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A solvometallurgical process for the separation of indium(in) and zinc(i) from ethylene glycol solutions using
the ionic liquid extractants Cyphos IL 101 and Aliquat 336 in an aromatic diluent has been investigated. The
speciation of indium(n) in the two immiscible organic phases was investigated by Raman spectroscopy,
infrared spectroscopy, EXAFS and °In NMR spectroscopy. At low LiCl concentrations in ethylene glycol,
the bridging (InClz),(EG)s or mononuclear (InClz)(EG), complex is proposed. At higher lithium chloride
concentrations, the first coordination sphere changes to two oxygen atoms from one bidentate ethylene
glycol ligand and four chloride anions ([IN(EG)Clyl7). In the less polar phase, indium(n) is present as
a tetrahedral [InCly]~ complex independent of the LiCl concentration. After the number of theoretical
stages had been determined using a McCabe-Thiele diagram for extraction by Cyphos IL 101, the
extraction and scrubbing processes were performed in lab-scale mixer—settlers to test the feasibility of
working in continuous mode. Indium(i) was extracted quantitatively in four stages, with 19% co-
extraction of zinc(i). The co-extracted zinc(i) was scrubbed selectively in six stages using an indium(in)
scrub solution. Indium(in) was recovered from the loaded less polar organic phase as indium(in) hydroxide
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Introduction

Indium is a rare metal that is labeled as a critical raw material
by the European Commission, due to its high supply risk. It is
produced mainly as a side product of the zinc industry.” Small
amounts of indium are produced by processing of copper, tin
and lead ores. Indium can also be recycled from secondary
indium sources such as production scrap and end-of-life
consumer goods.'” It is mainly used in high-tech applications
such as indium tin oxide (ITO) for transparent conductive
coating on glass substrates of liquid-crystal display (LCD)
screens, as the semiconductor compounds InGaN and InGaP in
light-emitting diodes (LEDs), and as the semiconductor copper
indium gallium selenide (CIGS) in photovoltaic cells. For all
these applications, very pure indium metal is required, often
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(98.5%) by precipitation stripping with an aqueous NaOH solution.

with a purity of 99.9999% (6N) or higher. Conventional indium
refining routes comprise more than 20 process steps, involving
multiple dissolution and precipitation stages."? For this reason,
there is a strong interest from industry in the development of
more efficient indium refining processes.

Indium refining via solvent extraction (SX) is a very promising
approach because it can be operated in a continuous process and
allows one to obtain a very pure end product.*® Difficult to
remove impurities are zinc, iron and tin. Solvent extraction is
typically performed from sulfate or chloride feed solutions. The
conventional extractant for indium refining by solvent extraction
is bis(2-ethylhexyl)phosphoric acid (D2EHPA).*"* Other studies
on acidic extractants investigated the dialkylphosphonic acid
PC88A," the dialkylphosphinic acid Cyanex 272,%'*'> and the
dialkyl-dithiophosphinic acid Cyanex 301.'*" Solvating extrac-
tants tested for indium extraction include tri-n-butylphosphate
(TBP),>*®* and the commercial mixtures of trialkylphosphine
oxides Cyanex 923."?° A current trend is the use of ionic liquids,
either as extractants, diluents or both, for the refining of indium
by solvent extraction.”*® In comparison to conventional molec-
ular solvents, ionic liquids could lead to inherently safer and
more sustainable separation processes because of their low
flammability, high thermal stability and negligible vapor pres-
sure.”*" In earlier work, we have developed a process for
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purification of indium by solvent extraction with the undiluted
quaternary phosphonium ionic liquid trihexyl(tetradecyl)phos-
phonium chloride (Cyphos IL 101).°>*

Although solvent extraction processes typically comprise an
aqueous phase and an immiscible organic phase, solvent
extraction of metal ions can also be performed with two
immiscible organic phases.>*” Non-aqueous solvent extraction
often shows separation factors that are different from what is
observed for extraction of metal ions from aqueous solutions,
due to differences in the solvation of the metal ions. This
observations can be explored for the development of more
efficient solvent extraction processes, as illustrated in recent
papers.’**

In this paper, an efficient non-aqueous solvent extraction
process for separation of indium and zinc from an ethylene
glycol (EG) feed solution is described. The quaternary phos-
phonium ionic liquid trihexyl(tetradecyl)phosphonium chlo-
ride (Cyphos IL 101) and the quaternary ammonium ionic
liquid Aliquat 336 (a mixture of tri-n-octylmethyl and tri-n-
decylmethylammonium chloride with the former dominating)
are used as extractants due to their commercial availability. The
speciation of indium in the two immiscible organic phases is
investigated. The solvent extraction process is demonstrated in
continuous counter-current mode in a battery of mixer-settlers.

Experimental
Products

Trihexyl(tetradecyl)phosphonium chloride (Cyphos® IL 101,
purity > 97%) was purchased from Cytec Industries Inc.
(Niagara Falls, Ontario, Canada). Aliquat® 336 (mixture of
quaternary ammonium chlorides, with 88.2-90.6% quaternary
ammonium content), methanol-d4 (>99.8% atom% D), D,0
(99.9 atom% D) and LiCl (>99%) were obtained from Fluka
(Sigma-Aldrich, Diegem, Belgium). InCl;-4H,0 (99.99%) was
obtained from abcr (Karlsruhe, Germany). Ethylene glycol
(99.5%), 1-butanol (99%), toluene (>99.8%), p-cymene (99+%)
and ethanol (99.8+%, absolute) were purchased from Acros
Organics (Thermo Fisher Scientific, Geel, Belgium). ZnCl, (98-
100.5%), HNO; (65% a.r.), nitromethane (99+%), phosphorus
standard (1000 mg L' in 2-5% HNO;), erbium standard
(1000 mg L™ in 2-5% HNO;), scandium standard (1000 mg L™"
in 2-5% HNO,), indium standard (1000 mg L™" in 2-5% HNO,),
zinc standard (1000 mg L™ in 2-5% HNO;) and lanthanum
standard (1000 mg L™ " in 2-5% HNO;) were obtained from
Chem-Lab (Zedelgem, Belgium). NaOH pearls (a.r.) were
purchased from Fisher Scientific (Thermo Fisher Scientific,
Loughborough, United Kingdom). Triton® X-100 (for analysis)
and trichloroethylene (99.99%) were purchased from VWR
(Leuven, Belgium) and In(NO3);-xH,0 (99.99%) from Alfa Aesar
(Karlsruhe, Germany). Water was always of ultrapure quality,
deionized to a conductivity of <0.055 pS cm™ ' (298.2 K) with
a Sartorius Arium Pro ultrapure water system. The silicone
solution in isopropanol was obtained from SERVA Electropho-
resis GmbH (Heidelberg, Germany). All chemicals were used as
received, without further purification.
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Instrumentation

A magnetic stirrer (MIX 15 eco model, 2Mag magnetic eMotion)
in combination with a 20 x 6 mm stirring bar was used to mix
the two phases in the solvent extraction experiments. After each
extraction, the mixtures were centrifuged with a Eppendorf
centrifuge 5804. Metal concentrations in both phases were
determined using a benchtop total reflection X-ray fluorescence
spectrometer (TXRF; Bruker S2 Picofox), equipped with
a molybdenum X-ray source and operated at a voltage of 50 kV
and a current of 600 pA. For analysis of the more polar phase
(MP) by TXRF, an aliquot of the more polar phase was mixed
with 50 pL of a 5 wt% HNO; solution, 200 uL of a 5 wt% Triton
X-100 solution, the appropriate amount of lanthanum and
erbium internal standard solution and ethanol until a total
volume of 1 mL was obtained. The quartz glass sample carriers
were first treated with 30 uL of a silicone solution in iso-
propanol, and dried for 10 min in a hot air oven at 60 °C, fol-
lowed by the application of 2 puL of the sample and drying for
30 min at the same temperature. The metal concentrations in
the more polar phase were measured for 1000 s. For the less
polar phase (LP), an aliquot of the less polar phase was mixed
with 100-200 pL of a 5 wt% Triton X-100 solution, the appro-
priate amount of lanthanum and erbium internal standard and
ethanol until a total volume of 1 mL was obtained. The sample
carrier pre-treatment, the drying procedure and the measuring
time were performed in the same way for the less polar phase as
described for the more polar phase.

The phosphorous content of the more polar phase after
extraction and scrubbing was determined by inductive coupled
plasma-optical emission spectrometry (ICP-OES), with a Perki-
nElmer Avio 500 spectrometer equipped with a GemCone Low-
Flow Nebulizer, baffled cyclonic spray chamber, alumina
injector and PerkinElmer Hybrid XLT torch. Samples, calibra-
tion solutions and quality controls were diluted in EG. All ICP
spectra were measured in triplicate. The calibration curve was
constructed by measuring an external standard series spanning
the expected concentration range, prepared by diluting phos-
phorous standard solution to the desired concentration with 1-
butanol standardized internally with 1 ppm of scandium. The
line at 213.617 nm was measured in axial viewing mode for the
determination of phosphorous. This wavelength was selected
on its performance in the measurement of samples with known
concentrations. Additionally, a reagent blank was measured
and subtracted from the sample spectra containing 1 ppm of
scandium as internal standard and diluted in 1-butanol.

The indium and zinc content of the more polar phase after
stripping with NaOH was determined by ICP-OES, with a Perki-
nElmer Avio 500 spectrometer equipped with GemCone High
Solids Nebulizer, baffled cyclonic spray chamber, 2.0 mm inner
diameter alumina injector and PerkinElmer Hybrid XLT torch.
After stripping and prior to ICP-OES, the more polar phase was
filtered using Spartan® 30/0.2 RC filter units (Whatman®).
Samples, calibration solutions and quality controls were diluted
in 2 wt% HNO;. All ICP spectra were measured in triplicate. The
calibration curve was constructed by measuring a series of
external standards spanning the expected concentration range,

This journal is © The Royal Society of Chemistry 2020
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prepared by diluting indium and zinc standard solution to the
desired concentration with 2 wt% HNO; solution and stan-
dardized internally with 3 ppm of scandium. The lines at
230.606 nm and 206.200 nm were measured in axial viewing
mode for the determination of indium and zinec, respectively.
Additionally, a reagent blank was measured and subtracted
from the sample spectra containing 3 ppm of scandium as
internal standard, and diluted in 2 wt% HNOj;. Analysis of metal
concentrations in less polar phase was performed analogously.
Samples, calibration curve, quality controls and the reagent
blank were diluted using 1-butanol (as opposed to 2 wt% HNOj;)
standardized internally with 1 ppm of scandium (as opposed to
3 ppm of scandium). The lines at 225.609 nm and 206.200 nm
were measured in axial viewing mode for the determination of
indium and zinc, respectively. For the more polar phase
a Meinhard Low-Flow Nebulizer, baffled cyclonic spray
chamber, 1.2 mm inner diameter alumina injector and Perki-
nElmer Hybrid XLT torch were used.

Liquid-state '"H NMR spectra were recorded on a Bruker
Avance™ III HD 400 spectrometer operating at 400 MHz.
Samples were diluted in methanol-d4 and referenced internally
to tetramethylsilane (TMS). Trichloroethylene was added as
internal standard for toluene/p-cymene quantification in the
more polar phase after extraction, and the spectra were recor-
ded with a recycle delay time (d;) of 60 s using the zg30 pulse
program. Nitromethane was added as internal standard for EG
quantification in the less polar phase after extraction. The
spectra were analyzed with Topspin software. The chemical
shifts are noted in parts per million (ppm), referenced to tet-
ramethylsilane. Liquid-state 'In NMR spectra were recorded
on a Bruker Avance™ II 600 MHz spectrometer, operating at
131.504 MHz with a sweep width of 1187 ppm. The "**In NMR
samples were measured without deuterated solvents present
and with respect to an external reference of 0.1 M In(NO3);-
-6H,0 in D,0. All 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 the
resonance frequency of the sample.

Viscosities were measured using a rolling-ball type viscom-
eter (Anton Paar, Lovis 2000 ME), densities were determined
using a density meter with an oscillating 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.

Raman spectra were recorded using a confocal Horiba Jobin
Yvon LabRam HR Evolution Raman microscope. The spec-
trometer is equipped with a 1800 grooves per mm holographic
grating with a confocal attachment, a Peltier-cooled CCD (SIN-
EM FIVIS) for detection and an Olympus BX41 microscope.
For excitation, a green line (A = 532.0 nm) from a solid-state
laser (LAS-532-100-HREV) operating at 14 mW was employed.
Raman spectra of liquid samples were collected at room
temperature in a glass cuvette (4 mL) using a x50_VIS_LWD
microscope objective to focus the laser beam at the center of the
cuvette. Each spectral scan was collected with an acquisition
time of 3 s for 15 accumulations. Spectra were processed with
the LabSpec6 software. Fourier transform infrared (FTIR)
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spectra were recorded using a Bruker Vertex 70 spectrometer
with the attenuated total reflectance module (Platinum ATR) for
direct sample examination and analyzed with OPUS software.
Extended X-ray Absorption Fine Structure (EXAFS) spectra of
the indium K-edge (27 939 eV) were collected at the Dutch-
Belgian Beamline (DUBBLE, BM26A) at the European Synchro-
tron Radiation Facility (ESRF) in Grenoble (France).** The
energy of the X-ray beam was tuned by a double-crystal mono-
chromator 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 pressure.
Samples of the more polar phase were prepared by dissolving
InCl; ([In] = 5-30-60 g L™ ") in EG + LiCl (0-3 mol L") and the
samples of the less polar phase were prepared by extraction of
indium from a more polar phase ([In] = 5 or 60 g L™"; [LiCl] =
0 or 3 mol L") by Cyphos IL 101 or Aliquat 336 (5 or 60 vol%)
dissolved in toluene. The samples were loaded in polycarbonate
cuvettes with a path length of 5 or 10 mm depending on the
sample. The Viper software was used for isolating the EXAFS
function (x), using standard procedures for pre-edge subtrac-
tion, data normalization and subtraction of the atomic back-
ground with a smoothing spline.** The ab initio code FEFF 7.0
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 by fitting in R +
4 (A) space.” The samples or the more polar phase were fitted
with two shells consisting of the In-O and In-Cl single scat-
tering paths, whereas the samples of the less polar phase were
fitted with one In-Cl single scattering path. The amplitude
reduction factor S, was fixed to 0.9 for all samples, which was
deduced by fitting the main species present in a reference
sample of indium(ur) chloride in 1-methyl-3-octylimidazolium
chloride as described in earlier work.** Estimated standard
deviations are reported in parentheses as calculated by VIPER.

Batch-scale solvent extraction, scrubbing and stripping

The lab-scale, single-contact non-aqueous solvent extraction,
scrubbing and stripping experiments were performed in 20 mL
glass vials at room temperature, RT (20-25 °C) with mechanical
stirring. Extraction experiments were performed using two
phases. Once equilibrium was reached, phase separation was
accelerated using an Eppendorf 5804 centrifuge, followed by
separation of the two phases. Both phases were measured using
TXREF after the proper dilutions were made.
The distribution ratio D of a metal M is defined as

M,
Ml

where [M]yp is the metal concentration in the more polar phase
and [M].p is the metal concentration in the less polar phase
after extraction. For metals which are strongly extracted to the
ionic liquid phase (%E = 50%) only the remaining metal
concentration in the more polar phase was measured after
extraction and eqn (1) can be rewritten as

[M], — [M]yp
M]yp

Dy

(1)

DM = (2)
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where [M], is the initial metal concentration in the more polar
phase. The metal concentration of the less polar phase was
measured for metals which are poorly extracted (%E < 50%),
and eqn (1) becomes

= ™, — [M],, G

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

M], — M]yp

(M],p
%E = =L % 100 =
M,

i % 100 (4)

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

o ©)

oMy M, = Dy
2

where Dy, and Dy, are the distribution ratios of metal M; and
M,, respectively. By definition, the value of the separation factor
is always greater than unity (Dy, > Dyy,)-

Co-extracted metal ions are removed after extraction from
the less polar phase by a scrubbing solution, leaving the metal
ions of interest in the loaded organic phase. The percentage
scrubbing (%S5) in the scrubbed phase can be defined as:

o5 — JurM]yp

—— x 100 6
Vie[M]ip ©)

where [M];p, is the metal concentration in the less polar phase
after extraction or before scrubbing. Vyp is the volume of the
more polar phase and Vip is the volume of the less polar
phase.

The metal ions of interest are removed after scrubbing from
the loaded less polar phase by a stripping agent. The percentage
stripping (S) in the stripping phase is expressed using the
scrubbing percentage %S (eqn (6)).

For the construction of the McCabe-Thiele diagram, Origin
2018b was used to fit an equilibrium curve to the data. Non-linear
Curve Fitting ExpDec2, two-phase exponential decay function with
time constant parameter, was used for the extraction McCabe-
Thiele diagram and non-linear Curve Fitting ExpDec1, one-phase
exponential decay function with time constant parameter, for the
scrubbing McCabe-Thiele diagram, respectively.

Continuous solvent extraction with mixer-settlers

Continuous experiments were performed in a Rousselet PTFE
lab-scale mixer-settler units of universal type (Model UX 1.1),
having a mixer volume of 35 mL, a settler volume of 143 mL and
a settler area of 49 cm?. In each settler, one baffle and two PTFE
coalescence plates were present. Peristaltic pumps of the type
Masterflex L/S® Variable-Speed Digital Drive with Remote I/O
(Cole-Palmer) were used to pump the more polar and less
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polar phases via high density polyethylene plastic tubes. For all
operations, the more polar phase was the continuous phase. For
the extraction, four extraction stages were used. The phase ratio
was adjusted so that the more-polar-to-less-polar (MP : LP)
volume phase ratio was equal to 1 : 2. The flow rate of the more
polar phase was 1 mL min~ ", while for the less polar phase it
was 2 mL min~ . For the continuous scrubbing experiment, six
mixer-settler units were used with a fixed phase ratio of MP : LP
= 1: 2. The flow rate of the more polar phase was 1 mL min ",
while for the less polar phase it was 2 mL min~'. During the
operations, samples (200 pL) of both the more polar and less
polar phases were collected at the end of each settler after every
30 min or hour of operation. The less polar phases were
analyzed by ICP-OES.

Results and discussion
Effect of the LiCl concentration on In(m) extraction

The diluent present in the less polar phase is generally an
aromatic or aliphatic hydrocarbon, preferentially with a low
solubility in the more polar phase, a high flash point and a high
boiling point. It's function is to reduce the viscosity of the
extractant and it has also an effect on the extraction efficiencies
and hence on the selectivity of the extraction process.**** For the
extraction of indium from EG with Cyphos IL 101 or Aliquat 336,
toluene was considered as diluent since it has often been used
in the past in combination with the extractants Cyphos IL 101
and Aliquat 336.** In the first series of experiments, the
distribution ratios (Dy,) and the percentages extraction of
indium(m) (%Ey,) were determined as a function of the LiCl
concentration varying between 0 and 3.5 M (Fig. 1). LiCl was
used as a salting-out agent because of its high solubility in EG.>*

The average distribution ratio of indium(m) for the EG +
(5 vol% Cyphos IL 101 in toluene) system increased with
increasing chloride concentration. The same trend but with
lower D values was observed for the EG + (5 vol% Aliquat 336 in
toluene) system. The lower D values can be explained by the
lower lipophilicity of Aliquat 336 compared to Cyphos IL 101.
The shorter alkyl chains attached to the quaternary ammonium
cation core give rise to a lower lipophilicity of Aliquat 336
compared to Cyphos IL 101. Furthermore, the charge delocal-
ization at the quaternary ammonium cations gives the central
part of these cations a higher charge density, and thus more
polar character, than the corresponding quaternary phospho-
nium cations.***® For both systems an extraction percentage
>97% was obtained at the highest LiCl concentration investi-
gated (3.5 M).

Next, the mutual solubility of the both phases was examined.
Any solvent pair can be used for solvent extraction as long as two
immiscible phases are formed. Test tube experiments indicated
that no significant volume changes occurred after extraction for
the systems investigated in this paper. The mutual solubility of
EG and toluene was estimated by recording the "H NMR spectra
of both phases after equilibrium was attained (Fig. S1 ESIT). The
solubility of the extractant in the more polar phase was esti-
mated by recording the "H NMR spectra of the more polar phase
after equilibrium for Aliquat 336 and by measuring the

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Distribution ratios of indium(n) (D;,) and (b) percentages
extraction of indium(in) (%E,,) as a function of LiCl concentration for
the EG + (5 vol% Cyphos IL 101 in toluene) system () and EG + (5 vol%
Aliquat 336 in toluene) system (A ). Conditions: volume MP : LP=1:1,
room temperature, 600 rpm, 1 h. Initial In{i) concentration =5 g L™,

phosphorous content of the more polar by ICP-OES phase after
equilibration for Cyphos IL 101. In the absence of LiCl, the
solubility of EG in the less polar phase was ~15 g L™" for both
systems and the solubility of toluene in the more polar phase
was as high as ~36 g L' and ~45 g L™ " for the Aliquat 336 and
Cyphos IL 101 system, respectively. As a consequence of the
salting-out effect, the mutual solubility decreased as a function
of increasing LiCl concentration. At a concentration of 3.5 M
LiCl, the solubility of EG in less polar phase decreased to ~9 g
L~! for the Aliquat 336 and ~13 g L™ " for the Cyphos IL 101
system. The solubility of toluene in more polar phase decreased
to~9gL 'and ~14 g L™ for the Aliquat 336 and Cyphos IL 101
system, respectively.

The solubility of Aliquat 336 in the more polar phase (~6 g
L") was considerately higher in the absence of LiCl than the
solubility of Cyphos IL 101 (3.7 ¢ L") under the same condi-
tions. With increasing LiCl concentrations, this difference in
solubility diminished rapidly. At 3.5 M LiCl, the solubility of
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Aliquat 336 and Cyphos IL 101 in the more polar phase
decreased to ~0.3 ¢ L™ " and 0.2 g L™, respectively. Overall, the
mutual solubility at all LiCl concentrations is higher in the
system containing Aliquat 336 as the extractant. The concen-
tration of extractant in toluene largely affects the phase equi-
librium. As shown in Fig. S2 ESI, upon addition of extractant to
the two phase system, the solubility of EG in the less polar phase
and of toluene in the more polar phase increased.

Speciation of indium(m)

Knowledge of the speciation of metals in the phases is required
to explain the extraction mechanism. The extractability of metal
ions strongly depends upon the structure of metal complexes in
the more polar phase.”” Raman spectra were recorded in the
spectral region from 50 to 1650 cm ™' as a function of the
indium concentration (5, 10, 20, 40, 60, 100, 150 and 200 g L™ ")
and LiCl concentration (0, 1, 2, 3.5 M). Initially, the indium
speciation was studied in EG without LiCl present. Fig. 2 shows
the Raman spectra at 0 M LiCl as a function of the indium
concentration. Table 1 gives the list of the observed Raman
modes. Three main changes can be observed throughout the
indium concentration range. First, the peak at 304 cm '
becomes more prominent with increasing indium concentra-
tion. This peak finds its origin in coordination of indium(u) to
EG. Second, a shoulder of the C-C stretch emerges around
885 cm™ ', representing the C-C stretch of the indium-EG
complex. Thirdly, the C-O stretch (¢rans) of EG transforms from
an independent peak to a shoulder of the C-O stretch (gauche)
of EG at ~1090 cm " with increasing indium concentration.
Simultaneously, the C-O stretch (gauche) of EG at ~1043 cm ™"
becomes more pronounced. EG is an oxygen donor ligand. The
ligand coordinates as a bidentate as well as a monodentate
ligand.”®*® Geometrically, EG cannot be present in trans
conformation when coordinated as a bidentate ligand to
indium(m). As a consequence, as more and more indium(m) is
coordinated to EG, the fraction of EG present in trans
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Fig. 2 Raman spectra at 0 M LiCl as a function of the indium
concentration. EG (1), 5 g Lt indium (2), 10 g L™t indium (3), 20 g L™t
indium (4), 40 g L™ indium (5), 60 g L~ indium (6), 100 g L~ indium (7),
150 g L™t indium (8), 200 g L~ indium (9). Aaser = 532.0 nm.
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Table 1 Observed Raman and infrared modes for EG containing different indium(i) concentrations at 0 M LiCI®-7*

Raman Infrared
v (em™* Assignment v (em™) Assignment
304 y(In-Cl) 480 C-C-0 bend (trans)
346 C-C-0 bend 517 C-C-0 bend (gauche)
481 C-C-0 bend (trans) 585 C-O tors
521 C-C-0 bend (gauche) 861 CH, rock (trans)
855 C-C stretch indium 880 CH, rock (gauche)
complex
866 C-C stretch 1033 C-C stretch + C-O stretch
1043 C-O stretch (gauche) 1083 C-C stretch + C-O stretch
1067 C-O stretch (trans) 1203 CH, twist
1090 C-O stretch (gauche) 1256 CH, twist
1215 CH,, twist 1332 CH, wagging + C-O-H bend
1269 CH,, twist 1362 CH, wagging + C-O-H bend
1289 CH,, wagging 1410 CH, wagging + C-O-H bend
1397 C-O-H bend 1455 CH, sciss
1462 CH, bend (sciss) 1656 H,O sciss
2874 CH, stretch (sym.)
2938 CH, stretch (asym.)
3295 OH stretch

conformation decreases. G. Carta et al. studies the indium(m)
complex in dimethyl ether. Based on elemental, thermogravi-
metric, infra-red, mass spectrometry and single crystal X-ray
analysis, it was proposed that the (InCl;),(DME); complex
composed out of two centrosymmetrically related InCl;-
-DME-0.5DME units, where the indium(m) is coordinated to
three chlorine atoms, two oxygen atoms of one chelating DME
unit and one oxygen atom of the bridging DME ligand in a fac-
octahedral arrangement, resulting in a six-coordinate
complex.®® Complexes with bridging ligands are common in
crystal structures. Metal complexes were EG serves as a bridging
complex are reported for sodium and copper.®* It is possible
that a similar bridging complex as with DME, (InCl;),(EG)s,
exists in solution. In contrast to crystal structures, it is unlikely
that an indium(m) complex encounters a second indium(im)
complex and forms a bridging complex in a liquid. Therefore,
we do not exclude the presence of a mononuclear indium(im)
complex, (InCl;)(EG),, where the indium(m) is coordinated to
three chlorine atoms, two oxygen atoms of one chelating EG
unit and one oxygen atom of another EG ligand.

Next, the Raman spectra of EG were recorded as a function of
the LiCl concentration without indium(m) present (Fig. S3 ESIT).
Similar to the spectra of indium(m) in EG, a shoulder of the C-C

OH
HO_ / OH
Ho<—--::|l_lif CI

i “OH

OH

Fig. 3 Tentative chemical structures of the lithium complex in EG.
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stretch emerges, representing the C-C stretch of the lithium-EG
complex and with increasing LiCl concentration, the C-O
stretch (trans) of EG transforms from an independent peak to
a shoulder of the C-O stretch (gauche). Lithium is probably
coordinated to six oxygen atoms from three chelating EG units,
similar to the speciation of lithium in glymes (Fig. 3).”> As with
indium, due to the bidentate nature of the coordination of EG to
lithium, an increase in LiCl concentration leads to a decrease in
the fraction of EG present in trans conformation.

Finally, Raman spectra were recorded with both indium and
lithium present in EG. Fig. S4 ESIf shows the Raman spectra at
different LiCl concentrations (0, 1, 2, 3.5 M) as a function of the
indium concentration (5, 10, 20, 40, 60 g L~"). No additional
changes in the spectra were observed with increasing indium
concentration except the ones already observed for the mono-
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Fig. 4 Raman spectra at 60 g L™! indium as a function of the LiCl

concentration. EG (1), 0 M LiCl (2), 1 M LiCL (3), 2 M LiCl (4), 3.5 M LiCl
(5). Aaser = 532.0 nm.
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Table 2 Raman and infrared spectral data for indium complexes in various solvents’#-84

Complex Raman Infrared
v(em™) Assignment v (em™) Assignment
InCl;L;* 267 Str. »(In-CI) 248-306 Str. »(In-CI)
[InCl,]? 333-351 T, antisym. str. 330-336 T, antisym. str.
317-326 A, sym. str. 115-120 T, antisym. deform
105-116 T, antisym. deform
89 E sym. deform
[InCls*~¢ 293 A 293-296 n.a.
149 E, A4, B; overlap 259 n.a.
135 n.a.
[InCleP~ 268 Aig 245 n.a.
149 Eg, Byg 182 n.a.
150 n.a.

“ Dimethyl sulfoxide (Raman + infrared), pyridine (infrared), y-picoline (infrared). ”

Diethyl ether (Raman), acetonitrile-d3 (Raman), 1-ethyl-3-

methylimidazolium chloride (Raman), 1-methyl-3-butylimidazolium chloride (Raman), (C,H;),N[InCl,] salt (Raman + infrared), (n-C3H,),N
[InCl,] salt (Raman + infrared), 1 : 1 molar ratio Aliquat 336 to InCl; in benzene (infrared) and molar ratios >1 : 1 trlheptylammomum chloride
to InCl; in benzene (infrared). ¢ 1-Ethyl-3-methylimidazolium chloride (Raman), 1 : 1 molar ratio Aliquat 336 to InCl; in benzene (infrared). ¢ 1-
Ethyl-3-methylimidazolium chloride (Raman), 1-methyl-3-butylimidazolium chloride (Raman), ((CH3);NH),[InCl¢] crystal (infrared).

element solutions. However, when comparing the Raman spectra at
different indium concentrations as a function of the LiCl concen-
tration, the Raman mode of the indium complex shifts to lower
wavenumbers (5-15 cm™ ') with increasing LiCl concentration
(Fig. 4 and S5 ESIY). A shift to lower wavenumbers of the metal-
ligand stretching frequency can result from a change to a higher
coordination number.” Possibly, an additional chlorine atom is
coordinated to indium, replacing the bridging EG molecule.

Table 2 shows the Raman spectra for indium complexes in
various solvents. Based on this data, it is concluded that indium
is probably present as a neutral complex at low LiCl concen-
tration. In solvents containing monodentate ligands, indium is
coordinated to three chloride ions and three ligand molecules
(In(L);Cly), similar to the coordination of several divalent metal
halides with EG.”” Since, EG can serve either as a monodentate
and bidentate ligand, the bridging (InCls),(EG); or mono-
nuclear (InCl;)(EG), complex is proposed for low LiCl concen-
trations. As the LiCl concentration increases, a larger fraction of
the coordinated indium ions shifts to bidentate coordination
with probably one EG molecule in combination with four
chloride ions ([In(EG)Cl,]") (Fig. 5). The additional chloride
atoms originate from the LiCl, releasing chloride anions upon
coordinating with EG (Fig. 3).

To confirm our hypothesis about the indium(ur) complexes
in EG, infrared spectra were recorded in the spectral region
from 375 to 4000 cm™ ' as a function of the indium concentra-
tion (5, 10, 20, 40 and 60 g L") and LiCl concentration (0, 1, 2,

\

<----In
HO o —/ C'{/ "o
\i /,,rOH
ne
// \\CI
HO Cl

3.5 M). The spectrometer did not allow for the recording of far-
infrared spectra at wavenumbers <375 cm ™', Fig. S6 ESIT shows
the infrared spectra at 0, 1, 2 and 3.5 M LiCl as a function of the
indium concentration. Table 1 gives the list of the observed
infrared modes. Limited changes are observed for the different
indium concentrations besides the peak at 1656 cm™ ", that is
related to the H,O sciss, and which becomes more prominent
with increasing indium concentrations. Since indium is added
as indium(m) chloride tetrahydrate, the increased intensity of
this peak is related to the increasing water content in the liquid.

As the LiCl concentration in the samples increases, a new peak
at 427 cm™ ' starts to appear, and this can be related to the coor-
dination of lithium with EG. At the same time, the CH, rocking
(trans) band of EG become less prominent (Fig. S7 and S8 ESIT).
Due to the overlap of the ¥(Li-O) with the C-C-O band (trans), no
statements can be made about the intensity of this trans band of
EG. The same observations were made for the Raman spectra were
the C-C-O bend (trans) and C-O stretch (trans) of EG became less
prominent with increasing LiCl concentration. This supports our
hypothesis that a substantial fraction of the molecules undergo
a change in conformation, from ¢#ans- to gauche-form, with
increasing LiCl concentration.

%In NMR spectroscopy was also used to the confirm the
indium(m) speciation in the MP phase. '**In NMR spectra of the
MP before extraction containing 5 g L~' indium(m) were
measured having various LiCl concentrations to confirm the
change in speciation across the LiCl concentration range.

CI

/J cl
\ / -0 ," Cl
HO

el

HO Cl

Fig. 5 Tentative chemical structures of indium(in) complexes formed at low (left + middle) and high (right) LiCl concentration.
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Fig. 6 k*-Weighed EXAFS function (a) and Fourier transform (b) of the indium complex in the more polar phase consisting of 3 mol L™* LiCl and
30 g Lt indium (from InCls) dissolved in EG. The fitted model is indicated with a red dashed line.

Unfortunately, no NMR lines of indium were observed. Failure
to observe NMR lines of indium in an environment of low
symmetry is not uncommon due to line broadening.®® *°In is
a quadrupolar nucleus (spin I = 9/2) with short relaxation times
leading to broad NMR signals and a low resolution.?**¢

The first coordination sphere of the indium(m) complexes in
the more polar and less polar phase were probed by Extended X-
ray Absorption Fine Structure (EXAFS). The speciation of InCl;
in several organic solvents and ionic liquids had already been
investigated by several researchers.***”® The speciation can
differ between a neutral InCl;L; complex and an anionic tetra-,
penta- or hexachloroindate(m) complex. Based on the

24602 | RSC Adv, 2020, 10, 24595-24612

coordination of several divalent metal halides with EG ligands
reported in the literature,” it was expected that a heteroleptic
indium(ur) complex would be present with both chloride and EG
coordinated to the metal center. Therefore, the EXAFS spectra of
all more polar samples were fitted with the same model con-
sisting of two shells of the In-O and In-Cl single scattering
paths and the number of neighbors (degeneracy) was regressed,
as well as the path length, the Debye-Waller factor and the E,
shift. The fitted EXAFS function and Fourier transform of the
sample containing 3 mol L™' LiCl and 30 g L™" indium are
shown in Fig. 6. The results indicate that degeneracy of the In-O
scattering path varied between 2.0(0.2) and 4.4(1.5) and for the

This journal is © The Royal Society of Chemistry 2020
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In-Cl scattering path between 4.8(0.4) and 2.1(0.3) (Table 3).
The degeneracy was found to be correlated with the LiCl
concentration, while no significant correlation was found with
the indium concentration. This indicates that the coordination
environment of indium changes with increasing LiCl concen-
tration, which is in line with the conclusions of the Raman
spectra. At low LiCl concentrations, indium is coordinated with
three oxygen atoms, possibly from two bidentate coordinated
and one bridging monodentate EG ligand, and three chloride
anions (InCl;),(EG); or one bidentate coordinated and one
monodentate coordinated EG ligand, and three chloride anions
(InCl3)(EG),. At higher LiCl concentrations, the coordination
changes to two oxygen atoms of one bidentate coordinated EG
ligand and four chloride anions ([In(EG)Cl,]").

In the less polar phase, it is expected that indium is present as
an anionic chloroindate complex. To verify this experimentally,
EXAFS spectra were recorded of the less polar phase after extrac-
tion of an EG solution containing 5 or 60 g L™ dissolved as InCl;
and 0 or 3 mol L™ " LiCl with Cyphos IL 101 or Aliquat 336 (5 or
60 vol%) dissolved in toluene. The EXAFS spectra overlap
completely, meaning that the indium(u) species in all samples is
very similar (Fig. 7). This indicates that the indium(u) species
showed very limited variation in the range of tested extraction
conditions. The spectra were fitted to a model consisting of one In—
Cl single scattering path (Table 4). The degeneracy of the scattering
path of the samples was approximately equal to four, indicating
that most probably the tetrachloroindate(ur) complex InCl,~ is
present in the less polar phase.

"5In NMR spectroscopy was also used to the determine the
composition of the extracted indium(m) complexes. '°In NMR
spectra of the LP phase after extraction were measured starting
from a MP phase having 5 ¢ L' indium(m) and varying LiCl
concentrations. The NMR spectra are shown in Fig. S9 ESL.T As
expected for a quadrupolar nucleus, broad NMR signals were
observed. A signal at ~451 ppm was observed for the LP phase
5 vol% of Cyphos IL 101 in toluene and a signal at ~441 ppm
was observed for the LP phase 5 vol% of Aliquat 336 in toluene,
independent on the LiCl concentration. The chemical shifts
found were compared to literature data for chloroindate(ur)
anions in molecular solvents.?*#”#2°-% Chemical shifts of the
signals lie in the same range as observed for tetrachloroindate
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Fig. 7 k*-Weighed EXAFS function of the indium complex in the less
polar phase after extraction of a EG solution containing 5 or 60 g L™*
dissolved as InCls and 0 or 3 mol L™ LiCl with Cyphos IL 101 or Aliquat
336 (5 or 60 vol%) dissolved in toluene. The fitted model is indicated
with a red dashed line.

anions, [InCl,]” in molecular solvents (416-480 ppm). This
suggests that the majority of indium exists in the LP phase as
tetrachloroindate(ur) anions, confirming the EXAFS data.

In addition to EXAFS and "**In NMR spectra, Raman spectra
were also recorded to determine the speciation of the extracted
indium complexes. Raman spectra of the LP phase before and
after extraction were measured starting from a MP phase having
5g L~ " indium(u) and 3.5 M LiCl. The Raman spectra are shown
in Fig. S10 ESLt A signal at ~321 cm ™" was observed for the LP
phase 5 vol% of Cyphos IL 101 in toluene and a signal at
~323 cm™ " was observed for the LP phase 5 vol% of Aliquat 336
in toluene. When comparing the Raman shifts of the signals to
the Raman shifts of chloroindate(mr) anions in various solvents
(Table 2), it can be concluded that the signals in the same range
as observed for tetrachloroindate anions, [InCl,]”, confirming
the EXAFS and "'°In NMR data.

Effect of the diluent on indium(m) extraction

Generally, the mutual solubility is quite high for both systems,
even at high LiCl concentrations. In order to decrease the

Table 3 EXAFS fitting results: selected degeneracies (N), bond distances (r) and Debye—Waller factors (¢°) for the indium(n) species in the more
polar phase: [In] = 5-30-60 g L™* dissolved as InCls, [LICll = 0-1.5-3 mol L™ in EG

In-O In-Cl

[LiCl] mol 1" [In]g L™ N r (A) o (A?) N r(A) o® (A%

0 5 3.0(1.0) 2.202(20) 0.002(2) 2.1(0.3) 2.440(10) 0.001(1)
0 30 4.4(1.5) 2.262(23) 0.008(3) 3.3(0.8) 2.427(11) 0.005(1)
0 60 3.6(0.5) 2.242(04) 0.006(1) 2.9(0.1) 2.436(02) 0.004(1)
1.5 5 2.4(1.4) 2.217(30) 0.004(4) 3.5(0.9) 2.448(12) 0.003(1)
1.5 30 2.5(0.1) 2.267(03) 0.007(2) 4.2(0.1) 2.440(01) 0.006(1)
1.5 60 2.7(0.4) 2.256(07) 0.006(1) 3.5(0.1) 2.446(02) 0.004(1)
3.0 5 2.2(0.6) 2.250(06) 0.009(1) 4.8(0.4) 2.448(01) 0.006(1)
3.0 30 2.0(0.2) 2.265(10) 0.006(1) 4.1(0.1) 2.453(01) 0.006(1)
3.0 60 2.0(0.3) 2.262(06) 0.006(1) 4.0(0.1) 2.453(01) 0.005(1)

This journal is © The Royal Society of Chemistry 2020
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mutual solubility, the toluene diluent was changed to the less
polar solvent p-cymene. p-Cymene is a naturally occurring
aromatic organic compound. It is one of the major constituents
of extracts and essential oils used in traditional medicines as
antimicrobial agents.”®®” Besides its “green character”, it has
also a higher boiling (111 °C vs. 177.1 °C) and flash point (4 °C
vs. 47 °C) than toluene, making it safer to handle. Moreover, it
can be regarded as a model of the commercial diluent SOL-
VESSO 150 (flash point 64 °C), dedicated to solvent extraction
applications.?® Third-phase formation occurred after extraction
when combining the diluent p-cymene with Aliquat 336 as the
extractant. Third layer formation will cause operational prob-
lems when switching to continuous mode in mixer-settlers and
is therefore undesirable. Due to the formation of a third phase
and the higher mutual solubility that was observed for the EG-
toluene system when Aliquat 336 was present in comparison to
Cyphos IL 101, it was decided to exclude Aliquat 336 as an
extractant in further studies. Fig. 8 shows the distribution ratios
and the percentages extraction of indium(m) as a function of the
LiCl concentration varying between 0 and 3.5 M for the EG +
(5 vol% Cyphos IL 101 in toluene) and EG + (5 vol% Cyphos IL
101 in p-cymene) system. The distribution ratios and percent-
ages extraction of indium(m) were slightly lower for the EG +
(5 vol% Cyphos IL 101 in p-cymene) system than for the EG +
(5 vol% Cyphos IL 101 in toluene) system, but the system is still
capable of almost fully extracting (%E, = 98%) the indium(im)
present at the maximum LiCl concentration.

The main difference between both systems is the mutual
solubility (Fig. S11 ESIT). When comparing both systems, it is
evident that the mutual solubility of the EG + (5 vol% Cyphos IL
101 in p-cymene system) is considerately lower than that of the
EG + (5 vol% Cyphos IL 101 in toluene) system. The solubility of
p-cymene in the more polar phase is on average 9 times lower,
reaching a minimum of 1.5 ppm at the highest LiCl concen-
tration. The solubility of EG in the less polar phase is on average
2 times lower, reaching a minimum of 3.5 g L ™" at the highest
LiCl concentration. The solubility of Cyphos IL 101 in the more
polar phase is similar in both systems.

Effect of the LiCl concentration on separation of indium(m)
and zinc(u)

After identification of EG/p-cymene as a promising solvent pair
for non-aqueous solvent extraction of indium(m), zinc(un) was
added as a second metal to investigate the capability of the EG +
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(Cyphos IL 101 in p-cymene) system for separation of indium(mur)
and zinc(u). In contrast to the mono-element systems studied
before, 1 vol% of 1-decanol had to be added as a modifier to
avoid third-phase formation after extraction. The extractant
concentration was also lowered from 5 to 2.56 vol%. Theoreti-
cally, 2.56 vol% of Cyphos IL 101 is required to fully extract
indium(m) with a MP : LP volume phase ratio of 1:1. The
selectivity of the solvent extraction systems can be increased by
exploiting such loading effects. At high metal concentrations in
the feed, fewer free extractant molecules are present and thus
the metal ion that has the highest affinity (i.e. indium(u)) will be
extracted preferentially and the co-extraction of less preferred
metals (i.e. zinc(u)) will be suppressed. The distribution ratios
and the percentages extraction of indium(m) and zinc(u) as
a function of the LiCl concentration varying between 0 and
3.5 M for the EG + (2.56 vol% Cyphos IL 101 in p-cymene) are
shown in Fig. 9. From Fig. 9 it is clear that the extraction of
indium(m) increased with increasing LiCl concentration while
the extraction of zinc(u) decreased. The highest separation
factor (n(myzn(m = 15) is obtained at a LiCl concentration of
3.5 M. The percentages extraction of indium(ur) at zinc(u) at this
concentration are 60% and 9%, respectively.

Extraction from non-aqueous vs. aqueous solutions

Solvent extraction of a mixture of indium(m) and zinc(n) (each 5 g
L") has been carried out from EG (+LiCl) and aqueous chloride
solutions by a solvent comprising Cyphos IL 101 (2.56 vol%) dis-
solved in p-cymene and 1 vol% 1-decanol as modifier (Fig. 9 and
10). When comparing these results to the non-aqueous system it is
clear that the separation of indium from zinc is more difficult in
the aqueous system. The distribution ratio and the percentage
extraction for both elements are very similar and exhibit only
limited variation across the LiCl concentration range.

Effect of [extractant] on separation of indium(m) and zinc(u)

In order to increase the percentages extraction of indium(m), the
effect of the extractant concentration on the extraction of indiu-
m(m) and zinc(n) was studied. Fig. 11 shows the distribution ratios
and the percentages extraction of indium(m) and zinc(u) as a func-
tion of the Cyphos IL 101 concentration varying between 2.56 and
15 vol% for the EG-Cyphos IL 101 in p-cymene system at a LiCl
concentration of 3.5 M. As expected, the percentage extraction of
indium(m) and zinc(n) increased with increasing Cyphos IL 101
concentration. Eventually, 99% of indium(m) and 90% of zinc(n)

Table 4 EXAFS fitting results: selected degeneracies (N), bond distances (r) and Debye—Waller factors (¢%) of the In—Cl single scattering path for

the indium(in) species after extraction in the less polar phase

[LiCllyp (mol L7Y) [In]ye (g L) [IL]p (vol%) IL N r(A) o (A?)

5 0 5 Cyphos IL 101 4.4(4) 2.364(1) 0.003(1)
5 3 5 Cyphos IL 101 4.5(1) 2.365(1) 0.003(1)
60 0 60 Cyphos IL 101 4.3(1) 2.365(1) 0.004(1)
60 3 60 Cyphos IL 101 4.2(1) 2.366(1) 0.004(1)
5 0 5 Aliquat 336 4.3(1) 2.365(1) 0.004(1)
5 3 5 Aliquat 336 4.0(1) 2.367(1) 0.004(1)
60 0 60 Aliquat 336 4.1(2) 2.367(2) 0.004(1)

24604 | RSC Adv, 2020, 10, 24595-24612
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were extracted. However, increasing the extractant concentration
leads to a more difficult separation. The best separation was ob-
tained at a Cyphos IL 101 concentration of 2.56 vol% correspond-
ing to the highest %E,/%E, ratio, namely 6.

Influence of the MP : LP phase ratio on separation of
indium(m) and zinc(u)

The effect of the MP : LP volume phase ratio on the extraction of
indium(m) and zinc(u) from an EG feed solution containing

This journal is © The Royal Society of Chemistry 2020

3.5 M LiCl was investigated with 2.56 vol% Cyphos IL 101 in p-
cymene (Fig. 12). The MP : LP phase ratio was varied from 1 : 11
to 11 : 1. A McCabe-Thiele plot was constructed to estimate the
number of theoretical stages required for quantitative extrac-
tion of indium(m) at a selected MP : LP phase ratio. It was found
that four counter-current stages are required to achieve quan-
titative extraction of indium(m) at a volume phase ratio of
1:1.55. There is still some co-extraction of zinc(u), indicating
the necessity of scrubbing to remove the co-extracted zinc(u)

RSC Adv, 2020, 10, 24595-24612 | 24605
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(a) Distribution ratios (D) and (b) percentages extraction (%E) of indium(i) () and zinc(i) (A) as a function of LiCl concentration for the

EG-2.56 vol% Cyphos IL 101 in p-cymene system. Conditions: volume MP : LP = 1: 1, room temperature, 600 rpm, 1 h. Initial metal concen-

trations: [In(m)] =5 g L™% [Zn()] = 5 g L™*. Modifier: 1 vol% 1-decanol.

(Table S1 ESIt). For MP : LP volume phase ratios smaller than
1:1.55, the McCabe-Thiele plot could not be constructed due
to maximum loading of the extractant. At these volume phase
ratios, it is impossible to completely extract indium(m). For the
ease of handling, a MP : LP phase ratio of 1 : 2 was chosen as
the optimal volume phase ratio. Three counter-current stages

24606 | RSC Adv, 2020, 10, 24595-24612

are required to achieve quantitative extraction of indium(m) at
a volume phase ratio of 1 : 2.

Next, the influence of the extraction time was evaluated from
1 min to 100 min at the optimal LiCl concentration of 3.5 M and
volume phase ratio of 1 : 2 (Fig. S12 ESIY). The results show that
equilibrium is reached after 20 min. The settling time at equi-
librium conditions is 210 s.

This journal is © The Royal Society of Chemistry 2020
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Scrubbing studies

To avoid loss of indium(u), an EG solution of high LiCl concen-
tration, 3.5 M, was used to the shift the solvent extraction equi-
librium towards the extracted metal complexes. To further
suppress the loss of indium(m) and to increase the scrubbing
efficiency of zinc(u), the principle of the crowding effect of the less
polar phase was exploited by adding indium(m), 5 g L™, to the
scrubbing solution.®® A McCabe-Thiele plot was constructed to

This journal is © The Royal Society of Chemistry 2020

estimate the number of theoretical stages required for quantitative
scrubbing of zinc(u) at a selected MP : LP phase ratio (Fig. 13). The
MP : LP phase ratio was varied from 1 : 11 to 11 : 1. The %S, for
each MP : LP phase ratio is shown in Table S1 ESL+ It was found
that six counter-current stages are required to achieve quantitative
scrubbing of zinc(u) at a volume phase ratio of 1 : 2, extracting at
the same time 60% of the indium from the scrub solution. A
MP : LP phase ratio of 1 : 1 would result in three theoretical stages
and a MP:LP phase ratio of 2:1 in two theoretical stages.

RSC Adv, 2020, 10, 24595-24612 | 24607
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However, in both cases the total indium input is bigger than the
output. Moreover, in the latter case two times the amount of more
polar phase is needed, which make these phase ratios economi-
cally less interesting.

Next, the scrubbing time was optimized by evaluating the
percentage scrubbing of zinc(i) (%S,) from 1 min to 100 min at
a LiCl concentration of 3.5 M, In(m) concentration of 5 g L' and
volume phase ratio of 1 : 2 (Fig. S13 ESIT). The results show that

24608 | RSC Adv, 2020, 10, 24595-24612

equilibrium is reached after 20 min. The settling time at equi-
librium conditions is 100 s.

Stripping studies

Stripping of the less polar phase after extraction (5 g L ™" In(m),
5g L~ " Zn(u), 3.5 M LiCl in EG : 2.56 vol% Cyphos IL 101, 1 vol%
1-decanol in p-cymene 1 : 2, 20 min, RT, 600 rpm) and scrub-
bing (5 g L' In, 3.5 M LiCl in EG : LP phase after extraction
1:1, 20 min, RT, 600 rpm) was tested using several stripping

This journal is © The Royal Society of Chemistry 2020
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Fig. 12 McCabe-Thiele diagram for the extraction of indium(m) from
EG using Cyphos IL 101 diluted in p-cymene. Conditions: room
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3.5 M, [1-decanol] = 1 vol%. Initial metal concentrations: [In(n)] =5 g
L= Zn)l =59 L%

agents. Approximately 3.5 g L™ " of indium(m) and 210 ppm of
zinc(u) are present in the less polar phase after extraction and
scrubbing. Cyphos IL 101 is a basic extractants (anion
exchanger). The driving force for extraction is the salting-out
effect. Stripping of metals is efficient if the distribution ratio
is low. This can be achieved by decreasing the salt concentration
by addition of water or EG. However, the stripping with water
did not result in a complete stripping; 85% of indium(ur) and
13% of zinc(u) were stripped from the loaded less polar phase
with water. Moreover, the stripping with EG resulted in the
formation of three phases. The pH of the more polar phase after
stripping with water is 3.30. Moreover, a second stripping step

[Zn]yp (PPM)

T T
400 600

[Zn] 5 (ppm)

T
0 200

Fig. 13 McCabe-Thiele diagram for the scrubbing of zinc(i) from the
loaded more polar phase. Conditions: room temperature, 600-
1000 rpm, 3 h, [LiCl] = 3.5 M. Metal concentration scrubbing solution:
lInm] =5g L%
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with water resulted in the formation of indium(u) hydroxide
precipitation (pHyp = 3.73). A higher phase volume ratio is
economically less attractive. From previous studies it is known
that indium(m) can be stripped from the loaded less polar phase
by precipitation stripping via addition of NaOH.”® Indium is
directly stripped from the less polar phase with an aqueous
NaOH solution forming insoluble In(OH);. The loaded less
polar phase was stripped with an aqueous phase containing
three equivalents of NaOH. Using only 3 equivalents of NaOH as
a stripping agent, it was possible to obtain a indium percentage
stripping and precipitation of 98% and 100%, respectively.
Although zinc is partially stripped (13%) and precipitated
(68%), it is present in very low concentrations. The pH of the
more polar phase after stripping was 6.58. The zinc remaining
in the less polar phase can be removed by contacting it for
a second time with an aqueous NaOH solution.

Mixer-settler experiments

The extraction and scrubbing process was tested in lab-scale
mixer-settlers to test the feasibility of working in continuous
mode. The composition of the more polar and less polar phase, the
scrubbing agent, the volume phase ratio, reaction time and the
theoretical number of stages were determined. While the use of
a McCabe-Thiele diagram predicted the need for three stages of
extraction, four were used, as the stage efficiency is predicted to be
significantly lower than 100%, due to the slow kinetics of the
system (equilibration time of 20 min). During the experiment, the
extraction and scrubbing behavior of indium(m) and zinc(u) was
monitored by taking a sample (200 uL) of the more polar and less
polar phase every 30 min to 60 min from each extraction or
scrubbing chamber. Equilibrium was reached after about 10 hours
of operation for the extraction process and after about 12 hours for
the scrubbing process, after which the system remained stable
over time, with only minor variations in the metal concentrations
(Fig. S14 and S15 ESIf). No precipitation or third-phase formation
was observed during the entire operation. As a result, Fig. 14 shows
the concentration profile of indium(m) and zinc(u) across the
mixer-settler battery. During the four-stage extraction, 99% of
In(m) was extracted. Co-extraction of Zn(u) was limited to 19%,
which was subsequently for the most part removed (90%) from the
loaded less polar phase after the six scrubbing stages. A high
amount of In(m) (92%) was extracted from the scrub feed to the
loaded less polar phase. The final loaded LP phase exiting the
mixer-settlers contained indium of a purity of 98%. The density,
viscosity of the MPjpjet; MPoutety LPinter and LPoye at equilibrium
for extraction and scrubbing are listed in Table 5. The solubility of
p-cymene in the more polar phase for extraction was 269 =+
117 ppm and for scrubbing 373 £ 126 ppm, respectively. The
solubility of Cyphos IL 101 in the more polar phase was 178 +
2 ppm for extraction and 77 + 1 ppm for scrubbing. After the
continuous scrubbing experiment, the loaded less polar phase
contained 4.7 g L™" of indium(m). Precipitation stripping was
performed using 3 times stoichiometric amount of NaOH with
respect to indium(m) by addition of an aqueous NaOH solution in
a 1:1 volume phase ratio. ICP-OES analysis of the less polar and
more polar phase confirmed quantitative stripping and

RSC Adv, 2020, 10, 24595-24612 | 24609
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Table 5 Density and viscosity of the MP;,iet, MPoutiet, LPinet and LPoutier at equilibrium for extraction and scrubbing (25 °C)

Extraction Scrubbing

MPinIet MPoutlet LPinlet LPoutlet MPinIet MPoutlet LPinIet LPoutlet
Density (g mLfl)a 1.195 1.186 0.854 0.861 1.188 1.181 0.861 0.862
Viscosity (mPa sil) 139 +£1 130 + 4 0.92 + 0.01 0.98 + 0.01 138+ 1 122 +1 0.98 + 0.01 1.08 £ 0.06

“s,=1.589 x 10 * g mL " for all the samples.

precipitation. The recovered hydroxide residue was filtered
(Whatman GF/A) and dried (Schlenk line, 80°, 24 h). The purity was
determined by ICP and corresponded to 98.5% indium(m) and
1.5% zinc(n).

Conclusions

A process for the separation of indium(m) and zinc(u) from
ethylene glycol solutions by non-aqueous solvent extraction with
the ionic liquid Cyphos IL 101 was developed. Indium(m) was
selectively extracted with minimum co-extraction of zinc(u) using
Cyphos IL 101 from ethylene glycol, whereas the extraction was
inefficient from aqueous chloride solutions. In ethylene glycol at

24610 | RSC Adv, 2020, 10, 24595-24612

low LiCl concentrations, the bridging (InCl;),(EG); or mono-
nuclear (InCl;)(EG), complex is proposed. At higher LiCl concen-
trations, the coordination changes to two oxygen atoms of one
bidentate ethylene glycol ligand and four chloride anions ([In(EG)
Cly]7). In the less polar phase indium(m) is present as a tetrahedral
[InCl,]” complex independent of the LiCl concentration in the
more polar phase. Raman spectroscopy, infrared spectroscopy,
EXAFS and "°In NMR were used to characterize the dominant
species in solution. Based on a McCabe-Thiele plot, four-stage
counter-current extraction simulations were conducted to fully
extract indium(m). The co-extracted zinc(u) was removed by a six-
stage counter-current scrubbing with an indium(m)-containing
scrub feed solution. The indium in the final loaded less polar

This journal is © The Royal Society of Chemistry 2020
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phase exiting the mixer-settlers had a purity of 98%. The loaded
indium(um) could be recovered as In(OH); (98.5%) by precipitation
stripping with an aqueous NaOH solution.
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