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Most metal extraction studies focus on the kinetics, the maximal loading and the extraction equilibrium, while structural
information on the extracted complexes has been limited. This paper concerns the nature of the indium(lll) chloride

complexes, present in the organic and aqueous phase during the solvent extraction of indium(lll) from an aqueous HCI

solution by undiluted ionic liquids Cyphos® IL 101 and Aliquat® 336. In an aqueous HCl solution (0-12 M), indium(lIl) exists

as octahedral mixed complexes, [In(H20)6..Cln]*" (0 < n < 6). EXAFS and **In NMR were used to characterize these species.

The stoichiometric composition of the extracted complexes, which is estimated from viscosity and maximal loading studies

and confirmed by EXAFS, is unaffected by the HCI concentration in the aqueous phase. indium(lll) is present in the ionic

liquid phase as the tetrahedral [InCls]” complex. Based on the speciation results an extraction mechanism is proposed.

Introduction

Nowadays, indium finds applications in many electronic
devices e.g. photovoltaics, flat screen TVs, laptops and mobile
phones. Due to the increasing demand of indium for these
applications as well as China's dominance in production (58%),
indium is considered a critical raw material by the European
Commission.! The high supply risk is further compounded by
low substitutability and low recycling rates, resulting in higher
prices and the need to increase the yearly production.?3

Indium is a minor component in various lead, copper, iron
and tin ores, but it is most commonly found in association with
zinc ores such as sphalerite.?*> Since indium is accumulated in
low concentrations in residues formed during the processing of
these ores, it is often regarded as an impurity that increases
production costs.® Increasing the production of zinc could
increase the availability of indium. However, it is economically
unattractive to mine more zinc solely for the indium by-product,
as global demand for zinc depends mainly on its use in the
construction and automotive sectors.® To keep up with the
rising demand for high-tech applications, it is imperative to
develop industrial processes for the successful recovery of
indium from ore processing by-products and by recycling
consumer goods. Hydrometallurgical separation methods, in
particularly solvent extraction, are highly suitable for extracting
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indium from these sources. Solvent extraction is a commonly
used method for the separation, purification and recovery of
metals in process metallurgy due to its simplicity of equipment
and operation.

Replacement of conventional molecular solvents in solvent
extraction systems by ionic liquids could lead to inherently safer
and more sustainable separation processes®'%, because of the
negligible vapor pressure and low flammability of ionic
liquids.**12 |onic liquids (ILs) are solvents consisting completely
of ions, mostly an organic cation and an inorganic anion, with
melting points typically below 100 °C.1%12 The physicochemical
properties of ionic liquids can be tuned adequately for a given
application.® Two disadvantages, often observed for
hydrophobic ionic liquids, are their toxicity in direct contact
with the environment and their poor biodegradability.?416
Water-immiscible ionic liquids have already been investigated
as extractants for metals from aqueous solutions.1917-21
Hydrophobic ionic liquids containing fluorinated anions, such as
the hexafluorophosphate (PFg") or the
bis(trifluoromethylsulfonyl)imide (Tf,N-) anion have to be
avoided:??23 Besides their high prices, hexafluorophosphate
ionic liquids pose a risk due to hydrolysis and formation of
hydrofluoric acid and bis(trifluoromethylsulfonyl)imide ionic
liquids prove resistant to biological breakdown.'*?* From an
environmental and economical point of view it is therefore
advisable to use hydrophobic ionic liquids with long alkyl chains
instead of fluorinated anions.??

Several metal extraction studies have been carried out using
various non-fluorinated hydrophobic ionic liquids in diluted or
undiluted form. These ionic liquids, such as Aliquat® 3362>%7
and trihexyl(tetradecyl)phosphonium chloride (Cyphos® IL
101)%8-33, are usually diluted in molecular solvents prior to use
to tune the extraction efficiency and to decrease the viscosity
of the organic phase, and thus to increase the mass transfer and
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kinetics. These studies mainly focused on the kinetics, the
maximal loading and the extraction equilibrium, while
structural information on the extracted complexes has been
limited. The extraction mechanism metal transfer from the
aqueous to the organic phase can be different for ionic liquids
compared to molecular solvents.?%3*3> Metal ions can be
extracted from the aqueous phase to the ionic liquid together
with their counter ions by neutral extractants (L), either
dissolved in a molecular diluent or not (= ion-pair mechanism or
neutral mechanism, eq. 1).

(nL)p, + (MX,)aq = ([MX, Ly D1t (1)

In some ionic liquids extraction can also occur via an ion-
exchange mechanism. This ion-exchange mechanism implies
that ionic liquid cations, anions or protons (Eg. 2) from the
extractant (L) are transferred from the organic phase to the
aqueous phase during extraction of the metal ions. The ion-pair
mechanism can also occur in combination with the ion-
exchange mechanism, depending on the conditions.??

(nLH)y, + (M" ) zq = (MLyD i + (nH) g (2)

Knowledge of the mechanism of a solvent extraction
process based on ionic liquids is of importance because it allows
tuning of conditions to ensure that no ionic liquid cations or
anions are lost to the aqueous phase upon transfer of the metal
ion to the ionic liquid phase.l%3%37 Also, knowledge of the
speciation of metals in the aqueous phase is required to allow
proper selection of extractants, since the extractability of metal
ions depends strongly upon the structure of metal complexes in
the aqueous phase.3® Moreover, the speciation of the metal
ions in the aqueous and ionic liquid phase provides valuable
information regarding the extraction mechanism.

Recently, we developed an efficient process for purifying
indium by extraction from a chloride aqueous feed solution
using the hydrophobic ionic liquids Cyphos® IL 101 and
Aliquat® 336 in undiluted form.3° Attention was paid to the
loading capacity of the ionic liquid phase and the kinetics of the
extraction process. In the present paper, the extraction
mechanism was further corroborated and the speciation in the
aqueous and ionic liquid phase was investigated. The extraction
behavior of indium(lll) from HCI solutions with undiluted
Cyphos® IL 101 and Aliquat® 336 is determined. The structural
properties of indium(lll) chloro complexes in HCl solutions and
in the ionic liquid phase are investigated as well.

Experimental
Chemicals

Trihexyl(tetradecyl)phosphonium chloride (Cyphos® IL 101,
purity >97%) was purchased from Cytec Industries Inc. (Niagara
Falls, Ontario, Canada). Aliquat® 336 (a commercial mixture of
quaternary  ammonium chlorides, with  88.2-90.6%
trioctylmethylammonium chloride), InCl3-4H,0 (97%) and D,O
(99.9 atom % D) were obtained from Sigma-Aldrich (Diegem,
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Belgium). CaCl,-2H,0 (99.5+%) was purchased from Chem-Lab
(Zedelgem, Belgium) and In(NO3)3-xH>O (99.99%) from Alfa
Aesar (Karlsruhe, Germany). Silicone solution in isopropanol
was obtained from SERVA Electrophoresis GmbH (Heidelberg,
Germany) and the lanthanum standard solution (1000 g L)
from Merck (Overijse, Belgium). Hydrochloric acid solutions
were prepared from HCl (37%, Acros Organics, Geel, Belgium)
and ultrapure water. Water was always of ultrapure quality,
deionized to a resistivity of >18.2 MQ cm with a Sartorius Arium
Pro ultrapure water system. All chemicals were used as
received, without further purification.

Instrumentation and analysis methods

After each extraction, the mixtures were centrifuged with a
Metal
bench top

Eppendorf 5804 centrifuge. concentrations
using a

fluorescence spectrometer (TXRF; Bruker S2 Picofox). For

were
determined total reflection X-ray
analysis of the aqueous phase by TXRF, an aliquot of the
aqueous phase was mixed with a lanthanum internal standard
solution and ultrapure water until a total volume of 1 mL was
obtained. In order to create a hydrophobic surface, the quartz
glass sample carriers were first treated with 20 uL of a silicone
solution in isopropanol and dried for 5 min in a hot air oven at
60 °C. Afterxards, 5 pL of the sample was added and the carriers
were dried for 30 min at 60 °C. The metal concentrations in the
aqueous phase were measured for 1000 s. For the ionic liquid
phase, the lanthanum internal standard was added to a small
amount (27 mg) of the ionic liquid phase and was further diluted
with absolute ethanol until 1 mL. The sample carrier pre-
treatment, the drying procedure and the measuring time were
performed in the same way for the organic phase as described
for the aqueous phase, but the sampling volume was reduced
to 2 pL.

The viscosity of the organic phase was measured using a
falling-ball type viscometer (Anton Paar, Lovis 2000 ME),
densities were determined using a density meter with an
oscillating U-tube sensor (Anton Paar, DMA 4500 M). A Mettler-
Toledo DL39 coulometric Karl Fischer titrator was used with
Hydranal® AG reagent to determine the water content of the
ionic liquids.

Liquid-state **°In NMR spectra were recorded on a Bruker®
Avance™ Il 600 MHz Spectrometer, operating at 131.504 MHz
with a sweep width of 1187 ppm. The 1**In NMR samples were
measured at 60 °C without deuterated solvents present and
with respect to an external reference of 0.1 M In(NO3z)3:6H,0 in
D,0. All the samples were loaded into borosilicate NMR tubes
(standard; 5 mm diameter), with the external reference sealed
in a capillary tube. The system was irradiated at exactly the
resonance frequency of the sample.

Extended X-ray Absorption Fine Structure (EXAFS) spectra of
the indium K-edge (27941 eV) were collected at the Dutch-
Belgian Beamline (DUBBLE, BM26A) at the European
Synchrotron Radiation Facility (ESRF) in Grenoble (France). The
energy of the X-ray beam was tuned by a double-crystal
monochromator operating in fixed-exit mode using a Si(111)
crystal pair. The measurements were done in transmission
mode using Ar/He gas-filled ionization chambers at ambient
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pressure. A brass sample holder with Kapton® windows and a
flexible polymeric spacer (VITON®) with a thickness of 2 mm
was used as a sample holder for concentrated liquid samples (>5
g L1). Plastic cuvettes with a path length of 10 mm were used in
case of less concentrated samples (<5 glL?). Standard
procedures were used for pre-edge subtraction and data
normalization in order to isolate the EXAFS function (x). The
isolated EXAFS oscillations, obtained by subtraction of a
smoothing spline using the Viper?® software, were k— weighted
and Fourier transformed over the k-range from 2.0 to 13.0 or
14.5 A1 for the aqueous samples and from 2.0 to 18.9 A for the
ionic liquid samples using a Kaiser-Bessel window function. The
data were fitted using the ab initio code FEFF 7.0*1, which was
used to calculate the theoretical phase and amplitude functions
that were subsequently used in the non-linear least-squares
refinement of the experimental data. The EXAFS data were
fitted in R+ A (A) space between 0 and 5 A. Estimated standard
deviations are shown in parentheses and calculated by VIPER.
So was fixed for at 0.85 for the aqueous samples and at 1.045
for the ionic liquid samples. The value of 1.045 was obtained
from fitting of the reference sample for ionic liquids, which was
prepared by dissolving InCl3 in Cyphos® IL 101 in a 1:1 molar
ratio and drying the mixture for 1 day on a Schlenk line at 60 °C.

Solvent extraction

The extraction using
indium(l11) chloride in an HCl acidified aqueous solution as feed
and an undiluted ionic liquid as the organic phase. The ionic
liquid was presaturated at 60 °C in a volume ratio of 4.5:1 with
an aqueous HCl solution, of the same chloride concentration as
the aqueous phase before extraction, to prevent excessive co-
extraction of ultrapure water and HCI. Extractions were
performed with equal volumes of ionic liquid and an acidified
water phase (5 mL each) by intensive stirring with a magnetic
stirring bar at 500 rpm, 60 min at 60 °C. HCl was used as the
chloride source. After the extraction, separation of the phases
was assisted by centrifugation at 3500 rpom for 15 min. The
speciation of indium in the aqueous and ionic liquid phase was
determined as a function of the HCl concentration, ranging from
0 to 12 M, and the indium(lll) concentration, ranging from 5 to
120g L.

The viscosity of the ionic liquid phase after extraction was
measured as a function of the indium(lll) feed concentration at
a hydrochloric concentration of 0.5M HCl and with feed
solution concentrations ranging from 5 to 120 g L'* indium(lll).
The ionic liquid/indium(lll) ratio at maximal loading of the ionic
liquid was determined by extraction of indium(lll) from aqueous
solutions containing 50 g LY indium(lll) and 0.5, 6 and 12 M HClI,
respectively, and by decreasing the volumes of the ionic liquid
phase.

Distribution ratio
The distribution ratio D of indium is defined as

experiments were performed

_ [In]iL
DIn - [In]aq (3)

This journal is © The Royal Society of Chemistry 20xx

where [In]y. is the indium concentration in the ionic liquid and
[In]aq is the indium concentration in the aqueous phase after
extraction. If indium is strongly extracted to the ionic liquid
phase (%E = 50%), only the remaining indium concentration in
the aqueous phase was measured after extraction and eq. (3)
can be rewritten as

_ [In]o—[In]aq
DIn o [In]aq

(4)
where [In]o is the initial indium concentration in the aqueous
phase before extraction. The indium concentration in the ionic
liquid phase was measured if indium was poorly extracted (%E
< 50%), and eq. (3) becomes

[In]y,
Dy, = —/———— 5
I in]o—[in]y )
The percentage extraction (%E) is defined as the amount of
indium extracted to the ionic liquid phase over the initial
amount of indium present in the aqueous phase:

_ [In]y
%E = Tnlo X 100% (6)

Results and discussion
Indium(lll) speciation in the aqueous phase

In aqueous solutions, indium has the tendency to form a
series of indium(lll) chloride complexes in acid chloride media
with a distinct distribution of the species [InCl,(H20)e.n]3™
(0 £ n <6), depending on the chloride concentration.*?44

The first coordination sphere of the indium(lll) complexes in
aqueous HCI solutions was investigated by EXAFS. The
background-corrected fine structures (EXAFS plots) and
corresponding pseudo-radial distribution functions (PRDF plots)
of aqueous indium(lll) solutions as a function of the HCI
concentration ([HCI] =0,0.5,1,3,6,9, 12 M; [In] =5 gL?) are
shown in the supporting information (Figs. ¥S1). Fig. 1 shows
the EXAFS plot with the best signal-to-noise ratio and the
corresponding PRDF plot attributed to a 0.5 M HCI solution
loaded with 5 g L't of indium(lll). The PRDF plots were obtained
by Fourier transformation of the corresponding background-
corrected fine structures. The EXAFS data were fitted in
R+ A (A) space between 0 and 5 A to determine the accurate
distances and coordination numbers (N) in the different
coordination spheres. The total number of coordinating oxygen
or chlorine atoms was constrained to 6. The fitting parameters
are summarized in Table 1. With increasing HCI concentration,
the number of coordinating chlorine atoms increases while the
number of neighbouring oxygen atoms decreases, indicating a
change in speciation across the HCl concentration range.
Moreover, it is observed that the interatomic distances increase
as function of the HCI concentration. This is a consequence of
the transition from a relative small positively charged indium(lll)
species to larger negatively charged indium(lll) species: the
dominant indium species changes from a [In(H,0)4Cl,]* complex
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at low HCI concentrations (<1 M HCI) to a neutral [In(H,0)5Cls]
complex between 1 and 6 M HCI, followed by a single negatively
charged [In(H,0),Cl;]" complex between 6 and 10 M HCI and
ending with a double negatively charged [In(H,0)Cls]> complex
at very high HCl concentrations (10-12 M HCIl). Mark that at each
HCI concentration, different indium species are present in the
aqueous phase and that EXAFS is giving only averages.

There is convincing evidence for the formation of the
species  [In(H20)sCl1%*,  [In(H20)4Cl2]*,  [InCl3(H20)s]
[In(H20),Cl4] " in literature, although the fourth complex appears
to be relatively unstable.*>*” Jarv et al. studied the Raman
spectra of thirty-one solutions with a chloride-to-indium mole
ratio from 0.48 to 15.9 (0.30 to 10.1 M Cl).** The Raman spectra
were adequately assigned to the presence of four species,
[In(H,0)sCl]?* (0.30-3.87 M Cl), [In(H,0)4Cl>]* (0.30-5.05 M Cl),
[In(H,0)3Cl3] (0.61-10.1 M Cl) and [In(H20)>Cla]" (6.50-10.1 M
Cl). The possible existence of [In(H,0)Cls]? in aqueous solutions

and

of very high chloride-to-indium mole ratio was not ruled out.
These results are in agreement with our EXAFS results (Table 1).
Hasson and Plane also investigated the indium speciation as a
function of the chloride-to-indium mole ratio, 0.167 to 6.00
(0.335 to 2.01 M Cl), by Raman spectroscopy.*> Three indium
complexes were detected over the entire mole ratio range.

1)K

'
[e2)

2 3 4 5 6 7 8 9 10 11 12 13

12

10+

FT magnitude (a.u.)

0 1 2 3 4 5
R+ A (A)

Fig. 1 Indium K-edge ks-weighted EXAFS spectrum (A) and the corresponding FT (B) for
the indium(l1l) complex in a 0.5 M HCl solution containing 5 g L't indium. Experimental
data (black) and theoretical fit (red) are shown.
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Table 1 Fitting parameters for EXAFS used to analyse aqueous HCl solutions containing
5gLtindium

Chlorine
[HCI] (M) N2 R(A) o?(A2)e
0.0 1.5(9) 2.417(2) 0.003(1)
0.50 2.1(5) 2.436(9) 0.004(1)
1.0 2.5(9) 2.443(14) 0.004(2)
3.0 2.6(4) 2.463(4) 0.004(1)
6.0 3.4(2) 2.485(4) 0.004(1)
9.0 4.3(4) 2.499(4) 0.005(1)
12 5.0(1) 2.500(1) 0.006(2)
Oxygen
[HCI] (M) N2 R(A) o2(A2)e
0.0 4.5(9) 2.165(20) 0.006(1)
0.50 3.9(5) 2.180(13) 0.006(1)
1.0 3.5(9) 2.185(20) 0.006(1)
3.0 3.5(4) 2.227(6) 0.007(2)
6.0 2.6(2) 2.276(36) 0.007(2)
9.0 1.7(4) 2.318(14) 0.007(1)
12 1.0(1) 2.356(4) 0.007(2)

2N is the number of coordinating atoms. R is the interatomic distance. ‘o? is the
Debye-Waller factor.

The[In(H,0)sCl]?* complex was the first complex identified by
the authors. The two additional indium complexes were
suggested to be [In(H20)4Cl,]* and [In(H20)2Cl4]~ complexes but
the authors do not eliminate the possibility of the existence of
[In(H,0)5Cl3]. Schufle et al. showed that [In(H,0),Cl4]™ is stable
only at very high chloride concentrations (~8 M).*¢ Seward et al.
the presence of [In(H;0):Cls]™ in
solutions.*” The same conclusions were

found evidence for
concentrated HCI
drawn from the EXAFS results showing that the single negatively
charged [In(H20),Cls]7 complex is dominant at HCI
concentrations between 6 and 10 M HCl. [In(H.0)Cls]* and
[InClg]3> were not detected in Raman studies of the indium(IIl)—
chloride system at chloride concentrations as high as 2 M
(Hanson and Plane??) and 10 M (Jarv et al.*%). We were able to
detect the [In(H,0)Cls]?>~ complex at a HCI concentration of 12
M.

In this work, *°In NMR spectroscopy was used to the
confirm the indium(Ill) speciation in the aqueous phase. Indium
has two NMR-active isotopes, *3In and '*°In. 1*°In has a larger
receptivity than 3In and is the preferred nucleus for NMR
measurements.*®* |t is characterized by a high sensitivity for
detection by NMR (Relative receptivity to 'H = 0.332).*° It is a
guadrupolar nucleus (spin | = 9/2) with short relaxation times
leading to broad NMR signals and a low resolution.*®>0
However, the line width is very sensitive to the local symmetry
around the indium nucleus due to its large quadrupole
moment.*?152 Indium in a highly symmetric environment, e.g.
[InCl4], [InCle]?, exhibits narrower NMR lines than indium in a
low symmetric environment, e.g. [InCls]?. Failure to observe
NMR lines of indium in an environment of low symmetry is not
uncommon due to line broadening.*®
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15In NMR spectra of the aqueous phase before extraction
were measured having various HCl concentrations to confirm
the change in speciation across the HCl concentration range.
The spectra as a function of the HCI concentration ([HCI] = 0.5,
1,3,6,9,12 M; [In] =5 g L) are shown in Fig. ¥S2. No definable
difference in chemical shift was observed across the HCI
concentration range (95—103 ppm) due to the very broad line

115|n

width of the signals. These broad resonances are

characteristic for the presence of [In(H20)6nCln]3>" mixed

complexes of low symmetry.>3->*

Solvent extraction of indium(lll)

The distribution ratios of indium(lll) (D)), for the
HCl-Cyphos® IL 101 and HCI-Aliquat® 336 systems at 60 °C,
measured as a function of the HCI concentration are shown in
Fig. 2, reproduced from an earlier publication.?®* In both
systems, the D, increases at lower HCl concentrations; with a
maximum Dy, at around 5 M HCI; followed by a decrease of Di,
at higher HCI concentrations. The bell-shaped curve of the
distribution ratio is tentatively attributed to a change in
speciation or stability of the indium complexes in the aqueous
and/or in the ionic liquid phase. This change in speciation or
stability of the indium(lll) complexes is a consequence of the
changing HCI concentration and water content in both phases,
due to extraction of HCl and H,0 towards the ionic liquid phase.
Even though the extraction of HCl and H,O is expected to be
small,
concentrations in the agqueous phase.

To determine the stoichiometry of the indium(lll) chloride
complex extracted by the ionic liquid, maximal loading
experiments were performed. Samples of the aqueous phase
(5mL) containing 50glL?! indium and various HCl
concentrations were brought into contact with decreasing
volumes of ionic liquid, until the point at which the ionic liquid
was saturated with indium(lll) ions and no free extractant
molecules were left. The excess of metal ions remained in the
aqueous phase. The concentrations of Cyphos® IL 101 (1.6 M)
and Aliquat® 336 (1.8 M) are constant in the undiluted form. If

the former can become significant at high HCI
55-57

10000
" I'
1000 4 = ‘~\‘\
! P i L}
1004 | A T
c [ &
o 10 "“J’
N
01 T T T T T T T
0 2 4 6 8 10 12

[HCI] (M)

Fig. 2 Distribution ratios of indium(lll) (D,) as a function of HCI concentration for
the HCI-Cyphos® IL 101 (H) and HCl-Aliquat® 336 (A) systems at 60 °C. The
volume ratio of the aqueous to the organic phase is 1:1. Aqueous phase: initial
indium(lll) concentration 5 g L'X. Reproduced from Ref. [39].
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Fig. 3 Number of moles of IL (Cyphos® IL 101) over the number of moles of extracted
indium (n(IL)/n(In,)) as a function of the number of ionic liquid equivalents (Cyphos® IL
101) added, at constant initial metal concentrations of indium and 60 °C. Aqueous phase:
initial indium(Ill) concentration 50 g L, initial HCI concentration 5 M.

the ionic liquid is present in an excess and the stability constant
of the indium-extractant complex (P) is larger than 100 under
the same conditions, percentages extractions all above 99%
were expected. High percentage extraction in combination with
high stability constants means that no free ionic liquid will be
present once all ionic liquid molecules are involved in the
extraction process. From Fig. 3 and 1S3, it is evident that when
the number of ionic liquid equivalents added to the system was
decreased below one, the molar ratio of the ionic liquid over
indium extracted in the ionic liquid phase remained almost
constant at a value of one, or n(IL)/n(Iny) = 1. This suggests that
each indium(lll) ion is extracted by one molecule of the ionic
liquid, whether it is Cyphos® IL 101 or Aliquat® 336, at maximal
loading of the ionic liquid phase. The theoretical indium(ll)
loading capacity of 184 g L'* for Cyphos® IL 101 and 207 g L' for
Aliquat® 336.

A gradual increase in the viscosity of the ionic liquid phase
was observed when it was loaded with higher indium(lll)
concentrations (Fig. 4). This indicates that the chloroindate(lll)
anion formed in the ionic liquid phase during extraction has
probably the same charge as the chloride anion in the pure ionic
liquid, i.e. that the [InCl,]” anion is formed rather than the
higher charged species such as [InCls]?>~ or [InClg]3>~. Higher
charged species are known to lead to a sharp increase of the
viscosity at higher loadings as a consequence of the stronger
intermolecular interactions between the cation and the anion
of the ionic liquid.>®%° In contrast with the extraction of
indium(111) with Cyphos® IL 101 and Aliquat® 336, the viscosity
of the ionic liquid phase increased significantly when the metal
concentration in the organic phase was increased for the
extraction of cobalt(ll) with Cyphos® IL 101%°, samarium(lll)
with Cyphos® IL 101 in nitrate form>® and neodymium(lll) with
Aliquat® 336 in nitrate form®. Therefore, it can be assumed
that the indium(lll) complex in the ionic liquid phase contains
only one cation and an anion with a -1 electric charge.
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Fig. 4 Viscosity of the ionic liquid phase at equilibrium as function of the indium(lll)
concentration in the aqueous feed solution for the InCl;—Cyphos® IL 101 (H) and
InCl;—Aliquat® 336 (A) systems at 60 °C. The volume ratio of the aqueous to the organic
phase is 1:1. Aqueous phase: initial HCl concentration 0.5 M.

Indium(lll) speciation in the ionic liquid phase

The first coordination sphere of the extracted indium(lll)
complexes was investigated by EXAFS. The speciation of InCl3
in several ionic liquids had already been investigated by several
researchers.52-%4 The usually accepted speciation for the system
indium chloride/ionic liquid (water free) in 1:1 molar ratio, is the
tetrahedral [InCly]” complex.52%* This complex was used to
determine Sp (amplitude reduction factor), 1.045, in similar
extracted complexes. InCl; dissolved in a 1:1 molar ratio in
Cyphos® IL 101 was used as a reference sample. It was not
possible to dissolve InCl3 in the same molar ratio in Aliquat®
336. The identical shape of the distribution ratios as a function
of the HCl concentration of the InClz—Cyphos® IL 101 and
InCls—Aliquat® 336 system (Fig. 2) suggests that the mechanism
of indium(lll) extraction is the same, and that the speciation of
indium(lll) in these two ionic liquids is very similar. Therefore,
EXAFS measurements were only executed on the
InCls—Aliquat® 336 system. The EXAFS plots and corresponding
PRDF plots of Aliquat® 336 as a function of the HCI
concentration ([HCI] = 0.5, 3, 6, 12 M; [In] =5 g L'?) and indium
concentration ([In] =5, 60,120 g L'; [HCI] =0.5 M) are shown in
the supporting information (Figs. ¥S4 and 1tS5). Fig. 5 shows the
EXAFS plot with the best signal-to-noise ratio and the
corresponding PRDF plot attributed to Aliquat® 336 loaded
with 120 g L'! of indium(lll). The PRDF plots were obtained by
Fourier transformation of the corresponding background-
corrected fine structures. The EXAFS data were fitted in
R + A (A) space between 0 and 5 A with So fixed at 1.045. The
background-corrected fine structure did not change with
increasing HCl or indium concentration, suggesting that the
speciation of indium(lll) in the ionic liquid is invariant. Curve
fitting was performed to determine the accurate distances and
coordination numbers (CN) of the different coordination
spheres. The fitting parameters obtained for the InCls—Aliquat®
336 system are summarized in Table 2. In all the systems, the
CN value is about 4 and a constant In—Cl bond length of
2.365-2.376 A was found. These parameters are in good
agreement with those in the tetrahedral [InCls]- complex.
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Similar results were obtained for the solvent extraction of
indium(ll) from an aqueous HCI solution with tri-n-octyl amine
(TOA) by Narita et al.3® The tetrahedral [InCl;]~ complex in the
ionic liquid phase was found to be independent of the HCI
concentration in the aqueous phase.

(k)

'
[oe]

14

12 1

10 1

FT magnitude (a.u.)

0 1 2 3 4 5
R+ A (A)

Fig. 5 Indium K-edge k3-weighted EXAFS spectrum (A) and the corresponding FT (B) for
the indium(lll) complex in Aliquat® 336. IL phase obtained after extraction containing
120 g L' In. Experimental data (black) and theoretical fit (red) are shown.

Table 2 Fitting parameters for EXAFS used to analyse the Aliquat® 336—InCl; system

[HCll (M) [in] (g L) NP R (A) o2 (A
0.50 5.00 3.7(6) 2370(2)  0.005(2)
3.0 5.00 37(1)  2366(2)  0.004(1)

6.0 5.00 3.9(1) 2365(1)  0.004(1)

9.0 5.00 3.9(1) 2.365(1) 0.004(1)

12 5.00 3.8(1) 2.375(3) 0.006(1)
0.50 60.0 3.7(1) 2376(2)  0.005(1)
0.50 120 4.0(1) 2364(2)  0.004(1)
InCl; in Cyphos® IL 101 (1:1 molar ratio)? 4.0(1) 2.364(2) 0.004(1)

2InCls dissolved in Cyphos® IL 101 in a 1:1 molar ratio is the reference sample. °N
is the number of coordinating chlorine atoms. ‘R is the interatomic distance. 902 is
the Debye—Waller factor.

1151n NMR spectroscopy was also used to the determine the
composition of the extracted indium(Ill) complexes. *°In NMR

This journal is © The Royal Society of Chemistry 20xx



spectra of the ionic liquid phase after extraction were measured
having varying indium(lll) and HCl concentrations. A typical
NMR spectrum is shown in Fig. 6. As expected from a
quadrupolar nucleus, broad NMR signals were observed. The
external reference (0.1 M In(NO3)3:6H,0 in D,0) is represented
by the signal at 0 ppm. The signal at 401 ppm represents the
InCls—Cyphos® IL 101 system. The chemical shifts found were
compared to literature data for chloroindate(lll) anions in
molecular solvents (Table 3). The *°In NMR spectra of the
InCls—IL systems were acquired at 60 °C in order to reduce the
viscosity and obtain narrower signals. The spectra as a function
of the HCI concentration ([HCI] = 0.5, 1, 3, 6,9, 12 M; [In] =5
g L'Y) and indium concentration ([HCI] = 0.5; [In] = 5, 10, 20, 40,
60, 80, 100, 120 gL?) for the InClz—Cyphos® IL 101 and
InClz—Aliquat® 336 system are shown in Figs. ¥S5 and tS6.
Chemical shifts of the signals are lying in the same range as
observed for tetrachloroindate anions, [InCl]y in molecular
solvents. This suggests that the majority of indium exists in the

S
S
>
S
C
Q
<
600 500 400 300 200 100 0 -100
3 (ppm)

Fig. 6 °In NMR spectra of the InCl;—Cyphos® IL 101 system at 60 °C obtained after
extraction with 5 g L't indium(Ill) and 0.5 M HCI.

Table 3 15In NMR data measured for the InCl;—Cyphos® IL 101 and InCl;—Aliquat® 336
system compared with the literature data for chloroindate(lll) anions in molecular
solvents*850-5253,5462,63 measured with respect to an external reference In(NO3);26H,0 in
D,0.

System 4 (ppm)
In(I11) in Cyphos® IL 101; [In]=5—120 g L%, [HCI]=0.5 M 390—-420
In(I11) in Aliquat® 336; [In]=5—120 g L', [HCI]=0.5 M 337-396
In(I11) in Cyphos® IL 101; [In]=5 g L, [HCI]=0.5—12 M 401-457
In(I11) in Aliquat® 336; [In]=5 g L%, [HCI]=0.5-12 M 396—447
In(I11) in Cyphos® IL 101; [In]=5 g L, [CaCl,]=0.25—6 M 386—404
In(I11) in Aliquat® 336; [In]=5 g L, [CaCl,]=0.25—6 M 396—422
[InCly]- in various solvents? 416—480
[InCls]? in CH,Cl,b 326
[InClg]* in CH,Cl® 206°

aAcetonitrile, methyl isobutyl ketone, ethyl ether, isopropyl ether, n-butyl acetate,
cyclohexanone, ethyl acetoacetate, dichloromethane, acetone, chloroform,
tetrahydrofuran, methanol, water and water—acetone solutions.
bChemical shifts assumed for the ‘pure’ penta- and hexacoordinate anions, based
on the chemical shift of the **°In signal for various compositions.>?

This journal is © The Royal Society of Chemistry 20xx

ionic liquid phase as tetrachloroindate(lll) anions, confirming
the EXAFS data. 1*°In NMR spectra of the ionic liquid phase after
extraction using CaCl, instead of HCl as a chloride source were
also measured. The spectra as a function of the CaCl,
concentration ([CaCl,] = 0.25,0.5,1.5,3,4.5,6 M; [In]=5g L?)
for the Cyphos® IL 101-InCl; and Aliquat® 336—InClz system
are shown in Fig. ¥S7. The chemical shifts found are shown in
Table 3. Again, chemical shifts are observed corresponding to
the tetrachloroindate(lll) anion.

Solvent extraction mechanism

The aqueous phase exists as a series of indium(lll) chloride
complexes in acidic chloride media with a distinct distribution
of the species [In(H20)6]®*, [In(H20)sCl1%*, [In(H,0)4Cly]",
In(H,0)5Cls,  [In(H20)2Cls]~,  [In(H20)Cls]1>>  and  [InClg]?,
depending on chloride concentrations. Fig. 7 shows the average
number of chlorides, i, in the indium complex [In(H20)6.,Cl,]3™"
as a function of the HCI concentration in an aqueous solution.
The highest concentration of [In(H,0)4Cl;]* species is found at
approximately 0.5 M HCI, while the In(H,0)5Cl; species are more
abundant at approximately 4.5 M HCI. The [In(H,0),Cl4]~ and
[In(H20)Cls]?> species are most concentrated at 8 and 12 M HCI,
respectively. The positively and negatively charged
chloroindate(lll)  complexes, [In(H20)s]3*,  [In(H,0)sCl]?,
[In(H20)4Cl2]* [In(H20),Cls]~, [In(H20)Cls]%>~ and [InClg]?, are
strongly hydrated in comparison to the neutral In(H,0)5Cls.

Although a series of indium(lll) chloride complexes are in
equilibrium with each other in the aqueous phase, EXAFS and
115In NMR measurements confirmed that [InCl;]™ is the only type
of complex formed in the ionic liquid phase. Extraction of the
[In(H20),Cl4]™ to the ionic liquid phase through anion exchange
would correspond with the transfer of one chloride ion and two
coordinating water molecules into the aqueous phase. It seems
more likely that the complex extracted to the ionic liquid phase
is In(H,0)3Cl3, which is less hydrated than [In(H,0),Cls]", and
avoiding the transfer of the chloride ion to the aqueous phase.
The In(H,0)3Cls complex is subsequently converted into [InCl,]-
by complexation with another Cl anion from the ionic liquid
phase. The same observations were made regarding the

0-— T T T T T T
0 2 4 6 8 10 12

[HCI]

Fig. 7 Average number of chlorides (fig) in the indium complex [In(H;0)s.,.Cl,]3" as a
function of the [HCI] in an aqueous solution.
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exchange of salt anions in the aqueous phase with the anions of
the ionic liquid in contact with it.> The occurrence of this kind
of anion exchange can be predicted based on the Hofmeister
series. Anion exchange with strongly hydrated species is more
difficult than with weakly hydrated ones. Moreover, the
tetrachloroindate(lll) species in the aqueous phase is hydrated
by 2 water molecules, which is not the case for the indium
species in the organic phase. Therefore, we believe that writing
the extraction as an anion exchange mechanism might be wrong
from a coordination point of view.

Our hypothesis is confirmed by monitoring the distribution
ratios of indium(lll) (Dyn) as a function of the HCI concentration
for the HCI-Cyphos® IL 101 and HCI-Aliquat® 336 systems
(Fig. 2). The bell-shaped curve of the distribution ratio was
tentatively attributed to a change in speciation or stability of the
indium complexes in the aqueous and/or in the ionic liquid
phase. It was already determined by EXAFS and *°In NMR that
the speciation in the ionic liquid phase did not change as a
function of the HCI concentration. Hence, the bell-shaped curve
is solely attributed to the change in speciation or stability of the
indium complexes in the aqueous phase. The maximum Dy, is
situated at a HCl concentration of 5 M where the neutral
In(H20)3Cls complex is dominantly present in the aqueous
phase, confirming the proposed extraction mechanism. The
occurring reactions are presented in eqgs. 7-9:

([In(H,0)6]**) = (In(H20)6nCLI*™),, (n=1-6)  (7)

(InCl3(H;0)3)aq = (InCl3(H20)3)1, (8)

(InCl3(H20)3)11, + ([ILcae] [CIDyy, =
(ML ] [InCly ]y, + (3Hz0) 4 (9)

In literature, it is often claimed that the extraction
mechanism with Cyphos® IL 101 and Aliquat® 336 is based on
anion exchange.?%%%70 During this process, metal complex
anions move from aqueous phase to organic phase, while
anions in the organic phase transfer from organic phase into
aqueous phase to achieve a charge balance in each phase.
Based on our research, it is concluded that a neutral In(H,0)sCls3
complex is extracted from the aqueous phase to the organic
phase, and is subsequently converted into [InCl4]". The cationic
species are too hydrophilic to be extracted and the highly
negative charged complexes are strongly hydrated. We do not
exclude that both the proposed and anion exchange
mechanisms are at play.

Conclusions

Knowledge of the metal extraction mechanism and the
metal species involved allows optimization of extraction
systems. In order to determine the extraction mechanism of
indium(lll) from HCI solution with the undiluted ionic liquids
Cyphos® IL 101 and Aliquat® 336 in combination with the
indium(lll) speciation in both phases, several techniques were
applied. In aqueous HCI solutions (0—12 M), indium(lll) exists as

8| J. Name., 2012, 00, 1-3

octahedral mixed complexes, [In(H,0)6.nCln]>" (0 < n < 6). EXAFS
and ¥°In NMR were used to characterize the dominant species
in solution. Depending on the HCI concentration, the following
indium complexes are dominant: [In(H,0),Cl;]* (0—-1 M HCI),
[In(H,0)3Cls] (1-6 M HCI), [In(H20).Cla]~ (610 M HCI) and
[In(H20)Cls]> (10-12 M HCI). The stoichiometry of the
extracted complexes was estimated using viscosity and maximal
loading studies, and confirmed by '*°In NMR and EXAFS. These
techniques revealed that indium(lll) is present as a tetrahedral
[InCl4]- complex in the ionic liquids independent of the HCI
concentration in the aqueous phase. The aqueous phase exists
in the form of a series of octahedral mixed indium(lll) chloride
complexes in acidic chloride media with a distinct distribution
of the species [In(H20)6]®*, [In(H20)sCl1%*, [In(H,0)4Cly]",
In(H,0)5Cls,  [In(H20)2Cls]~,  [In(H20)Cls]1>>  and  [InClg]?,
depending on the HCI concentration. The charged cationic and
anionic species are strongly hydrated and too hydrophilic to be
extracted. Consequently, indium(lll) can be extracted as a
neutral complex, In(H,0)sCls. The In(H,0)sCls complex is most
likely extracted to the ionic liquid phase, as a consequence of
being the least hydrated, thereby avoiding the transfer of a
chloride ion to the aqueous phase. This hypothesis was
confirmed by the presence of a maximum in the distribution
ratio of indium(lll) at a HCl concentration of 5 M. At this
concentration, the In(H,0)3Cls complex is dominantly present in
the aqueous phase.
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