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Abstract: The main goal of this study was to recover indium from the waste liquid crystal display (LCD) panel. In this
context, an ionic liquid Cyphos IL 101 was explored. The extraction parameters such as equilibration period, acid
concentration, chloride ion concentration, hydrogen ion concentration were examined on the extraction efficiency of
Cyphos IL 101 towards In(III). Quantitative extraction of indium was found at 2.0 mol/L HCI using 0.005 mol/L
Cyphos IL 101 and quantitative stripping with 1.0 mol/L. H,SO4. Job’s method was used to determine the extracted
species and R;R PInCl, (R=C¢H,;; R'=C,4H,9) was proposed. Based on the observations on multi-metal studies, Cyphos
IL 101 was further employed for the removal of indium, tin and copper from the leach liquors of waste LCDs.
Optimized conditions were generated for the recovery of indium from waste LCDs. McCabe—Thiele diagram analysis,
counter-current extraction and selective stripping were carried out to separate the metal ions, i.e., indium, tin and
copper. Two stages at O/A ratio of 1:3 were required for complete removal of tin from the feed and selective stripping of
In and Sn was achieved using 0.1 mol/L H,SO,. A scheme for separating indium from the waste LCDs was proposed.
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1 Introduction

In the world scenario, the fastest growing
waste stream is waste electronic and electrical
equipment (WEEE). It is growing day by day in
huge amount across the world for which it is
considered as a real secondary mine known as
urban mine. Base metals, rare earth elements,
precious metals and critical elements can be
reclaimed from the above waste. One critical
element indium is present in the liquid crystal
displays (LCDs) in the form of indium tin oxide
(ITO) which belongs to WEEE and widely used in
TV screens, desktops, laptops, mobile phones,
signboards and any type of display screen boards.

The lifetime of the above-mentioned goods is
6—7 years generating a large amount of waste. I[TO
i1s a mixture of 80%—90% of In,O; and 10%—20%
of SnO; [1,2]. Around 65% of the world’s indium
production has been used for making ITO films
which are used in LCDs [3]. Indium has no primary
source and it is derived as a by-product from other
metallurgical processes or secondary raw materials.
It is generally found in sphalerite, ores of copper,
lead and tin [4,5]. Approximately 250 pg/g of
indium is present in LCD screens while in
sphalerite it is within 2—100 pg/g [6]. LCD screens
may be considered as a potential source of indium.
Various reports have been stated for indium
recovery from ITO through various routes [7—11].
But the most versatile and flexible technology is the
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hydrometallurgical route because of low cost and
low energy consumption where solvent extraction
plays a key role.

The review of scientific literature about the
recovery of indium from LCDs following solvent
extraction processes has been discussed here.
YANG et al [6] reported the separation of indium
from HCI or H,SO, solution using DEHPA
(di-2-ethylhexyl phosphoric acid), TBP (tri-butyl
phosphate), Cyanex 272 (2,4,4-trimethylpentyl
phosphinic acid) and Cyanex 923 (mixture of four
trialkyl-phosphine oxides). On extraction with
0.1 mol/L DEHPA and stripping with 1 mol/L HCI,
indium recovery was 99% with 93% purity. Another
study reported the extraction of indium and tin from
LCD panels in H,SO,, HNO; and HCI media using
1 mol/L D2EHPA, 1 mol/L TBP and a mixture of
0.2 mol/L D2EHPA and 0.8 mol/L. TBP [12]. In
HNO; leaching solution, the separation of tin and
indium was not noticed, and the separation factor
increased with increase in HCI concentration;
however, 20% co-extraction of tin was obtained.
The flow-sheet was developed with H,SO, leaching
solution. The recovery of indium and yttrium from
HCl-leached flat panel display waste using Cyanex
923 and DEHPA was studied. It was reported that
separated from the leachate by
extraction with 0.25 mol/L Cyanex 923 in kerosene
followed by stripping with 1 mol/L HNO;. In the
meantime, yttrium was recovered upon extraction
with 0.2 mol/L DEHPA in kerosene followed by
stripping with 2 mol/L HCI. The purities of the final
products of indium and yttrium were 95% [13].
Similarly, the extraction of indium from the etching
solution of indium tin oxide using 0.3 mol/L
D2EHPA was studied and reported that the
extraction efficiency of indium reached 92% with
8.62 g/L of indium in the organic phase at an O/A
ratio (volume ratio) of 1:1 and quantitative stripping
was conducted at O/A ratio of 1:2 using 2 mol/L
HCI [14]. Indium separation from other impurities
was optimized by varying O/A ratio, pH and
extractant concentration. Satisfactory separation of
aluminium, cerium and iron from indium was
achieved in the pH range of 1-1.5 at room
temperature using 0.3 mol/L D2EHPA. D2EHPA
was also used as an extractant to recover indium
from the leaching solution of LCD panels of
discarded mobile phones [15]. The best condition

indium was

reported for the process was A/O ratio of 2:5,
20 min contact time with solution of pH 0.5 and the
D2EHPA extractant concentration of 30% (volume
fraction). Individual extraction of In(Ill) using
various extractants was also studied [16—21].

A class of extractants called ionic liquids (ILs)
have been widely reported; however, few reports
are available on indium extraction by ILs [22].
These ILs have exclusive features like low vapour
pressure, nonflammability, high thermal stability
and low melting point [23] and are made up of a
cation and an anion [24,25] and it is also possible to
tune the physicochemical properties of ILs [26].
Extractions of many metal ions were reported using
different ILs [27-39]. Different forms of Aliquat
336 diluted with kerosene were applied for the
extraction and separation of Co(Il) and Ni(Il) from
acidic sulfate solutions. The extraction rates of
metal ions were found to increase with increasing
pH and extractant concentration. The stripping of
the two metal ions from the organic phase was
also investigated. The optimized condition was
employed for the separation and recovery of Co(Il),
Ni(Il) and In(Ill) from Ni—-MH battery which was
leached by 2.0 mol/L H,SO4. A flow sheet was
developed from the experimental observations [35].
Also, bifunctional IL (trioctylmethy lammonium/
2,4, 4-trimethylpentyl phosphinate, A336/Cy272) in
kerosene was used to extract and separate copper
from other base metal ions as investigated by
DEVI [37]. The study concluded that, the IL could
extract copper more efficiently than the individual
extractant Aliquat 336 or Cyanex 272. 0.1 mol/L
H,SO, was found as the stripping agent for
complete removal of copper from the loaded
organic phase. The extraction rates of metal ions
from a synthetic solution containing copper with
other metal impurities followed an order Fe>Zn>
Cu>Cd>Co>Ni. Another study on the separation
and recovery of V(V) and Cr(IIl) from acidic
sulfate leaching liquors of ilmenite using 0.4 mol/L
Aliquat 336 in kerosene revealed that the extraction
process was pH dependant [39]. The metal ions
V(V) and Cr(IIl) were precipitated at different pH
ranges, forming ammonium  metavanadate
(pH 7.5-8.0) and chromium hydroxide
(pH 9.0-10.0). On separation and calcination of
both precipitates at 500°C, the chemical
compositions of corresponding oxides, i.e. V,0s
and Cr,O; were reported to be 97.34% V,0s, 0.59%
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Cr,03, 0.25% Al,O3 and <1.82% of other impurities,
and 98.03% Cr,03, 1.29% Al,O; and <0.68% of
other impurities, respectively. Phosphonium ILs
under the trademark of Cyphos ILs are available by
Cytec industries namely Cyphos IL 101, Cyphos IL
104 and Cyphos IL 109. These ILs do not release
fluorinated anion to the aqueous phase unlike ILs
containing fluorinated anions and possess high
thermal and chemical stability, less toxicity than
ammonium-based ILs [40]. Trihexyl (tetradecyl)
phosphonium chloride (Cyphos IL 101) and trihexyl
(tetradecyl) phosphonium bis-2,4,4-(trimethylpentyl)
phosphinate (Cyphos IL 104) were used for the
extraction of various transition metals [41—46], rare
earth metals [47,48] and rare metals [49,50].
CIESZYNSKA and WISNIEWSKI [41] studied the
extraction of Pd(II) from HCI solution using
Cyphos IL 101 diluted in toluene and reported that
the extraction was fast, efficient and dependent
upon HCI concentration. The extraction rate
decreased from 97% to 54% while changing HCI
concentration from 1.0 to 3.0 mol/L. 0.5 mol/L
NH4OH was the stripping agent used for back-
extraction. The extraction of rare earth metals, i.e.
trivalent lanthanides (La(Ill), Nd(III), Gd(III), and
Lu(Ill)) was studied by KUMARI et al [48] using
Cyphos IL 104 diluted in kerosene from chloride
medium and the result indicated that very high
extractability of Cyphos IL 104 towards trivalent
lanthanides was obtained, also the stripping of
loaded organic phase was good in dilute HCIL
Further, the extraction of rare metal Ga(Ill) was
investigated using Cyphos IL 104 diluted in toluene
from chloride medium [49]. Results as reported by
the authors suggested that Cyphos IL 104 was an
efficient extractant for extraction of Ga(Ill) and
99.8% extraction rate of Ga(Ill) was observed with
3 mol/L HCI. The proposed extracted complex was
found to be 1:1 (metal:ionic liquid complex, molar
ratio) and the extracted species was reported as
R3R’PGaCl,.

In the present work, an attempt has been made
to extract indium from the liquid crystal display
(LCD) panel using Cyphos IL 101. Initially, the
extraction behavior of Cyphos IL 101 with In(III)
from acidic chloride medium was investigated
where the effects of various parameters like
equilibration period, acid concentration, extractant
concentration, metal concentration, chloride ion
concentration, hydrogen ion concentration, Job’s

method, temperature and presence of other metals
were studied. Upon finding the optimum
conditions, it was extended to recover indium
present in the LCD panel with selective extraction
and separation of tin, indium and copper.
McCabe-Thiele plot, counter-current extraction and
selective stripping were studied and reported. Each
step was represented in a flow-sheet.

2 Experimental

2.1 Reagents and material

The stock solution of indium (III) (In(I1I)) was
prepared by dissolving indium chloride (>99%
purity, Sigma Aldrich) in double-distilled water.
5 mL of concentrated hydrochloric acid was added
to prevent hydrolysis. Ionic liquid trihexyl
(tetradecyl) phosphonium chloride (Cyphos IL 101)
was provided by Cytec Industries Inc., Canada
(Now Cytec Solvay). Kerosene was used as the
diluent to get the desired sample concentrations.
Analytical grade chemicals were used without
further purification in the experiments. Waste LCD
which is the part of a discarded computer used for
the study was collected from the IT shop at
Bhubaneswar. The collected computers were
dismantled physically and the LCD screen
containing indium was used for the experimental
work.

2.2 Methodology and measurement

In a separating funnel, 10 mL of the organic
and aqueous phases were taken and vigorously
shaken for 10 min except for shaking time variation
study. All the experiments were carried out at room
temperature (27+1) °C except for temperature
variation study. The aqueous phase after extraction
named as raffinate was collected after phase
disengagement and the metal ion concentration was
analyzed by inductively coupled plasma mass
spectroscopy (ICP-MS) of Perkin Elmer model-
NexION 300X. Using mass balance, the
concentration of the metal ion in the organic
phase was calculated. The average values of the
triplicate experiments were reported for result and
discussion. The FTIR spectra of Cyphos IL 101 and
indium loaded Cyphos IL 101 were recorded
using FTIR spectrometer (Model-Cary—660) of
Agilent Technologies.
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3 Results and discussion

3.1 Extraction of indium using Cyphos IL 101
3.1.1 Determination of equilibration period

The time required to attain equilibrium was an
important factor in liquid—liquid extraction. To find
out this, the extraction of 0.001 mol/L In(IIl) was
carried out from 1 mol/L HCI using 0.005 mol/L
Cyphos IL 101 in kerosene at different time
intervals. It was found that the extraction rate
increased up to 5 min and then remained constant
afterwards, which indicated that equilibrium was
achieved within 5 min for In(III) with 0.005 mol/L
Cyphos IL 101 (Fig.1). So, in each of the
experiments, the shaking time of 10 min was kept
constant to presume complete equilibrium.
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Fig. 1 Effect of time on extraction rate of In(IIl) using
0.005 mol/L Cyphos IL 101 in kerosene (Aqueous phase:
0.001 mol/L In(IIT); Organic phase: 0.005 mol/L Cyphos
IL 101 diluted in kerosene)

3.1.2 Influence of HCI concentration

The extraction rate of the extractant with the
metal ion sometimes depends on the concentration
of acid wused in the aqueous phase. For
substantiation, experiments were carried out using
organic phase concentration of 0.005 mol/L and an
aqueous solution containing 0.001 mol/L In(III) and
the HCI concentration was varied from 0.001 to
5.0 mol/L (Fig. 2). From the plot of extraction rate
versus lg [HCI] (Fig. 2), it was observed that the
extraction rate of indium increased with increase in
HCI acid concentration up to 2 mol/L with a
extraction rate of 97.2% and remained constant
thereafter up to 5 mol/L HCL
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Fig. 2 Effect of HCI concentration on extraction rate of

In(IIT) (Aqueous phase: 0.001 mol/L In(IIl); Organic
phase: 0.005 mol/L Cyphos IL 101 diluted in kerosene)

3.1.3 Prediction of extracted species

The composition of the extracted species was
studied by many researchers using several stoichio-
metric coefficients obtained by the distribution data
from various experimental parameters. In this case,
the Job’s method was explored to predict the
nature of the extracted indium species. One
set of experiment was carried out where the
concentrations of indium and Cyphos IL 101 were
varied, keeping the total concentration fixed at
0.01 mol/L with 2.0 mol/L HCI concentration in the
aqueous phase. It can be seen from the plot of
indium extracted into the organic phase (in mg/L)
versus mole fraction of Cyphos IL 101 (Fig. 3)
that an extracted complex with molar ratio of
metal/ionic liquid complex being 1:1 was formed
with indium and Cyphos IL 101 extractant [51].
Then, two sets of experiments were carried out to
verify this. One was the loading experiment which
was performed keeping the extractant concentration
at  0.005mol/L and varying the indium
concentration from 0.001 to 0.01 mol/L and
maintaining the aqueous acidity at 2.0 mol/L.
Figure 4 represents the plot of the ratio of initial
extractant concentration [Cyphos IL 101} and
indium concentration extracted to the organic phase
[In(IIT)]ore versus initial indium concentration, and it
was observed that the concentration ratio gradually
decreased and reached 1.0 with
concentration of indium which supported the
formation of the complex with molar ratio of
metal/ligand being 1:1. Then, the extractant
concentration variation study was carried out where
the metal ion concentration was kept at 0.001 mol/L

increase in
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and the Cyphos IL 101 concentration in the range
from 0.001 to 0.01 mol/L. The plot of 1g D (D is the
distribution coefficient) vs lg [Cyphos IL 101] gave
a slope of 0.91, supporting the participation of
1 mol of ionic liquid corresponding to 1 mol of
indium in the extraction process (Fig. 5).
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Fig. 3 Job’s plot for In(Ill) ions ([Cyphos IL 101] +
[In(III)]=0.01 mol/L)
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Fig. 4 Loading test results for In(IlT) on Cyphos IL 101
([HC1] =2.0 mol/L, [Cyphos IL 101] = 0.005 mol/L,
O/A=1:1)
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Fig. 5 Plot of 1g D vs 1g [Cyphos IL 101] (Aqueous
phase: 0.001 mol/L In(III), 2.0 mol/L HCI, O/A=1:1)

3.1.4 Effect of chloride ion concentration

The effect of chloride ion concentration on
indium extraction was studied using 0.005 mol/L
Cyphos IL 101 in the chloride concentration range
of 1.0 (only HCI) to 3.0 mol/L (with addition of
NaCl). It was found that the extraction rate of
indium increased with increase of chloride
concentration from 47.2% to 96.0%. lg—lg plot of
distribution  coefficient and chloride ion
concentration from both hydrochloric acid and
sodium chloride yielded a slope of 3.01 (Fig. 6),
indicating participation of three chloride ions in the
extraction process.

1.6

1.2

0.8

lgD

y=3.0173x-0.0977,
R?=0.9842

012 014 0.6
1g[[CI"]/(mol-L™1)]
Fig. 6 Plot of lg D vs 1g [Cl] for indium extraction

(Aqueous phase: 0.001 mol/L In(IIl), 1.0 mol/L HCI;
Organic phase: 0.005 mol/L Cyphos IL 101 in kerosene)

3.1.5 Effect of hydrogen ion concentration

The influence of hydrogen ion concentration
on the extraction of indium was studied in the
manner where, the hydrogen ion concentration was
varied from 0.001 to 2.0 mol/L whilst the chloride
ion was kept constant by adding required amount of
sodium chloride. Figure 7 represents the plot of
lg D vs 1g [H']. The obtained slope value confirmed
that H" was not involved during the extraction of
indium with Cyphos IL 101.
3.1.6 Extraction mechanism

In the extraction of In(Ill) from HCIl acid
and chloride medium using acidic and solvating
type of extractants, In*", InCI* and InCl; were
considered to be the predominant species in the
weak and moderate chloride media [18,20,52,53].
The extraction with long chain amines from
chloride medium suggested the presence of
species containing InCl;, InCl{” in the organic
solution [54—56]. Our results in terms of slope
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Fig. 7 Plot of Ig D vs lg [H'] for indium extraction with
Cyphos IL 101 (Aqueous phase: 0.001 mol/L In(III);
Organic phase: 0.005 mol/L Cyphos IL 101 in kerosene)

values obtained from the Job’s plot, extractant,
chloride ion and hydrogen ion concentrations
studies proposed the following extraction process
for indium extraction with Cyphos IL 101.

In* 4 F3C1 o HRR PCllore==[RsR PInClilory (1)

From the FTIR spectra of neat Cyphos IL 101
and In-loaded Cyphos IL 101 (Fig. 8), it was found
that the peaks pertaining to P—C stretching in
Cyphos IL 101 at 1034, 1095 and 1446 cm ', were
shifted to 1063, 1088 and 1442 cm™' in case of
In-loaded Cyphos IL 101, respectively. All these
observations suggested that the complex R;R PInCl,
was formed in the organic phase.

— Cyphos IL 101
In-loaded Cyphos IL 101

1800 ‘ 1600 1400 1200 1000 800
Wavenumber/cm™!

Fig. 8 FTIR spectra of 0.05 mol/L Cyphos IL 101 and
0.007 mol/L In-loaded Cyphos IL 101

3.1.7 Effect of temperature
The wvariation of temperature has a
considerable effect on the extraction of metal ions.

Ionic liquids are high molecular mass compounds
and highly viscous. As viscosity is inversely
proportional to temperature, the increase in
temperature decreases the viscosity of the ionic
liquid and favors mass transfer [57,58].
Experiments were carried out varying the
temperature from 27 to 60 °C using 0.005 mol/L
Cyphos IL 101 with 0.001 mol/L InCl; from
1 mol/L HCI. The distribution of indium with
experimental conditions is shown in Fig. 9. It was
found that the indium extraction was enhanced with
increase in temperature. For example, the D value
was 1.06 at 27 °C (300 K) and increased to 1.78 at
60 °C (333 K). Using the slope and intercept values
of Fig. 9, the thermodynamic parameters AH® and
AS® were calculated using Eq. (2) [42] and found to
be 12.71 kJ/mol and 87.33 J/(K-mol), respectively.

_ -AH® . AS®
2.30RT  2.303R

+1g[R{R'PCI]+31g[CI ]
(2)

Endothermic and entropy driven process has
been envisaged from the positive value of AH® and
AS®, respectively.

lgD
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0.10f y==0.6639x+2.2602

R?=0.9436
0.05r

029 30 3.1 32 33 3.4
T7Y/1073K™!

Fig. 9 Effect of temperature on indium extraction

(Aqueous phase: 0.001 mol/L In(IIl), 1.0 mol/L HCI;

Organic phase: 0.005 mol/L Cyphos IL 101 in kerosene)

3.1.8 Effect of stripping agents and stability of

Cyphos IL 101

The reuse of extractants has been very
important in solvent extraction as it minimizes the
cost of the plant operation and also reduces the
pollution. Various stripping agents were engaged
for re-extraction of indium from the loaded organic
phase containing 556 mg/L of indium. From
Table 1, it was found that (96.2£0.15)% and 100%
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Table 1 Competencies of various stripping agents on
stripping of In(I1I) from loaded Cyphos IL 101

Stripping Stripping reagent Stripping rate
reagent concentration/(mol-L ") of In(I11)/%
HCl 0.1 39.6+0.05
HCl 1.0 70.1+0.03
H,SO, 0.1 96.2+0.15
H,SO, 1.0 100
HNO; 0.1 32.2+0.17
HNO; 1.0 34.1+0.04
NH;-H,0O 0.1 67.5+0.01
NH;-H,0O 1.0 71.3+0.01

stripping rates were obtained with 0.1 and
1.0 mol/L.  H,SO,, respectively. Nearly 70%
stripping rates were found with 1.0 mol/L HCI and
1.0 mol/L NH;-H,O, respectively. The stability of
Cyphos IL 101 using 1.0 mol/L H,SO, was studied
in the following manner. 10 mL of 0.005 mol/L
Cyphos IL 101 was contacted with 10 mL fresh
1.0 mol/L H,SO,4 up to 10 times and the dissolved
phosphorus was analyzed by means of ICP-MS.
From Fig. 10, it could be seen that the solubility
of the phosphonium cation was low, i.e. 0.31 mg/L,

1.0

os |

0.6
0.4

02}

Dissolved P concenration/(mg-L™")

0 2 4 6 8 0 12
Number of fresh contact of 1 mol/L H,SO,

Fig. 10 Stability of 0.005 mol/L Cyphos IL 101 in
1 mol/L H,SO,4 at O/A of 1:1

through ten fresh contacts, which suggested that the
loss of extractant to the raffinate was minimal after
one conditioning step.
3.1.9 Separation of binary metal ions

For an ore or any secondary sources, where the
desired metal was present, other impurities were
also allied with it. The extraction behavior of
In(Ill) in the presence of other
associated metal ions from binary-metal solutions

commonly

was investigated and the binary separation data
were presented in Table 2. It was found from Table

Table 2 Effect of HCI concentration on extraction rate of indium from binary mixtures (Aqueous phase: 0.001 mol/L
In(IIT), 0.001 mol/L Ga(II1T)/Cu(I1)/Al(I1T)/Ni(I1)/Sn(Il); Organic phase: 0.005 mol/L. Cyphos IL 101 in kerosene)

[HC1Y Binary Binary metal Extraction Extraction rate of
(mol-L™") metal ion concentration ratio rate of In(I11)/% other metals/%

1 51.5+0.009 44.1+0.12

2 In(11I):Ga(I1I) 1:1 63.5+0.006 95.3+0.03

3 96.6+0.02 99.7+0.10

1 47.5+0.008 2.7+0.02

2 In(11I):Cu(II) 1:1 97.840.10 10.4+0.008

3 97.6+0.005 25.44+0.02

1 51.0£0.003 7.2+0.03

2 In(IIT): A1(TIT) 1:1 94.94+0.01 10.4+0.02

3 96.6+0.02 14.240.02

1 49.5+0.01 0

2 In(11I):Ni(II) 1:1 99.74+0.10 0

3 100 0

1 49.4+0.14 98.1+0.04

2 In(1IT):Sn(II) 1:1 92.7+0.02 99.0+0.01

3 97.6+0.04 99.1+0.02
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2 that the preference of extraction of In(IIl) over
AI(IIT), Ni(II) and Cu(II) was more and reverse in
the case of Ga(IlI) and Sn(II).

3.2 Recovery of In(IIl) from LCD panel using

Cyphos IL 101
3.2.1 Collection of LCD waste and leaching

LCDs are the widespread components used in
the electronic industry, but the life span of an LCD
is typically 5—6 years [59]. Indium tin oxide is the
main part of the LCD used as a secondary source of
indium recovery from the LCD wastes [60]. The
discarded computer having the LCD panel was
collected from the local market. The collected
discarded computer was dismantled into different
components and LCD panel having indium tin
oxide coating was segregated. The collected LCD
panel was cut into small pieces (5 cm X 5 cm) using
a glass cutter. Different concentrations of HCI were
mol taken for leaching of metal ions. The waste
LCD panel was immersed in 1, 3, 6 and 12.27
(concentrated) mol/L HCI (each volume of 50 mL)
overnight for better dissolution of the metal ions.
After 24 h of leaching, the leachate was collected
and stored for further separation and analysis. The
analysis report revealed that indium, copper and tin
were the major elements present in the leach liquor
(Table 3). From Table 3, it was also observed that
with an increase in HCIl concentration the copper
dissolution increased but the dissolution of indium
and tin was not affected obviously. Hence, 1 mol/L
HCI was taken as the leachant concentration and the
leach liquor was generated for separation and
recovery of indium.
3.2.2 Optimization of Cyphos IL 101 concentration

It was observed from binary metal studies that
the extraction order of tin, indium and copper was
Sn(ID)>In(II1)>Cu(Il). For optimization of Cyphos
IL 101 concentration, the leach liquor was
equilibrated with three different concentrations of
Cyphos IL 101 (0.002, 0.003 and 0.005 mol/L).

Table 3 Compositions of leaching liquor of LCD panel
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Further investigation was carried out using Cyphos
IL 101 concentration of 0.003 mol/L which
pertained 99.4% extraction rate of tin along with
22.7% extraction rate of indium and zero extraction
rate of other metals (Fig. 11).
3.2.3 McCabe—Thiele diagram and counter-current

extraction

For removal of tin from the leach liquor, the
McCabe—Thiele plot was constructed by
equilibrating the leach liquor with 0.003 mol/L
Cyphos IL 101 at different phase ratios. The
aqueous to organic ratio was varied from 1:5 to 5:1,
overall keeping the total volume constant. Figure 12
shows McCabe—Thiele plot for Sn(Il) extraction. It
was apparent in Fig. 12 that complete removal of
tin from the leach liquor was possible in two-stage
with organic to aqueous phase ratio of 1:3. Then,
the prediction of McCabe—Thiele plot was
confirmed by performing two-stage counter-current
extraction at O/A ratio of 1:3. The resulting loaded
organic contained 60.3 mg/L Sn(Il) and 49.8 mg/L
In and the corresponding raffinate concentrations
were 0.001 mg/L Sn(Il), 33.7 mg/L Cu(ll) and
76.8 mg/L.  In(IIl). Since the extraction was
carried out at O/A ratio of 1:3, the organic phase
enriched thrice with tin and indium
concentrations.
3.2.4 Selective stripping of tin and indium

To recover tin and indium from the loaded
organic phase, different sulfuric acid concentrations
were used for selective stripping of indium and tin.
Complete stripping of indium was observed at low
acid concentrations with very little contamination
of tin (0.472 mg). Therefore, the loaded organic
phase was treated with 0.1 mol/L H,SO, to back
extract indium. The purity of indium in the
stripped solution was found to be 99.1%. After
removal of indium using 0.1 mol/L H,SO,, the
loaded organic phase containing tin was stripped
with 2.0 mol/L sulfuric acid having 99.7% purity
(Table 4).

was

Mass concentration/(mg-L™")

[HCI]/ (mol-L™")

In(IID) Sn(II) Cu(Il) Ni(II) AlII)  Ga(Ill)
1 93.4+0.02 20.120.01 33.7+0.007 0 2.3+0.004 0
3 92.8+0.005 21.8+0.0002 45.240.01 0 3.1+0.005 0
6 94.0+0.03 21.7+0.004 54.3+0.02 0 3.8+0.01 0
12.27 (concentrated)  91.5+0.008 20.6+0.005 78.4+0.02 0 4.3+0.02 0




2564 Sumitra NAYAK, Niharbala DEVI/Trans. Nonferrous Met. Soc. China 30(2020) 2556—2567

Table 4 Selective stripping of Sn(II) and In(III)

100
— [H,SO4)/ Stripping rate Stripping rate
g0l (mol-L™) of Sn(I11)/% of In(I11)/%
2 = — In(IID) 0.05 0.8+£0.007 95.2+0.03
2 o —Cu(ll)
g 60 + — Al(IID) 0.1 1.2+0.02 99.7+0.01
£ v — Sn(Il)
B 0.2 10.7+£0.02 100.0
g 40t
s 1.0 87.3+0.03 100.0
20 + 1.5 87.6+0.02 100.0
/ 2.0 99.6+0.02 100.0
0 . . I
1 2 3 4 5 6
[Cyphos IL 101]/(mmol-L"") 3.3 Recovery of indium and copper from
Fig. 11 Effect of Cyphos IL 101 on extraction of metal raffinate
ions From the initial experiments, it has been
explored that quantitative extraction of indium was
80 observed at and above 2.0 mol/L HCI. So, the acid
70} concentration of the raffinate containing 76.8 mg/L
~ 60l /'/ In(IIT) and 33.7 mg/L Cu(Il) was measured and the
fn sol acidity was increased to 2.0 mol/L by adding
g calculated amount of concentrated HCl. Then, it
= 40 Stage was extracted with 0.003 mol/L Cyphos IL 101. The
z results showed that all the indium was extracted
~20) 0/A=13 along with 1.5% copper co-extraction. Then, the
10 loaded organic was stripped with 0.1 mol/L H,SO,
0‘ Dlzed | , and the stripped solution containing 99.3% pure
2 10 e 2 2 indium was mixed with the previous stripping
[Sn(ID)],/(mg-L™) . . .
solution of indium. The total process is represented
Fig. 12 McCabe—Thiele plot for Sn(Il) extraction in a flow-sheet in Fig. 13.

Dismantling of
LCD panel

Leaching with
1 mol/L HCI, 24 h

!

Leaching liquor:
93.4 mg/L In(11I)
20.1 mg/L Sn(II)
33.7 mg/L Cu(Il)

SX

0.003 mol/L
Cyphos IL 101,
O/A=1:3,
2-stage extraction

¥
Raffinate:
76.8 mg/L In(II),
33.7 mg/L Cu(Il)

Acidity 2 mol/L,

Cyphos IL 101

Raffinate:
33.2 mg/L CuCl,

SXwith |, Loaded- _|""g 1 o/l | Stripped solution:
0.003 mol/L | organic ™| "y g6 126.6 mg/L

: Stripping
Thrice : :
P of Sn (II) with Stripped
Loaded- enriching Spent 20 fngl L solution,
organic 60.3 mg/L Sn(II), organic H,S0, 59.6 mg/L
49.8 mg /L In(Hi), O/A=1:1 tin sulfate

Selective stripping]
of In, 0.1 mol/L

1 Regenerated
H,80, O/A=1:1 Cyphos IL 101

Stripping with|

O/A=1:1 indium sulfate

Fig. 13 Tentative flow-sheet for recovery of Sn(II), In(Ill) and Cu(II) from LCD panel
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From the above flow-sheet, the products
obtained were tin sulfate, indium sulfate and copper
chloride. Quantification of indium as well as tin
was found and the ionic liquid was successfully
regenerated and could be reused for the extraction
of the studied metal ions.

4 Conclusions

(1) Indium extraction using Cyphos IL 101

investigated and explored with various
extraction parameters. Quantitative extraction of
In(Ill) was found with 2.0 mol/L HCI and
0.005 mol/L extractant. Job’s method was used to
determine the extracted species and proposed as
R;RPInCly. The extraction of In(Ill) has been
found to be endothermic, spontaneous and entropy
driven from the temperature variation study.

(2) Binary separation in the presence of
Ga(III), Sn(II), Cu(II), Ni(I) and AI(III) was carried
out and the extraction rate of indium over AI(III),
Cu(Il) and Ni(II) was more and reverse in the case
of Sn(Il) and Ga(Ill). 100% stripping rate was
observed using 1.0 mol/L H,SO4.

(3) 1 mol/L HCIl was used for leaching of
indium and associated metal ions from liquid
crystal displays. Three times enriched tin and
indium extraction (60.3 mg/L Sn(II) and 49.8 mg/L
of In(IlT) was found at two-stage of extraction with
O/A ratio of 1:3 using 0.003 mol/L Cyphos IL 101.

(4) Selective stripping method was used for
separation of tin and indium from the loaded
organic phase where 99.1% and 99.7% of indium
and tin were recovered. Indium from the raffinate
has been separated from copper with increasing the
aqueous phase acidity to 2.0 mol/L and then
extracting it with 0.003 mol/L Cyphos IL 101.

(5) A complete flow-sheet was developed for
the whole process.

was
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