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from waste liquid crystal displays
by polyvinyl chloride waste
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Jiang Guo,c Weixing Gu,d Ruijing Su,a Bo Liang,a Guilan Gao,a Yuan Zhou,a Jinqiu Xua

and Zhanhu Guo*c

Indium (In), a rare element existing only in a few natural minerals, is mainly used to produce indium tin oxide

(ITO) thin films for applications including liquid crystal displays (LCDs). Therefore, developing an effective

method to recover In from waste LCDs is of great significance. In the present study, In was extracted

from indium oxide (In2O3) and LCD powder after alkali dissolution via a chloride volatilization process

using polyvinyl chloride (PVC) as the chlorination precursor. High purity In2O3 was investigated firstly in

a nitrogen atmosphere. The results indicated that high purity In2O3 could have a high recovery ratio of

indium using polyvinyl chloride (PVC) as the chlorination agent. The recovery ratio of indium could reach

99.36%. The product was analyzed by X-ray diffraction (XRD), and the results indicated that the

condensed products were InCl3 and InCl. Real LCD powder after alkali dissolution was also examined.

The recovery ratio of indium was 97.50% and the utilization of hydrogen chloride was 53.91% under the

conditions of a molar Cl/In ratio of 11, a degradation temperature of PVC of 400 �C, a chlorination

temperature of 500 �C, carrier gas flow rate at 0.1 L min�1, and a reaction time of 30 min. The

condensed products were also mainly InCl3 and InCl. It is an effective method to recover In from LCD

panels.
Introduction

Increasing the scale and level of waste recycling has become
a strategy for the promotion of green development and envi-
ronmental protection around the world. Safe disposal of elec-
tronic waste (E-waste) is not only an important issue in the eld
of resources, but also a worldwide environmental problem. E-
waste comprises discarded electronic appliances, of which
computers and mobile phones are impertinently abundant
because of their short lifespan. The current global production of
E-waste is estimated to be 20–25 million tons per year. Most E-
waste is currently produced in Europe, the United States and
Australia. However, China, Eastern Europe and Latin America
will become major E-waste producers in the next ten years.1

Liquid crystal display (LCD) technology has already been
used in place of Cathode Ray Tube (CRT) technology and is
gradually becoming the mainstream display technology owing
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to its merits of micron radiation, low power consumption, and
multi-information display. LCDs are widely used in electronic
devices including computers, televisions, mobile phones and
a variety of other electronics.2 Every year, millions of new
devices are sold. For example, more than 370 million devices
were sold between 1992 and 2007.3 Indium (In) is used for the
thin lms of LCD panels due to its merits of being transparent
to visible light and electrically conductive. Indium tin oxide
(ITO) thin lms are the principal usage of In, accounting for
about 65% of its industrial consumption. Due to rising
demands and its rarity, existing only in a few natural minerals,
In is obtained mainly from zinc minerals in which the content
of In is from 10 to 20 ppm. Therefore, this extraction from zinc
minerals is very difficult and expensive. Shortages of In and
rising prices are expected in the future.4,5 Therefore, the main
approach to meet market demand is the cyclic regeneration of
In. The important step of the cyclic regeneration of In is to
recover it from waste LCD panels. The reported methods to
recover In from waste LCD panels can be classied as acid
leaching, chelating resin separation or chloride metallurgy.6,7 As
an effective separation method, acid leaching is widely used in
In recovery. However, large quantities of corrosive and volatile
acid are used in the acid dissolution process, and the treatment
of waste acid and further separation of In and tin could increase
the cost of recovery process.8 The chelating resin separation
method is to use a variety of phosphonic acid chelating resin
This journal is © The Royal Society of Chemistry 2015
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complexing reactions with metal ions forming small molecule
chelates. Because of its good stability and adsorption capacity,
the chelating resin has recently been widely applied to study
precious metal recovery.9 The adsorption resin separation
method has advantages of high speed, high capacity and that
the resin can be well desorbed at low temperatures. The resin
can be recycled by a simple process and with no pollution, but
the chelating resin separation method has disadvantages of
complex and long period operation, and poor selectivity.10

Chloride metallurgy is the most promising method reported for
the recovery of In from LCD panels.11 Chlorinated In can be
evaporated at a relative low temperature and condensed in
a cooler zone. Moreover, the selective recovery of indium chlo-
ride is possible. This process does not produce waste acid and is
suitable for industrial large-scale production. Using NH4Cl to
recover In from LCD panels, the recovery ratio of In reached
98.02% in a rough vacuum condition.12 The function of NH4Cl
is to provide HCl as chlorinating agent through the pyrogenic
decomposition of NH4Cl. However, the required vacuum
condition is hard to control, and also the NH4Cl can decompose
to NH3 and HCl, which might cause secondary pollution.

Polyvinyl chloride (PVC), one of the biggest plastic products
due to its good performance and low price, can be used to
provide HCl,13 a chlorinating agent. The global consumption of
PVC was about 39.3 million tons in 2013; a new market study by
Germany’s Ceresana has predicted the global demand of PVC to
increase by 3.2% per annum until 2021.14 There will be a lot of
waste PVC products every year. The material balance aer
pyrolysis combined with the GC-MS analysis of the liquid frac-
tion shows that HCl was the major product (53% of the poly-
mer), followed by tar (24%), char (9.5%), a liquid fraction (7%)
and a gas fraction (6.5%) when PVC was thermally degraded in
a vacuum up to 500 �C.13 The usage of PVC to recover In from
LCD powder gave a recovery ratio of 66.7% in N2 atmosphere.15

The factors affecting the indium recovery ratio, such as the
degradation temperature of PVC and the actual utilization of
hydrogen chloride were not reported. However, the recovery
ratio of In is not high in the previous study.15

The total content of silica and alumina oxide in LCD powder
is as high as 81.24% as tested by X-ray uorescence (XRF), which
might inuence the recovery ratio of In.16–18 Therefore,
removing SiO2 and Al2O3 can improve the relative content of
In2O3 in the LCD powder. Among the commonly used desili-
cation methods including physical, chemical and biological
methods, the removal rate of the chemical methods are high
and stable, and have more obvious advantages than other
methods.19,20 The common chemical methods are a roasting-
sodium hydroxide stripping method and a sodium hydroxide
solution method. The roasting-sodium hydroxide stripping
method has better separation efficiency, but the energy
consumption is high. By comparison, the sodium hydroxide
solution method consumed less energy by direct dissolu-
tion.21,22 Therefore, the LCD glass powder used in this experi-
ment has already alkali dissolved silicon and aluminum due to
the use of sodium hydroxide at low temperatures.

In this work, hydrogen chloride produced by PVC pyrolysis to
serve as a chlorination agent to extract In from LCD powder was
This journal is © The Royal Society of Chemistry 2015
studied. Pure In2O3 powder was used to study the inuences of
the molar Cl/In ratio, reaction time, chlorination temperature,
carrier gas ow rate and degradation temperature of PVC on the
In recovery rate and the utilization rate of hydrogen chloride. A
kind of chemical analysis soware called HSC chemistry 5.0 was
used to reveal the reaction mechanism between the PVC
pyrolysis product and In2O3 or SnO2. LCD powder was treated
with sodium hydroxide solution to remove silicon and
aluminum. Then the LCD powder was used to study the inu-
ence of molar Cl/In on the recovery rate of In and the utilization
rate of hydrogen chloride. An XRD test was carried out to
identify the recycled product. This was an effective method to
recover In from LCD panels and suitable for industrial large-
scale production.

Experimental
Materials

Indium(III) oxide (In2O3, AR, Sinopharm Chemical Reagent Co.
Ltd, Shanghai, China) and polyvinyl chloride (PVC, AR,
ALDRICH Co. Ltd, U.S.) were used for exploring the feasibility of
chlorinated separation. The PVC powder was analyzed by an
elemental analyzer and the results were as follows: chloride was
55.74%, carbon was 38.84%, hydrogen was 4.661%, sulfur was
0.514%, nitrogen was 0.09%, and oxygen and others was
0.155%. Sodium hydroxide (NaOH, AR), hydrochloric acid (HCl,
AR) and nitric acid (HNO3, AR) were obtained from Sinopharm
Chemical Reagent Co. Ltd, Shanghai, China. Sodium hydroxide
was used for researching the utilization of hydrogen chloride
and removing silicon and aluminum in wasted LCD. Hydro-
chloric acid and nitric acid were used for dissolving the product
of the chlorination reaction. The waste liquid crystal display
(LCD) powder was from Shanghai Xin Jin Qiao Environmental
Services Co. Ltd. The LCD powder used in the experiment was
treated with sodium hydroxide solution to remove silicon and
aluminum in the conditions of a liquid–solid ratio at 90 : 2 (mL
g�1), temperature at 95 �C, a dissolution time of 2 hours and
alkalinity of 0.56 g L�1. The content of the waste LCD powder
before and aer alkali dissolution used in this experiment is
shown in Table 1.

Apparatus

Fig. 1 shows the home-made two-stage pyrolysis experiment
device used in this study. The device consisted of two electric
tubular furnaces, two quartz tubular reactors, a gas supply
system, ve absorption bottles and two temperature controllers.
The quartz tubular reactors were customized at the Donghai
County Alfa Quartz product Co. Ltd. The heating zone temper-
ature can be adjusted from room temperature to 1200 �C.

Experimental procedure

In a typical run, a certain amount of PVC was placed in the rst
quartz reactor and a certain amount of In2O3 or LCD powder
was placed in the second quartz reactor. 80 mL sodium
hydroxide solution with a concentration of 1 mol L�1 was
injected into the last two absorption bottles. The effect of the
RSC Adv., 2015, 5, 102836–102843 | 102837
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Table 1 The content of the waste LCD powder before and after alkali dissolution

Metal oxide SiO2 Al2O3 BaO CaO SrO As2O3 Fe2O3 MgO

The content before alkali dissolution (%) 66.91 14.33 7.02 4.27 4.27 1.14 0.92 0.59
The content aer alkali dissolution (%) 35.96 6.58 2.85 23.26 18.39 0.60 1.21 3.22

Metal oxide Na2O Cr2O3 MnO In2O3 K2O NiO CuO Others

The content before alkali dissolution (%) 0.15 0.11 0.07 0.05 0.03 0.01 0.01 0.12
The content aer alkali dissolution (%) 3.94 0.09 0.08 0.25 0.01 0.02 0.01 3.53

RSC Advances Paper

Pu
bl

is
he

d 
on

 1
7 

N
ov

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

en
ne

ss
ee

 a
t K

no
xv

ill
e 

on
 0

6/
06

/2
01

6 
17

:3
6:

30
. 

View Article Online
sodium hydroxide was to absorb the hydrogen chloride. The
complete unit was connected with a polytetrauoroethylene
tube. Nitrogen gas was passed through the whole unit at
a certain ow rate for ve minutes to make sure the whole
experiment device lled with nitrogen, then the second tubular
furnace was heated up to the specied temperature and held for
ve minutes to ensure a constant temperature. The rst tubular
furnace began to heat up to a certain temperature.

Aer the reaction, the products which were in the lower part
of the quartz reactor were dissolved into the mixed hydrochloric
and nitric acid. Then the same amount of PVC was pyrolyzed
under the same conditions and the collected hydrogen chloride
was neutralized with sodium hydroxide solution to determine
the amount of hydrogen chloride generated, in order to deter-
mine the utilization of hydrogen chloride. The recovery ratios of
indium in different samples were calculated by the following
eqn (1):

R ¼ M

M0

� 100% (1)

whereM0 is the initial amount of indium andM is the generated
amount of indium.

The utilization ratios of hydrogen chloride in different
samples were calculated by eqn (2):

U ¼ A� B

A
� 100% (2)

where A is the amount of hydrogen chloride and B is the amount
of hydrogen chloride absorbed by the sodium hydroxide
solution.
Fig. 1 Two-stage pyrolysis experiment device: (1) steel cylinder, (2) val
quartz tubular reactors, (7) absorption bottles, and (8) quartz wool.

102838 | RSC Adv., 2015, 5, 102836–102843
Analysis

The quantitative analysis of indium and tin in the ITO powder
before and aer processing was measured by inductively
coupled plasma emission spectrometry (ICP-AES, A-6300,
THERMO, U.S.) aer being completely dissolved in a 1 : 1
mixture (v/v) of 37% HCl and 67% HNO3. The condensed
products of the second quartz reactor were characterized and
analyzed by ICP-AES and X-ray diffraction (XRD, D8 ADVANCE,
BRUKER-AXS Corporation, Germany) using the Ka line of Cu at
a scan speed of 8� (2q) min�1. The measurement of HCl was
achieved by measuring the amount of chloride ions in the
sodium hydroxide solution and the quantitative analysis of
chloride ions was measured by ion chromatography (IC,
ICS2000, DIONEX, U.S.).
Results and discussion
Indium recovery from In2O3 powder

Inuence of molar Cl/In. The hydrogen chloride produced
from the pyrolysis of PVC will react with In2O3 which is in the
LCD glass powder, to realize the extraction of indium. Thus, the
molar Cl/In was used as the measurement of the PVC dosage.
The effect of the molar Cl/In on the recovery ratio of In was
investigated in the range of 3 to 13 at the degradation temper-
ature of PVC, 400 �C, a chlorination temperature of 500 �C, and
the carrier gas ow rate at 0.1 L min�1 for 30 min. The results
are shown in Fig. 2(a). The recovery ratio of indium increased
from 40.68 to 99.00% when the molar Cl/In was changed from 3
to 13. When the molar Cl/In was 11, the recovery ratio of In was
98.83%. When the molar Cl/In was 13, the recovery ratio of
indium was 99.00%. The utilization of hydrogen chloride
ve, (3) flow meter, (4) temperature controllers, (5) tubular furnace, (6)

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Influence of (a) molar Cl/In, (b) PVC degradation temperature, (c) reaction time, (d) chlorination temperature and (e) gas flow rate on
indium recovery and the utilization rate of hydrogen chloride.
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increased from 41.25 to 69.68% when the molar Cl/In was
changed from 3 to 9; this then decreased from 69.68 to 35.7%
when the molar Cl/In was changed from 9 to 13. When the
molar Cl/In was 9, the utilization of hydrogen chloride reached
the maximum and the utilization was 69.68%. When the
recovery ratio of indiumwas 99.00%, the utilization of hydrogen
chloride reached a minimum of 35.7%. Because the amount of
hydrogen chloride increased with increasing molar Cl/In, the
recovery ratio of indium increased with increasing the molar Cl/
In. Due to the amount of hydrogen chloride discharged from
being relatively insufficient to a relative surplus with increasing
This journal is © The Royal Society of Chemistry 2015
the molar Cl/In, the utilization of hydrogen chloride changed
from an increase to a decrease with increasing molar Cl/In.

Inuence of the degradation temperature of PVC. The effect
of degradation temperature of PVC was investigated from 300 to
500 �C. These experiments were carried out with a molar Cl/In
ratio of 11, carrier gas ow rate of 0.1 L min�1, chlorination
temperature at 500 �C, and a reaction time of 30 min. The
relationship between the indium recovery ratio and degradation
temperature of PVC as well as the utilization rate of hydrogen
chloride is shown in Fig. 2(b). The degradation temperature of
PVC is observed to have no signicant inuence on the recovery
ratio of indium. The recovery ratio of indium increased from
RSC Adv., 2015, 5, 102836–102843 | 102839
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Fig. 3 XRD patterns of the products obtained after the chlorination of In2O3 at the chlorination temperature of (a) 400, (b) 450, (c) 500, and (d)
550 �C.

Fig. 4 XRD patterns of In2O3 before and after the reaction at 500 �C.

Fig. 5 Gibbs energies vs. the temperature for reaction (a) (3), (b) (4), (c)
(5), (d) (6), (e) (7), (f) (8), (g) (9), (h) (10), and (i) (11).
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90.64 to 98.83% when the degradation temperature of PVC was
changed from 300 to 400 �C. The recovery ratio of indium was
stable at a high level when the degradation temperature of PVC
102840 | RSC Adv., 2015, 5, 102836–102843 This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Influence of molar Cl/In on indium recovery and utilization rate
of hydrogen chloride.

Fig. 7 XRD pattern of the product obtained from the chlorination of
the LCD glass powder at the temperature of 500 �C.
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was changed from 400 to 500 �C. That is to say 400 �C was
suitable for the degradation of PVC only considering the
recovery ratio of indium. The utilization of hydrogen chloride
increased from 41.31 to 56.15% when the degradation
temperature of PVC was changed from 300 to 500 �C. The
utilization of hydrogen chloride mostly increased with the
increasing recovery ratio of indium.

Inuence of chlorination reaction time. The effect of reac-
tion time was investigated from 10 to 60 min. These experi-
ments were carried out with the degradation temperature of
PVC at 400 �C, a molar Cl/In ratio of 11, carrier gas ow rate at
0.1 L min�1, and chlorination temperature at 500 �C. The
relationship between the indium recovery ratio and reaction
time as well as the utilization rate of hydrogen chloride is shown
in Fig. 2(c). The recovery ratio of indium increased from 53.42 to
98.83% when the reaction time was changed from 15 to 30
minutes. The recovery ratio of indium was stable at a high level
This journal is © The Royal Society of Chemistry 2015
when the reaction time was changed from 30 to 75 minutes.
When the reaction time was 30 minutes, the recovery ratio of
indium reached the maximum and was 98.83%. It was known
that 30 minutes were enough for this reaction. The utilization of
hydrogen chloride decreased from 72.80 to 20% when the
reaction time was increased from 15 to 45 minutes then the
utilization of hydrogen chloride remained mostly constant
when the reaction time was changed from 45 to 75 minutes.
Though the recovery ratio of indium increased as the reaction
time was changed from 15 to 30 minutes, the utilization of
hydrogen chloride decreased. This was because this increased
amount of hydrogen chloride was more than the amount
needed for the reaction. The graph of utilization of hydrogen
chloride changed from decreasing to constant when the reac-
tion time was changed from 30 to 75 minutes. The reason for
this was that the amount of hydrogen chloride discharge
changed from increasing to relatively stable.

Inuence of chlorination temperature. Chlorination
temperature testing was performed from 350 to 550 �C, main-
taining a degradation temperature of PVC at 400 �C, a molar Cl/
In ratio of 11, reaction time of 30min and carrier gas ow rate of
0.1 Lmin�1. The relationship between the indium recovery ratio
and chlorination temperature as well as the utilization rate of
hydrogen chloride is shown in Fig. 2(d). The recovery ratio of
indium changed from 97.61 to 99.36% when the chlorination
temperature was changed from 350 to 450 �C. The recovery ratio
of indium was stable at a high level when the chlorination
temperature was changed from 450 to 550 �C. This was because
the generated product of indium was not completely evaporated
from the reactor when the chlorination temperature was under
500 �C. The utilization of hydrogen chloride was stable at
around 50% when the chlorination temperature was changed
from 350 to 550 �C. The chlorination temperature was found to
have no signicant impact on the recovery ratio of indium or the
utilization of hydrogen chloride when the chlorination
temperature was changed from 350 to 550 �C.

Inuence of gas ow rate. This series of experiments was to
observe the effects of the nitrogen gas ow rate. The effect of gas
ow rate was investigated from 0.04 to 0.16 L min�1, main-
taining a degradation temperature of PVC at 400 �C, a molar Cl/
In ratio of 11, chlorination temperature at 500 �C, and a reaction
time of 30 min. The relationship between the indium recovery
ratio and nitrogen gas ow rate as well as the utilization rate of
hydrogen chloride is shown in Fig. 2(e). It shows that the
recovery ratio of indium was increased with an increase of gas
ow rate below 0.1 L min�1. The recovery ratio reached 98.83%
when the gas ow rate was 0.1 L min�1, and then the recovery
ratio began to slightly decline until it nally became constant. A
gas ow rate of 0.1 L min�1 was found to be suitable for this
experiment. The utilization of hydrogen chloride decreased
from 82.71 to 34.82% when the gas ow rate was changed from
0.04 to 0.16 L min�1. This is attributed to the fact that with the
carrier gas ow rate increasing, the production rate of hydrogen
chloride becomes higher, and the recovery rate of indium
doesn’t obviously change. Therefore, the utilization rate of
hydrogen chloride decreases as the gas ow rate increases.
RSC Adv., 2015, 5, 102836–102843 | 102841
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Product analysis. The condensed products of the second
quartz reactor were characterized by X-ray diffraction (XRD).
The patterns of the products obtained aer the chlorination of
In2O3 at different chlorination temperatures are shown in Fig. 3.
The condensed products were observed to be InCl3 and InCl.
The patterns of In2O3 before and aer the reaction at 500 �C are
shown in Fig. 4. The patterns of In2O3 before and aer the
reaction at 500 �C are almost the same. Thus, the produced
InCl3 and InCl were completely evaporated at the chlorination
temperature of 500 �C.

Principle analysis. PVC decomposes at a certain temperature
and discharges HCl as the chlorination agent, and hydrocar-
bons are also produced during the reaction. The possible
reactions between HCl, hydrocarbons, In2O3 and SnO2, and the
corresponding Gibbs energies (calculated by HSC Chemistry
5.0) are listed below. The Gibbs energies changed with changing
the temperature, Fig. 5.

In2O3 + 6HCl(g) ¼ 2InCl3 + 3H2O(g);

DG� (500 �C) ¼ �26.983 kJ mol�1 (3)

In2O3 + 6HCl(g) ¼ 2InCl2 + 3H2O(g) + Cl2(g);

DG� (500 �C) ¼ 168.907 kJ mol�1 (4)

In2O3 + 6HCl(g) ¼ 2InCl + 3H2O(g) + 2Cl2(g);

DG� (500 �C) ¼ 360.874 kJ mol�1 (5)

InCl3 ¼ InCl + Cl2(g); DG
� (500 �C) ¼ 193.928 kJ mol�1 (6)

In2O3 + 6HCl(g) ¼ In2Cl6(g) + 3H2O(g);

DG� (500 �C) ¼ �29.074 kJ mol�1 (7)

SnO2 + 4HCl(g) ¼ SnCl4(g) + 2H2O(g);

DG� (500 �C) ¼ 27.748 kJ mol�1 (8)

SnO2 + 4HCl(g) ¼ SnCl2 + 2H2O(g) + Cl2(g);

DG� (500 �C) ¼ 168.070 kJ mol�1 (9)

3In2O3 + 6HCl(g) + C2H4(g) ¼ 6InCl + 2CO2(g) + 5H2O(g);

DG� (500 �C) ¼ �180.868 kJ mol�1 (10)

2In2O3 + 4HCl(g) + C2H4(g) ¼ 4InCl + 2CO(g) + 4H2O(g);

DG� (500 �C) ¼ �123.749 kJ mol�1 (11)

As can be seen from the above equations, InCl3, In2Cl6 and
InCl can be generated at 500 �C. SnCl4 may be generated,
because it has a critical value (between �40 and 40 kJ mol�1),6

indicating that the direction of the reaction is uncertain. It can
be known from Fig. 5 that the reaction of (4), (5), (6), (9) will not
occur at the temperature range from 350 to 550 �C. That is to say
InCl2 and SnCl2 cannot be generated at the temperature range
from 350 to 550 �C. The reaction of (3), (7), (10), (11) will occur at
the temperature range from 350 to 550 �C and the reaction of
(10), (11) will occurmore easily with increasing the temperature.
That is to say InCl3, In2Cl6 and InCl can be generated at the
temperature range from 350 to 550 �C. We can know that the
102842 | RSC Adv., 2015, 5, 102836–102843
result of the principle analysis is consistent with the experi-
mental results.
Indium recovery from waste LCD powder

The experiments with pure substances have proved that the
separation and recovery of pure indium chloride from In2O3 is
feasible via an In2O3 reaction with HCl produced from the
degradation of PVC. The experiment conditions of real waste
LCD glass powder aer alkali dissolution could be a little
different to the conditions of pure In2O3. Therefore, a set of
experiments was designed to investigate whether there are any
differences between the separation of pure In2O3 and waste LCD
glass powder aer alkali dissolution. The molar Cl/In is
observed to have a signicant inuence on the recovery ratio of
In. Thus, the inuence of the molar Cl/In was studied under the
conditions of the degradation temperature of PVC at 400 �C,
chlorination temperature at 500 �C, carrier gas ow rate at 0.1 L
min�1, and a reaction time of 30 min.

The effect of molar Cl/In on the recovery ratio of indium was
investigated in the range of 3 to 11. 100 g glass powder aer
alkali dissolution was used for each test. The relationship
between the indium recovery ratio and themolar Cl/In as well as
the utilization rate of hydrogen chloride is shown in Fig. 6. The
recovery ratio of tin was very low, so it is not shown in the graph.
The recovery ratio of tin increased from 0.19 to 0.48% when the
molar Cl/In was changed from 3 to 11. As shown in Fig. 6, the
recovery ratio of indium increased from 26.57 to 97.50% when
the molar Cl/In was changed from 3 to 11. The utilization of
hydrogen chloride decreased from 57.69 to 50.46% when the
molar Cl/In ratio was changed from 3 to 9, then increased from
50.46 to 53.91% when the molar Cl/In ratio was changed from 9
to 11. The variation trend of the recovery ratio of indium was the
same as that observed for the pure In2O3 conditions. While the
recovery ratio of indium was slightly lower than the conditions
of pure In2O3. The XRD pattern of the product obtained from
the chlorination of the LCD glass powder at 500 �C is shown in
Fig. 7. It could be seen from the patterns that the condensed
products were InCl3 and InCl. The LCD glass powder aer alkali
dissolution gave the same results as observed for the pure
In2O3.

In the present study, the recovery ratio of indium could reach
97.50%, better than the reported 66.7%, using PVC to recover
indium from LCD powder untreated with sodium hydroxide
solution to remove the silicon and aluminum.15
Conclusions

The recovery of indium from alkali treated LCD powder via
a chloride volatilization process using polyvinyl chloride has
been successfully demonstrated. It can be directly used to
extract indium from LCDs. The recovery ratio of indium can
reach 97.50%. The recovered products have high purity and
their main constituents are InCl and InCl3. PVC is a major
engineering plastic, and a large amount of waste PVC is dis-
carded every year. This study presents a promising technology
for cyclic regeneration of precious metal indium from waste
This journal is © The Royal Society of Chemistry 2015
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LCD panels and the re-usage of PVC. This method can achieve
the goal of using waste to treat waste.
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