and
by the most favorable conditions for the analysis of
solutions by means of mass spectrometry with induc-
tively coupled plasma. The reextraction of salts from
the organic phase was carried out using water acidified
to pH 2.5 with hydrochloric acid (to prevent the
hydrolysis of metals and to improve the delamination
of phases) after a 10-fold dilution of the organic phase.

The results of semiquantitative analysis (determi-
nation error ranging from 5 to 30%) as a change in the
distribution coefficients of metals depending on the
concentration of molecular iodine in the organic
phase are shown in Fig. 5. As may be seen, iodine
additives exert the greatest effect on the extraction of
scandium and lithium chlorides. According to the
value of the distribution coefficients for an 80% TBP
solution of in the presence of 0.3 mol/L of iodine, the
metals can be arranged in the following series:

Fe’ > Ga* >Se* > Li* > Ca® > zn**

>In’" > K" > Cu’ >Cd”" >Mn™ > Ba™

>Sr** > Cr’* > Rb* > Co™* > Ni** > Pb**
>Cs" > Y > ZLH3+'

Scandium can be extracted from a complicated
mixture of alkali, alkaline-earth, rare and nonferrous
metals by means of the extractant under study in a
most efficient way, being somewhat inferior only to
iron (3+) and gallium (3+). As far as the latter ele-
ments are concerned, the iodine additives barely affect
the values of the distribution coefficients, which indi-
cates a direct extraction of these metals by TBP in the
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Fig. 5. The values of log Dyy; depending on the concentra-

tion of molecular iodine in the organic phase in the course
of the extraction of chlorides of different metals using TBP

solutions: organic phase—Crgp = 80% (in toluene); G, =
var; aqueous phase—CNH4Cl(ini) = 5.6 mol/L; CMCli(mi) =
0.002 mol/L (for each element).

form of FeCl; and GaCl; or such complex salts as
NH,FeCl, and NH,GaCl,.

A high selectivity of scandium chloride extraction
using TBP and molecular iodine mixtures presents
good prospects for using this process to extract scan-
dium from hydrochloric-acid leaching solutions of
scandium-containing raw materials. When using this
system in practice, it is necessary to bear in mind the
highly corrosive action of TBP and iodine mixtures,
which is required for making extraction reactors of
titanium or plastics (polypropylene, polyethylene)
resistant to molecular iodine. In addition, to avoid the
iodization of hydrocarbon diluents and iodine loss,
which occurs to a considerable extent, for example, in
the case of kerosene under illumination, saturated
hydrocarbons should be used to dilute the organic
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phase and to operate using such equipment that pro-
tects the organic phase from intense illumination.

CONCLUSIONS

Studies on the extraction of scandium from chlo-
ride solutions using TBP and molecular iodine mix-
tures have been carried out. It has been found that
iodine additives significantly enhance the extraction
of scandium by tributyl phosphate, apparently, owing

to the formation of hydrophobic C1I; anions, which
are a part of the extractable scandium complexes. The
metal distribution coefficients exhibit an increase with
increasing TBP and iodine concentration in the
organic phase, and with increasing chloride-ion con-
centration in the aqueous phase. As an outsalting
agent, chlorides of alkali, alkaline earth and other
weakly extracted metal cations can be used. From the
organic phase, scandium chloride can be readily reex-
tracted with water.

In a series of 34 metals, the scandium in the studied
system yields only to iron (3+) and gallium (3+) in
extractability, which creates broad prospects for the
practical use of the process for extracting scandium
from hydrochloric-acid leaching solutions of scan-
dium-containing minerals.
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