Membrane Filtration Enhanced Hydrometallurgical Recovery Process of
Indium from Waste LCD Panels

Lahti Jussi, Vazquez Sergio, Virolainen Sami, Mänttäri Mika, Kallioinen Mari

This is a final

version of a publication

published by Springer Nature
in Journal of Sustainable Metallurgy

DOI:

10.1007/s40831-020-00293-4

Copyright of the original publication: © The Author(s) 2020

Please cite the publication as follows:
Lahti, J., Vazquez, S., Virolainen, S. et al. Membrane Filtration Enhanced Hydrometallurgical
Recovery Process of Indium from Waste LCD Panels. J. Sustain. Metall. (2020). https://doi.
org/10.1007/s40831-020-00293-4

This is a parallel published version of an original publication.
This version can differ from the original published article.

Journal of Sustainable Metallurgy
https://doi.org/10.1007/s40831-020-00293-4

RESEARCH ARTICLE

Membrane Filtration Enhanced Hydrometallurgical Recovery Process
of Indium from Waste LCD Panels
Jussi Lahti1 · Sergio Vazquez2 · Sami Virolainen2

· Mika Mänttäri2 · Mari Kallioinen1

Received: 27 March 2020 / Accepted: 12 September 2020
© The Author(s) 2020

Abstract
Insufficient recycling of a continuously increasing amount of liquid crystal display (LCD) waste leads to the waste of potentially recyclable materials, especially rare and critical indium. Moreover, landfilling of LCD waste increases the potential for
environmental risk. This paper describes a recycling process combining membrane filtration unit processes to hydrometallurgical indium recovery process. The LCD panels were crushed and leached with 1 M H
 2SO4. 97.4% yields on average were
obtained, and a novel finding was made about fast kinetics (2 min for the maximum indium yield). Ultrafiltration was used
to remove the dissolved organic material from the leachate, which was concentrated with nanofiltration before liquid–liquid
extraction for indium purification. The results showed that commercial polymeric membranes removed more than 90% (from
over 3000 mg/L to under 200 mg/L) of the dissolved organic compounds, thus potentially significantly diminishing the detriments caused by these compounds in the liquid–liquid extraction step. The concentration of the leachate with nanofiltration enables the use of smaller processing equipment and to save chemicals in the further steps of the process. The indium
content in the leachate was more than five times higher after nanofiltration than after leaching (126 mg/L vs. 677 mg/L). In
liquid–liquid extraction, the phase separation took place in only 34 s with the membrane-treated leachate, while with the
untreated leachate it remained incomplete even after three hours. The purity of indium was increased from 10 to 74%. From
the obtained HCl solution, a 95.5% pure indium product with 69.3% yield was obtained by cementation.
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Abbreviations
A	Effective membrane area, m²
cp	Concentration of a specific metal in permeate
cf	Concentration of a specific metal in feed
cr	Concentration of a specific metal in retentate
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DI	Deionized
J	Permeate flux, kg/(h m²)
LCD	Liquid crystal display
MIP	Metallic impurities, Sn, Al, Cu, Fe, and Zn
Mp	Permeate mass, kg
MRF	Mass reduction factor, −
RF	Nanofiltration
p	Pressure
Pe	Permeability, kg/(h m² bar)
R	Retention, %
Rm	Instantaneous retention, %
t	Time, h
UF	Ultrafiltration

Introduction
During the last decade, liquid crystal display (LCD) panels have become preponderant in television, computer, and
portable electronic devices’ screens. In 2016, a total of 44.7
Mt of electronic waste was generated worldwide, of which
6.6 Mt consisted of screens of all types [1]. The demand
for indium is growing rapidly, thanks to its increased use in
the new large LCD panels [2]. For example, in China, it is
estimated that demand will have doubled in 2035 compared
to 2017 [3, 4]. By the same token, higher demand will lead
to a significant increase of LCD waste.
LCD panels are 87 wt% glass [5]. In addition to the
glass, the panels contain organic components such as polymeric films and glues. Indium tin oxide (ITO, 90% In2O3,
10% SnO2) coating on the glass is used as electrodes, as
it is transparent and has suitable semiconducting properties. The indium content in LCD glass panels is typically
200–261 mg/kg [5–7], which is higher than the content in the
ores from which indium is primarily produced (7.6–209 mg/
kg) [8]. Increased recycling of indium would make it easier
to respond to the continuously growing demand. The indium
produced by recycling is also environmentally friendlier than
the primary indium, as C
 O2 emissions in the recovery process are up to 600 kgCO2/kg indium lower [9].
Currently, no industrially operated recycling processes
that recover indium from LCD panels have been reported.
In the academic literature, the process typically suggested
is acid leaching followed by liquid–liquid extraction and
cementation [10]. That process consists of the following
steps: (1) LCD panels are disassembled and polarizing
films are removed manually from the glass panel surfaces,
(2) panels are crushed, (3) metals are leached from the panels in acidic conditions, (4) indium is recovered and purified from the leachate with liquid–liquid extraction, and (5)
indium is recovered by cementation with zinc powder. In
the leaching, Sn, Al, Fe, Cu, and Zn are dissolved as impurities. Therefore, the cementation product will have low purity

13

(e.g., 62%) if the indium is not purified in prior steps [11].
In liquid–liquid extraction with D2EHPA, indium is loaded
to the organic phase with some iron, aluminum, and tin,
but it can be stripped selectively to HCl, yielding a 98.8%
pure indium solution [6]. Also, the indium concentration can
be increased in the liquid–liquid extraction from less than
100 mg/L to several grams per liter [12, 13].
Crushing the panels and preparing the crushed material
for acidic leaching is the simplest way to start the recycling
process. However, this requires the leachate to be purified
prior to the liquid–liquid extraction step to prevent phase
separation problems caused by the polarizing filters and
other organic materials in the panel. The present research
aims overcoming these problems using ultrafiltration (UF),
which is a novel approach in processes of this kind. Typically, in the literature focusing on recovery processes for rare
metals with membrane filtration, the research done has been
implemented with nanofiltration (NF). However, here the
idea is that it is beneficial use both UF and NF. UF enables
the purification of the leachate from the polymeric material
dissolved from the panels in the leaching step, which enables
the phase behavior properties of the following liquid–liquid
extraction step. NF is then used to further purify the UF
permeate and to concentrate the indium for more technoeconomically efficient, and more environmental friendly and
sustainable downstream processing. Zimmermann et al. [14]
have already shown in the experiments implemented with
model solutions (copper–indium–gallium–selenium photovoltaic cell acidic leaching solution) that NF can be used
to intensify indium recovery. NF experiments also demonstrated that partial separation of trivalent ions, such as
In3+, from divalent ions, such as Zn2+ is possible. Taking
the process to be implemented in real life it needs, however, be demonstrated in use with authentic solutions. Thus,
in the present research reported here the experiments were
done using authentic LCD panels as raw material, and the
whole process of obtaining the solid indium product was
demonstrated.

Materials and Methods
LCD Panels
TV and computer LCD panel waste was obtained from
Kuusakoski Recycling (Heinola, Finland). The glass panels
had been manually removed from waste LCD panels and
were crushed by a Retsch GmbH SK1 hammer mill using
an 8 mm screen plate.
Leaching of LCD Glass
Leaching of indium from the crushed LCD glass was done
with 1 M H2SO4 in three cross-current stages, so that fresh
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glass was added after each step, and the same leaching solution
was used in all stages. The purpose of the multi-stage crosscurrent process was to utilize the leachate efficiently and to
deliver more concentrated indium solution to the following
steps. Even six or more stages could be performed without
decreasing the yield in each stage [9, 15], but as optimizing
the leaching was not within the scope of this research, it was
decided to use only three stages. A 3 L thermostated glass
reactor was used, and the slurry was agitated at 1000 rpm with
a four-bladed turbine impeller. The conditions were T = 80 °C,
S/L = 200 g/L, tstep = 15 min.

where c is the concentration of a specific metal, p is permeate, f is feed, and r is retentate. In the cross-flow filtration
experiments, instantaneous retentions were also calculated:
)
(
cp
∙ 100%.
Rm = 1 −
(4)
cf
The concentration of the feed solution during the filtration experiments is presented as the mass reduction factor
(MRF):

MRF =

Membrane Filtrations
Different types of commercial polymeric membranes were
used for (1) the purification of leaching solution from polymeric materials (ultrafiltration step) and (2) concentrating the
leachate before the liquid–liquid extraction (nanofiltration
step). The membranes used in the experiments are presented
in Table 1.
The permeate flux of the membranes was calculated as
follows:

J=

Δmp
Δt ∙ A

(1)

,

where Δmp ∕Δt is the increment of the permeate mass over
time and A is the effective membrane area. Permeability was
calculated as follows:

Pe =

J
,
p

(2)

where p is the applied pressure. The retention coefficient
(R) was calculated using Eq. (3).
(
)
2cp
R=
∙ 100%,
(3)
cf + cr

Table 1  Information on
the membranes used in the
experiments based on the
membrane manufacturers
and the pressures used in the
dead-end filtration experiments
[16–19]

Membrane

UF

NF

MP005P
P150F
UP010P
NP010P
Desal KH
A-3014
A-3012

mfeed
mfeed − mpermeate

(5)

.

Filtration Systems
A comparison of the performance of the different membranes in the treatment of the leachate was performed in the
commercial dead-end Amicon® Stirred Cell filtration modules supplied by Merck Millipore. The membrane module
was pressurized by nitrogen, and the membrane area in the
module was 37.4 c m2. Agitation of the membrane module
was implemented with a rod mixer (diameter 60 mm).
Both the purification (UF) and the concentration (NF)
filtration were performed with a cross-flow system, in which
the flat-sheet membrane (100 c m2) is installed in a rectangular cross-flow filter cell. The final stage of NF concentration
was performed in high-pressure dead-end filter (membrane
area 45.4 c m2). The module was pressurized by nitrogen and
stirred by a 28-mm-diameter, four-bladed mixer.
Experiments to Evaluate Membrane Performance
in the Filtration of Acidic Leachate
The experiments, the purpose of which was to evaluate
membrane performance in the filtration of acidic leachate,
were done in the Amicon® Stirred Cell dead-end filtration
system. Information about the membranes and pressures
used is presented in Table 1. New membrane pieces were
cleaned to remove the membrane preservatives, and stored

Manufacturer

Microdyn-Nadir
Microdyn-Nadir
Microdyn-Nadir
Microdyn-Nadir
Ge Osmonics
AMS Technologies
AMS Technologies

Cut-off

0.05 µm
150 000 Da
10 000 Da
1 000 Da
150–300 Da
400 Da
180 Da

pH range

0–14
0–14
0–14
0–14
0–14
0–14
0–14

In dead-end filtrations
used pressures
Compaction

Filtration

0.5 bar
1.0 bar
5.4 bar
5.4 bar
9.5 bar
9.5 bar
9.5 bar

0.25 bar
0.5 bar
4.0 bar
5.4 bar
9.5 bar
9.5 bar
9.5 bar
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at least overnight in deionized (DI) water at 4 °C. At the
beginning of the filtration experiments, the membranes
were pressurized (20 min) to minimize the effect of the
compaction phenomenon. Pure water flux (PWF) measurements were done before and after the leachate solution
filtrations, using DI water. The temperature was 25 ± 1 °C,
and the stirring speed was 500 rpm during filtrations. The
mass of the feed in the filtration of leachates was 150 g.
Filtrations were continued until 50 g of permeate was collected. Before the “after” PWF measurement, the filtration
cell was refilled and rinsed twice with DI water to remove
feed liquor residuals. All the experiments to evaluate
membrane performance were done in duplicate.
Ultra‑ and Nanofiltrations in the Cross‑Flow System
The membranes for the filtrations demonstrating the recycling process steps “purification of the leachate with UF”
and “concentration of the leachate with NF” were selected
based on the experiments done in the Amicon® cell. The
pre-cleaning of the membranes was carried out by the
same procedure as in the dead-end filtrations. Membranes
were compacted at UF stages at 2 bar pressure and in the
NF stage at 25 bar pressure, both for 20 min. PWF was
measured before and after the filtrations of both leachate
solutions, at 1 bar pressure with the UF membrane and
20 bar with the NF membrane. In every filtration, the temperature was 25 ± 1 °C, and the cross-flow velocity was
4.9 m/s.
The feed mass of the LCD glass leachate in the ultrafiltration was 6910 g, and the achieved mass reduction factor (MRF) was 7.4. Respectively, in the NF, the feed mass
of the LCD leachate was 4500 g (MRF 2.9 when masses
of the samples taken in the experiments were taken into
account). The filtration pressure in the UF was 1 bar until
2980 g of permeate was collected, after which the pressure
was increased to 1.3 bar to study the possibility of obtaining
higher permeate flux. The pressure in the NF was constant
20 bar.

Liquid–Liquid Extraction
Liquid–liquid extraction experiments were conducted to
study the effect of the membrane filtration unit processes
to phase behavior, and to verify that the extraction chemistry works as described in the research literature. Pictures
were taken from the settling after ending the mixing, and
the dispersion and phase separation behavior was visually observed. Three different aqueous solutions were used
as a feed, of which two were authentic (with and without
membrane filtration). Synthetic leachate was made from
laboratory-grade chemicals: A
 l2(SO4)3·18H2O (J. T. Baker),
CuSO 4·5H2O (Merck), FeSO4·7H2O (VWR), In2(SO4)3
(Aldrich), and ZnSO4·7H2O (VWR).
The liquid–liquid extraction experiments were done in a
1 L thermostated batch reactor at room temperature (22 °C).
The mixing speed with a four-bladed, pitched-blade turbine impeller was 550 rpm. As a reagent, 0.25 M D2EHPA
diluted to Exxsol D80 kerosene was used, 1.5 M HCl being
employed in stripping the loaded organic phase. The phase
ratio in the experiments was 1:1. Both phases were sampled
during the experiments, which continued for 3 h.

Cementation
In the cementation process, a zinc powder was used as a
solid metallic interface to reduce ions, which leads to precipitation. The desired product is reduced metallic indium.
For the feed solution, the 1.5 M HCl solution obtained
from liquid–liquid extraction, containing almost exclusively indium (843 mg/L) and iron (259 mg/L), was used.
The experiment was done in a thermostated batch reactor
at 25 °C with a 50 mL solution volume, and the amount of
added zinc powder was 614 mg/L. The slurry was mixed
with a single-bladed Teflon impeller (550 rpm). The initial
pH was adjusted with NaOH to 1.0. The experiment lasted
24 h, and liquid samples were taken at certain intervals for
ICP-MS analysis.

Sample Analysis
Final NF Concentration in the High‑Pressure Dead‑End Filter
For a higher indium concentration in the final product solution as a result of membrane filtrations, the retentate of the
cross-flow NF was fed to the high-pressure dead-end filter.
In the filter, the pre-cleaning method of the membrane was
the same as in the experiments described before. In addition,
temperatures and pressures in the compaction, PWF, and
filtration conditions were equal to those in the cross-flow NF
filtration. The mixing speed was 160 rpm. Thus, a total MRF
of 7.5 was reached with a combination of both NF filtrations.
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For the evaluation of the amount of polymeric material in the
solutions, total carbon was measured with the TOC-L CPH
Ver. 1.03.01 (Shimadzu Total Organic Carbon Analyzer).
Metal concentrations (In, Sn, Fe, Cu, Zn, and Al) from
aqueous solutions were analyzed with ICP-MS (Agilent
7900) after diluting them with 1 wt% H
 NO3. The metal contents of the solid samples were analyzed by digesting them in
the microwave digestion unit, UltraWAVE MA149, supplied
by Milestone. A 4:1 mixture of concentrated HNO3 and HCl
was used as the digesting reagent. The analysis of metal
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concentration from solid samples was based on three parallel determinations. Acidities were measured by acid–base
titration with 0.1 M NaOH (Titrisol®).
It must be stated at this point that LCD panel waste is
highly heterogeneous in nature. Therefore, metals and polymeric material concentrations vary significantly from panel
to panel [20] and, despite crushing and mixing, some variation occurred in the parallel analyses. Statistical evaluation
of indium determination from the solid phase showed that
the average of the standard deviations in the 11 chosen samples (cIn > 5 mg/kg) was 16.8% and the median was 7.8%.

Results and Discussion
Cross‑Current Leaching of Crushed LCD Glass
The indium content of the crushed LCD glass material was
178 ± 13.9 mg/kg, based on three parallel determinations,
the content of other metals being, respectively, Sn 53.9 ± 3.7,
Al 1900 ± 88.1, Fe 1330 ± 211, Cu 175 ± 26.7, and Zn
17.1 ± 1.1 mg/kg. Indium content measured here (178 mg/
kg) corresponds well with the typical content reported in the
literature [5–7, 9]. The same applies to the content of tin,
which is slightly higher than expected based on the 90–10
wt% composition of the ITO [9, 21]. The excess tin is likely
coming from other parts of the LCD panel. The amount of
aluminum is significantly higher than previously reported
by Rocchetti et al. [9], but the iron content is similarly high.
Leaching yields were determined based on the metal
analysis of crushed glass samples taken before and after the
leaching. They were 94.1–99.8% (average 97.4%), which are
very satisfactory values; hence, a conclusion can be drawn
that the plastic material in the crushed glass does not affect
the yield of the leaching. Leaching time in the experiments
was 15 min, and previously 100% yields were recorded with
3 h leaching time in similar conditions [22]. The indium
concentrations increased linearly in all three cross-current
steps (Fig. 1). This increase highlights the effectiveness of
the cross-current approach from a chemical engineering
point of view, demanding lower water and acid consumption
while producing a more concentrated feed solution to downstream processing. However, it should be noted that more
cross-current stages, even as many as ten, could be used
without sacrificing the yield [9, 15], but, in this research,
the main purpose was to study the following membrane filtration steps, for which the solution generated, containing
76.5–114 mg/L indium, is well suited.
In Experiment 1, Stage 1 in Fig. 1, samples were
taken at 2 min intervals for 14 min to study kinetics of
the leaching (Fig. 2). The leaching of the indium quickly
achieved equilibrium in the first 2 min sampling. The

Fig. 1  Cross-current leaching of metals from crushed LCD panels
with 1 M H2SO4. T = 80 °C, L/S = 1000 mL/200 g

Fig. 2  Batch kinetics of leaching metals from crushed LCD panels
with 1 M H2SO4. T = 80 °C, L/S = 1000 mL/200 g

other metals were leached at roughly the same rate,
although there was a slight increase in aluminum and
iron concentrations over time. This observation of the
surprisingly fast leaching kinetics is remarkable, as the
literature reports no kinetic data on leaching at a high
temperature under 10 min. It can be concluded that the
leaching time in the current conditions (80 °C, 1 M
H2SO 4, L/S = 1000 mL/200 g) could be decreased from
the suggested 10 min [9] down to even 2 min or less. The
decreased leaching time would also slightly reduce the
co-leaching of iron (Fig. 2), which is an undesired metal
in the downstream processing.
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Separation of Organic Impurities from the Leaching
Solution with Ultrafiltration
With the UF membranes, more than 80% retention for
total organic material (TC), consisting mostly of polymers
from a polarizing film, was reached in the dead-end filtrations. TC and indium retention was logically increasing
when the cut-off value decreased (Table 2). However, the
indium retention with ultrafiltration possibly originated
from the indium that had been retained with higher molar
mass polymeric compounds, to which it had been attached.
The permeability of the leachate, as well as pure water,
decreased as the cut-off was lowered. Based on the pure
water permeability (PWP) measurements before and after
the ultrafiltration, the tighter cut-off membranes fouled
more than the loose ones. The higher fouling rate of the
tighter membranes was most likely caused by higher surface concentrations due to higher retentions with almost
equal flux. In addition, higher applied pressure with
tighter membranes caused a more compacted fouling layer
[23]. After the experiments and storing of the samples,
Table 2  Permeabilities of
process solutions in different
parts of the suggested process,
pure water permeabilities
(PWP), and retentions of most
important compounds in the
dead-end UF and NF, reported
with standard deviations

Membrane
UF
MP005P
P150F
UP010P
NP010P
NF
Desal KH
AMS 3012
AMS 3014

precipitation was noticed in the retentate samples, which
may indicate a tendency of the organic compounds in the
leachate to precipitate in a certain concentration. In principle, precipitation could also occur on the membrane surface and in the pores of the membranes.
Based on the low indium retention, relatively high TC
retention, and lower fouling than the tighter membranes
(Table 2), the P150F membrane was selected for use as the
ultrafiltration membrane in the recycling process. In the
cross-flow filtration conducted in the experiment (Fig. 3),
TC retention was higher than in the dead-end filtration
done earlier (Table 2). The high TC retention was most
likely due to a higher mixing rate on the membrane surface
owing to the cross-flow conditions, resulting in a thinner
concentration polarization layer. In addition, as might be
expected, because of the cross-flow on the membrane surface, the flux was better in the cross-flow than in the deadend filtration. However, flux decreased when the treated
solution became more concentrated. Retentions of metals
were almost equal. Thus, indium was not purified of other
metals during the ultrafiltration step.

Permeability
kg/m2hbar

TC ret
%

In ret
%

59.2 ± 5.9
25.7 ± 1.9
3.4 ± 0.2
2.4 ± 0.1

84 ± 2
90 ± 2
97 ± 0
98 ± 0

0±2
− 1±5
15 ± 2
28 ± 3

13.4 ± 1.5
5.6 ± 1.4
5.1 ± 0.9

74
85
84

89 ± 2
84 ± 1
94 ± 0

MIP ret
%

86 ± 2
82 ± 1
92 ± 1

PWP before
kg/m2hbar

PWP after
kg/m2hbar

PWP decrease
%

406 ± 50
376 ± 35
41 ± 4
13 ± 1

340 ± 50
219 ± 23
12 ± 0
5±0

16
42
71
60

4.1 ± 0.5
2.9 ± 0.7
2.2 ± 0.0

2.9 ± 0.1
1.9 ± 0.3
1.8 ± 0.4

28
33
18

Feed in the UF was leaching solution and in the NF, UF permeate. In the filtrations, the temperature was
25 °C, achieved mass reduction factor was 1.5, and applied pressures are presented in Table 1
Fig. 3  Leachate fluxes (1.0
and 1.3 bar) and instantaneous
retentions in the cross-flow
ultrafiltration with the P150F
membrane. In the experiment, cross-flow velocity was
4.9 m/s and temperature 25 °C.
(MIP = metallic impurities: Sn,
Al, Cu, Fe, Zn)
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Leaching Solution Concentration with NF
The performance of nanofiltration membranes was tested
and compared in the treatment of the UF permeate for finding the best membrane for indium concentration. The permeabilities and retentions from these experiments are presented
in Table 2. The Desal KH membrane had better flux but
lower organic material retention than the AMS membranes.
The TC retentions were quite high (> 70%) with all the tested
membranes. Based on the pure water flux measurements, the
fouling rate was the lowest with the AMS 3014 membrane
and highest with the AMS 3012 membrane (Table 2).
The leachate contained sulfates, and, in the case of high
sulfate retention in nanofiltration, high osmotic pressure
would occur and might hinder the concentration filtration.
However, based on titrations, sulfate retentions of the membranes used in the tested process conditions were relatively
low: 6% with the Desal KH membrane, 8% with the AMS
3012 membrane, and 3% with the AMS 3014 membrane.
Thus, high sulfate retention should not be a problem in this
filtration step. The low sulfate retention may result from
the high acidity of the feed solution [24, 25]. Tanninen
et al. [24] measured sulfate retention values with the same
Desal KH membrane, finding that they decreased from 22
to 0% when the copper concentration increased from 0 to
200 mmol/L (tested with 1% H2SO4 solution at 30 °C with
10 bar pressure).
Although the Desal KH membrane had somewhat better
separation efficiency between indium and organic compounds or divalent metals, the AMS 3014 membrane was
selected for further concentration experiments because it
had the highest indium retention. When the recycling process was conducted, the MRF in the cross-flow filtration
reached only 2.8; for technical reasons, a further concentration was performed in the dead-end filter. The average
flux in the cross-flow filtration was 23 kg/(m2h), but flux

in the dead-end filtration was lower (average 11 kg/(m2h)).
The reasons for the lowered flux were the gentler mixing
conditions and a more concentrated feed solution. Fluxes
measured in the cross-flow filtration and dead-end filtration experiments are presented in Fig. 4.
With the NF (cross-flow + dead-end), the leachate MRF
was 7.5 times. However, the flux was still a reasonable
10 kg/(m2h) at the end of the filtration. Thus, it may be
expected that an even higher MRF in the concentration
of the indium could be achieved. However, owing to the
relatively high organic material retention (85%), the higher
concentration factor may cause phase behavior problems
in the following liquid–liquid extraction.
The retention of indium was 95% over both NF filtration steps, which was higher than it was for the other metals (average 93%) or organic materials (85%), meaning
that indium was simultaneously concentrated and purified in the nanofiltration stage. The lowest retentions
were obtained for zinc (91%) and copper (87%), caused
by lower valence (+ 2) compared to indium and aluminum
(+ 3) (Fig. 5). Also, Zimmermann et al. [14] have reported
higher separations of trivalent ions than of divalent ions
(98% retention of In and 45% retention of Zn).
In the cross-flow and dead-end experiments, 9% H2SO4
retentions were achieved, which was slightly higher than
the retention achieved in the membrane comparison test
(3%). However, the applied pressure was higher (20 bar
vs. 9.5 bar). These results are in accordance with those of
Tanninen et al. [26].
In this study, membrane tolerance in these chemically harsh conditions was not investigated, but the Desal
KH membrane has been reported to tolerate at least two
months’ use at very high H2SO4 concentration (8 wt%) at
40 °C [26]. Also, the other membranes used in this work
have verified the manufacturers’ claims that they tolerate
high acidities (pH ≥ 0) [16, 17].

Fig. 4  Flux and instantaneous
retentions of UF permeate in the
cross-flow (CF) and the deadend (DE) nanofiltration with the
AMS 3014 membrane. In the
experiment, cross-flow velocity
was 4.9 m/s (mixing in deadend filter 160 rpm), pressure
was 20 bar, and temperature was
25 °C. (MIP = metallic impurities: Sn, Al, Cu, Fe, Zn)
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Fig. 5  Metal and total organic
material (TC) instantaneous
retentions in nanofiltration

Liquid–Liquid Extraction of the Membrane‑Treated
Leachate
Phase separation properties of the synthetic leachate, authentic leachate without membrane filtrations, and authentic
leachate with membrane filtrations were studied in batch
liquid–liquid extraction experiments. The phase and settling
behavior of the phases was monitored visually by taking
photos.
As may be seen in Fig. 6, the untreated leachate showed
very poor phase behavior properties. During the mixing, the
phases formed gel-like homogenous and viscous crud. Also,
the pink color differed between the membrane-filtered leachate and the synthetic leachate. This kind of dispersion and/
or crud would be very difficult to handle in industrial-type,
mixer–settler reactors.
When the mixing was stopped, the dispersions in the
cases of both the membrane-filtered and the synthetic leachate settled fast, without any unusual behavior in the phase
boundary or the phases themselves (Fig. 6). The phase separation was faster (34 s) with the membrane-filtered leachate
compared to the synthetic leachate (60 s). However, this is
probably due to the different phase continuity (aqueous and
organic continuous, respectively); thus, it may be concluded
with certainty that the phase separation properties of the
membrane-treated leachate are similar to those of the pure
synthetic leachate.
In the unpurified leachate case, the phases were practically not settled at all, and even after 3 h only a slight
volume of aqueous phase was observed at the bottom of
the reactor (Fig. 6). This very slow phase disengagement
behavior makes industrial operation impossible: even when
there is good phase disengagement behavior, the settlers in
liquid–liquid extraction plants are very large to ensure perfect phase separation. It may be concluded that removal of
the soluble and solid organic compounds from the authentic
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LCD panel leachate with ultrafiltration enables utilization
of liquid–liquid extraction purification in an industrial-type,
mixer–settler reactor.
Before discussing the separation performance of the liquid–liquid extraction, it should be noted that the experiments
were conducted primarily to study the effect of the membrane filtration steps on phase separation behavior. The other
purpose was to verify that the membrane filtrations would
not affect the chemistry of the liquid–liquid extraction.
Therefore, the purpose was not to optimize the performance
of the liquid–liquid extraction but to study the abovementioned issues with simple batch experiments. The approach
used, of extracting the metals to D2EHPA and selectively
stripping indium, has already been shown to produce > 99%
pure solution, with 97% yield [27].
The kinetic experiments were made with an authentic
membrane-treated solution and a similar synthetic solution
(without Sn) made from laboratory-grade metal salts. The
kinetics of indium extraction from the membrane-treated
LCD glass leachate was slower in the beginning than it was
from the similar synthetic solution. Between 20 and 60 min,
the yields were similar. The highest yield during the whole
experiment was higher from the synthetic solution (87.5%
vs. 82.0%) (Fig. 7).
The yield of indium in single-stage liquid–liquid extraction of the membrane-treated LCD glass leachate was 62.8%
(Fig. 7). Usually, the liquid–liquid extraction is performed in
several counter-current stages, and the yields are higher than
in the single-stage extraction, but here the primary purpose
was to demonstrate the efficacy of the chemistry, as reported
earlier (e.g., [12, 13]). Another factor causing the low yield
was the high concentration of iron due to leakage from the
equipment during the hammer milling. As the concentrations
of all the metals were fairly high as a result of the concentration step, the organic phase approached saturation in the
single stage with a 1:1 phase ratio. The extraction yield of
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Fig. 6  Phase separation in liquid–liquid extraction purification of LCD glass H2SO4 leachate. Left: untreated leachate, middle: membrane-treated
leachate, right: synthetic leachate. Times are counted from stopping the mixing

indium was seen to increase at first, but it decreased after
20 min. The slower extraction kinetics of iron is responsible
for the replacement phenomenon, in which the iron replaces
some of the already extracted indium. The so-called kinetic
effect on selectivity can be utilized to obtain better purification by choosing the appropriate extraction time.
The loaded organic phase was stripped with 1.5 M
HCl (phase ratio 1:1) and the obtained indium content
was 485 mg/L, while the content of metallic impurities

was, respectively, Sn 0.3, Al 3.2, Fe 163, Cu 0.3, and Zn
0.2 mg/L. The purity of the indium in the stripping product
was 74%, indicating quite a good purification performance,
as the purity in the feed to the liquid–liquid extraction was
only 10%. Moreover, if more than one stage in the loading
were to be used, the purity would be improved, since, when
the organic phase becomes highly saturated, the indium
replaces most of the iron in the solution [27]. Some deterioration of the hammer mill blades was observed during
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Fig. 7  Kinetics of liquid–liquid extraction of indium and iron from
membrane-treated LCD glass leachate and corresponding synthetic
leachate. T = 22 °C, O/A = 1:1, reagent 0.25 M D2EHPA

Fig. 8  Cementation of indium from a solution obtained from
waste LCD panels by the hydrometallurgical purification process.
T = 25 °C, Zn/In molar ratio = 2.89

the experiments, likely causing high iron concentrations
in the crushed glass raw material. However, hammer mill
manufacturers are able to provide blades with harder material than was employed here, the use of which would likely
significantly reduce iron contamination. In addition, the corrosion of membrane filtration equipment led to an increase in
metal ions in the concentrate solution. Therefore, using more
resistant materials in the process equipment would reduce
the quantity of metal ion impurities.

removal of aluminum likely occurs by a different mechanism from direct cementation (e.g., precipitation) as for
reduction of Al3+ to Al E0 = -−1.66 V, which is even lower
than E0 of Zn2+ reduction to Zn [28]. Also, the fact that
no iron is cemented (E0 = − 0.44 V for F
 e2+ reduction to
Fe) indicates that, after the reduction of protons and F
 e3+
2+
to Fe , all the dissolved zinc is spent to the cementation
of indium. Therefore, the cemented indium product would
presumably be very pure, although, in the current experiment, the amount of the collected precipitate was so low
that it could not be reliably analyzed. Calculated from the
mass balance, the purity of the cemented metallic indium
product would be 95.5%. The precipitates formed during
the pH adjustment and the possible undissolved zinc are
neglected in this calculation. The desired physical form
(solid metallic indium) was obtained only partially, as over
half of the indium was precipitated as hydroxide, which
is difficult to treat further. This challenge needs further
investigation, but detailed optimization of the cementation (or experimental testing of alternatives) step was
beyond the scope of this work. One possibility would be
to further improve the purity would be to find more selective liquid–liquid extraction reagent, or to utilize solid
ion exchangers instead. An alternative for cementation to
obtain higher product purity would be to use electrowinning. This possibility has been demonstrated by Lee
and Sohn [29] and Maslin et al. [30], the former research
being conducted with acidic chloride solution as in this
research. The advantage of the electrowinning compared to
the cementation would be that it can be conducted directly
in highly acid media without increasing the pH and at least
the impurities would not be precipitated during the pH
adjustment thus contaminating the product. However, the

Cementation of Indium from the Purified Solution
When adjusting the pH to 1.0 with NaOH, precipitates were
observed. Similar behavior has also been observed by Rocchetti et al. [11], who analyzed the precipitation of indium,
iron, aluminum, and calcium. In our experiment, as much
as 55.8%, 56.1%, and 51.7% of indium, iron, and aluminum,
respectively, were precipitated as hydroxides.
After the pH adjustment, the actual cementation reaction was initiated by adding the zinc powder. The cementation of indium was slow (Fig. 8). Although the zinc dissolved, the indium concentration did not decrease until
after 70 min. The electrons donated by the dissolved zinc
(standard potential E0 = 0.76 V) were likely spent to reduce
Fe3+ to Fe2+ (E0 = 0.77 V) and to reduce protons to hydrogen
gas (E0 = 0 V). These two reactions have higher E0 than the
reduction of I n3+ to In (E0 = − 0.34 V), which means that
they are preferred [28].
After 70 min of cementation, the indium concentration started decreasing; by 24 h, 69.3% of indium was
recovered. Only 5.6% of iron was recovered, whereas
for aluminum the yield was 85.4%. However, the initial
concentration of aluminum was very low (6.3 mg/L). The
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selectivity of the electrowinning itself for the indium over
the impurities has not been studied before.
The slow cementation reaction of indium corresponds to
the previous literature. For example, Barakat [31] obtained
98.8% yield at 30 °C in 6 h. Initially, the amount of added
solid zinc was 614 mg/L; by the end of the experiment, the
concentration of zinc in the solution was 489 mg/L (Fig. 8),
meaning that there was still some unreacted zinc in the system and equilibrium had not yet been achieved. This can
also be inferred from the kinetic curves, which showed no
equilibrium plateau for indium or zinc.

Recycling Potential of Process Chemicals
Figure 9 presents a proposed flowsheet for the indium
recycling from waste LCD panels based on the unit process

results presented in this research. From an industrial and
environmental point of view, the recycling potential of the
main process chemicals (sulfuric acid and organic phase in
liquid–liquid extraction) must be taken into account. Permeate from the nanofiltration is the most suitable stream
for sulfuric acid recycling. The contents of organic material in the streams from the cross-flow and dead-end filtration experiments were 52 mg/L and 68 mg/L, respectively. Also, the raffinate from liquid–liquid extraction can
be recycled back to leaching. It contained 948 mg/L of
organic material. In chemical recycling, the accumulation
of polymeric materials and metal impurities must be handled by periodic treatment of the process streams. Impurity
metals in the liquid–liquid extraction organic phase can
be stripped, for example, to HCl [32], and the aqueous
streams containing the organic and inorganic impurities
may be treated by precipitation and/or membrane filtration.

Fig. 9  Concentrations of process streams in the suggested
membrane-assisted hydrometallurgical process for recovering
indium from waste LCD panels.
(MIP = metallic impurities: Sn,
Al, Cu, Fe, Zn)
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Conclusions
The process demonstrated in this work enables the recycling
of indium from waste LCD panels without manual removal
of polarization film. The process will also lead to decreases
in reactor sizes, reduction in the consumption of chemicals,
and environmental impact in the downstream unit processes.
The H2SO4 leaching of crushed glass at 80 °C enabled
more than 95% indium recovery in a relatively short time
(< 10 min). The leachate contained over 3000 mg/kg of
organic material, originating mainly from polarizing film
polymers and glues. Ultrafiltration of the leachate removed
more than 90% of the organic contaminants, and consequently enabled acceptable phase behavior performance in
liquid–liquid extraction.
By nanofiltration the leachate was concentrated 7.5 times,
but the results suggest that an even higher concentration factor could be possible. Nanofiltration also slightly decreased
the quantity of organic impurities. After nanofiltration, the
indium content in the leachate was more than five times
higher than after leaching (126 mg/L vs. 677 mg/L).
To conclude, the recycling process described is an efficient processing option for recovering indium from LCD
waste, because it enables both skipping one of the bottlenecks of typical indium recovery processes (manual removal
of the polarizing filters) and decreasing the reactor sizes, as
well as reducing the consumption of chemicals and water in
downstream processing. The enhancements made compared
to conventionally suggested recycling processes enable more
environmentally friendly and sustainable recycling. Moreover, recycling indium in the first place is significantly more
sustainable than production from primary resources.
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