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Purification of indium by solvent extraction with
undiluted ionic liquidst

Clio Deferm,*® Michiel Van de Voorde,® Jan Luyten, Harald Oosterhof,?
Jan Fransaer® and Koen Binnemans*?

A sustainable solvent extraction process for purification of indium has been developed from a chloride
aqueous feed solution using the ionic liquids Cyphos® IL 101 and Aliquat® 336. The high affinity of
indium(m) for the ionic liquid phase gave extraction percentages above 95% over the HCl concentration
range from 0.5 to 12 M. Attention was paid to the loading capacity of the ionic liquid phase and the kine-
tics of the extraction process. An extraction mechanism was proposed based on the relationship between
the viscosity of the ionic liquid phase and the loading with indium(i) ions. Even for loadings as high as
100 g L™, equilibrium was reached within 10 min. Due to the very high distribution ratio for indium(in),
stripping of indium(in) from the ionic liquid phase was very difficult with water or acid solutions. However,
indium could conveniently be recovered as In(OH)s by precipitation stripping with a NaOH solution. Pre-
cipitation stripping has the advantage that no ionic liquid components are lost to the aqueous phase and
that the ionic liquid is regenerated for direct re-use. The extraction of some metal ions that are commonly
found as impurities in industrial indium process solutions, i.e. cadmium(i), copper(i), iron(in), manganese(i),
nickel(i), tin(v) and zinc(i), has been investigated. The distribution ratios for the different metal ions show
that indium(in) can be purified efficiently by a combination of extraction, scrubbing and stripping stages. This
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Introduction

Indium is a scarce metal with a 0.1 ppm abundance in the
earth’s crust comparable to that of silver."? It is labeled as a
critical raw material by the European Commission, due to its
high supply risk.>* This risk is due to two supply and demand
factors, namely, the increasing demand for applications in
photovoltaics, flat screen TVs, laptops and mobile phones as
well as the Chinese production monopoly. In 2008, China had
a 58% share in the primary global indium production.” The
two factors are further compounded by low substitutability
and low recycling rates, resulting in higher prices and the
need to raise production.®*

Indium is derived as a by-product from ores and is most
commonly found in association with zinc ores such as sphaler-
ite, although it also occurs in lead, copper, iron and tin
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new ionic liquid process avoids the use of volatile organic solvents.

ores." Indium is accumulated in low concentrations in resi-
dues formed during the processing of these ores. Therefore,
indium is often regarded as an impurity that increases the pro-
duction costs.” Furthermore, indium recycling is mainly
limited to production scrap. To keep up with the rising
demand for high-tech applications, the development of indus-
trial processes for the successful recovery of indium from
various primary and secondary sources is crucial. Possible
sources of indium are by-products of zinc refining, flue dusts,
slags and metallic intermediates, e-waste and impure indium
(<99%)."? Hydrometallurgical separation methods are very
suitable for extracting indium from these sources. They com-
promise an essential part of extractive metallurgy utilized for
treating complex and low-grade materials. Typically, hydrome-
tallurgical solutions are generated by leaching the metals
present in concentrates with strong acids or bases. Metals are
already separated partially or completely in the leaching step,
if one or more of the metals does not solubilize. Further con-
centration or separation generally takes place via solvent
extraction or ion exchange. Once the metals have been separ-
ated, pure metals or metallic compounds can be produced by,
for example, precipitation, cementation or electrolysis.

Solvent extraction (SX) has been widely used as a process
for separation, purification and recovery of metals, due to its
simplicity of equipment and operation. Solvent extraction is

This journal is © The Royal Society of Chemistry 2016
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based on selective and efficient transfer of the desired metal
species from one phase to another, usually from an aqueous to
an organic phase.®” The aqueous phase, in which the metals
are present, is brought into contact with a water-immiscible
organic phase, consisting of one or more extractants, a diluent
and sometimes a modifier. The separation is based on differ-
ences in the solubility of the metal ions in both the organic
and aqueous phases due to the variations in the strength of
the chemical interaction between the metal ion and the extrac-
tant. The efficiency of the extraction process depends on
several parameters such as the pH, the temperature, the con-
centration of the metal ions in the aqueous feed and the con-
centration of the extractant in the organic phase.

The traditional solvent extraction process for indium makes
use of water-immiscible organic solvents, many of which are
flammable, volatile or toxic.® Ionic liquids are good alterna-
tives as an extraction medium for the development of sustain-
able separation processes.”' Ionic liquids are solvents
consisting completely of ions, mostly an organic cation and an
inorganic anion.'>"* The physicochemical properties of ionic
liquids can be tuned adequately for a given application.'
Therefore, it is not surprising that water-immiscible ionic
liquids have already been investigated as extractants for metals
from aqueous solutions.""**>' These ionic liquids often
contain fluorinated anions, such as the hexafluorophosphate
(PFs") or the bis(trifluoromethylsulfonyl)imide (Tf,N")
anion.”>** Besides their high prices, in some cases, these type
of ionic liquids pose a severe risk due to hydrolysis and for-
mation of hydrofluoric acid.** Therefore it is better from an
environmental and economical point of view to use ionic
liquids with long alkyl chains instead of fluorinated anions.>?
Several non-fluorinated hydrophobic ionic liquids have already
been used for the extraction of metal ions but generally not in
a pure state. These ionic liquids such as Aliquat® 336>>” and
tri(hexyl)tetradecylphosphonium  chloride (Cyphos® IL
101)*”"*? are usually diluted in molecular solvents prior to use.
Diluents such as toluene, kerosene or chloroform are added to
decrease the viscosity of the organic phase leading to an
increase in mass transfer and faster kinetics. However, recently
in some cases, the problem of viscosity was overcome by satur-
ating the ionic liquid with water, by working at slightly elev-
ated temperatures and/or by using intermediate metal feed
concentrations.**°

Major advantages of ionic liquids for application in solvent
extraction processes, in comparison with traditionally used
water-immiscible organic solvents, are their negligible vapor
pressure and low flammability."*"** Due to their low volatility,
they can be considered as more environmental-friendly and
safer alternatives to organic solvents. While the use of ionic
liquids for metal extraction does offer many advantages, there
are some disadvantages as well. First of all, not all types of
ionic liquids can be used for extraction. Water-immiscible
ionic liquids are required for solvent extraction. Secondly,
extraction often takes place through an ion-exchange mechan-
ism which leads to losses of ionic liquid components to the
aqueous phase.’”*° Ionic liquids are also quite expensive, so
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that their use for conventional solvent extraction processes
cannot be justified solely from an economical point of view.
Furthermore, their generally high viscosity often leads to slow
mass transfer so that long contact times are required to reach
equilibrium.****

In this paper, an efficient solvent extraction process for the
purification of indium from a chloride medium was developed
based on the use of quaternary phosphonium and ammonium
ionic liquids. The feasibility of the quaternary phosphonium
ionic  liquid trihexyl(tetradecyl)phosphonium  chloride
(Cyphos® IL 101) and the quaternary ammonium ionic liquid
Aliquat® 336 to serve as a possible undiluted organic phase/
extractant for the extraction of indium is investigated. Special
attention was paid to the difficult stripping of indium from
the ionic liquid phase after extraction. Is it shown that precipi-
tation stripping of In(OH); with NaOH is a convenient sustain-
able method for recovery of indium and for regeneration of the
ionic liquid.

Experimental
Chemicals

Trihexyl(tetradecyl)phosphonium chloride (Cyphos® IL 101,
purity >97%) was purchased from Cytec Industries Inc.
(Niagara Falls, Ontario, Canada). Aliquat® 336 (mixture of qua-
ternary ammonium chlorides, with 88.2-90.6% quaternary
ammonium content), InClz-4H,0 (97%), MnCl, (98%) and
phosphor standard (1000 ppm) were obtained from Fluka
(Sigma-Aldrich, Diegem, Belgium). CdCl, (99%), CuCl, (99%),
NiCl, (98%), PbCl, (99%), SnCl, (99.99%), Na,EDTA-2H,0 (99+
%), Na,SO,4 (99%, extra pure) and ethanol (99.8+%, absolute)
were purchased from Acros Organics (Thermo Fisher Scienti-
fic, Geel, Belgium). As,O3; (99.5%) was obtained from Alfa
Aesar (Karlsruhe, Germany), FeCl; (98.5%) from Carl Roth
(Karlsruhe, Germany) and ZnCl, (98-100.5%), CaCl,-2H,0
(99.5+%) and lanthanum standard (1000 ppm) from Chem-Lab
(Zedelgem, Belgium). NaOH pellets (>99% AnalaR Norma-
pur®) were purchased from VWR (Leuven, Belgium). The sili-
cone solution in isopropanol was obtained from SERVA
Electrophoresis GmbH (Heidelberg, Germany) and the
rhodium standard (1000 ppm) from Merck (Overijse, Belgium).
Hydrochloric acid solutions were prepared from HCIl (37%,
Acros Organics) and Milli-Q® water. All chemicals were used
as received, without further purification.

Instrumentation and analysis methods

After each extraction, the mixtures were centrifuged with a
Heraeus Megafuge 1.0 centrifuge. Metal concentrations were
determined using a bench top total reflection X-ray fluo-
rescence spectrometer (TXRF; Bruker S2 Picofox) for simple
matrices (mono-element system) or inductively coupled
plasma optical emission spectrometer (ICP-OES; Agilent, type
E730) with an axial plasma configuration for the more
complex matrices (multi-element system) due to the spectral
overlap and matrix effects that were encountered with TXRF.
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For analysis of the aqueous phase by TXRF, part of the
aqueous phase was mixed with a lanthanum internal standard
and Milli-Q® water until a total volume of 1 mL was obtained.
The quartz glass sample carriers were first treated with 20 pL
of a silicone solution in isopropanol, dried for 5 min in a hot
air oven at 60 °C, followed by the addition of 5 pL of the
sample and drying for 30 min at the same temperature. The
metal concentrations in the aqueous phase were measured for
1000 s. For the organic phase, the lanthanum internal stan-
dard was added to a small amount of the organic phase
(27 mg) 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. For analysis of the
aqueous phase by ICP-OES, a calibration curve was prepared
with multi-element solutions over a concentration range of
0-10 mg L™ with a quality control of 2 mg L™ and scandium
as an internal standard. The calibration solutions and the
samples were diluted in 10 vol% HCIL The spectra were
measured with a power of 1.4 kW, an argon flow of 15 L min™"
and an auxiliary argon flow of 1.5 L min~". For the organic
phase, the sample was first digested with a mixture of H,SO,
and HNO; in a quartz beaker on a heating plate. H,SO, and
HNO; were evaporated (~400 °C) and the residue was dissolved
in 10 vol% HCIl before measurement. The calibration and
measuring procedure have been performed in the same way
for the organic phase as described for the aqueous phase.

The viscosity of the organic phase was measured using a
falling-ball type viscometer (Anton Paar, Lovis 2000 ME), den-
sities were determined using a density meter with an oscillat-
ing U-tube sensor (Anton Paar, DMA 4500 M) and pH
measurements were performed with an $220 SevenCompact™
pH/Ion meter (Mettler-Toledo) and a Slimtrode (Hamilton)
electrode. A Mettler-Toledo DL39 coulometric Karl Fischer
titrator was used with Hydranal® AG reagent to determine the
water content of the ionic liquid. *'P NMR spectra have been
recorded on a Bruker® Avance™ II 600 MHz Spectrometer,
operating at 242.94 MHz. The samples for *'P NMR measure-
ments were dissolved in toluene-dg and measured with respect
to a H3PO, external reference. A delay time (d1) of 60 s was
applied in the NMR pulse sequence to avoid saturation effects
in the *'P NMR spectra. All NMR spectra were analyzed with
the TOPSPIN software package.

The loss of Cyphos® IL 101 to the aqueous phase was deter-
mined by ICP-OES. All measurements were carried out using
an ICP-OES spectrometer, model Optima 8300 DV (Perkin
Elmer) equipped with axially viewed plasma. *'P was analyzed
at 177.434 nm. The internal standard was measured at
343.489 nm (Rh). Standard solutions of *'P (3, 1, 0.5, 0.1,
0.05 ppm) were prepared in 5 vol% HCI. 1 ppm of Rh was
added as an internal standard. 5 vol% HCI was used as a
blank solution for calibration. All samples were diluted 10
times with a 5 vol% HCI solution and 1 ppm of Rh was added
as an internal standard. All aqueous solutions were prepared
with Milli-Q® water. A reagent blank solution of 5 vol% HCl
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containing 1 ppm of Rh as an internal standard was used for
correcting the Ca-free samples. The Ca-containing samples
were corrected using a reagent blank having the same Ca con-
centration as the samples and containing 1 ppm of Rh as an
internal standard. The loss of Aliquat® 336 to the aqueous
phase was determined using TOC measurements. The total
organic carbon content (TOC) was analyzed with a HiPerTOC
TOC analyser (Thermo Scientific) using the non-purgeable
organic carbon (NPOC) method. The total inorganic carbon
(TIC; dissolved CO,, HCO;~ and CO3>7) of the sample (30 mL)
was converted to CO, by addition of 400 pL of a 10 vol%
H;PO, solution. The formed CO, gas was removed from the
solution by flushing with O, gas. Subsequently, 1 mL of the
sample was transported to the UV reactor together with 1.5 mL
of an oxidizing solution (120 g L™' Na,S,0s) under O, atmo-
sphere (99.999%) with an O, flow rate of 250 mL min~". The
UV reactor converted the remaining carbon to CO,. Next, the
formed gas was dried by a Peltier cooler and separated from
the liquid components by a gas-liquid separator. Afterwards,
the dried CO, was carried to a non-dispersive infrared detec-
tor, where CO, was measured. A calibration curve was prepared
to relate the detector signal to the CO, concentration and
hence to the corresponding total carbon concentration of the
sample.

Extraction experiments

Extraction experiments were performed using two phases:
metal chloride salts in an HCI acidified water phase and
undiluted ionic liquid comprising the organic phase. The IL
was presaturated with Milli-Q® water and hydrochloric acid in
a volume ratio of 4.5:1, having the same chloride concen-
tration as the aqueous phase before extraction, at 60 °C to
prevent co-extraction of Milli-Q® water and hydrochloric acid.
Therefore, the ratio of the volume of the aqueous and the ionic
liquid phase remains constant. Extractions were performed by
intensive stirring at 500 rpm for 60 min at 60 °C with a mag-
netic stirring bar. Hydrochloric acid was used as the chloride
source. After the extraction, separation of the phases was
assisted by centrifugation for 15 min at 3500 rpm.

Mono-element system

Distribution ratio studies. The distribution ratios of indium(u)
at different HCl concentrations were determined using
equal volumes of ionic liquid and an acidified water phase
(5 mL) containing 5 g L™ of indium(m). Further experiments
studied the distribution ratios of indium(m) as a function of
feed concentration at the optimal hydrochloric acid con-
centration of 0.5 M and using feed solution concentra-
tions ranging from 5 to 120 g L™". The viscosity of the organic
phase was determined for the various feed solution
concentrations.

Kinetics. Reaction kinetics were studied by shaking equal
volumes of ionic liquid and an acidified water phase (5 mL)
containing 5 to 100 g L' of indium(m) for different times
ranging from 1 to 180 min.

This journal is © The Royal Society of Chemistry 2016
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Stripping. First, extractions were performed from a feed
solution containing 5 g L™' indium(m) at the optimal hydro-
chloric acid concentration of 0.5 M. Afterwards, the loaded
ionic liquid phase was stripped with a water phase (5 mL) con-
taining different stripping agents: Milli-Q® water, ethylenedi-
aminetetraacetic acid disodium salt dihydrate (Na,EDTA-2H,0)
and sodium hydroxide. All stripping experiments were exe-
cuted using equal volumes of ionic liquid and a water phase at
60 °C, except for the stripping with sodium hydroxide which
was performed at room temperature. After stripping, separ-
ation of the phases was assisted by centrifugation for 15 min
at 3500 rpm.

Recycling of the ionic liquid for reuse. Extractions were per-
formed from a feed solution containing 5 g L™" indium(m) at
the optimal HCI concentration of 0.5 M. Afterwards, the
loaded ionic liquid phase was stripped with an aqueous NaOH
solution. The loaded Cyphos® IL 101 and Aliquat® 336 were
stripped by 4.5 and 4 equivalents of NaOH, respectively. All
extraction and stripping experiments were executed with equal
volumes of ionic liquid and water phase. After extraction and
stripping the ionic liquid was equilibrated by a 0.5 M HCI solu-
tion in a volume ratio 1:5. The equilibrated ionic liquid was
reused in a second extraction step using a feed solution con-
taining 5 g L' indium(m) at the optimal HCI concentration of
0.5 M.

Loss of ionic liquid to the aqueous phase. First, Cyphos® IL
101 was washed 4 times with a 0.05 M NaCl solution in a 1:25
volume ratio at room temperature until the water soluble phos-
phor-containing impurities present in the ionic liquid were
removed. The P content of the aqueous phase after washing
remained constant. A 0.05 M NaCl solution was used as a
washing solution instead of Milli-Q® water due to emulsion
formation with Milli-Q® water. Subsequently, extractions were
performed using equal volumes of ionic liquid and aqueous
phase (5 mL) at 60 °C. The solubility of the ionic liquid in the
aqueous phase was determined at different HCI (0.5 M, 6 M
and 12 M), indium(m) (5 g L™', 40 g L™" and 120 g L™") and
CaCl, (0.25 M, 3 M and 6 M) concentrations in the aqueous
phase. The loss of Cyphos® IL 101 to the aqueous phase was
determined by ICP-OES. Aliquat® 336 was first saturated with
a 0.05 M NaCl solution in a 1: 1 volume ratio at room tempera-
ture. Afterwards, extractions were performed using equal
volumes of ionic liquid and aqueous phase (250 mL) at 60 °C.
The solubility of the ionic liquid in the aqueous phase was
determined at different HCI (0.5 M, 6 M and 12 M) and CaCl,
(0.25 M, 3 M and 6 M) concentrations in the aqueous phase.
The loss of Aliquat® 336 to the aqueous phase was determined
by TOC measurements. Aliquat® 336 is considered to be a
mixture quaternary ammonium chloride with a 2:1 molar
ratio of octyl groups to decyl groups. A molar weight of 432 ¢
mol ™" was used instead of 404 ¢ mol™" which is valid for pure
trioctylmethylammonium chloride. Based on the molar ratio,
the following composition of quaternary ammonium chloride
was assumed (not including water and other impurities)
according to random statistical distribution: trioctylmethyl-
ammonium chloride (33 wt%), dioctyldecylmethylammonium
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chloride (28 wt%), octyldidecylmethylammonium chloride
(22 wt%) and tridecylmethylammonium chloride (17 wt%).*!
These assumptions were made to calculate the solubility of
Aliquat® 336 in the aqueous phase based on TOC analyses
results.

Multi-element system

Distribution ratio studies. The distribution ratio of
cadmium(u), copper(n), indium(m), iron(m), manganese(u),
nickel(n), tin(iv) and zinc(u) at different HCl concentrations
was studied using equal volumes of ionic liquid and an acidi-
fied water phase (10 mL) containing 5 g L' of each metal
added as chloride salts. Additionally, 1 g L™" of lead(u) as a
chloride salt and arsenic(m) as an oxide were added to the
water phase. These elements are commonly found in primary
and secondary sources of indium. Extraction experiments of
the multi-element system were carried out only once.

Distribution ratio and separation factor

The distribution ratio D of a metal M is defined as

M]y,

Py =)

(1)
aq

where [M]y;, is the metal concentration in the ionic liquid and
[M]aq is the metal concentration in the aqueous phase after
extraction. For metals which are strongly extracted to the ionic
liquid phase (%E > 50%) only the remaining metal concen-
tration in the aqueous phase was measured after extraction
and eqn (1) can be rewritten as

M, —
M]

M]

Dy = = (2)

aq

where [M], is the initial metal concentration in the aqueous
phase before extraction. The metal concentration of the ionic
liquid phase was measured for metals which are poorly
extracted (%E < 50%), and eqn (1) becomes

M],,

P = [M]o - [M]IL

3)

The percentage extraction (%E) is defined as the amount of
metal extracted to the ionic liquid phase over the initial
amount of metal present in the aqueous phase:

%E = [Mly, x 100 (4)
M],

The separation efficiency between two metals can be
described by the separation factor @, which is defined as the
ratio of the respective distribution ratios of two extractable
solutes measured under the same conditions:

DMl
aMiM2 = —— (5)
Dwmo
where Dy, and Dy, are the distribution ratios D of metal
M, and M,, respectively. By definition, the value of the separ-

ation factor is always greater than unity.
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Metals are removed after extraction from the organic phase
by a stripping agent. The percentage stripping (%S) in the
stripping phase can be defined as the amount of metal
stripped from the organic phase to the total amount of metal
in the organic phase before stripping:

Vaq M|,
%S CJ[ }q

= x 100 (6)
Vi [M]IL,O

where [M]y, o is the metal concentration in the organic phase
after extraction or before stripping.

Results and discussion
Mono-element system

Distribution ratio studies. In the first series of experiments,
the distribution ratios and the extraction percentages of
indium(m) between the ionic liquid and aqueous phase were
determined as a function of hydrochloric acid concentration
(Fig. 1, S1,T and Table 1). Fig. 1 shows bell-shaped curves; i.e.,
the distribution ratios increase as a function of HCI concen-
tration until a value from where they begin to decrease. Bell-
shaped curves of the distribution ratio versus the HCI content
have also been observed by other authors for extraction of Cu(u),
Co(u), Fe(m), Ga(m), In(m), Mn(un) and Zn(n) by quaternary
ammonium salts.**"*> The average distribution ratio of indium(m)
between Cyphos® IL 101 and hydrochloric acid aqueous
solution, increases with increasing chloride concentration, with a
maximum Dy, = 4966 + 262, at a HCl concentration of approxi-
mately 5 M. The same trend but with lower values was observed
for the distribution ratio for the HCI-Aliquat® 336 system, where
a maximum distribution ratio of Dy, = 340 + 28 was found at the
same 5 M HCI concentration. In both cases, the initial indium(i)
concentration in the aqueous phase was 5 g L.

The bell-shaped curve of the distribution ratio is tentatively
attributed to a change of the indium speciation in the aqueous

10000
B e T
o o
,l""! =
1000 = ‘1.\»1
= I Y "R ) !
; A N L1
4 A T
1004 .
“," “I
D_ i
S
14
01 T T T T T T T
0 2 4 6 8 10 12
[HCI] (M)

Fig. 1 Distribution ratios of indium(u) (D,,) as a function of HCl concen-
tration for the HCl-Cyphos® IL 101 (m) and HCl-Aliquat® 336 (A)
system at 60 °C. The volume ratio of the aqueous to the organic phase is
1:1. Aqueous phase: initial indium(i) concentration 5 g Lt
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Table 1 Distribution ratios of indium(i) (D), the sample standard devi-

ation on the distribution ratio (s) and the percentages extraction (%E) of
indium(in)

Cyphos® IL 101 Aliquat® 336

HCl conc. (M) D s %E D s %E

0 15.00 0.53 93.74 1.58 0.21 59.42
0.5 391 24 99.74 242 1.4  96.03
1 854 65 99.88 51.5 1.9 98.09
2 1.95x10° 0.12x10° 99.95 119.9 4.2 99.17
3 3.10x10°  0.62x10° 99.97 212 18 99.53
4 4.44%x10°  0.69x10° 99.98 279 40 99.64
5 4.73x10°  0.43x10° 99.98 340 40 99.70
6 412 x10° 0.38x10° 99.98 326 37 99.69
7 3.47x10°  0.51x10° 99.97 300 49  99.66
8 2.085x10° 0.064 x 10° 99.95 216.5 4.7 99.54
9 1.18x10° 0.13x10° 99.91 179.2 9.1  99.45
10 735 99 99.87 114.8 3.7 99.14
11 472 98 99.78 75.2 3.1  98.69
12 248 66 99.63 42.0 6.0 97.65

and/or in the ionic liquid phase in combination with HCI
extraction. Narita et al.*® already described that the indium
speciation in the aqueous phase can change as a function of
HCI concentration. Co-extraction of HCIl by phosphonium and
ammonium ionic liquids has also been previously observed by
Komasawa et al.,*” Sato et al.*® and Wellens et al.*°

The distribution ratios of indium(m) for the HCl-Aliquat®
336 system were significantly lower, minimum by a factor of 5,
than those for the HCl-Cyphos® IL 101 system over the whole
HCI concentration range (Fig. 1). This can be explained by the
higher water uptake of Aliquat® 336 (21.27 wt%) compared to
Cyphos® IL 101 (13.65 wt%). The hydrophobicity of ionic
liquids with a common anion is dependent on the total
number of carbon atoms in the alkyl chains attached to the
corresponding central atom. Shorter alkyl chains attached to
the ammonium cation core lead to a lower hydrophobicity of
Aliquat® 336 compared to Cyphos® IL 101, and therefore to a
higher mutual miscibility with water.

Furthermore, the charge delocalization at the ammonium
cations makes the central part of these cations more charged,
and thus overall more polar, than the corresponding phos-
phonium cations.”®*" Very high values for the distribution
ratio were observed over the entire HCI concentration range for
the HCI-Cyphos® IL 101 system indicating a strong affinity of
indium(ur) for the ionic liquid phase. The distribution ratio
observed for the quaternary ammonium ionic liquid over the
entire HCl concentration range are not exceptionally high.
High distribution ratios are not desirable for solvent extraction
since they make stripping in many cases very difficult. Follow-
ing studies regarding the kinetics, maximal loading, the extrac-
tion mechanism and the stripping of the mono-element
systems are executed at a low HCI concentration of 0.5 M
where the distribution ratio is high enough to ensure almost
complete extraction of indium(m), but not too high so that
stripping difficulties are avoided.

Kinetics. For industrial applications, it is more interesting to
expand the indium(m) concentration range of the feed solu-

This journal is © The Royal Society of Chemistry 2016
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tion. The distribution ratios of indium() as a function of feed
concentration were studied at the optimal HCI concentration
of 0.5 M and with feed solution concentrations ranging from
5 to 120 g L' for both Cyphos® IL 101 and Aliquat® 336
(Fig. 2). A stirring time of 1 h was used to ensure that equili-
brium was reached. Due to the strong affinity between the
ionic liquid and indium(m), the organic phase can be loaded
with high amounts of indium(m), while it is still possible to
obtain a high percentage extraction (Fig. S2t). Phase inversion
was observed for Cyphos® IL 101 and an initial indium(ir)
concentration of 100 g L™" and higher and for Aliquat® 336
and an initial indium(m) concentration of 120 g L™". At high
loading of the ionic liquid phase, its density becomes larger
than the density of the aqueous phase so that a phase inver-
sion occurs. The density at 25 °C of the 100 g L™" indium(m)
loaded Cyphos® IL 101 and the 120 g L™ indium(m) loaded
Aliquat® 336 was 1.0242 + 0.0023 ¢ mL™' and 1.0303 *
0.0021 g mL™", respectively The density of the corresponding
aqueous phases was 1.0078 + 0.0003 g mL™" for the Cyphos®
IL 101 system and 1.0303 + 0.0021 g mL™" for the Aliquat® 336
system at 25 °C. The avoidance of phase inversion is essential
to industrial extraction processes, since the design of the con-
tacting equipment is based on preferred direction of solute
transfer, giving optimum mass transfer rates. Phase inversion,
can cause considerable operating problems, especially in
mixer-settlers, in which the change in properties of both the
continuous phase and the drop size can lead to a delay in the
settling process. Next, the influence of the extraction time was
evaluated from 1 min to 60 min at the optimal HCI concen-
tration of 0.5 M, with feed solution concentrations ranging
from 5 to 100 g L™" (Fig. 3 and S31). The results show that
equilibrium is reached after 10 min, regardless of the indium(ur)
concentration. However, longer stirring times to reach the
equilibrium were expected at higher indium(m) concentrations
due to an increased viscosity of the ionic liquid phase at high
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Fig. 2 Distribution ratios of indium() (D),) as a function of indium()
concentration in the aqueous feed solution for the HCl-Cyphos® IL 101
(m) and HCl-Aliquat® 336 (A) system at 60 °C. The volume ratio of the
aqueous to the organic phase is 1: 1. Aqueous phase: initial HCl concen-
tration 0.5 M.
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Fig. 3 Distribution ratios of indium(u) (D) as a function of reaction
time for different indium(in) concentrations in the aqueous feed solution
at 60 °C for the HCl-Cyphos® IL 101 system: 5g L™ In (m), 10 g L™ In
(@), 60 g L™ (A) and 100 g L™ (¥). The volume ratio of the aqueous
to the organic phase is 1:1. Aqueous phase: initial HCl concentration
0.5 M.

indium(m) loadings. This increase in viscosity as a function of
indium(m) concentration in the aqueous feed solution is shown
in Fig. 4. The influence of the viscosity on the reaction time is
thus most probably negligible due to the high affinity of indium
for the ionic liquid phase.

The viscosity of the ionic liquid phase increased only
slightly when it was loaded with higher indium(m) concen-
trations (Fig. 4). This indicates that the chloroindate(ur) anion
formed during extraction has the same charge as the chloride
anion in the pure ionic liquid, ie. that the [InCl,]” anion is
formed instead of higher charged species such as [InCls]”~ or
[InClg]*". The presence of species with a higher charge are
known to lead to a sharp increase of the viscosity at higher
loadings.?****%°*> The same speciation was also observed in
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Fig. 4 Viscosity of the ionic liquid phase at equilibrium as function of
the indium(m) concentration in the aqueous feed solution for the HCl-
Cyphos® IL 101 (m) and HCl-Aliquat® 336 (A) system at 60 °C. The
volume ratio of the aqueous to the organic phase is 1:1. Aqueous
phase: initial HCl concentration 0.5 M.
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the organic phase for the extraction of indium(ur) using long
chain alkylamines and quaternary ammonium chlorides from
chloride media.****%%>3>* The proposed extraction mechan-
ism is therefore:

([InC13+n]n7)aq + ([Mecation][C])
= ([InCly][ILcation) )y, + 7Claq™

7
n=0or1l

Indium(m) is probably extracted as a neutral InCl; or the
single negatively charged [InCl,]” complex. The more nega-
tively charged chloroindate(m) complexes, [InCl;]*~ and
[InClg]*~, are more strongly hydrated, thus more difficult to
dehydrate and to convert to extractable anionic species.

Stripping. The ease of recovery of the metal from the ionic
liquid phase and regeneration of the ionic liquid are as impor-
tant as obtaining a high extraction efficiency.” Stripping of the
ionic liquid phase after extraction was tested using several
stripping agents. Cyphos® IL 101 and Aliquat® 336 are basic
extractants (anion exchangers). The driving force for extraction
is the presence of chloride anions. Stripping of metals is
efficient if the distribution ratio is low. This can be achieved
by decreasing the chloride concentration by addition of water.
However, the stripping with water did not result in an efficient
stripping; 6.1 = 0.7% indium was stripped from the loaded
Cyphos® IL 101 and 29 + 3% from the loaded Aliquat® 336
phase. Furthermore, the stripping of the loaded Cyphos® IL
101 ionic liquid gave also rise to a difficult disengagement
(formation of an emulsion). A small amount of Na,SO,
(15 mg) was added as a salting-out agent to 5 mL of the
aqueous phase. Although the stripping of the loaded ionic
liquids with water resulted in a low percentage stripping, chan-
ging the temperature or the volume ratio could increase the
stripping efficiency. By increasing the volume ratio of the
aqueous to the organic phase from 1:1 to 3.5:1, stripping per-
centages of 19% and 78% were obtained for Cyphos® IL 101
and Aliquat® 336, respectively. In contrast to stripping with a
1:1 volume ratio, a white In(OH); precipitate was found in the
aqueous phase after stripping. Ethylenediaminetetraacetic
acid (EDTA) forms a very stable, highly water-soluble chelate
complex with indium(m) (log # = 24.90).>>® Therefore, it was
tested to strip indium(m) from the ionic liquid with an
aqueous solution of Na,EDTA. Although reasonable percen-
tages of stripping were acquired, 52 + 1% for loaded Cyphos®
IL 101 and 67 + 1% for the loaded Aliquat® 336, the use of
EDTA in the industry is not favored due to its low biodegrad-
ability and difficulties associated with recovery of EDTA in a
continuous solvent extraction process due to its high level of
complexing capacity with respect to heavy metals.”’ "% If
wanted, higher percentages stripping can probably be
obtained by adjusting the pH with an alkaline solution, neu-
tralizing the HCI present in the ionic liquid phase and remov-
ing the remaining protons from Na,EDTA. Care must be taken
to avoid ionic liquid decomposition in alkaline
environment®'"®* and anion exchange with EDTA.**

Aside from the complexing agent EDTA, stripping was also
tested with sodium hydroxide as a precipitation agent. Precipi-
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tation stripping from a metal-loaded ionic liquid phase has
already been reported for the rare earths using oxalic acid as
the stripping agent.®>”®” Indium is directly stripped from the
organic phase with sodium hydroxide forming an insoluble
hydroxide. The precipitation stripping reaction can be rep-
resented as:

([INCl ] [Macation],, )y, + 3NaOH
= (In(OH),), + 3NaClaq + 1([Ieation] [C1]);y

(8)

As the pH increases, the equilibrium of the hydrolysis reac-
tion is shifted to the right and more indium is precipitated
from the aqueous phase. According to Pourbaix, the solubility
of In(OH); is minimal at pH 6.79.°® The loaded ionic liquid
phase was stripped with an aqueous phase containing
different equivalents of sodium hydroxide (Fig. 5). Using
sodium hydroxide as a stripping agent, it was possible to
obtain a percentage stripping close to 100%. The 0.5 M HCl-
Aliquat® 336 system was easier to strip compared to the 0.5 M
HCIl-Cyphos® IL 101 system due to the lower indium distri-
bution ratio obtained during extraction. 4 equivalents of
NaOH were needed to achieve a percentage stripping over 99%
for the 0.5 M HCIl-Aliquat® 336 system. The equilibrium pH
under these conditions was 4.35. However, at this point not all
of the indium was precipitated yet as In(OH);. Part of it is dis-
solved in the aqueous phase. 4.75 equivalents of NaOH were
needed to fully precipitate all indium. A percentage stripping
over 99% was reached for the 0.5 M HCI-Cyphos® IL 101
system if 4.5 equivalents of NaOH were used. Unlike the pre-
vious stripping experiments with water and Na,EDTA, the
stripping was performed at room temperature instead of 60 °C,
because quaternary phosphonium and ammonium ionic
liquids tend to decompose in alkaline conditions, especially at
elevated temperatures. Thus, in this context, quaternary phos-
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Fig. 5 Percentages stripping of indium(n) (%S,,,) as a function of equiva-
lents NaOH in the stripping solution for the 0.5 M HCl-Cyphos® IL 101
(m) and 0.5 M HCl-Aliquat® 336 (A) system at RT. The volume ratio of
the aqueous to the organic phase is 1:1. lonic liquid phase: initial
indium(n) concentration 5 g L. The corresponding equilibrium pH
values are given above the data points.
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phonium ionic liquids can decompose to yield a tertiary phos-
phine oxide and alkane under alkaline conditions.®*™®*

[R3P-CH,-R] + OH™ — R3P=0 + CH;-R’ (9)

Quaternary ammonium ionic liquids can easily undergo
Hofmann elimination or f-elimination to yield a tertiary
amine and an alkene in the presence of a base (Fig. 6).6"¢>%*
Trihexyl(tetradecyl)phosphonium chloride stability was investi-
gated by comparing the integration of the degradation pro-
ducts *'P resonance signal, i.e. phosphine oxide, formed after
mixing for 1 h with an aqueous NaOH solution to the inte-
gration of the trihexyl(tetradecyl)phosphonium cation *'P res-
onance signal at 32.9 ppm. The resonance signal of phosphine
oxide was situated at 45.8 ppm. *'P NMR spectra were
measured for the ionic liquid before and after stripping since
commercial Cyphos® IL 101 already contains small amounts
of phosphine oxide impurities. Peak integration ratios were
then compared and it was concluded that no decomposition
occurs because no change of the ratio of the integration of the
phosphine peak over the integration of the phosphonium
cation peak took place when stripping with NaOH at room
temperature.

Recycling of the ionic liquid for reuse. An important aspect
of green chemistry is the recyclability and reusability of the
ionic liquid. The recyclability was shown by reusing the ionic
liquid in a second extraction step after stripping. The results of
each individual step are given in Table 2. The results indicate
that the ionic liquid can be recycled for reuse in liquid/liquid
extraction of indium(ur) without any loss of activity.

Loss of the ionic liquid to the aqueous phase. Ionic liquids
are often considered as green solvents primarily due to their
negligible vapor pressure and low flammability. However, the
avoidance of loss to the aqueous phase and the recyclability of
the ionic liquid are equally as important in establishing a sus-
tainable process. The loss of Cyphos® IL 101 and Aliquat® 336
to the aqueous phase was determined. First, the phosphor con-

R H R R
(\H LAY, \N/
OH" ><\T+\R + +
H H R
Fig. 6 Schematic representation of Hofmann elimination of a quatern-
ary ammonium IL, yielding an alkene and a tertiary amine.

Table 2 Distribution ratios of indium(i) (D) and the percentages extrac-
tion (%E) and stripping (%S) of indium(i) with the corresponding stan-
dard deviation

Cyphos® IL 101 Aliquat® 336

Process D %E/%S D %E/%S
Extraction1 520+ 64 99.81 +0.02% 23.00 + 0.81 95.8 £ 0.1%
Stripping 1 578 +£19 99.82 + 0.04% 489 + 72 99.79 + 0.03%
Extraction 2 476 +35 99.79 + 0.02% 21.82 + 0.88 95.6 £ 0.2%

This journal is © The Royal Society of Chemistry 2016
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Table 3 Solubility of the ionic liquid in the aqueous phase with the
corresponding standard deviation

Solubility Cyphos®  Solubility Aliquat®
Aq phase IL 101 (ppm) 336 (ppm)
0.5 M HCI 2484 +1.1 836.6 £ 6.2
6 M HCI 183.1+£2.2 727 +14
12 M HCI 186.8 + 2.6 592.5 £2.7
0.25 M CacCl, 69.6 + 6.9 708.7 £ 6.0
3 M CaCl, <15“ 340 + 19
6 M CaCl, <15% 339.7 +4.0
0.5 M HCI, 5 g L™ In(m) 275.0 + 1.5 >
6 M HCI, 5 g L™* In(m) 181.2 1.0 b
12 M HCI, 5 g L™" In(m) 198.7 + 1.4 —b
0.5MHCL 40 gL' In(m)  305.9+1.3 b
0.5 M HCI, 120 g L™" In(m)  187.6 + 4.4 b

@ Below detection limit. ” Not determined.

taining water soluble impurities present in Cyphos® IL 101
were removed by four consecutive washing steps with a 0.05 M
NacCl solution using a 1:25 volume ratio at room temperature
(Fig. S41). If not removed these impurities will insinuate a
higher solubility of Cyphos® IL 101 in the aqueous phase. Sub-
sequently, the ionic liquid was brought into contact with
several aqueous solutions at 60 °C: HCI (0.5 M, 6 M and 12 M),
indium(m) (5 g L™, 40 g L™" and 120 g L") and CaCl, (0.25 M,
3 M and 6 M). The solubility of Cyphos® IL 101 in the
different aqueous phases is presented in Table 3. The purity of
Aliquat® 336 (88.2-90.6%) is low in comparison with Cyphos®
IL 101 (>97%). Therefore, no prior washing steps were executed
to remove possible water soluble organic impurities. For result
comparison reasons, Aliquat® 336 was saturated with a 0.05 M
NaCl solution in a 1:1 volume ratio at room temperature.
Afterwards, the solubility of Aliquat® 336 was determined in
several HCI (0.5 M, 6 M and 12 M) and CaCl, (0.25 M, 3 M and
6 M) solutions after contacting the ionic liquid with the
aqueous solutions at 60 °C. The solubility results are displayed
in Table 3. The solubility of Aliquat® 336 in aqueous phase is
higher than the solubility of Cyphos® IL 101 due to it higher
mutual miscibility with water. As the salt concentration in the
aqueous phase increases, the solubility of the ionic liquid in
the aqueous phase decreases due to the salting-out effect. In
general, the solubility of the ionic liquids in the aqueous
phase is very limited thereby having a low associated economi-
cal and environmental impact.

Multi-element system

Distribution ratio studies. A useful purification process
needs to have a reasonable selectivity for the targeted metal.
All the experiments described above have been carried out on
mono-element solutions but industrial solutions are generally
complex mixtures of several elements. In a second series of
experiments, the separation of indium(m) from arsenic(u),
cadmium(u), copper(u), iron(m), lead(un), manganese(u), nickel(u),
tin(iv) and zinc(u) was investigated. More elements are added
to the feed solution compared to previous experiments, to a
more industrial relevant elemental composition: 5 ¢ L™ of

Green Chem., 2016, 18, 4116-4127 | 4123
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each of the other elements with the exception of arsenic(u)
and lead(u) present in a concentration of 1 ¢ L™'. A concen-
tration of 1 g L™" for arsenic(m) and lead(i) was chosen due to
the limited solubility of arsenic(m) oxide and lead(u) chloride
in the aqueous phase.®®”® Fig. 7 and Fig. 8 show the distri-
bution ratios between the ionic liquid phase and aqueous
phase of the elements as a function of HCI concentration for
the HCI-Cyphos® IL 101 and HCl-Aliquat® 336 systems. Per-
centage extraction as a function of HCI concentration for both
systems is given in Fig. S5 and S6.7 Many elements display a
bell-shaped distribution ratio Indium(m) has a
maximum distribution ratio at 5 M in both systems in agree-

curve.
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Fig. 7 Distribution ratios (D) as a function of HCl concentration for the
HCIl-Cyphos® IL 101 system at 60 °C. The volume ratio of the aqueous
to the organic phase is 1: 1. Aqueous phase initial metal concentrations:
5 g L™ of cadmium() (Q), copper(in) (@), iron(n) (O), indium(u) (A),
manganese(i) (A), nickel(n) (¥), tin(v) (X) and zinc(n) (¢) and 1 g L™ of
arsenic(in) (W) and lead(n) (V).
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ment with the previous experiments. For copper(n) and manga-
nese(u), the maximum distribution ratio was found at a HCI
concentration of 4 M and 6 M, respectively for the HCI-
Cyphos® IL 101 system and at 5 M and 7 M, respectively for
the HCI-Aliquat® 336 system. For nickel(n) and arsenic(m), the
maximum distribution ratio was found at higher HCI concen-
tration of 8 M and 10 M, respectively, independent of the
extraction system. Moreover, the distribution ratios of nickel(i)
were significantly lower than those of the other elements over
the whole HCI concentration range, indicating a low affinity of
nickel(n) for the ionic liquid phase. For lead(u) the behavior
was distinctly different from that of the other elements. Here
the distribution ratios were high at low HCl concentrations
and decreased with increasing HCI concentration. It is very
likely that only the right side of the bell-shaped curve is rep-
resented. The maximum value for the distribution ratios of
cadmium(u), iron(m), tin(v) and zinc(u) could not be deter-
mined with ICP-OES as the analysis method due to the lower
detection limit of 1 mg L™". However, from the partial shape of
the distribution ratio curves of cadmium(u), iron(m) and
zine(u), it can be concluded that also a bell-shaped path is fol-
lowed. The maximum distribution ratio and corresponding
HCl concentration for each of the elements are given in
Table 4. Advantage can be taken of the low affinity of arsenic(u),
manganese(i) and nickel(u) for the ionic liquid phase at lower
HCI concentrations to separate these ions from cadmium(u),
iron(m), lead(u), tin(iv), zinc(u) and most importantly from
indium(m). Due to the lower distribution ratios obtained for most
of the elements, that allows an easier stripping of indium(m)
from the ionic liquid phase after extraction, Aliquat® 336 is the
preferred undiluted extractant.

In the following paragraphs, information is given on the
capabilities of the 0.5 M HCl-Aliquat® 336 system for purifi-
cation of indium(m), and possible process steps are suggested.

Table 4 Maximum distribution ratio (D) with corresponding HCl con-
centration of various elements for the HCl-Cyphos® IL 101 and HCIl-
Aliquat® 336 system. Aqueous phase initial metal concentrations: 5 g
L™ of cadmium(i), copper(i), iron(m), indium(i), manganese(i), nickel(i),
tin(v) and zinc(i) and 1 g L™ of arsenic(in) and lead(n)

HCI-Cyphos® IL 101

HCI-Aliquat® 336
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Fig. 8 Distribution ratios (D) as a function of HCl concentration for the
HCl-Aliquat® 336 system at 60 °C. The volume ratio of the aqueous to
the organic phase is 1:1. Aqueous phase initial metal concentrations:
5 g L™ of cadmium() (Q), copper(in) (@), iron(n) (O), indium(u) (A),
manganese(i) (A), nickel(n) (¥), tin(v) (X) and zinc(n) (¢) and 1 g L™ of
arsenic(in) (W) and lead(n) (V).
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Element HCI (M) Dpax HCI (M) Dpax

As(m) 10 197 10 89.0

Cd(n) — >5.00 x 10° — >5.00 x 10°
Cu(m) 4 472 5 47.2

Fe () — >5.00 x 10° — >5.00 x 10°
In(mm) 5 2.90 x 10° 5 289

Mn(1) 6 24.7 7 6.26

Ni (1) 8 7.06 x 1073 8 9.75x 107
Pb(u) 1 366 1 72.3

Sn(w) — >5.00 x 10° — >5.00 x 10°
Zn (i) — >5.00 x 10° — >5.00 x 10°

“The corresponding HCI concentration of the maximum distribution
ratio for Cd(m), Fe(m), Sn(v) and Zn(u) cannot be deduced from Fig. 7
and 8.

This journal is © The Royal Society of Chemistry 2016
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Table 5 Metal distribution ratios (D) and separation factors (a) between indium(i) and various elements for the 0.5 M HCI-Cyphos® IL 101 and
0.5 M HCl-Aliquat® 336 system. Aqueous phase initial metal concentrations: 5 g L™ of cadmium(u), copper(i), iron(i), indium(i), manganese(i),

nickel(n), tin(v) and zinc(n) and 1 g L™* of arsenic(in) and lead(i)

0.5 M HCI-Cyphos® IL 101

0.5 M HCl-Aliquat® 336

Element couple Dy, Dy a Diy Dy a
In(m)/As(u) 569 0.435 1.31 x 10° 30.7 0.356 68.2
In(ur)/Cd () 569 >5.00 x 10° >9.78% 30.7 >5.00 x 10° >162°
In(m)/Cu(u) 569 26.4 21.6 30.7 1.48 20.7
In(m)/Fe(m) 569 962 1.69° 30.7 73.3 2.39°
In(ur)/Mn(n) 569 0.220 2.57 x 10° 30.7 6.38 107> 481
In(mm)/Ni(u) 569 6.31x107* 9.02 x 10" 30.7 2.96 x107° 1.04 x 10*
In(mm)/Pb(u) 569 349 1.63 30.7 64.3 2.09%
In(u)/Sn(w) 569 >5.00 x 10° >9.78% 30.7 >5.00 x 10° >162°
In(m)/Zn(m) 569 >5.00 x 10° >9.78% 30.7 >5.00 x 10° >162°

“ According to IUPAC, by convention the ratio of the respective distribution ratios has to be chosen so that @ > 1.7

The low distribution ratios of arsenic(u), manganese(i) and
nickel(n) in combination with high separation factors between
these elements and indium(m), imply an easy separation
(Table 5). The contaminating ions will remain largely in the
aqueous phase during extraction. A high separation factor was
also obtained for the In(m)/Cu(u) couple, but due to the
slightly elevated distribution ratio of copper(i) in comparison
with arsenic(m), manganese(n) and nickel(u), extraction of
copper(u) cannot be avoided completely (Table 5). However,
reasonably low distribution ratio enables the scrubbing of
copper(u) from the ionic liquid phase together with traces of
arsenic(m), manganese(n) and nickel(u) extracted. A solution
with a low HCI concentration has to be used for scrubbing to
avoid loss of indium(m) to the aqueous phase. After extraction
and scrubbing, cadmium(u), iron(m), lead(u), tin(w), zinc(u)
will still be present in the ionic liquid phase together with
indium(m). The high separation factors for the couples In(m)/
Cd(u), In(m)/Sn(v) and In(m)/Zn(n) suggest an easy separation
(Table 5). Although they all possess a high affinity for the ionic
liquid phase (D, = 30.7, D¢q, Dsny Dzn > 5.00 x 10%), indium(m)
will be easier to strip due to its distribution ratio being 160
times smaller. It was demonstrated previously that indium can
be removed from the loaded Aliquat® 336 phase by stripping
with water or NaOH. Both methods can be satisfactory, but
stripping with water will require larger volume ratios of the
aqueous to the organic phase. Also selectivity will play a vital
role in choosing a stripping method. Selective stripping of
indium(m) from iron(u) and lead(u) will be difficult due to the
small separation factors, @pe(u)mn@m) and pbuymm) (Table 5).
Hydrolysis curves have to be constructed for the stripping of
the ionic liquid phase with NaOH to get a better understand-
ing about the hydrolysis behavior of the various metals, elabor-
ating a more selective stripping. After stripping, the ionic
liquid phase has to be scrubbed so that it can be reused.
Scrubbing of the ionic liquid phase with water will have little
effect due to the high distribution ratios of cadmium(u), tin(v)
and zinc(n). Scrubbing with a NaOH solution will in most
cases be the best option.

This journal is © The Royal Society of Chemistry 2016

Conclusions

It is shown that the commercial ionic liquids Cyphos® IL 101
and Aliquat® 336 are very efficient for extraction of indium(ur)
from chloride feed solutions. The ionic liquids are used in an
undiluted form so that volatile molecular organic solvents can
be avoided. The extraction process is selective for indium(m),
over many other metal ions that are commonly found as impu-
rities in process solutions of indium refineries. Due to the very
high distribution ratios, co-extracted impurities can easily be
scrubbed from the ionic liquid phase without affecting the
extracted indium(m) ions. Indium could be recovered in the
form of In(OH); by precipitation stripping with a NaOH solu-
tion. This stripping step also regenerates the ionic liquid. This
work indicates that precipitation stripping with NaOH is a very
convenient methods for recovering metal ions that show high
affinities for the organic phase, such as indium(m) for
undiluted chloride ionic liquids. The method is environmen-
tally friendly because NaCl is the sole waste product and the
ionic liquids can be reused.
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