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ENVIRONMENTAL PROTECTION AGENCY

The Environmental Protection Agency (EPA) is responsible for
protecting and improving the environment as a valuable asset
for the people of Ireland. We are committed to protecting people
and the environment from the harmful effects of radiation and
pollution.

The work of the EPA can be
divided into three main areas:

Regulation: We implement effective regulation and environmental
compliance systems to deliver good environmental outcomes and
target those who don 't comply.

Knowledge: We provide high quality, targeted and timely
environmental data, information and assessment to inform
decision making at all levels.

Advocacy: We work with others to advocate for a clean,
productive and well protected environment and for sustainable
environmental behaviour.

Our Responsibilities

Licensing

We regulate the following activities so that they do not endanger

human health or harm the environment:

» waste facilities (e.g. landfills, incinerators, waste transfer
stations);

* large scale industrial activities (e.g. pharmaceutical, cement
manufacturing, power plants),

* intensive agriculture (e.g. pigs, poultry);

* the contained use and controlled release of Genetically
Modified Organisms (GMOs);

» sources of ionising radiation (e.g. x-ray and radiotherapy
equipment, industrial sources);

 large petrol storage facilities;

» waste water discharges;

* dumping at sea activities.

National Environmental Enforcement

» Conducting an annual programme of audits and inspections of
EPA licensed facilities.

= Overseeing local authorities’ environmental protection
responsibilities.

* Supervising the supply of drinking water by public water
suppliers.

»  Working with local authorities and other agencies to tackle
environmental crime by co-ordinating a national enforcement
network, targeting offenders and overseeing remediation.

» Enforcing Regulations such as Waste Electrical and Electronic
Equipment (WEEE), Restriction of Hazardous Substances
(RoHS) and substances that deplete the ozone layer.

* Prosecuting those who flout environmental law and damage the
environment.

Water Management

* Monitoring and reporting on the quality of rivers, lakes,
transitional and coastal waters of Ireland and groundwaters;
measuring water levels and river flows.

» National coordination and oversight of the Water Framework
Directive.

* Monitoring and reporting on Bathing Water Quality.

Monitoring, Analysing and Reporting on the

Environment

* Monitoring air quality and implementing the EU Clean Air for
Europe (CAFE) Directive.

+ Independent reporting to inform decision making by national
and local government (e.g. periodic reporting on the State of
Ireland s Environment and Indicator Reports).

Regulating Ireland’s Greenhouse Gas Emissions

» Preparing Ireland’s greenhouse gas inventories and projections.

* Implementing the Emissions Trading Directive, for over 100 of
the largest producers of carbon dioxide in Ireland.

Environmental Research and Development

* Funding environmental research to identify pressures, inform
policy and provide solutions in the areas of climate, water and
sustainability.

Strategic Environmental Assessment
» Assessing the impact of proposed plans and programmes on the
Irish environment (e.g. major development plans).

Radiological Protection

* Monitoring radiation levels, assessing exposure of people in
Ireland to ionising radiation.

» Assisting in developing national plans for emergencies arising
from nuclear accidents.

* Monitoring developments abroad relating to nuclear
installations and radiological safety.

» Providing, or overseeing the provision of, specialist radiation
protection services.

Guidance, Accessible Information and Education

* Providing advice and guidance to industry and the public on
environmental and radiological protection topics.

* Providing timely and easily accessible environmental
information to encourage public participation in environmental
decision-making (e.g. My Local Environment, Radon Maps).

» Advising Government on matters relating to radiological safety
and emergency response.

» Developing a National Hazardous Waste Management Plan to
prevent and manage hazardous waste.

Awareness Raising and Behavioural Change

» Generating greater environmental awareness and influencing
positive behavioural change by supporting businesses,
communities and householders to become more resource
efficient.

» Promoting radon testing in homes and workplaces and
encouraging remediation where necessary.

Management and structure of the EPA

The EPA is managed by a full time Board, consisting of a Director
General and five Directors. The work is carried out across five
Offices:

» Office of Environmental Sustainability

» Office of Environmental Enforcement

» Office of Evidence and Assessment

» Office of Radiation Protection and Environmental Monitoring
* Office of Communications and Corporate Services

The EPA is assisted by an Advisory Committee of twelve members
who meet regularly to discuss issues of concern and provide
advice to the Board.
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Executive Summary

The LCDVal project aimed to illustrate the potential
indium value contained in liquid crystal displays
(LCDs) accessible via recovery techniques, therefore
turning liquid crystal panel waste fractions into a
resource for critical raw materials. The objectives and
targets were to:

”

unlock the volume of indium from waste LCDs and
increase the range and yields of recovered raw
materials;

illustrate the automation potential of the recovery
process;

push Ireland to the forefront in the area of raw
material-processing technologies;

increase the economic viability and investment
security of the processing operations.

Liquid crystal displays contain a liquid crystal glass
panel component. This liquid crystal glass panel is
composed of two glass sheets with liquid crystals
placed between the sheets. Indium is present in

the form of a coating on the internal surfaces of the
glass panels of the LCD and is combined in an alloy
of indium tin oxide (ITO). In order to achieve the
objectives, the potential for indium recovery from
LCDs was investigated by exploring pre-treatments
(to remove ITO) and various hydrometallurgical
techniques (to recover indium from the separated
ITO). The pre-treatments considered for investigation
were bulk grinding of the LCD glass panel with indium
coating, surface grinding to remove ITO from the LCD
glass panel and laser pre-treatment to evaporate the
ITO coating.

The output materials from the pre-treatments —
indium-containing powders in the case of bulk

and surface grinding techniques and indium on an
absorption media in the case of the laser technique —
were subjected to metallurgical testing to identify the
parameters that would cost-effectively yield recovered
indium of good quality.

X1

Analysis of the initial indium concentrations on

the LCD panels showed large variations, from 38
to 800mg/kg of glass. The glass front generally
contained more indium then the glass back. The
best-performing pre-treatments were considered

to be the surface grinding technique and the laser
ablation processes, as both removed ITO directly
with minimal contaminants being collected. The
surface grinding process yielded a powder that
predominantly consisted of ITO; this has the
advantage of introducing fewer contaminants to the
acid bath than the bulk grinding technique during the
hydrometallurgical step.

The laser technique has the potential to be a very

high throughput process; however, the ITO has to be
captured on an absorption media, which subsequently
must be submerged into the acid bath and may act as
a contaminant. However, the potential to deposit or
capture the ITO on bath-friendly media readily resolves

WKLV DQG RIIHUV D KLJK GHJUHH RI AHJLE

processing options.

The potential of automating both the laser and the
surface grinding techniques was considered in detail.
Similar process set-ups would be required by both.
The advantage in automating these processes is that

WKH SRODULVHU ¢(¢OP RI WKH SDQHO GRHY
, 72 7KLV KDV

LQ RUGHU WR DFFHVV WKH
impact on the time and quality of these processes
compared with the other options available (e.g. drect
acid digestion and bulk grinding). The laser technique
has the potential to achieve very high throughputs,
with a minimum of approximately 240 individual panels
of 120 panel pairs per hour. Up to 96 g per hour of
indium is collectable with one laser (assuming 800 mg
per device); using multiple lasers the process can

be scaled up for fully automated closed-loop indium
recycling from LCDs. This study shows that the laser

SURFHVVLQJ WHFKQLTXH KDV VLJQL¢FDQ\

in large-scale indium recovery.






1 Introduction

1.1 Project Statement

The LCD Val project aimed to demonstrate the indium
content in liquid crystal displays (LCDs), accessible
using recovery techniques, therefore turning waste
LCD waste fractions into a resource for critical raw
materials (CRMs).

1.2 Objectives and Targets

The objectives and target of this study were to:

unlock the volume of indium from waste LCDs and
increase the range and yields of recovered raw
materials;

illustrate the automation potential of the recovery
process;

push Ireland to the forefront in the area of raw
material-processing technologies;

increase the economic viability and investment
security of the processing operations.

Liquid crystal glass panels are composed of two glass
sheets with liquid crystal placed between the sheets.
Indium is present in the form of a coating on the
internal surfaces of the glass panels of an LCD and is
combined in an alloy of indium tin oxide (ITO).

In order to achieve the objectives, the potential for
indium recovery from LCDs was investigated by
exploring pre-treatments (to remove ITO) and various
hydrometallurgical techniques (to recover indium from
the separated ITO). Figure 1.1 summarises the pre-
treatments considered for investigation: bulk grinding
of the LCD glass panel with the ITO coating, surface
grinding to remove the ITO from the LCD glass panel
and laser pre-treatment to evaporate the ITO coating.

Bulk Ground Surface Ground F Concentration

e Mortar and
pestle

» Ball mill

e Scraper .
« Metal wool catchment
Figure 1.1. Pre-treatment options for the removal
of ITO from the LCD glass panel.

The output materials from the pre-treatments —
ITO-containing powders in the case of the bulk and
surface grinding techniques and ITO on an absorption
media in the case of the laser technique — were
subjected to metallurgical testing to identify the
parameters that would cost-effectively yield recovered
indium of good quality (Figure 1.2).

In the study, the glass panels were separated from
each LCD and washed clean of liquid crystals before
the pre-treatments and hydrometallurgical testing.
Chapter 2 details the experimental set-up and
procedures carried out.

1.3 Relevance to Policy

Indium is one of the strategically important materials
that have been characterised as critical by several
industrialised countries (Hatayama and Tahara,
2014; Graedel and Reck, 2016). In 2010, indium was

FODVVL{HG DV D &50 E\ WKH (XURSHDQ &l
LQGLXF

(& 7KH FRQFHQWUDWLRQ RI
crust is one-sixth that of gold (He et al., 2014).
Indium has no ores of its own; it is primarily produced
as a by-product of zinc and lead production in a
concentration of between 10 and 20 mg/kg (Takahashi
et al., 2007). Up until 2025, the yearly demand for
this material is estimated to grow by 70% relative to
2015 (Licht et al., 2015). In 2011, 1220 t indium was
primarily mined worldwide, from which 660 t indium
ZDV UH¢ QH& al./ RLB)Wn 2013 and 2014, the
RXWSXW RI
respectively (US Geological Survey, 2015). Over

Hydrometallurgy  Ultrasound Assist

F  Chemical F Frequency
F Duration

F  Duration F  Temperature Control

(YDSRUDWH RII

F  Temperature

Figure 1.2. The parameters investigated during
hydrometallurgical testing in order to establish an
optimised process for indium recovery.

UH;QHG LQGLXP LQFUHDVHG



Investigation of Indium Recovery from End-of-life LCDs

55% of the worldwide production of indium is used in stipulate that components containing mercury and

the ITO target industry, which is a major component liquid crystals must be removed from LCDs and

in the production of LCDs (Li et al., 2011; Pradhan avoided in production when possible. A challenge

et al., 2018). Hence, indium recovery from LCDs is with LCD televisions is the separation of the LCD

strategically important. JODVV SDQHO DQG WKH FROG FDWKRGH A

(CCFL) tubes (containing mercury). This challenge
was undertaken by the University of Limerick in a
SUHYLRXV (QYLURQPHQWDO 3URWHFWLRQ

Liquid crystal displays are used in applications ranging
from small machine displays up to 100-inch television
screens. In Ireland in 2015, 8321t of televisions . ) .

. . funded project, which led to the formation of a
and 148t of monitors containing LCD screens were

Q R X W FRPSD%\ QRWHFKQLN DQG D (XU
FROOHFWHG (3% W LV HVWLPDW WKDW L (%
actlon prOJect called ReVoIv (http //revo vproject.eu/),

m?2 Rl /&'V KDYH HQWHUHG WKH (XUR% ZDVWH
ich developed and Iaunched a commermal level
(Kopacek, 2009). Given that many LCDs have a short

lifespan, a large number of LCDs are made redundant )

. . . the LCD glass panel and CCFLs in an automated
each year and require proper disposal (70,000t in

process This olec owfocuses on researchlng
7KH :DVWH (OHFWULFDO DQG (O HFWUR%I SPTXLSP %
R UHFRYHU WKH LQ

((( 'LUHFWLYH (8 DQG 5HVWUaLIWL
+D]DUGRXV 6XEVWDQFHVY 52+6 'LUE!FWLYH (8
ZKLFK DOO (8 OHPEHU 6WDWHYV KDYH WR LPSOHPHQW

technology for LCD depollution involving removal of



2  Hydrometallurgy Experimental Methodology

2.1 “As-is” Samples:
Hydrometallurgy Methodology

An LCD glass panel in an as-is state underwent
standard hydrometallurgy to remove ITO directly
by acid digestion (Figure 2.1). These samples were
used as control samples in order to evaluate the
effectiveness of the pre-treatments and alterations

The as-is samples were tested in aqua regia (AR;

ratio of HCI: HNO,=4:1) for indium dissolution from

ITO. The time of dissolution was varied or dissolution

ZDV FDUULHG RXW XQGHU WKH LQAXHQFH
waves.

2.1.1 Hydrometallurgy: shaker digestion for

WR WKH K\GURPHWDOOXUJLFDO SURFHV¥s-iBKaémpIBSODULVHU (OP

that is present on the external surfaces of the glass
panels of the LCD was removed manually and the
surface of the glass was cleaned using acetone. The
liquid crystals were also cleaned before testing as-is
samples. It was important to remove the polariser
from the glass surface to minimise its effects, if any,
on the subsequent dissolution of ITO in acids during
the hydrometallurgical step. It is important to note
that in LCD glass panels the polariser is on the outer
surface of the glass and the ITO is on the internal
surface; thus, the polariser removal process has no

GLUHFW LQAXHQFH RQ WKH ,72 7KH

were labelled glass front (GF) and glass back (GB),
representing their original location within the LCD
device, with the GF being the viewing side and the
GB being the rear side. The GF and GB were cut into
samples of 2cmx2cm using a carbide tip pen (see
Figure 2.1) and were preserved in airtight packaging
until used for experiments.

Figure 2.1. Photograph of the GF and the GB.

Table 2.1. Parameters used for shaker dissolution of ITO

AR concentration Sample size

(%) (cm)

Volume of
acid (ml)

Leaching experiments were performed by acid
dissolution of GF and GB samples using different
techniques. GF and GB samples were placed
in separate jars containing acids of different
concentrations, as indicated in Table 2.1. These jars
were placed into a pre-heated incubator at 70°C
with shaking at 200 rpm for the different timescales
indicated in Table 2.1 and were then taken out of the
incubator to cool to room temperature. The solution in
each sample was gathered into a centrifuge tube and
TG By gabis B g
VPD RSWLFDO HPLVVLRQ VSHFWURPH\
,Q ,&3 2(6 WKH LQGLXP FRQFHQWUDWLRQ
measured and extrapolated as a measurement of the
indium (mg) per kg of sample.

2.1.2 Hydrometallurgy: US-assisted digestion
for as-is samples

As-is samples were placed in different beakers

containing the acid concentrations indicated in Table

2.2. These beakers were placed directly into an

ultrasonic sonicator at room temperature (Soniprep

150, 28 KHz) and the ultrasonic probe (titanium

alloy) was dipped into the acid solution. Ultrasonic
ZDYHV ZHUH DSSPODBPG®WXGHIDQG
for the timescales indicated in Table 2.2. During

the experiment the temperature of the acid solution

was monitored. For measurements of greater than

Temperature Mixing speed
Q) (rpm)

Time (hours)

GF 1,2,25,5,10and 15 2x2 20
GB 1,2,25,5,10and 15 2x2 20

70 200
70 200

05, 2,6, 12, 24, 48
05, 2,6, 12, 24, 48
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Table 2.2. Parameters used for ultrasonic dissolution of ITO

AR concentration Sample size Volume of acid Frequency Increase in Time (minutes)
(%) (cm) (ml) (KHz) temperature of
AR with US
GF 1,2,25,5,10 2x2 20 28 Yes 05,1, 3,5, 10,15
GF 1,2,25,5,10 2x2 20 28 Yes 05,1, 3,5, 10, 15

6HH J)LIXUHRU WHPSHUDWXUH SUR¢{OHV RI $5 ZLWK 86

5 minutes, paper tissue was wrapped around the (OWHUHG XVLQJ GLIIHUHQWPRDUWLFOH VI
beaker opening to reduce acid evaporation. At the P 7KLV ¢OWUDWLRQ SURFHVYVY GHULYF
end of the sonication process, the solution and glass VL]HV = P P DQG P + ZKLFK ZHUH
samples were collected for further analysis using used for further analysis.

,&3 2(6 VFD LQJ HOHFWURQ PLFURVFERS)\ 6(0 DOG .
( QQLQ Q The tﬁree d\lff re§1t partlc?es size samples, as well as
HQHUJ\ GLVSHUVLYH ; UD\ VSHFWURVFRS\ e
D VDPSOH WKDW ZDV QRW (OWHUHG ZHU

The temperature of the different AR concentrations 6(0 WR PHDVXUH WKH DYHUDJH SDUWLFOF
was measured at regular intervals of ultrasonic SHUIRUP ('; PDSSLQJ ,PDJH- VRIWZDUH ZI
application time. All concentrations of acids showed the particle size analysis. The powders obtained from

similar temperature trends in relation to ultrasonic (OWHULQJ ZHUH GLVVROYHG LQ $5 LQ D V

application time. At 15 minutes of sonication solutions LQAXHQFH RI 86 ZDYHYV
reached a maximum temperature of approximately

90°Cb f itation. . .
ecause of cavitation 2.2.1 Hydrometallurgy: shaker digestion for

bulk ground samples

2.1.3 Sample code explanation )
Please refer to section 2.1.1 for methodology.

7KH VDPSOHV WHVWHG ZHUH JLY H QTahis B.F detals thé/paiaikéteér&used for the
included the type of test carried out (as-is samples), hydrometallurgical process for the bulk ground
the LCD sample used (M1, M2, M3, M4 or M5), which samples.

side of the sample was investigated (GF or GB),

the type of dissolution carried out [leaching (Le) or

US], the acid used and concentration (AR; 1%, 2%,

2.5%, 5%, 10% or 15%) and how long the dissolution

process was carried out for (time in minutes). The

following provides an example of the IDs used:

" Asis_M2GF_Le 1%AR_30min [Asis (method)
M2GF (LCD sample and side of sample)_Le (type
of dissolution used) 1%AR (concentration and
type of acid)_30 min (time of dissolution)].

2.2 Bulk Grinding Pre-treatment:
Hydrometallurgical Methodology

A mortar and pestle technique was used to bulk grind

the GF and GB control samples (Figure 2.2). Before

EXON JULQGLQJ ZDV SHUIRUPHG WKH

removed and liquid crystals were cleaned. The GF

and GB samples were crushed for approximately Figure 2.2. Mortar and pestle used to crush the GB
PLQXWHY ZKLFK UHVXOWHG LQ SandeélgaanlfegQW LQLQJ ¢QH

and coarse particles. The obtained powders were
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Table 2.3. Parameters used for the hydrometallurgical process for the bulk ground samples

Sample AR concentration Particle size Volume of Temperature Mixing speed  Time
(CQ) P acid (ml) ©©) (rpm) (hours)
GF 1,2,25,510and 15 <53,<125,<250and 20 70 200 0.5, 2, 6,12, 24, 48
SUH (OWHUHG VDPSOH
GB 1,2,25,510and 15 <53,<125,<250and 20 70 200 0.5, 2, 6, 12, 24, 48

SUH ¢OWHUHG VDPSOH

Table 2.4. Parameters used for the US-assisted hydrometallurgical process for the bulk ground samples

Sample AR concentration Particle size Volume of Frequency Increase in Time
(%) P acid (ml) (KHz) temperature (minutes)
of AR with US
GF 1,2,25,5,10 <53, <125,<250and 20 28 Yes 05,1,3,5, 10,15
SUH ¢OWHUHG VDPSOH
GB 1,2,25,5,10 <53, <125,<250 and 20 28 Yes 05,1,3,5, 10,15

SUH ¢OWHUHG VDPSOH

2.2.2 Hydrometallurgy: US-assisted digestion alone on the GB by abrasion. During surface grinding
for bulk ground samples the polariser was not removed and the liquid crystals
were removed by washing. The aim of this technique
ZDV WR UHPRYH WKH ,72 DQG G\H ZLWKRX
or chipping the glass surface. Different abrasion
techniques were tested, with the extraction time, yield
DQG HI{(FLHQF\ PHDVXUHG 7KH WHFKQLT?>
in the highest yields were selected for further analysis.
2.2.3 Sample code explanation The surface grinding samples were tested in AR for

7KH EXON JURXQG VDPSOHV WHVW l_inéiiuml_?iasolufjioLanrﬁm IT\?'Squese experiments were
d%cted E'y varying '8e time oFtJTs‘éolution of the

con
IDs, which included the type of test carried out (bulk . . . .

. . . samples in a shaker or carrying out dissolution under
grinding), the particle size, the LCD sample used (M1, N

. . WKH LQAXHQFH RI 86

M2, M3, M4 or M5), which side of the sample was
used (GF or GB), the type of dissolution carried out (Le
or US), the acid used and concentration (AR; 1%, 2%, 2.3.1 Hydrometallurgy: shaker digestion for
2.5%, 5%, 10% or 15%) and how long the dissolution surface ground samples
was carried out for (minutes). The following provides
an example of the IDs used:

Please refer to section 2.1.2 for methodology.

Table 2.4 details the parameters used for the
US-assisted hydrometallurgical process for the bulk
ground samples.

Please refer to section 2.1.1 for methodology.

Table 2.5 details the parameters used for the

" Bulk_53um_M3GF_Le_ 1%AR_30min [bulk hydrometallurgical process for the surface ground
(method)_53um (particle size) M3GF (LCD samples.
sample and side of sample)_Le (type of
dissolution used)_1%AR (concentration and

i o . ) 2.3.2 Hydrometallurgy: US-assisted digestion
acid)_30min (time of dissolution)].

for surface ground samples

Please refer to section 2.1.2 for methodology.

Table 2.6 details the parameters used for the
US-assisted hydrometallurgical process for the surface
The surface grinding technique involved removal of grinding samples.

the ITO and dye on the GF or removal of the ITO

23 Surface Grinding Pre-treatment:
Hydrometallurgical Methodology
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Table 2.5. Parameters used for the hydrometallurgical process for the surface ground samples

AR concentration Sample size

(%) time (hours) (ml) (°C)

Dissolution

Volume of acid Temperature Mixing speed

(rpm)

GF 1,2,25,5,10 and 2cm =2cm LCD
15 glass panel used to
produce powder

05, 2,6, 12, 20 70 200
24, 48

Table 2.6. Parameters used for the US-assisted hydrometallurgical process for the surface ground

samples

AR concentration Sample size

(CQ) time (minutes) (D)

Dissolution

Increase in
temperature of
AR with US

Volume of acid Frequency

(KHz)

GF 1,2,25,5,10 2cmx2cm LCD

glass panel used to 15
produce powder

2.3.3 Sample code explanation

The surface ground samples tested were given

VSHFL¢(F 'V ZKLFK LQFOXGHG WKH

(surface grinding), the surface grinding technique used
[Metal wool (MW) or scraper], the LCD sample used
(M1, M2, M3, M4 or M5), which side of the sample was
used (GF or GB), the type of dissolution carried out (Le
or US), the acid and concentration used (AR; 1%, 2%,
2.5%, 5%, 10% or 15%) and how long the dissolution
was carried out for (minutes). The following provides
an example of the IDs used:

" Surface_ MW_M1GF_Le_1%AR_30min [Surface
(method)_MW (surface grinding technique)_M1GF
(LCD sample and side of sample)_Le (type of
dissolution used)_1%AR (concentration and
acid)_30 min (time of dissolution)].

2.4 Laser Process Pre-treatment:
Hydrometallurgical Methodology

The GFs and GBs were cut into 10cmx 10cm samples
using a silicon carbide tip pen. These samples were

subjected to laser pre-treatment for ITO removal using
GLITHUHQW FRQ¢{¢JXUDWLRQV

Two external laboratories were used to assist with
the laser ablation trials. A laser power of 50W was

XVHG ZLWK D VFDQ PRGH IURP D ¢[§g GLé/

approximately 50 cm. Tests were conducted to assess
the ability of the laser to remove ITO from the GF and
GB samples. The residue generated from the GF and
GB samples after laser ablation was captured using

YJLIXUH

05,1,3,5,10, 20 28 Yes

tissue paper and water. The direction of laser ablation

of the GF and GB samples is indirect, as explained

in Figure 2.4. In these experiments the golariser was
NLQG RI WHVW EDUULHG RXW

not removed and the experiments were conducted

with and without liquid crystals present. The ITO was

dissolved in AR.

2.4.1 Hydrometallurgy: shaker digestion for
laser-processed samples

Please refer to section 2.1.1 for methodology.
Table 2.7 details the parameters used for the
hydrometallurgical process for the laser-processed
samples.

2.4.2 Sample code explanation

7KH ODVHU DEODWHG VDPSOHV ZHUH JLYt
which included the side of the sample (GF or GB),

whether or not liquid crystals were present (with/
ZLWKRXWB/& WKH VDPSOH XVHG /(' DQC
PHGLXP XVHG FRWWRQ ZRRO ¢(OWHU SD ¢S
following provides an example of the IDs used:

" *)BZLWKB/&B/('BZRRO >*) VLGH RI WKH
ZLWKB/& ZLWK RU ZLWKRXW OLTXLG FL
(sample used)_wool (the capturing medium)].

WDOQF |

hara&er’f‘saﬁion Procedure and

Parameters

Characterisation of the GF and GB samples

ZDV SHUIRUPHG XVLQJ 6(0 ('; DQG ,&3 2(

GLIIHUHQW PHGLD VXFK DV FRWW R GclaritjReS. Al af WeddanpIBsStkhUweieOabalyged
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~ITO

Figure 2.3. Laser set-up used for removal of ITO
from GF and GB samples.

Laser direction [3,4 (no dye)] (Indirect)

Glass front structure I

Laser direction 1,2 (Direct)

Figure 2.4. Schematic of laser ablation of ITO.

Table 2.7. Parameters used for the hydrometallurgical process for the laser-processed samples

Sample AR concentration Medium Volume of acid Temperature Mixing speed Time (hours)
(%) (ml) ) (rpm)
GF 10 &RWWRQ ZRR35 arglGON H U 70 200 24
paper and glass (cotton)
GB 10 &RWWRQ ZRR33 arnglGON HU 70 200 24
paper and glass (cotton)

ZLWK 6(0 ZHUH JROG FRDWHG

IRU samyglesRRaQvENe chaRjing the voltage was reduced

DFKLHYH HOHFWULFDO FRQGXFWLYtaWWKV6(0 LPDJHV RI

the microstructure were captured using secondary
electrons. The same areas were subjected to

HOHPHQWDO PDSSLQJ XVLQJ WKH (f

SRZHU XVHG IRU 6(0 DQG (';
on the type of sample being analysed. Attempting
to capture certain features and carry out elemental
mapping at 20kV resulted in bright spots and image
drifting, also known as charging, which did not
allow image capturing and mapping, whereas other
samples did not charge at 20kV. Therefore, for the

YDULHG

An Agilent Technologies 5100 inductively coupled

Iasma ancaI em|SS|on sgectrometer was used

or metz|5_t|l ana SIS Samples were prepared in a

HNO sol |on ths 1M HNO, solution was

also used for the dilutions of the standard solutions

and as a calibration blank. The calibration curve

ZDV FRQVWUXFWHG E\ ¢ WWLQJ WKURXJK
standard solutions of 10, 20, 40, 60 and 8049/l of

indium standard. The following analytical line (in nm)

was used for calculations: In 325.6009.



3  Hydrometallurgical Results

3.1 Characterisation of the Liquid 7KH *) VDPSOH ZDV FKDUDFWHULVHG XVLC
Crystal Panels DQDO\VLV DV VKRZQ7KH)LUXWHWKUHH SR

. scans were carried out on the region where indium can
All of the samples of LCD glass panels were used as is . .
be expected, i.e. on the colour dye, and the remaining

and were prepared for characterisation. The samples ) .
three point scans were carried out on the glass

ZHUH DQDO\VHG XVLQJ 6(0 VHFRQGDU\'H HFWUR%V
. . . surface. The point scans revealed the presence of
Figure 3.1a shows a typical sample micrograph

) indium in the colour dye region and no indium on the
(C2-M1-S1-GF sample). The sample was mounted in ye reg
. . glass surface (Table 3.1).
resin to analyse the cross-section of the screen, as

shown in Figure 3.1b. From the cross-section it was 7KH *% VDPSOH ZDV VLPLODUO\ FKDUDFW|
possible to measure the thickness of the colour dye point analysis, as shown in Figure 3.3. The point scans

DQG ,72 DVPa 7KH VDPH NLQG RI PHRgaX teiBled@he/ pesence of indium in the surface

were performed on the GB sample (C2-M1-S1-GB,; region, with no indium present in the glass region

Figures 3.1c and d). On the GB cross-section, no (Table 3.2).

measurable coating was observed.

a. GF Surface: C2-M1-S1-GF SEM b. GF Cross-Section: C2-M1-S1-GF-XS SEM

|

= dWem ' EhectonImage

c. GB Surface: C2-M1-S1-GB SEM d. GB Cross-Section: C2-M1-S1-GB-XS SEM

I |

Figure 3.1. SEM images of the control samples: (a) GF surface; (b) GF cross-section; (c) GB surface; and
(d) GB cross-section.
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o T Election Image 1 Fopn ' Electon image 1

Figure 3.2. C2-M1-S1-GF microstructure used Figure 3.3. C2-M1-S1-GB microstructure used
to perform the EDX point analysis. Spectra 1-6, to perform the EDX point analysis. Spectra 1-6,
shown on the microstructure, are the points used shown on the microstructure, are the points used
for analysis. for analysis.

Table 3.1. EDX point analysis data for Figure 3.2, showing the elemental composition for various
elements (wt%)

Spectrum Magnesium  Aluminium Silicon Chlorine Calcium Copper Indium Tin
1 0.2 2 6.98 0.4 1.2 0.9 5.3 0.6
2 2.1 7.63 0.4 1.3 1 6.3 0.5
& 0.2 1.9 6.67 0.2 1.1 0.3 3.6 0.4
4 0.8 8.9 30.6 5.3
5 0.7 8.8 30.5 5.2
6 0.7 8.8 30.4 5.2

Table 3.2. EDX point analysis data for Figure 3.3, showing the elemental composition for various
elements (wt%)

Spectrum Magnesium  Aluminium Silicon Sulfur Chlorine Calcium Indium Tin
1 0.12 1.38 8.58 0.38 0.15 0.63 1.27 0.15
2 0.23 2.43 9.34 0.38 0.17 0.94 0.90 0.10
3 0.11 1.32 7.56 0.60 0.19 0.53 1.51 0.19
4 0.77 8.64 28.81 4.80

) 0.83 8.53 28.84 4.83

6 0.75 8.53 29.00 4.86

7KH *) VDPSOH ZDV DOVR FKDUDFW Hyé¢twas Burki¥oLb@ dnifdormly coated on the surface
mapping to evaluate the ITO coating uniformity on the for the GF sample; this was also the case for the rest
FRORXU G\H )LIJXWH('; DQDO\VLV G lvhd 6MsEngples: C2-M2-S1-GF, C2-M3-S1-GF,

the presence of aluminium, silicon, chlorine, calcium, C2-M4-S1-GF and C2-M5-S1-GF.

nickel, copper, bromine and indium. As the ITO layer
. - . 7KH *% Rl WKH VDPSOH ZDV FKDUDFWHUL\
is made of indium and tin, the other elements are ) . . .

mapping to test the ITO coating uniformity on the glass

understood to come from the colour dye or from the .
8D\HU [ JXUKH ('; DQDO\WLV GHWHFWHG
JODVV VXEVWUDWH 7KH UHFWDQJXODU ER[HV Rl a

. . . . presence of aluminium, silicon, calcium, molybdenum,
are colour pixels and the vertical and horizontal lines o ) .
. o indium and magnesium. Indium was found to only
are electrodes (see Figure 3.4a and c). The indium
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JLIXUH ('; DUHD PDSSLQJ RI WKH & 0 6 *) 6(0 LPDJH 7KH ('; PDSSLQJ FRQ¢
of indium, along with other elements such as Aluminium, silicon, chlorine, calcium, nickel, copper and
bromine. Normalisation was not carried out on these data to extract the wt% of indium.

JLIXUH ('; DUHD PDSSLQJ RI WKH & 0 6 *% 6(0 LPDJH 7KH ('; PDSSLQJ FRQ¢
of indium, along with other elements such as magnesium, aluminium, silicon, calcium and molybdenum.
Normalisation was not carried out on these data to extract the wt% of indium.

10
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uniformly coat the surface of the rectangular boxes,
with it being absent from the horizontal and vertical
electrodes. Similar results were found for the rest
of the GB samples: C2-M2-S1-GB, C2-M3-S1-GB,
C2-M4-S1-GB and C2-M5-S1-GB.

The XPS measurements were also conducted on all
of the samples and the indium content was measured
per square meter of GF and GB. The average indium
content of the GF is considerably higher than that of
the GB. The GF has an average indium content of
~0.82g/m? whereas the GB has an average indium
content of ~0.25g/m? (Figure 3.6). An average 32-inch
LCD display has a viewing area of approximately
0.283 m?; therefore, the equivalent indium content per
display is approximately 232 mg according to these
samples.

3.2 Hydrometallurgy: As-is Samples

The control samples C2-M2-GF and C2-M2-GB were
tested for indium recovery by dissolving them as

is in AR. A range of time intervals (30 minutes and

2, 6,12, 24 and 48 hours) and AR concentrations

(1%, 2%, 2.5%, 5%, 10% and 15%) was used. The
dissolution of indium in AR was performed using two
techniques: with a shaker and with US waves. The
shaker technique was carried out at 70°C, with mixing
at 200rpm; the US technique included cavitation and a
resulting gradual increase in acid temperature to 90°C.
Figure 3.7 shows the effect of shaker dissolution of
indium in AR of different concentrations over a range
of time intervals for the GF sample. As the indium
coating was found to be uniform on the glass surface,

1.0
0.9 4
—— —I s -m
08t e an R = e .._.._..’._’_...:........
Average-O 82 ga’m --E
0.7 4
E 0.6
o
g 0.5 - - - Glass Front
3
5 044 - - - Glass Back
0.3 e
e i . —————— .__.____..__._..._.._.
0.2 4 Average—() 25 ga’m
0.14
0.0 T T T T T
M1 M2 M3 M4 M5

Figure 3.6. Indium content per square meter of GF

and GB.

1000

LCD Model

900 -
800 -
700 +
600 -
500 -
400 -
300
200

100

Indium {mg/Kg)

--#--1% AR
- @--2% AR
--4-25% AR
--w--5% AR
--#-10% AR
--4--15% AR

ST T B S Rl Ry BEORLNR ST (R [ et
5 10 15 20 25 30 35 40 45 50 5%

leaching time (hours)

Figure 3.7. C2-M2-GF glass leached in 1-15%

AR for different time periods from 30
48 hours in a shaker at 70°C and 200

was analysed using ICP-OES. The data show the

LQAXHQFH Rl WLPH DQG $5 FRQFHQWUDW!|

leaching.

LW LV SRVVLEOH WR HIWUDSRODWH WKH ,&3 2(6 YDOXHV WR

calculate the number of mg of indium per kg of GF or
m? of GF.

It can be observed in Figure 3.7 that 15% AR dissolved
the highest amount of indium, reaching a plateau at

24 hours and continuing to 48 hours; 10% and 5% AR
showed a similar trend to 15% AR but with a lower
dissolution rate and the remaining AR concentrations
showed lower dissolution rates even after 48 hours of
leaching.

The GF as-is samples were also tested for indium

OHDFKLQJ L 5 XQGHU WKH LQAXH 8
Q QS Q Q %ereas 1% AR had a lower indium dissolution rate
UR¢({¢OHV RI $5 DW

sonication reached a maximum temperature of 90°C

JLIXUH 1R FKDQJH LQ WHPSHUDWXUH SU

acid alone (without US) was observed.

The following AR concentrations and time intervals
ZHUH XVHG IRU LQGLXP GLVVROXWLRQ XQ
of US: 1%, 2%, 2.5%, 5% and 10% and 30 seconds,

1 minute, 3 minutes, 5 minutes, 10 minutes and

PLQXWHYVY 7KH ,&3 2(6 UHVXOWY VKRZ W

minutes to
rpm agitation

5% and 10% AR have a similar indium dissolution
rate after 10 minutes and 15 minutes of sonication,

'XULQJ WKLV DQDO\WLV WKH WHPSH

the different concentrations used were recorded with
US waves up to 15 minutes. It was found that the acid
temperature increased rapidly and after 15 minutes of

11

( |gure 3.9).

é

As-is samples of GB were also leached in a shaker

using different concentrations of AR ranging from 1% to
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JLIXUH 7HPSHUDWXUH SUR¢OH RI Gigurél BIH Q2AM2-GF glass leached in 1-10%

concentrations of AR under US sonication. AR for different time periods from 30  minutes
WR PLQXWHV XQGHU WKH LQAXHQFH RI 86
7KH GDWD VKRZ WKH LQAXHQFH RI WLPH I
concentration on indium leaching.

go0] —®—1%AR

1 —e-2%AR

8004 --A--25% AR
1 -w--5%AR

700 —.--10% AR

600 —~¢-15% AR

Indium (mg/Kg)
]
o
=]
| —

Leaching time (hours)

Figure 3.10. C2-M2-GB glass leached in 1-10% Figure 3.11. C2-M2-GB glass leached in 1-10%

AR for different time periods from 30  minutes to AR for different time periods from 30  minutes

48 hours in a shaker at 70°C and 200 rpm agitation WR PLQXWHV XQGHU WKH LQAXHQFH RI 86
was analysed using ICP-OES. The data show the 7KH GDWD VKRZ WKH LQAXHQFH RI WLPH [
LQAXHQFH RI WLPH DQG $5 FRQFHQaungenyatior gn iRdium_I€aching.p

leaching.

15% for different time periods ranging from 30 minutes 3.3 Hydrometallurgy: Bulk Ground
to 48 hours at 70°C and 200rpm agitation. The results Samples

show that indium dissolution from GB is lower than that
from GF. AR of 15% and 10% was found to achieve the
highest possible dissolution after 24 hours of leaching
whereas for other AR concentrations the leaching time
required to reach the highest possible dissolution rate
was 48 hours (Figure 3.10).

The bulk grinding of the GF and GB samples was

performed on C2-M3 samples. These samples were

ground to powder for approximately 5 minutes using

the mortar and pestle technique, as discussed in

&KDSWHU 7KH SRZGHU REWDLQHG ZDV ¢
D VHULHV RI VLHYHVY WR VHSDBDWH WKH .
7KH GLVVROXWLRQ RI LQGLXP 1UR Ppaffcies QSsihbh partictes Lo@0AHb&H fickés (particles

of US waves is shown in Figure 3.11. All of the UHPDLQLQJ DIWHU ¢ 6W IEDVUMRLGF OHY G
concentrations of AR showed a similar trend and SRZGHU REWDLQHG DIWHU EXON JULQGLC
indium dissolution values.

12
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Figure 3.12. C2-M3-GF SEM image showing GF Figure 3.13. C2-M3-GF SEM image showing GF

SDUWLFOHV ¢ OWHUHG W KMWHRXDKWHUSEX@WNFOHY (OWHUHEB YWKXWRXJIKIWHU EXOI
grinding. grinding.

Figure 3.14. C2-M3-GF SEM image showing GF Figure 3.15. C2-M3-GF SEM image showing GF

SDUWLFOHY UHPDLQLQJ DIWHLP ¢ O WharilsloRt@naty &itdrRytndliidg but without
DQG P ¢OWHUV 7KH DSSUR[LPDWH; OMWAEIOMLRIQIH7KWH DSSUR[LPDWIP SDUWLFO

P
in Figures 3.17-3.20. The results were similar to
SHUIRUPHG )LJXUHV + GLVSORKRYH URDIWWKHF) SRZEPHDYG,P WKH
the four GF samples. SRZGHUV WKH DJJORPHUDWHYV RI ¢QH SD

bright matrix were not found, in contrast to the GF
powders, supporting the suggestion that the bright

particle size is uniformly distributed, whereas, in . o
. ) ) matrix material in the GF powders was due to the
Figures 3.14 and 3.15, among the particles of size 250 colour dve

DQG P WKHUH DUH ¢QHU SDUWLFOHV HPEHGGHG LQ WKH

matrix of a brighter material, which is considered to be The four GB powder samples were analysed using

due to the presence of the colour dye in the pixels. The ,PDJH- VRIWZDUH WR ¢QG WKH DYHUDJH &
IRXU GLIITHUHQW VDPSOHY ZHUH DQCOWBHR®EWDQQ HBDDHNYNHU (O YWD MU FDQ MV K L
software to determine the average particle size. The shown in Figure 3.21.

GDWD REWDLQHG DIWHU JO NP MU R‘Ig% g\\//e}?age partul:ﬁe sizes for all four samples are

shown in Figure 3.16. The average particle sizes for all

rovided in Table 3.4.
four samples are provided in Table 3.3. P

In Figures 3.12 and 3.13 it can be seen that the

Q\VLV ZDV FDUULHG RX
Figure 3.22
FOH VL]H SRLQW DQDO\

o

. SRL
7TKH ¢OWHUHG *% SRZGHUV ZHUH D(c)ii1¥eR EV_H%_ H
L

6(0 IRUDQ LQLWLDO SDUWLFOH VL]H
VKRZV WKH S
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o

o

-

% Table 3.3. Particle size analysis of the bulk ground

> GF samples shown in Figures 3.12-3.15

T

:
> P VLHYH 49.8

g P VLHYH 125

© P VLHYH 230

3UH ¢ OWHUHG VD P SA3 Hulk ground (500)

Measurement points
Figure 3.16. Particle size analysis of the bulk

JURXQG *) VDPSOH DIWHU ¢ OWBDWLRQ WKURXJK D

cOWHU

Figure 3.17. C2-M3-GB SEM image showing GB Figure 3.18. C2-M3-GB SEM image showing GB

SDUWLFOHV ¢ OWHU HG WO MWHRIXDKWHUSEX@WNFOHY (OWHUHB WXKWRNXJIKIWHU EXOI
grinding. grinding.

Figure 3.19. C2-M3-GB SEM image showing GB Figure 3.20. C2-M3-GB SEM image showing GB

SDUWLFOHYV UHPDLQLQJ DIWH L ¢ O WhrxMsloRt@nal &fterRyindikg but without
DQG P ¢OWHUV 7KH DSSUR[LPDWH; OMWABIOMLRIQIH7KWH DSSUR[LPDWIP SDUWLFO
P

14
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Table 3.4. Particle size analysis of the bulk ground
GB powders shown in Figures 3.17-3.20

P VLHYH 34.3
P VLHYH 137
P VLHYH 210

3UH ¢ OWHUHG VD P SA3 Hulk ground (500)
Figure 3.21. Particle size analysis of the GB bulk
JURXQG VDPSOH DIWHU (OWPDWLRQ WKURXJK D
c¢OWHU

JLJIXUH & 0 *) ('; SRLQW DQDO\VLY BDWWHFOH VL]H VDPSOH 6SHFWUD =+ \
microstructure, are the points used for analysis.

Table 3.5. EDX mapping point analysis data in wt% from Figure 3.22

Spectrum Magnesium Aluminium Silicon Calcium

1 5.42 17.06 67.15 9.36 0.55 0.46
2 2.45 14.07 57.52 26.11 0.50

3 4.33 14.21 51.60 23.32 4.68 1.86
4 4.57 16.39 68.03 9.49 0.32 1.20
) 3.83 16.08 65.25 14.25 0.39 0.20
6 3.86 16.42 67.40 13.03 0.02
7 2.72 13.63 50.88 30.42 0.34 2.01

seven spectrum points, and Table 3.5 shows the point silicon and calcium. These additional elements
analysis data. In almost all of the spectra, indium and could have come from the glass and the electrode
tin were detected, along with magnesium, aluminium, connectors on the GB.

silicon and calcium. These elements could have come

7KH EXON JURXQG *) (OWHUHGPVDPSOHV
from the colour dye and the glass.

P DQG P ZHUH WHVWHG IRU OHDFKLQ
7KH ('; SRLQW DQDO\VLYV ZDV DOVR ifrID% BR fdrR4RoUW irRaGhaker at 70°C and

the different particle sizes from the GB. Figure 3.23 USP DIJLWDWLRQ 7KH DQDO\VRV VKRZH
VKRZV WKH SDUWLFOH VL]H SRLQW parixteséacthed a Aigghat Koncerjtration of indium than
spectrum points. WKH DQ® SDUWLFOHMPWKHIWLFOHYV

ZKLFK DUH XQ,;OWHUHG OHDFKHG D KLJK
LQGLXP WKDQ WKHP SDDUWELFOHYVY EXW D OF
FRQFHQWUDWLR® WWXDWLWE&HY )LIJXUH

Table 3.6 shows the corresponding data analysis.
Almost all of the spectra showed the presence of
indium and tin, as well as magnesium, aluminium,

15



Investigation of Indium Recovery from End-of-life LCDs

Figure 3.23. C2-M3-GB EDX point analysis of the JLIXUH & 0 *) EXON JURXQG SRZGHU ¢0O
P SDUWLFOH VL]H VDPSOH 6 S HRWduifferent padiRle€ res (53, 125, 250 and

on the microstructure, are the points used for P DQG WHVWHG IRU LQGLXP GLVVROX\

analysis. samples were dissolved in 10% AR for 24  hours in

a shaker at 70°C and 200 rpm agitation.

Table 3.6. EDX mapping point analysis data in wt% from Figure 3.23

Spectrum Magnesium Aluminium Silicon Calcium Indium Tin
1 1.28 16.66 68.41 12.77 0.22 0.66
2 1.18 16.25 67.01 14.91 0.33 0.32
3 1.40 16.80 68.82 12.20 0.05 0.73
4 1.19 15.84 67.84 14.87 0.66

5 1.45 17.84 66.95 13.06 0.27 0.43
6 1.46 16.96 68.29 12.57 2.42

7KLY LQGLFDWHY WBODWLW&®&HY ZRXOG EH F
useful for further study.

7KH P *) VDPSOH ZDV OHDFKHG LQ
2.5%, 5%, 10% and 15% AR for time periods of

30 minutes and 2, 6, 12, 24 and 48 hours, followed by
measurement of the dissolved indium concentration
XVLQJ ,&3 2(6 VHH &KDSWHU |IRU PHWKR
results show that 15% and 10% AR have a similar

indium dissolution pattern after 12 hours of leaching
whereas 5% AR had a similar indium value to that

for 15% and 10% AR after 48 hours of leaching

(Figure 3.25). The trends also reveal that the rates of
dissolution for the lower concentrations of AR were still

gradually increasing at 48 hours, indicating that these

JLIXUH & 0 *) EXON JURXQG SRZGA'?WO&&\%E'OHQWI need a longer dissolution time,
WKURXJKFD¢OWHU ZDV OHDFKHG LQi.e.igreatéﬁﬁﬂeJ&ghoursinthiscase.

different time periods from 30  minutes to 48 hours

in a shaker at 70°C and 200 rpm agitation, followed 7KH P *) VDPSOH ZDV VHOHFWHG IRU IXU'
by analysis by ICP-OES. The data show the GLVVROXWLRQ XQGHU WKH LQAXHQFH RI ¢
LQAXHQFH RI WLPH DQG $5 FRQFH QSgupeRelertes waglepahes! ind o, 2%, 2.5%, 5%

leaching. and 10% AR for 30 seconds and 1, 3, 6, 12 and

16
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15 minutes, followed by measurement of the dissolved  dissolution times to match the indium concentrations
LQGLXP FRQFHQWUDWLRQ XVLQJ ,&&hik{ed by HI%H AR(BEiGW BL.28).

for methodology). The results show that 10% and
5% AR dissolved similar indium concentrations at
12 minutes and above (Figure 3.26). The indium
concentration dissolved by 2.5%, 2% and 1% AR
increased gradually with time but was always low.

7KH P *% VDPSOH ZDV VHOHFWHG IRU IXU
GLVVROXWLRQ XQGHU WKH LQAXHQFH RI ¢
sample was leached in 1%, 2%, 2.5%, 5% and 10%
AR for 30 seconds and 1, 3, 6, 12 and 15 minutes. The
results show that 10% and 5% AR have similar indium
7KH EXON JURXQG *% ¢ OWHUHG VD RiSsOlttivh rates throughout, whereas 2.5%, 2% and
DQG P ZHUH DOVR WHVWHG IRU O HPARSh&IarRncres3iGd tefd ind)cating a need
10% AR for 24 hours in a shaker at 70°C and 200 rpm for a higher sonication time to achieve the maximum
DIJLWDWLRQ 7KH DQDO\VLWPY $IBORIHGHNMIsAoIWIdG Hate (Figure 3.29).
leached a higher concentration of indium than the
bQG P SDUWLFOH_\’LPV\SDHUWLFOH¥.4ZKl[-fﬁrometallur : Surface
DUH XQ¢OWHUHG OHDFKHG D KLJKHU FR l(:)lli'n éJHIIDp\fESB,RQ R
LQGLXP WKDQ WKHP SDDUWA_FOHV EXW D ORZHU
FRQFHQWUDWLR® WXDWLWE&HY )LJXWeLCD screen GF (Figure 3.30a) was subjected to
7KLY LQGLFDWHY WBDWLW®HYV DUH $uRdddygriddirtd Witloa wire brush, wire wool, silicon
for further studies. carbide (SiC) paper and a scraper. The resulting

surfaces are shown in Figure 3.30b.
7KH P *% VDPSOH ZDV OHDFKHG LQ

2.5%, 5%, 10% and 15% AR for time periods of The scraper technique was found to have limitations,

30 minutes and 2, 6, 12, 24 and 48 hours, followed by as it resulted in glass cracks and SiC paper was found
measurement of the dissolved indium concentration to scratch the glass surface, which can potentially

XVLQJ ,&3 2(6 VHH &KDSWHU [|IRU PEodtavihBiStReGr&AHer. Table 3.7 shows the different

The results show that 15% AR leaches the highest techniques used for surface grinding of the GF, the

indium concentration, followed by 10%, 5%, 2.5%, 2% WLPH WDNHQ WR UHPRYH D ¢([HG DUHD W
and 1% AR. For all AR concentrations, rapid indium HI¢FLHQF\ RI WKH SURFHVYV

dissolution was observed up to 12 hours, which was
followed by a gradually increasing plateau. For low AR
concentrations the results indicate a need for longer

The samples produced using the heavy steel scraper
and the low-speed drill and metal wool were selected
IRU IXUWKHU WHVWLQJ DV WKH UHPRYDO

JLIXUH & 0 *) EXON JURXQG SRZGHplte 3Q2¥WERMBEB GB bulk ground powder
WKURXJKPD{OWHU ZDV OHDFKHG LQ; @WH®YHG WR IRXU GLIIHUHQW SDUWLFOH

for different time periods from 30 seconds to DQG P DQG WHVWHG IRU LQGLXP GLVVR!
PLQXWHV XQGHU WKH LQAXHQFH &nfids WdPYdiddblved in 10% AR in a shaker for
followed by analysis using ICP-OES. The data 24 hours at 70°C and 200 rpm agitation.

VKRZ WKH LQAXHQFH Rl WLPH DQG $5 FRQFHQWUDWLRQ
on indium leaching.

17
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Indium {ma/Kg)

Leaching Time (hours)

JLIXUH & 0 *% EXON JURXQG SRZGHWKXUYUBWEBUBG*% EXON JURXQG SRZGHU ¢
WKURXJKPD,OWHU ZDV OHDFKHG LQWKURXI KR, OWHU ZDV OHDFKHG LQ +# $
different time periods from 30  minutes to 48 hours for different time periods from 30 seconds to

in a shaker at 70°C and 200 rpm agitation, followed PLQXWHV XQGHU WKH LQAXHQFH RI 86 Z
by analysis using ICP-OES. The data show the 7KH GDWD VKRZ WKH LQAXHQFH RI WLPH I
LQAXHQFH RI WLPH DQG $5 FRQFH QauridgéniatioR Qn iRdunI€aGhing.P

leaching.

Before After

JLIXUH D 7KH /&' VFUHHQ *) VHIJPHQWHG LQWR HTXDO DUHDV WR WHVW WK
techniques on ITO +colour dye removal from the glass surface. (b) The surface of the LCD screen GF

DIWHU UHPRYD® ®RRXU2G\H XVLQJ WKH GLIITHUHQW WHFKQLTXHYVY LQGLFDWHG L
Table 3.7.

Table 3.7. Different surface grinding techniques tested for ITO +colour dye removal from the GF

Extractor ITO residue collected per area
RENOERINEES) Yield (g) (lI¢FLHQF\

Small wire brush (brass) 911.5 0.0253 20.9
Wire wool (steel) 579.0 0.0913 75.3
Small wire brush (steel) 554.8 0.0738 60.8
Grinding paper (SiC 320 grit) 455.2 0.0619 51.0
Low-speed drill + metal wool (618.8rpm)  409.0 0.1213 100.0
Large wire brush (steel) 404.0 0.0898 74.0
Heavy scraper (steel) 383.0 0.1213 100.0
High-speed drill + metal wool (2924rpm)  119.0 0.1213 100.0
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The high-speed drill and metal wool technique showed ZHUH H[DPLQHG 8QGHU 6(0 WKLV SRZGHU
HI¢FLHQF\ EXW WKH PHWDO ZRRKDGHVADQWHIN WDKNBWGQ WH I XUH 2QH
because of the speed; hence, this removal technique observation that is critical for the metal wool technique
was not considered further. is that the removal of ITO +colour dye surrounding the
The powder produced by heavy metal scraper removal JODVV FUDFNV 2DV HI¢FLHQW DQG GLG Qf
The metal wool-removed ITO powder was used for

of ITO+colour dye from the GF was studied under .
| b; SRLQRW DQDO\VLV 6L[ VSHFWUD ZHUH F
6(0 DQG ('; 8QGHU 6(0 WKLYV SRZGHran DV IRX

omvplaces and the analysis data are reported in
WR KDYH ORQJ ¢EUH OLNFLQWJLHm\M/T)gtL)JIeHsg a
that were bundled together. One observation that e

is critical for the scraper method is that the removal The metal wool and scraper-removed ITO + colour dye
of ITO +colour dye surrounding the glass cracks was leached in 10% AR for different time intervals.
ZDV GLI(FXOW 6XFK DQ DWWHPSW TR ddhutisrioiidignwia®darded BuK in 8 shaker
the glass at the crack boundaries. The ITO powder at 200rpm. The analysis data are presented in

UHPRYHG E\ WKH VFUDSHU ZDV XV HRgul&®k3B3 Th&Riagekwas found to leach a lower
analysis. Six spectra were measured at random places  concentration of indium in AR than metal wool. Metal
(Figure 3.31) and the analysis data are reported in wool was therefore selected for further analysis.

Table 3.8. )
Figure 3.34 shows the metal wool-removed

7KH ('; SRLQW VFDQV VKRZHG WKH HO-HUbLQdyeldiBsbltiQnGnLARRPT different
of up to ~89 wt% in the points selected. concentrations and for different time intervals. AR at
15% and 10% show similar indium dissolution rates;

Next, the samples produced by surface grinding usin - . .
piesp y 9 g g 5% AR has a lower indium dissolution rate than 10%

metal wool to remove ITO +colour dye from the GF

Figure 3.31. C2-M1-GF microstructure used to Figure 3.32. C2-M1-GF microstructure used to
perform EDX point analysis. Spectra 1-6, shown perform EDX point analysis. Spectra 1-6, shown
on the microstructure, are the points used for on the microstructure, are the points used for
analysis. analysis.

Table 3.8. EDX mapping point analysis data in wt% from Figure 3.31

Spectrum Magnesium Aluminium Silicon Calcium Indium Tin

1 0.14 0.65 0.99 0.15 89.27 8.80
2 0.68 2.24 89.82 7.97
3 0.10 2.11 0.87 90.61 6.85
4 0.32 1.70 0.10 89.19 9.01
5 1.75 89.52 9.54
6 1.47 0.31 89.81 8.90
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Table 3.9. EDX mapping point analysis data in wt% from Figure

Spectrum Magnesium Aluminium Silicon
1 0.14 0.65 0.99
2 0.68 2.24
3 0.10 211 0.87
4 0.32 1.70 0.10
5 1.75
6 1.47 0.31
7000 -
6500 4 - & - Scrapper ITO
6000 ] - - - Metal Wool ITO
5500
5000
— 4500 _psmesewmmT ----®
< 4000 e
£ 3500 57 __.-m
2 ] > a7
= 2000 ’ o™
1500-_ /, ,ff
1000] @ _.-m°
500 4 ,,"
0 T T T T
0 5 10 15 20 25

Leaching time (hours)

Figure 3.33. C2-M1-GF colour dye +ITO leached in

10% AR for different time periods from 30
to 24 hours in a shaker at 70°C and 200

minutes
rpm

agitation, followed by analysis using ICP-OES. The
GDWD VKRZ WKH LQAXHQFH RI WLPHKDIQ®J ,&32FQ 7KH GDWD VKRZ WKH LQAX]
time and AR concentration on indium leaching.

indium leaching.

and 15% AR at 24 hours but a similar rate at 48 hours.

This indicates that the high AR concentrations can
dissolve indium more quickly. Given a prolonged
dissolution time, the low AR concentrations can reach

the maximum indium dissolution rate.

Powders from the GB using surface removal

techniques were not analysed as the trials to generate

ITO from the GB using metal wool and scraper

techniques were unsuccessful.

The scraper-removed ITO and metal wool-

ITO were dissolved in 10% AR for 15 minu

removed
tes

metal wool-removed ITO showed similar rates of
indium dissolution after 5 minutes of US application
(Figure 3.35). With US application of between 5 and
15 minutes, the metal wool-removed ITO showed
greater dissolution of indium. Further understanding
was sought by subjecting this powder to different AR

FRQFHQWUDWLRQV DQG WLPH XQG HiiBSydtaBAXHQFH $5 DW

20

3.32

Calcium

0.15

Indium
89.27
89.82
90.61
89.19
89.52
89.81

Tin

8.80
7.97
6.85
9.01
9.54
8.90

Figure 3.34. C2-M1-GF and C2-M5-GF colour

dye +ITO leached in 1-15% AR for different time
periods from 30 minutes to 48 hours in a shaker at
70°C and 200 rpm agitation, followed by analysis

FRQFHQWUDWLRQV RI

DQG XQGHU Wk

US waves showed similar higher indium dissolution
rates whereas 2.5%, 2% and 1% AR showed lower
dissolution rates but with an increasing trend with time.
This thus indicates that 10% and 5% AR need less
time to dissolve indium whereas 2.5, 2 and 1% AR
need more time (Figure 3.36).

35

processed Samples

Hydrometallurgy: Laser-

The laser technique was used to remove ITO from the
XQGHU WKH LQAXHQFH RI 86 ZDY HVLCDEK Hh&/ G2AMASHGF Ar@ G2-M4-S1-GB samples
were cut into dimensions of 10cmx10cm and tested
for ITO removal using spot laser and scan laser at
50W power. The same technique and parameters
were also used on the GFs and GBs of light-emitting

GLRGH

I

GLVSOD\V

,Q WKH FDVH RI /("V

samples were tested with liquid crystals and without
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Figure 3.35. C2-M1-GF colour dye +ITO leached in Figure 3.36. C2-M1-GF and C2-M5-GF colour

10% AR for different time periods from 30  seconds dye +ITO leached in 1-10% AR of for different time

WR PLQXWHV XQGHU WKH LQAXH Q F iderdtis86mZ30D Ysdénds to 15 minutes under

7KH GDWD VKRZ WKH LQAXHQFH RI WIKPHLDAQX HGFH RI 86 ZDYHV 7KH GDWD VI

concentration on indium leaching. LQAXHQFH RI WLPH DQG $5 FRQFHQWUDWI
leaching.

JLIJIXUH *) & 0 6 ORZ PDJQL¢{FDWLRQ 6(0 LPDJH RI D *) VDPSPW DPOBWHG Z
showing the curvature of the spot: (a) the area that was unaffected by the laser and (b) the area ablated
with the laser.

Figure 3.37 shows non-ablated (a) and laser-ablated indium whereas the region that was not ablated

(b) regions of the GF of an LCD display from which still contains indium. This is the same for tin, thus

the liquid crystals were previously removed. The FRQ/;UPLQJ WKDW WKH ODVHU VXFFHVVIX
laser-ablated region shows clear pixels whereas the ITO layer. As the region rich in ITO is lost as a result

non-ablated region shows a grey cover over pixels. of laser ablation, the elements that were once covered

This cover could be an ITO layer. In order to test the under the ITO are found to be brighter, indicating that
LQAXHQFH RI WKH ODVHU RQ WKH Vdelouddyes arg' rickib &\ SriirQuih, silicon and calcium.

was performed, as shown in Figure 3.38. W LV LQWHUHVWLQJ WR ¢QG SL[HOV DQG

unaffected in the laser-ablated region, indicating that
7KH ('; PDSSLQJ VKRZV WKH SUHVH(%FH RI DOXPLQLXP
the laser has selectively removed ITO.

silicon, calcium, indium and tin. In the maps, brighter

regions indicate the presence of these elements and The laser ablation technique was also tested on the

darker regions represent the absence of any elements. /(" *) LQ WKH SUHVHQFH RI OLTXLG FU\VW|
7TKHUHIRUH WKH ('; PDSSLQJ VKR Z\sciviKvieWe midde lan BarhpledfRugh liquid crystals,

that was ablated with the laser has lost most of the a black smoke came off the surface, indicating the
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Figure 3.38. EDX mapping of the area shown in Figure  3.37. The darker regions in the maps represent the
absence of any element and the brighter regions show the presence of elements. Mapping revealed the
difference in aluminium, silicon, calcium, indium and tin distribution in region a and region b.

JLIXUH /(' *) ZLWK OLTXLG FU\VWDOV ORZ PDJQL¢(¢FDWLRQ 6(0 LPDJH RI D *)
: VFDQ ODVHU D WKH DUHD WKDW ZDV XQDIIHFWHG E\ WKH ODVHU DQG E

evaporation of liquid crystals; this smoke was absent in UHJLRQV LQ WHUPV RI PLFURVWUXFWXUH
the samples without liquid crystals. Figure 3.39 shows of other samples.

WKH UHVXOWY IURP WKH /(" *) ZLWK OI_TX ,FU\\QWDOV KH
) . - The laser ablation technique was also tested on the
microstructure is similar to that shown in Figure 3.37.

/(' _*% Lg WKH SUHVHQFH RI OLTXLG FU\VW
7KH ('; PDSSLQJ UHYHDOHG D FOHDU ERX(?. DU\ EHW,
. . absence of liquid crystals. Figure 3.41 shows the
the laser-ablated region (b) and the non-ablated region
. . . UHVXOWYV IURP WKH /(' *% ZLWK OLTXLG F
(a). This boundary clearly separates the region with

. . . microstructure is similar to that revealed for the LCD
and the region without ITO (Figure 3.40). The laser ,
*0% 7TKH : PDSSLQJ UHYHDOHG D FOHDU E
DEODWLRQ KDV VHOHFWLYHO\ UHPRYHG 7% IUPbP WK '
glass between the laser-ablated region {b) and the non-

ablated region (a). In the region that was ablated the
7KH SUHVHQFH RI OLTXLG FU\VW D ONOKRGeR®Red ahd tKe-e@Ettddes @ the GB were

WKH UHPRYDO RI LQGLXP IURP WK Hdégtroyed (Rigrd B.42)ZDV D
similar boundary between ablated and non-ablated
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Figure 3.40. EDX mapping of the area shown in Figure  3.39. The darker regions in the maps represent the
absence of any element and the brighter regions show the presence of elements. Mapping revealed the
difference in aluminium, silicon, calcium, indium and tin distribution in region a and region b.

JLIXUH /(" *% ZLWK OLTXLG FU\VWDOV ORZ PDJQL¢(FDWLRQ 6(0 LPDJH RI D *
: VFDQ ODVHU D WKH DUHD WKDW zZDV XQDIIHFWHG E\ WKH ODVHU DQG E

7KH SUHVHQFH RI OLTXLG FU\VW D Oaapii@GhyBsdrfidh i@ différédiQnedia such
the removal of indium from the GB. A similar boundary DV {OWHU SDSHU JODVV FRWWRQ ZRRO

between ablated and non-ablated regions in terms of was carried out both with and without liquid crystals
PLFURVWUXFWXUH DQG ('; PDSSLQ JgtoZabs¥sd RX&éxt bRtk IEHANEstals on the
types of sample. quality and quantity of the recovered ITO. All of the

media with the absorbed ITO, apart from water, were
DQDO\WHG IRU LQGLXP XVLQJ ,&3 2(6 )LJ>
3.44). The water media samples were not measured

ZLWK ,&3 2(6 EHFDXVH WKH PHWKRG XVHC
'XULQJ DEODWLRQ RI WKH /(' *) DQ Gatrisainglés fioin feder dblatibn resulted in greater

laser, the generated ITO, which produces vapour, was  losses of ITO.

3.5.1 Capture of ITO from the laser ablation
process
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Figure 3.42. EDX mapping of the area shown in Figure  3.41. The EDX mapping revealed the presence of
aluminium, silicon, chlorine, calcium, indium and tin.

1200.0 300
0000 250
8 800.0 g 200
g BOD O g 150
5 5
E 4000 = 100
- ot L | : m
0.0 Wool Filber s tinsue 0 Wool Filler glass lissuw
uGF With LT 188.3 408.3 800.0 BGE With LC 81.68886587 268.7 188.7
B GF Without LT 2450 933 a7 e eEET =GB Without LC ne7 .7 1833 =0
Figure 3.43. LED GF with and without liquid Figure 3.44. LED GB with and without liquid
crystals: ICP-OES analysis of ITO collected onto crystals: ICP-OES analysis of ITO collected onto
FRWWRQ ZRRO (OWHU SDSHU D JOPRWWRQZRPQ G, ®WWMXBDSHU D JODVV V
paper during laser ablation. paper during laser ablation.
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4 Hydrometallurgical Discussion and Conclusion

4.1 As-is Samples

As-is GF and GB samples were leached in different
concentrations of AR for different time periods. The
maximum time period used for leaching was 48 hours
and the maximum acid concentration was 15%.
Leaching performed on GF samples with 15% AR for
30 minutes showed the highest indium dissolution
rate. AR at a concentration of 15% showed consistent
indium leaching values from 24 hours to 48 hours. A
similar study by Forte (2014) found a maximum indium
dissolution rate at 24 hours. AR at a concentration

of 5% showed similar levels of indium leaching as
15% AR at 6 hours and 12 hours, but at 24 hours and
48 hours it reached a plateau, which matched the
trend seen with 10% AR. Leaching of GF samples with
2.5% and 2% AR showed similar results, indicating
that this slight change in the acid concentration has

Compared with leaching in an incubator at 70°C, the
US dissolution of indium is a dynamic mechanism.
When US waves were applied the temperature of
the solution increased up to 90°C in 15 minutes. The
increase in temperature occurs because of collapsing
cavities that are generated during sonication. When
collapsed these bubbles generate high temperatures
and pressures near the surfaces, resulting in faster
ITO dissolution (Li et al., 2011; Zhang et al., 2017).
Hence, a greater indium dissolution rate was recorded
within 15 minutes of sonication, which was possible
with 10% AR after incubating for 24 hours at 70°C and
USP PL[LQJ 7KLV LQGLFDWHY WKH HI¢F
ultrasonic process.

As discussed, in the case of GF samples, the highest
indium dissolution rate was seen with 10% AR, with
the same trend and similar values seen for 5%, 2%

QR LQAXHQFH RQ DV LV OHDFKLQJ Brid2.B/PAROAR\At a7dditentraién of 1% showed

samples showed the lowest level of indium leaching;
there was a gradual increase in leaching even up to
48 hours.

As-is GB samples were leached using a similar
method to that used for GF samples. The highest

rate of indium leaching was seen with 15% AR.
Between 24 and 48 hours of leaching, the 15%

AR samples reached a plateau, indicating that no
leaching occurred after 24 hours. A similar pattern
was observed for 10% AR, with a plateau seen from
24 hours to 48 hours. Interestingly, 5% AR showed a
similar indium leaching rate as that for 15% and 10%
AR at 48 hours of leaching. AR at concentrations of
2% and 2.5% showed an increasing trend, even after
48 hours of leaching. These results indicate that lower
AR concentrations can achieve the highest indium
recovery rates with longer durations of leaching. The
same indium recovery rate can be achieved more
quickly if higher AR concentrations are used (Li et al.,
2002). These results also revealed that the indium
content in the GB samples is almost half that in the GF
samples.

As-is GF samples were leached in an ultrasonic
sonicator in different concentrations of AR (1-10%) for
different time periods (from 30 seconds to 15 minutes).
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the lowest indium dissolution rate. This indicates that,

as well as the pressure and temperature exerted by

the US waves, acid concentration plays a major role

in the dissolution of ITO. Similar results were found

for GB samples. Indium leached in GB was more than

half that of the indium leached from GF, supporting

RXU ¢QGLQJ WKDW *% KDV OHVV LQGLXP |
study also found an improved indium leaching rate in

acid with the help of US waves (Souada et al., 2018).

7KHVH (¢QGLQJV DUH VLPLODU WR ¢QGLQJ
studies in which sonication improved the recovery

of metal from waste (Alvarez Sanchez et al., 2008;

Huang et al., 2011; Wang et al., 2011; Li et al., 2014).

There were some limitations of the sonication process
because of technical reasons. AR at a concentration
of 15% was not tested and testing for longer than

15 minutes was not performed. The ultrasonic
sonicator was made of titanium and it was thought
that stronger acids could damage the titanium probe
and internal parts of the equipment. In addition, the
temperature of the acid solution reached 90°C at

15 minutes of sonication, which was found to vaporise
the acid. Such acid vaporisation could potentially
damage the sonicator by corrosion. Hence, these
parameters were avoided.
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4.2 Bulk Ground Samples concentrations to achieve indium dissolution rates

similar to those for 10% and 15% AR.
7KH PRUWDU DQG SHVWOH EXON JURXQG *) DQG *% ¢OWHUHG

samples were analysed for particle size. The average An analysis was performed of indium dissolution
particle size after passing the samples through a for different GB particle sizes using 10% AR and
P VLHYH ZDV JUHDWHU IRUP*) V2P Boorsiig a shaker at 70°C and 200rpm agitation.
WKDQ IRU *% VDPBSORKLY FDQ EH DWW/ ZDEVX RK®Q G WPK D%V SNDKURW KIR@HYG W K H
WR WKH SUHVHR RMHKRF N RROR XU G\ highest lavglgf ingium dissolution, indicating that ITO
samples, which acted as a binding agent between the from the larger particles was removed as a result of
¢QHU SDUWLFOHV :KHQ FUXVKLQJ WEHDBAHRQ W ER X¥&r®Q KHDQWUDWHG DV ¢QHU
acted as a shock absorber to reduce the ability of the WKH *) VDPSOHV 7KH P SDUWLFOHV V
JODVV WR EUHDN LQWR ¢ QHU SDUWwWyas andlysed7fwrirer® derstanditsigsplution
absent from the GB samples; hence, taking advantage  over different time periods and using different AR
RI WKH JODVV EULWWOHQHVV D ¢ Quangesmtions. IARalysis proved aainvthat 15%

achieved. The effect of the dye becomes negligible AR produces the highest level of indium dissolution
with increasing particle size and any deviations can within 12 hours, which is maintained up to 48 hours.
only be an effect of crushing in the mortar. The 10% AR sample followed the same trend as

the 15% AR sample but with an increase in indium
dissolution up to 48 hours, indicating that a longer
dissolution time period is necessary to meet the 15%

An analysis was performed of indium dissolution for
different GF particle sizes using 10% AR and 24 hours

In & shaker at 70°C ;a\nd ZdO]? fpm :glianonl. ;’hese i AR dissolution rate. This was the same for 5%, 2.5%
parameters were selected from the knowledge gaine and 2% AR. All of these AR concentrations showed

IURP WKH DV LV VDPSOHV ,WRDV IRX% aN Ia V\{
) ] } [ower indium dissolution rate and an increasing
particle size sample showed the highest level of indium

_ _ _ trend, indicating the need for a longer dissolution
dissolution, at ~850 mg/kg. Abrasion of the surface . . -
] ) ] time beyond 48 hours to reach the maximum indium
of the glass patrticles during crushing could have

i i ] dissolution value. In the literature it has been
liberated ITO from larger particles and concentrated it
su gested that particle size does not have any

LQ WKH SDUWLFOM VWRKHWIHHR UH PRE H RQ LQGLXP Udt&.R2015)J\ )RQWDQ

's dissolved compared with particles of size 125 and however in this StUdé it was found that particles size

P 7KLV FRXOG SURYH WKDW EHEB%S'\//HKIBIYHQ QFH R PHWDO UHEF
i

FRORXU G\H FRQWHQW LQ WKH "QHbe rgI:IaDte%\{\(/)lthevarylng composYon OY\{he% rent-

to crushing could have occurred, which resulted in VL]HG ¢OWHUHG SDUWLFOHYV

SDUWLFOHV VLRHRU &) VDPSOHYV
GHWDLOHG VWXG\ ZDV SHMEYRUPH AnanaIyS|softheeffectofUSwavesonIeachlng
3 ) GZISQV \ghUIRUPHG—RDQVWRBOHV XVLQJ GLIIHU

samples as they contain the majority of the ITO concentrations of AR and different time periods. In this
IUDFWLRQ 7KHVH VDPSOHV ZHUH WFXW&G IRU WKH L(%AXH FH .

] ) ] ] ] study US'leaching was performed over ime periods up
of time and acid concentration on the dissolution . . .

¢ indi ) £ 15% sh q to 15 minutes and using AR concentrations of 10% or
rate (_) n |u_m. _AR at. a con_centratlon of 15% showe less. AR at a concentration of 10% showed the highest
the highest indium dissolution rate at 12 hours, after - . . . .
level of indium dissolution. A gradual increase in

which the rate plateaued up to 48 hours. AR at a - . . .
] o indium dissolution was recorded up to 15 minutes and
concentration of 10% followed a similar trend as 15% . o .
a plateau was not achieved in this case. Interestingly,

Ar? bUIdShOWfd a sll_gh_tlly Ic;\_/ver ldls_solutlon ratleS.OI/t AR 5% AR achieved a similar indium dissolution rate
showed an almost similar dissolution rate as ° as that of 10% AR at 12 minutes and 15 minutes of

within 6 hours of leaching. AR at a concentration of T . .
Y ) i sonication, indicating that lower acid concentrations
5% reached a similar indium dissolution level to that . . - . . -
can achieve higher indium dissolution rates within

0 ,
of 10% AR after 24 hours. Lower concentrations of 15 minutes of sonication. In addition, in this study an

1%, 2% and 2.5% AR showed an increasing trend . . L . .
increasing trend in indium dissolution was observed for

of md_lum dissolution up t0_48 hours, md@atmg that all AR concentrations, with 10% and 5% AR showing
leaching for even greater time periods will allow these . . .
the highest dissolution rates.
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The slight increasing trend in indium dissolution after
15 minutes of sonication indicates that not all of the
indium is dissolved in AR at 15 minutes and that

a longer sonication time is required. This might be
because the powder particles have been moved to
dead spots in the beaker, i.e. places in the beaker
where the ultrasonic cavitation effect is minimal and
hence less mixing occurs. Therefore, a slow and
gradual increase in indium dissolution after reaching a
plateau may be seen.

4.3 Surface Ground Samples

Different surface grinding techniques were employed
to remove the ITO layer from the GF surfaces. Of all
the techniques tested, the metal wool and scraper
removal techniques were considered for further
testing. The scraper and metal wool techniques were
successful only for GF samples, as described in
Chapter 3. The ITO on the GB samples is less than
15nm thick, as per the indium measured. The scraper
tip and metal wool are not precision made and their tip
sizes are in micrometers; hence, the scraper and metal
wool slide over the GB surfaces and cannot penetrate
the ITO layer to remove it. In the case of metal wool

it is possible to abrase the GB surface using either
ethanol or acetone to create a grip between the

metal wool and the glass surface, which resulted in
scratches on the glass, thus indicating that metal wool
can partly remove ITO from GB surfaces. However,
this was not a viable solution as not enough material
was obtained for further analysis; hence, the scraper
and metal wool techniques were employed only to
remove ITO from GF samples.

The morphology of scraper-removed ITO and metal
wool-removed ITO powder was examined under

6(0 DQG XVLQJ ('; 7KH PHWDO ZRR
VKRZHG D ADN\ VWUXFWXUH ZKHU

, 72 IRUPHG ORQJ ¢EUHVY WKDW ZHU

metal wool-removed ITO and scraper-removed ITO
were tested for leaching over different time scales up
to 24 hours using 10% AR in a shaker at 70°C and
200rpm agitation. The metal wool-removed ITO had
the highest dissolution rate, reaching a plateau within
12 hours, which continued up to 24 hours. Scraper-
removed ITO leaching studies always showed lower
indium levels than metal wool-removed ITO leaching
studies, with a gradual increase up to 24 hours of
leaching.
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When dissolving samples in AR, it is possible that the
colour dye on the pixels could play a role in delaying
the leaching of ITO in the pixels; hence, less ITO
dissolution and an increasing trend in ITO dissolution
up to 24 hours were recorded for the scraper-removed
ITO, whereas the metal wool-removed sample reached
a plateau within 12 hours of leaching under the same
conditions, potentially indicating the importance of
morphology for the rate of dissolution of ITO.

A detailed study of the metal wool-removed ITO was
performed by varying the leaching time and acid
concentrations used for leaching. With an increase

in the leaching time an increase in indium dissolution
was recorded for all AR concentrations used. In these
studies, 15% AR showed the highest rate of indium
dissolution at every dissolution point recorded. A
plateau was formed, indicating that most of the indium
from the ITO was dissolved from 12 hours to 48 hours.
Interestingly, a plateau was recorded for 10% AR

from 12 hours and the indium dissolution rate was
similar to that for 15% AR from 12 hours to 48 hours.
AR at a concentration of 5% showed an increasing
trend in dissolution and reached a similar indium
dissolution rate as that recorded for 15% and 10% AR
at 48 hours. AR at concentrations of 1%, 2% and 2.5%
all showed an increasing trend in indium dissolution up
to 48 hours, indicating that a longer leaching time is
required for lower AR concentrations.

The powders produced from the glass surfaces by the
metal wool and scraper techniques were also digested
with the assistance of US. The results again showed
higher indium dissolution rates for metal-removed ITO.
One interesting aspect is that scraper-removed ITO
and metal wool-removed ITO showed similar trends

in indium dissolution up to 5 minutes of US leaching.
Sonication s\,}a'f'ted wi7th the AR at room temperature;

UHP , o
%ence, in the Initial stages temeerature has a minimal
HDV VFU ?H PRYHG

| SHU - .
effect on chlDumﬂlsso ution. The ultrasonic pressure
H (J_% EXQGOHV 7|$]H .
and acid concentrations are the main factors that could

LQAXHQFH WKH UDWH RI GLVVROXWLRQ

For the metal wool samples,10% AR showed the
highest indium dissolution rate, followed by 5% AR.
Both of these samples showed a plateau between

10 minutes and 15 minutes of sonication. In contrast,
1%, 2% and 2.5% AR showed an increasing trend in
indium dissolution, indicating that a longer sonication
time is required for lower AR concentrations to reach a
plateau.
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4.4 Laser Samples The capture of ITO onto water media from GF samples

in the presence of liquid crystals and without liquid

crystals was investigated. The problem faced in testing

WKHVH VDPSOHYV ZDV WR REWDLQ SURSHU
analysis. The ITO particles captured onto water were

a2l ARDWLQJ DQG WKH\ ZHUH QRW VWDEOH H
ablated was observed. A similar removal test was WKH VDPSOH KROGHU XVHG LQ WKH 6(0 Dt

performed on GB samples. The ablated and non- ma%)iﬂ%of these sam&les showed that the particles

DEODWHG DUHDV ZHUH DQDO\VHG X% qu(nq Drg éo WR .
N are rich in aluminiunf, Silicori and calcium, as well as
XQGHUVWDQG WKH LQAXHQFH RI W‘fn'diur%gn\éﬁnu RQ WKH ,72 7KH

('; PDSSLQJ RI WKH VDPSOHV VKRZHG WKDW WKH DEODWHG
area has no indium or tin, whereas in the non-ablated 7TKH ,72 FDSWXUHG RQWR JODVV (OWHU ¢
area indium and tin are present. wool, with and without liquid crystals, was subjected to

&3 iéf PHDVXUHPHQWY 7KH ZDWHU VDPS
7KH ODVHU DEODWLRQ WHEKQLTXH ZRY\ROVR WINWHESRAY EnroxvH wkH

display GF samples in the presence of liquid crystals to collect the water samples resulted in a greater loss

and in the absence of liquid crystals. This is an indirect of ITO to surface tension of the container wall: hence,

test method in which the I_asens not directly applied WKH ,&3 2(6 UHVXOWV IRU WKH ZDWHU VD
to the ITO from the ITO side of the glass panel, but -
represent the true level of indium collected.

instead is applied from the other side and passes
through all of the layers of the GF to focus on the ITO.  The materials containing the captured ITO were

The spot or scan laser ablation process was performed
on GF samples, with the total time of the spot laser

or scan laser tests being less than 1 second. After
spot laser ablation a change in the colour of the area

When laser scans were carried out on samples with dissolved in 10% AR in a shaker at 70°C and 200rpm

liquid crystals, a black smoke came off the surface, DILWDWLR@XBVY DIWHU ZKLFK ,&3 2(6 ZD)
indicating the evaporation of liquid crystals; this smoke =~ SHUIRUPHG 7KH ,&3 2(6 PHDVXUHPHQWYV |
was absent from the samples without liquid crystals. the presence of indium in the captured materials,

7KH ('; PDSSLQJ UHYHDOHG D F O H Dindigagng tha the)I T ewag\spgeessiully captured. The

the ablated region and the non-ablated region. The glass surface captured the highest level of indium for

laser ablation was proved to selectively remove ITO. *) VDPSOHV DQG WKH (OWHU SDSHU FDSW

level of indium for GB samples.
7KH ODVHU DEODWLRQ WHFKQLTXH ZDV DOVR WHVWHG RQ /('

display GB samples in the presence of liquid crystals
and in the absence of liquid crystals. The results were 4.5 Hydrometallurgical Study
similar to those seen for the GF samples. Ablation Conclusions

was found to destroy the electrodes in GB samples,

o \ o The as-is GF samples required 24 hours in a shaker
DV UHYHDOHG E\ WKH DOXPLQLXP (4 1By ARQaclitlk thehignekt possible indium
the laser removed the ITO and the electrodes. The

o dissolution level of ~600 mg/kg. A slightly lower indium
results showed that there was a similar boundary

] ] dissolution level of ~400 mg/kg was recorded when
between ablated and non-ablated regions in terms of

the acid concentration was reduced to 10%. When
PLFURVWUXFWXUH DQG ('; PDSSLQJ. . . . . .
indium in the as-is samples was dissolved using US

While the GF samples were ablated with the laser waves and 10% AR, an indium dissolution value

the generated ITO was captured onto different media of ~400mg/kg was recorded after 10 minutes of

VXFK DV (OWHU SDSHU JODVV FRWRROGFARRIROQXRZDWKDNHAKHWZR SDUDPH\
ITO captured onto a glass surface was found to be indium dissolution, time and temperature, but in the

particulate, with no major difference found between case of US waves another parameter, pressure, is

the GB and the GF samples. However, in the samples involved, thus reducing the total dissolution time from
without liquid crystals, white spheres were seen, which 24 hours to 10 minutes.

ZHUH IRXQG WR EH LQGLXP IURP (I;ﬁ((?-ID(;O(BW'HVUHg E’)l((SN JURXQG SRZGHU VKR
samples with liquid crystals, such white spheres were LQGLXP GLVVROXWLR® SDWW URQHWMKHH IR

not observed. both GF and GB samples. Two conclusions can be
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drawn from these observations, which could have a each method resulted in a powder with a different
combined effect on indium dissolution: morphology. In this study the scraper method resulted
LQ D SRZGHU FRQWDLQLQJ ORQJ ¢EUH OL
" Indium could have dissolved more quickly from Q Q QLQ . QJ ¢
bundled together whereas the metal wool technique
¢QHU SDUWLFOHY WKDQ IURP FRDUVHU SDUWLFOHY EHFDXVH
UHVXOWHG LQ ADNH OLNH VWUXFWXUHYV
of the greater surface area. N
: . . SRZGHUV ZHUH GLVVROYHG LQ $5 WKH AL
" The higher dissolution rate seen for the smaller . ) .
) e obtained by abrasion with metal wool were found
particles could be the result of the grinding
. . WR OHDFK LQGLXP PRUH TXLFNO\ WKDQ W
process: when larger particles were abrased with . ) . .
obtained %/ abrasion with the scra%er. This proves
¢QHU SDUWLFOHY LQGLXP LV UHPRYH IURE WKA—| ODUJHU "
. ) the importance of the powder structure in indium
surface areas and is found to concentrate in dissolution
WKH ¢QHU SDUWLFOHVY KHQFH (OWUDWLRQ FRQFHQWUDWHG
LQGLXP LG-WISHDUWLFOHV $ WUHTh&IT®Isamples produced by metal wool grinding
decreasing indium concentration with increasing were dissolved in AR and it was found that the
particle size was observed for both GF and GB maximum indium dissolution level obtained was
samples. For instance, in GF samples, ~900mg/kg  ~4500mg/kg. The same samples dissolved under
RI LQGLXP ZDV UHFRUBE®EHSD LRVUL A@MiBsonication resulted in an indium dissolution
PJ NJ IRU WKM SDUWLFCHVND Q @&vel of ~6500 mg/kg, thus indicating that ultrasonic
IRU WKHP SDUWLFOHV WKXV L Q @itseIDtdhLi<pattey idsufabe iground powder.
SRZGHU ¢OWUDWLRQ SURFHVYV FD? VHSDUDWH L,QGLXF I,U,?P
In [aser ablation, it IS Q/ossmle to selectively remove
WKH EXON RI WKH JODVYV DQG FR%FH WUDWH LQ '8HU
ITO from the surface of GFand GB samples. The laser
was found to be transparent to the polariser, glass and
FRORXU G\H KRZHYHU LW EUHDNV ,72 LQ
by liberating them from the surface of the GF and GB
VDPSOHV 21 WKH FDSWXULQJ PHGLDV WH
paper and water were found to be effective. Such

interface-captured ITO was found to be rich in indium.

volumes.

In surface ground samples the ITO and colour dye
were obtained by different treatments. After the
removal of the ITO and colour dye the glass was
transparent and could be recycled. It was found
that the method of surface grinding is important as
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S Investigation of Scale-up of the Process

51 Main Objective

The main objective was to investigate the potential of
automating any emerging process for indium recovery.

automation is likely to be complex and expensive
because of the random nature of the liquid crystal
glass panels as currently delivered. Pre-sorting

of the liquid crystal glass panels adds labour and

7KH VSHFL¢{F REMHFWLYHV ZHUH W Rquires specialised containers. Manual loading is

recommended if this {)/rocess is adoelted.
" GHYHORS SURFHVV VWHSVY DQG ARZ GLDJUDP IRU WK

process;
evaluate automation of the potential process
options;

" model the most viable selected process.

The potential processes that have been
hydrometallurgically tested are as follows:

as-is sample hydrometallurgy techniques;
" bulk grinding techniques;

" surface grinding techniques;

laser ablation techniques.

Process details

JRU HI¢FLHQW KDQGOLQJ RI WKH OLTXLG
WKH SRODULVHU ¢OP PXVW EH DWWDFKHC
are usually broken and will not remain in single

PDQDJHDEOH SLHFHV LI WKH ¢OP LV UHPF
WKH SUHVHQFH RI WKH SRODULVHU (OP P
contamination risk to the chemical processes required

to dissolve the ITO.

/ILTXLG FU\WVWDO LV UVW ZDVKHG RII WK}
layers. The layers need to be separated for this and
subsequent processing. It is propased that an acid-

AL e P

7KH SURFHVV ARZ IRU HDFK SURFHVV L

the following section. Process maps show what steps
are required, with material inputs and outputs. Tables
summarise the pros and cons of each process with
regard to automation. The most viable processes for
automation are shown graphically in section 5.3.

5.2 Process Steps, Flow Diagrams and
Ease of Automation Assessment

5.2.1 Automation of the as-is hydrometallurgy
technique

Dissolve ITO directly from the liquid crystal glass
panel as delivered from a conveyor system

Process principle

In this process, LCD glass panels are delivered in
bulk in containers (stillages) from different processors
that have removed the liquid crystal glass panels from
the LCDs in remote locations. Ideally, the containers
would all have the same form for ease of automation
of extraction of the liquid crystal glass panels. It is
possible to automate this part of the process, but
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HV .
resistant raclfg wouI'E] ge used to contain the glass
layers and keep them separated in the tanks.

The volume of acid required is likely to be at least

the same as the volume of the glass layers being

processed. The glass layers may be lowered into a

SUH ¢OOHG DFLG EDWK RU D GU\ WDQN W
added. After the acid has become saturated with ITO

and/or lost effectiveness, it is drained and transported

for ITO recovery.

The time required for dissolution and the throughput
required will determine the number of sheets to be
processed at any one time.

JLIXUHGHWDLOV WKH ARZ GLDJUDP IRU W
and Table 5.1 summaries the advantages and
disadvantages of the process.

Ease of automation conclusion

7KH LVVXHV RI WKH RUJDQLF SRODULVHU
the acid bath, the expense of the large volume of

acid required and the volume of potentially hazardous

waste makes this option expensive and unattractive.
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Manually pick from

Stack in separator for
tank loading
S

Auto load multiple

LCD glass panels in
stillage with diffuser stillage single glass alass layers into
removed L layurs wash Lank
Autematically wash
( glass to remave -
Tequidd crysial
- -
FUME CONTAINMENT
-
Transfer glass in rack Add acid (same Process time with
anlomalically tn acid vmlurme as glass) i acil exchange il Drain acid
fank not aiready present requirad
- S ; 2
L\ ]
Transfer LCD glass Daain tank afer
‘V{panels 1o wash tank :|,>| washing Exiarcl cean plass

‘Waste fuid

Figure 5.1. Dissolution directly from glass layers. LC, liquid crystal.

Table 5.1. As-is technique ITO removal from LCD panels: pros and cons

Pros

Cons

. LCD glass panels are potentially feedstock as opposed to .

being a waste product
. Simple for recycler

. Potentially local processing is possible for the panel

separation process from the LCD
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8VHV D VLIJQL,{FDQW YROXPH RI DFLG SHU SDQl
minimum of the volume of glass per screen and potentially
more)

Volume of dissolution tank (for batch processing or multiple
smaller tanks for continuous processing) is likely to be very
VLIQL;¢FDQW

Liquid crystal removal (washing) is required

2UJDQLF SRODULVHU ¢OP LV OLNHO\ WR UHGXF
the acid for ITO removal

Wet chemistry process may not suit standard recycler
'LVVROXWLRQ WLPH LV VLIQL,FDQW ZLWKRXW

Ultrasonic generators need to vibrate the whole volume
EHLQJ SURFHVVHG WR REWDLQ WKH EHQH¢W R

Ultrasonic vibration to accelerate the process causes
evaporation of acid, which necessitates a closed container
for dissolution

Produces a hazardous waste output

Acid not readily cost-effectively recycled, which potentially
UHVXOWYVY LQ WKH SURGXFWLRQ RI
hazardous waste

D VLIQL¢GFD(

The consumables cost probably exceeds the recovered
metals value depending on the throughput

Broken glass layers will make handling (loading and
unloading) impractical if the polariser sheet is removed

Shipping costs of liquid crystal glass panels to a central
location
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5.2.2 Automation of the bulk grinding powder
hydrometallurgy technique

Bulk processing panels by mortar and pestle or ball
milling to generate a powder and sieving to extract

the ITO-containing fraction

Process principle

In this process liquid crystal glass panels are collected
from remote suppliers and ground in bulk. The liquid
crystal glass panels are tipped into, for example, a ball
mill and ground to a powder. The powder is sieved to
separate fractions based on particle size. The smallest

VLIHG IUDFWLRQ/LM¥HG SRZGHU KD)V

shown to contain the highest proportion of ITO, as
previously detailed in Chapter 4.

Process details

This process is tolerant of random and broken liquid
FU\WWDO JODVYV SDQHO GHOLYHU\
or stillage of liquid crystal glass panels from the

LCD glass panels in
stillage with diffuser
removed

Tip complate stillage
contents into ball mill

s

—

LCD extraction process is simply tipped into an
appropriately sized ball mill or similar grinding machine
for crushing. The output of this is a powder of mixed
particle size. Sieving this delivers particulates of
known sizes.

5HPRYDO RI WKH SRODULVHU (OP PD\ EH
prior to the grinding step by dissolving it. This adds a

consumable material and a further chemical process.

ODQXDO UHPRYDO RI WKLV (OP LV LPSUDF
of the fragmented nature of the panels. Sizing of the

equipment is dependent on the throughput required

and the subsequent hydrometallurgical process time.

LJEXUHH GHWDLOV WKH ARZ GLDJUDPV IRU !
and TaHe 5(?2 summarises the advantages and
disadvantages of the process.

Ease of automation conclusion

The lower yield of ITO from this process suggests
thgtFitii<s unlikely to be co%t-ﬁff\?cti\lée; however, if the
)gield can be improved by an oré’er g# magnitude, this

method is the simplest to automate.

Sieve to 53 micron to
coliect ITO rich
fraction

Waste solids

Mill to powder

Process time with
acid exchange if
required

Add acid

FUME CHAMBER

)‘ Drain acid

\ 4

Residual solids/ sludge

Acid plus ITO

Figure 5.2. Ball milling of an entire LCD glass panel.
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Table 5.2. Bulk grinding of LCD glass panels: pros and cons

Pros Cons

. Bulk processing is applicable . High capital cost for high throughput equipment

. Potentially fast enough for economic operation . Sieved material may be too impure for economic recovery
. Simpler automation than handling individual panels . Produces a hazardous waste output

. Scalable . Shipping costs of liquid crystal glass panels to a central

. The 53 m particles obtained by sieving will mainly consist location

of ITO . B3RODULVHU ¢(OP LV RUJDQLF DQG PD\ DIIHFW W

. LCD panels are potentially feedstock as opposed to being a hydrometallurgical ITO extraction process
waste product . 5HPRYDO RI SRODULVHU (¢OP SULRU WR PLOOLC
an additional waste stream

. Poor yield
5.2.3 Automation of the surface grinding Washing the liquid crystal from each panel is carried
powder hydrometallurgy technique out automatically as part of the process prior to
abrading. At this step each glass layer is rolled to
Surface grinding the ITO to a powder from the ADWWHQ EURNHQ IUDJPHQWY WR LPSURY'
individual liquid crystal glass layers of the abrading step.

Metal wool has been shown to be effective on the

Process principle . . .
prineip GF layer. More work is required to determine the

This process takes individual glass layers and scours effectiveness of ITO removal from the GB layer by this
or abrades the ITO mechanically from the surface method. It is possible that two different methods of
of the glass. An operator loads the glass layers removal will be required for maximum effectiveness.

individually onto a conveyor, oriented with the ITO . . o . .
Alternative methods include grinding with an abrasive

layer facing the abrasion device. The process then o
, i JULW RQ D ADS ZKHHO RU VDQGLQJ EHOW
operates automatically, collecting the powder and
from this are contamlnat|on of the ITO with Ig_gnt

GHOLYHULQJ FOHDQHG JODVV ZLWK W
attached. Q Q plcalﬁly alum|n|um OXIde and glass CoIchtlon of

ITO from this grinding process is also likely to be

challenging. The amount of ITO on the GB layer is
Process details less than that on the GF layer and so it may be not

cost-effective to attempt removal of ITO using an

Liquid crystal glass panels are assumed to be
automated process.

delivered in bulk in containers (stillages) from

different processors, who have cut the liquid crystal JLIXUHGHWDLOV WKH ARZ GLDJUDP IRU W
glass panels from the LCDs in a remote location. It and Table 5.3 summarises the advantages and
is possible to automate this part of the process, but disadvantages of the process.

automation is likely to be complex and expensive
because of the random nature of the liquid crystal
glass panels as currently delivered. Pre-sorting of the

Ease of automation conclusion

liquid crystal glass panels at the previous location This process has good potential for automation. The
adds labour and may require specialised containers, areas requiring further testing include optimisation of
similar to the as-is technique. grinding media and collection and determination of

ITO yield by this method. Scouring using steel wire
wool contaminates the ITO with iron and researching
alternatives is required. Scouring does not work on the
GB layer and so there is no recovery possible using
scouring.

Automating picking of the liquid crystal glass panels

from random drops in stillages is complex and

so manual picking and loading of the machine is

recommended for the initial machine. If the liquid

crystal glass panels can be supplied on a conveyor,

this will reduce the labour content. Loading the machine with randomly supplied liquid
crystal glass panels in stillages would be expensive
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Figure 5.3. Surface grinding of LCD panels to remove ITO.

Table 5.3. Surface grinding of LCD panels: pros and cons

Pros Cons

. Small volume of material to ship post processing . Broken liquid crystal glass panels may be an issue for
automatic handling (loading and unloading)

. '"LI¢FXOW WR JULQG EURNHQ OLTXLG FU\WWDO -

Wire wool is a consumable

. Faster dissolution
. Less acid required than for the as-is technique

. LCD panels are potentially feedstock as opposed to being a
waste product . Wire wool potentially contaminates and/or contains

. Potentially local processing useful ITO

«  Use existing labour to load scouring/grinding recovery *  Abrasive may quickly become clogged

system . Changing wire wool or grinding medium is likely to be a
manual process. Automating this step is unlikely to be cost-
effective

*ULQGLQJ IURP *% OD\HU DSSHDUV PRUH GLI¢F
be practicable

. Potential for glass recovery (cleaned glass, mainly broken)
. Potential to test the process with liquid crystals present

. Liquid crystal removal (washing) is currently required
. Shipping costs of LCD screens to a central location

. Produces a hazardous waste output
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to automate (high capital cost) and this may be less Automating picking of the liquid crystal glass

reliable than manual loading. Loading predictably panels from random drops in stillages is complex

oriented liquid crystal glass panels should be readily and so manual picking and loading of the

automated. PDFKLQH LV UHFRPPHQGHG IRU WKH ¢ U

the liquid crystal glass panels can be supplied on

. . a conveyor, this will reduce the labour content.
5.2.4 Automation of the laser processing y

technique Burning the liquid crystal itself produces smoke and
so washing the liquid crystal off before the laser
Laser removal of ITO from individual panels process may be necessary. Washing the liquid
crystal from each panel is carried out automatically
Process principle as part of the process. At this step the glass layer

LV UROOHG 7KLV ADWWHQV EURNHQ IUD

This process takes individual LCD glass panels and )
focusing of the laser on the ITO layer.

removes the ITO from the surface of the glass layers

by heating with a focused laser. The particles of ITO The cleaned glass is delivered automatically from
WKXV UHPRYHG DUH FROOHFWHG RAQVRH, BWWES XM GLX® RALWKH FRQYH\RU 7K
the potential for vacuum assistance. A manometer containing the recovered ITO will be removed once

PHDVXULQJ WKH SUHVVXUH GURS D MWKRHVVRCKH LW WHUVKHGL O G VHQW WR W
GHWHUPLQHY ZKHQ WKH ¢OWHU LV VDWHKUBVOHEZ FRWHOWHRWOWQVLY LQVWDOOF
then indexed onto a new area to continue the process.  frequency of changes depends on the rate of

,W LV HQYLVDJHG WKDW WKH ;OWHVIWXODBH.R(EDWHKH ZIWEBVHU SRUH VL]H DC(
fed from a roll and wound onto a second roll. When the web.

(¢QLVKHG WKLV SDSHU UROO ZLOO FR?(WDL WKH UHPRYHG ,72
UH GHWDLOV WKH ARZ GLDJUDP IRU
An alternative collection method is a conventional
Table 5 4 summanses the advanta%as and

YDFXXP GXVW FROOHFWRU ZLWK UH X(Y (% HU 7KH SURFHVV

disa vantages o(f process.
operates automatically, collecting the powder and
GHOLYHULQJ FOHDQHG JODVV ZLWK WKH SRODULVHU (OP VWLOO
attached. Ease of automation conclusion
The saturated roll is sent to the indium processor for This option has good potential for automation. The
indium recovery. areas requiring further testing are ITO media collection

and determination of yield. In addition, the capital cost
RI D ODVHU RI VXI{FLHQW SRZHU IRU WKH
commercial viability has to be determined.

Process details

The LCD glass panels are assumed to be delivered
in bulk in containers from different processors, who
have cut the liquid crystal glass panels from the LCDs
in a remote location. An operator loads the glass . ) o

o ) . predictably oriented liquid crystal glass panels should
layers individually onto a conveyor, oriented with

be readﬂg automated.

WKH ,72 OD\HU IDFLQJ WKH ¢OWHU ,GHDOO\ WKH
containers would all have the same form for ease

Loading the machine with randomly supplied liquid
crystal glass panels in stillages would be expensive
to automate (high capital cost); however, loading

of automation of extraction of the liquid crystal 53 Automation Solution Using
glass panels. Automation is likely to be complex the Laser or Surface Grinding
and expensive because of the random nature Technique for ITO Removal
of the liquid crystal glass panels as currently

delivered. Pre-sorting of the liquid crystal glass 5.3.1 Overview

panels by the previous processors adds labour

. - . Laser removal of ITO and grinding of ITO from the
and may require specialised containers.

surface of individual glass layers have been selected
as the most viable options for automation. The
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Figure 5.4. Laser removal of ITO.

Table 5.4. Laser removal of ITO: pros and cons

Pros

. Potential to use waste LCDs as a feedstock

. Potential for glass recovery (cleaned glass, mainly broken)
. Small volume of material to ship post processing

. Faster dissolution

. Potentially local processing

equipment concept described below can be adapted to
test both processes.

The LCD glass panel removed from the LCD is
delivered to an operator work station. This can be
either from a bulk container or directly from the
removal process. The diffuser layers will already be
removed.

Cons

36

Capital cost and complexity of liquid crystal glass panel
handling at the start of the process

Random and broken liquid crystal glass panels supplied
in stillages. Requires sorting either manually or with
automation

Broken liquid crystal glass panels may be an issue for
automatic handling (loading and unloading)

Shipping costs of LCD screens to a central location and
return of custom stillages

Collection medium is a consumable
Collection medium may act as a bath contaminant
Liquid crystal removal (washing) is currently required

Produces a hazardous waste

JLIXUHVKRZV HTXLSPHQW WKDW LV FRQ¢ .
liquid crystal glass panels and/or liquid crystal glass

layers from a conveyor, which may be loaded from

stillages. All steps are carried out concurrently on

glass layers as supplied by the operator. The slowest

step determines the throughput of the machine.
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Figure 5.5. Overall view of the ITO recovery system using a laser or abrasion.

5.3.2 Operation steps ITO removal and recovery by laser or scouring/
grinding

Loading th hi . .
odding the mactime In Figures 5.8 and 5.9, laser removal is assumed. The

The LCD panels are delivered in stillages and placed option of scouring or grinding is also possible at this
in front of the operator on a roller conveyor. The stage.
screen is indexed to the next station on a signal from

In the laser ITO removal process, a laser scans
the operator.

vertically in sections, removing the ITO (see

Figure 5.8). The removed ITO is collected on
Glass layer separation (OWHU PHGLD VXSSOLHG RQ D UROO RU

. media using a vacuum to draw the ITO onto it (see
The glass layer is loaded onto the zoned roller
. . . JLIXUH ,72 PD\ DOVR FROOHFW EHORZ WK

conveyor in a near vertical plane, with the GB layer . . . .

media under the effect of&;raw%. If this occurs, it

7 ODULVHU

, UVW RQ WRS DQG WKHQ WKH *) OD\HU KH ; O
_° . Q Q ) Q . ) may be worth instaﬁllﬁg a collection mefhodpfor this
is oriented away from the operator (Figure 5.6). This

i ) residue. This gravity effect may be suitable for use of
leaves the ITO-coated surface available for cleaning . . .
) a scouring ITO removal method. Alternatively, it may
at the next step. The conveyor indexes on command

] be possible to deposit the ITO onto a glass surface for
from the operator, after which the zoned conveyor

collection. How this will be achieved has not yet been
RSHUDWHYV DXWRPDWLFDOO\ (DFK JODVYV OD\Hl# LV. OHVV W .

. ) determined. Proof of principle prototypes are fequired
1kg and so is easily managed by an operator.

to test all methods.

After each laser sweep, the glass layer is indexed

Liquid removal to allow the next sweep until it is cleaned. This is

In this stage, it is proposed to use a roller squeegee an automatic process. A manometer will determine
and/or washing and/or wiping process to remove when to index or measure the collection medium. It
traces of liquid crystal into a collection trough below is envisaged that the collection medium will become

the conveyor for disposal (Figure 5.7). Aroller is likely effectively saturated with ITO. Vacuum pump speed
WR EH UHTXLUHG WR ADWWHQ WK H cortr@ &Y I Degdited SoUriaRroise\c&leGtibnv L Q J
or scouring/grinding. It is generally cracked by the HI¢FLHQF\

time it reaches this stage and is held together by the

The vacuum collection method can also be used to
SRODULVHU ¢0OP

contain any fumes generated by the laser removal
The glass layer being cleaned is lifted from the process.
conveyor to allow access to the total area. The
conveyor indexes to the next step automatically on
completion of cleaning.
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Figure 5.8. Laser for removing ITO. Figure 5.9. Collection of ITO

2QFH WKH UROO RI FROOHFWLRQ P ldeviceX(& cylindric@® shidrithgveiRadion ®&)Rriavkrses

with ITO, it is removed manually by the operator and downwards, similar to the roller squeegee at the

packed for shipping to the indium processing site. previous step. A vacuum applied to the back of the
SRODULVHU 4OP ZLOO UHWDLQ WKH JODV!

,W PD\ EH SRVVLEOH WR XVH D WKLQ J_OdDVV ¢cOP"WR FROOHFW
the (Smn nqp/scourmq)stew.

WKH ,72 DV WKH ,72 DGKHUHYVY WR D JODVV (OP IWHU ODVHU

removal. This is a desirable method for the subsequent  Automation of the surface grinding process would

process of indium extraction. require design of a system for the collection of ITO.

An alternative collection method may be to use a
commercially available or custom-designed dust Cleaned glass delivery

FROOHFWRU ZLWK UH XVDEOH (¢OWUDWLRQ E’HGLD 7KLV, PD\ KDYH
. . . In this stage, the cleaned glass is driven automatically
the advantage of requiring less input materials.

into an appropriate stillage for disposal (Figure 5.10). It

In the laser process, fumes are likely to be generated. LV VWLOO DWWDFKHG WR WKH SRODULVH!I
This section of the equipment will be enclosed enough  for the steps prior to this to keep the glass together,

to allow for fume capture. as it is generally cracked and broken at the start of the
SURFHVV )LIXOBXVWUDWHY WKH QDO FC
fraction exiting the system into a container for storage

or further processing.

If a grinding/scouring process is employed, the
glass layer will be held stationary while the grinding
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Figure 5.10. Cleaned glass delivery.

Table 5.5. Cost estimates for the laser or abrasion ITO removal processing machine

Item Value
Flat panel displays processed 240
Running cost (energy) €0.004
Running cost (materials) €0.01

Table 5.5 details a cost estimate for the operation of
an automated machine for the laser and/or abrasion
process.

The main assumptions and key conclusions are
summarised below:

”

It should be possible to process 240 LCD panels
per hour at a minimum. The laser process

lends itself well to the potential for even higher
throughputs. The laser is capable of processing a
pair of panels in less than 10 seconds, potentially
allowing up to 720 individual panels or 360 panel
pairs to be processed per hour.

The process limitation is likely to be determined by
the capital cost required for multiple ITO removal
stations.

Materials costs are estimated based on what is
required per screen processed so these will not
change with throughput. Materials consumed are
collection media and abrasives.
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Units

Individual panels per hour (120 pairs per hour)
Per liquid crystal glass panel pair (€0.5 per hour)
Per liquid crystal glass panel pair

" (QHUJ\ FRVWY DUH DVVXPHG WR EH ¢[H
so these will reduce per screen if the rate is
increased.
" Fixed overhead and depreciation costs are not
included.
Labour costs are not included as these will be
LQAXHQFHG E\ WKH LQIHHG VHW XS DQ!
this step would be automated. Manual separating
and loading of panels, with an estimate of two
people needed to run the machine, would add
VLIQL,;FDQWO\ WR WKH RSHUDWLRQDO
It is believed that full automation with a high
volume of feed stock would allow the process to
be economically viable.

As the amount of ITO on each panel is very small,

the commercial viability requires a high throughput
process, considering the current indium prices. This is
examined in the next chapter.



6 Economic Assessment and Further Work

6.1 The Amount and Price of Indium from current products provides a safety net regarding
PDUNHW VXSSO\ AXFWXDWLRQV +RZHYHU
recycling the metal cost-effectively, especially when
the metal value is at a low ebb, is a critical aspect of
meeting this challenge.

The amount of indium within an LCD can range from

30 to 800 mg/kg of glass panel. The control samples

of LCD glass panel used in these studies exhibited

a maximum indium content of 550 mg/kg for the GF

and 350 mg for the GB (using the as-is technique for

a 4cm? sample). For an average 32-inch LCD display 6.1.1 Economical assessment of the as-is
(typical viewing area 2800 cm?), the glass panel weight technique
(both GF and GB) is approximately 1kg. This means

that there can be anywhere from 30 to 800mg per

device, depending on the make and model (and size)

of the LCD panel.

The research on the as-is samples, which represents
the traditional approach to metal recycling via
straightforward hydrometallurgy, showed that long
cycling times are needed (25 hours to achieve
The current price (in US dollars) of indium ranges from  maximal recovery), as well as concentrated acids in
$190/kg to $300/kg. Using the higher price of indium high ratios to the amount of indium (20 ml of acid for a
of $300/kg, Table 6.1 shows the average value of 4cm? sample) being recovered.
indium within a device for both high and low indium

. . The acid volume and the long cycle time, as well
concentrations per device.

as the generation of an acid by-product, results in
From Table 6.1, it can be seen that 1250 LCD displays  high costs and low attractiveness of this traditional
(at the higher indium concentration) would need to be method. For example, scaling the volume of
recycled to generate 1kg of indium with a maximum acid used per sample to that required for a full
value of $300. However, the price of indium has varied  television, approximately 14 litres of acid at a cost of
greatly over time. At the time that this research project approximately €45 would be required to maintain the
was proposed in 2015, the value of indium was closer ratios used in the laboratory. However, aspects such

to $800/kg. Figure 6.1 illustrates the variation in the as how quick the acid would saturate and the bath

price of indium over time. design needed to maximise the amount of display
|:glass that could be submerg\?d at once are critical.

W FDQ EH VHHQ WKDW WKH LQGLXP SULFH V VL ; F.D O\

More researcthgggrbiwg the aci%j%elﬁlf’ré:tion oints
and lifespan should be undertaken. In addition, the

fact that the traditional method has not been taken up
by the market for recycling of indium further supports

with the prevailing market conditions. The presentation
by Indium Corporation concluded that the drive for
recycling is the lack of availability of the metal. This

is a critical point regarding indium, which is used as a . .
the unattractiveness of this approach. The use of

transparent electrode not only in LCD displays but also
XOWUDVR8LFV KDV, WKH SRWHQWLDO WR '
LQ /(' GLVSOD\V RUJDQLF OLJKW HPLWWLtQOJ LRGH. 2/(

) . . cycle time (to approx. 15 minutes); however, ultrasonic
displays and touch screens. Indium is a critical metal . .
. . L effects on the volume and concentration of acid
for the information and communication technology

. . needed and the reusability of the acid still remains a
sector and the ability to recycle and capture indium - . L
critical challenge that needs further investigation.

Table 6.1. Indium content per device

Indium per device (mg) Indium per device (kg) Value ($) per device (at $300/kg)
800 (max.) 0.0008 0.24
30 (min.) 0.00003 0.009
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The use of automation to manipulate glass panels
into an ultrasonic bath would not alleviate the cost of
the acid required, the lifespan of the acid or the acid
disposal costs. The polariser coatings on the panel
may act as a bath contaminant and may require
removal in advance. The cycle time is dependent on
the required dwell time in the bath, which becomes
a limiting factor in terms of the throughput of an
automated process for this technique. In addition,
the cost of automating such a process (€0.5 million
minimum) would put a capital expenditure (capex)
burden on top of the economic challenges already
faced by the operational expenditure (opex) of the
process. Therefore, having such a facility available
at each local recycling plant would be prohibitive,
meaning that a centralised facility would be required

where LCD glass panels would need to be delivered,

,(5& &RQJUHVYV 6DO]JEXOUUHKD-IDPMKU\,QGLXR 'RQ

technique for comparison of the performance of
alternative techniques.

6.1.2 Alternative techniques

The challenges involved in using traditional

hydrometallurgical techniques directly on the glass

SDQHOV OHG WR DQ DSSURDFK LQ ZKLFK |
VHSDUDWLRQ RI WKH ,72 LV WKH ¢UVW VW
potentially be performed locally at a recycling

facility), followed by recovery of indium from ITO

(which could potentially be performed centrally). Bulk

grinding, surface grinding and laser ablation were

investigated to physically separate the ITO from the

glass panels. The focus here was to liberate the ITO

in a high throughput process, free from contaminants,

generating a fraction that could readily and cost-

DGGLQJ D VLIQL{¢FDQW FRVW RI W UdifeQtiv€yRos ¥éim W & &atraBsddspacRIGITaidilitR |

JODVYV SDQHO
the glass panels). It is clear that the traditional

LQFOXGLQJ WKH G L Ifgfrecovary. The &cBnOnits Gf theetoReqyGtepL Q J

will depend heavily on the characteristics of the ITO

K\GURPHWDOOXUJ\ SURFHVV KDV V frdcidngereted flerd e ghisied Separation step.

for indium recovery; however, it is useful as a baseline
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6.1.3 Economic assessment of the bulk
grinding technique

The bulk grinding technique produced three powder
fractions, with one fraction containing the majority of
WKH ,72P SDUWLFOH VL]H
(15 square inches) sample of glass panel weighing
17,000 mg generated approximately 1050mg of ITO
powder for the GF and 1430 mg of ITO powder for the
GB. These powders had approximately 850 mg and
650 mg of indium/kg of powder. Scaling these values
for the GF panel of a full 32-inch display (435.5 square
inch glass panel) would yield 31,535mg (0.031kg) of
ITO powder. This amount of ITO powder would contain
approximately 26 mg of indium.

The lower yields of indium could be for a number of
reasons, including loss of indium to the other sieved
fractions after the bulk grinding process, that ITO
powder (morphology, particle size or characteristic)
does not lend itself well to digestion at the
hydrometallurgical recovery step and the presence of
other materials from dyes, glass and organic coatings,
which were also ground during the grinding process.
Further research should be carried out to investigate
the potential of different sieving or segregation
techniques and the effect of using different grinding
media on the powder morphology.

The ease of automation of this technique, whereby a
simple milling process could be installed cheaply at

1.5
UHF\FOLQJ IDFLOLWLHV DQG SRZGHU WUI%

a centralised recovery plant, makes this an attractive
process; however, the low yield currently renders this
technique unattractive.

6.1.4 Economic assessment of the surface
grinding technique

The surface grinding technique generated a powder
from the GF with a yield of 4500 mg of indium/kg
powder. The high yield per kilogram of powder is
attractive for the downstream metallurgy process,
with a more concentrated indium powder being more
HI¢FLHQW IRU U HFPRDB Hduare $hches)
glass panel sample generated 60 mg of powder.
Scaling this up for a 32-inch display (or viewing area
435.5 square inches) generates 1742 mg (0.0017 kg)
of powder. The high concentration of indium in the
powder (although a low amount of powder) results

in the surface grinding technique being attractive
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from the downstream recovery aspect. However,

the process was not effective for the GB of the glass
panel, which is a major drawback. In addition, particles
of the abrasive material acting as a contaminant

are an issue and research regarding subsequent

,QFWKLV EDVH

D
hydrometallurgy regarding bath-friendly grinding media
would be required.

Automation of the process must deal with the glass
panels being intact, meaning that there will be

VLIQL,FDQW FDSLWDO HTXLSPHQW FRVW\

fact that removal of the polariser is not required is a

EHQH{;W $OWKRXJIK WKH KLJK \LHOG RI W

there is potential for this technique, further research
would be required to increase the yield from the GB
and optimise the selection of the grinding media for
the following recovery step. In addition, the speed

of the grinding step is a limiting factor in terms of
process throughput. This will be dependent on the
size and type of grinding media used to remove ITO
from an entire panel. The length of time needed to
manually surface grind one panel in the laboratory
was approximately 1 minute (45 seconds to 1 minute
depending on the rpm used); although this could

EH DXWRPDWHG
of time. Additional grinding heads can be used
on an automated set-up; however, this would add
VLIQL,;FDQWO\ WR WKH FRVW

Econo e

\Y/ WO\ WR
The ITO separated by the laser technique from the
GF showed the highest indium values when deposited
and recovered on a glass medium, generating up to
900 mg/m? of glass panel. Scaling this up for a 32-inch
display of viewing area 450.5 square inches, it can

be seen that 261.5mg of indium would be recovered
for the GF. The laser results illustrate that the laser
technique has the capability of recovering indium. It

is thought that any indium losses are the result of not
being able to capture all of the ITO vapour onto the
media. It was found during testing that ITO coated the
inside of the capture unit as well as the glass media.

Automation of the process could compensate for this
by using vacuum-assisted vapour extraction directed
or funneled towards the capture media. The process
lends itself well to automation with regard to the laser
set-up. Further research would be required regarding
the capture unit design and optimisation of the capture

LW PD\ VWLOO WDNH D V
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media to be used, especially considering downstream of indium is available per panel, this could liberate
K\GURPHWDOOXUJ\ UHFRYHU\ &R W WOeKg/M6Lr\dMPOHodwvde G withoaWwalie) of $28.8,

paper would disintegrate in an acid bath and build up assuming an indium value of $300/kg. In the event that

as a contaminant. However, there is the potential for WKH PHWDO PDUNHWY AXFWXDWH WR SUH
a bath design that could simply remove the sludge. kg), the hourly throughput of the laser technique could

In addition, using a solid capture medium such as a potentially yield a fraction with an indium value of

thin sheet of glass, the indium could be deposited $76.8 per hour.

LQGH{QLWHO\ IURP PXOWLSOH VDPSOHV 6XFK GHSRVLWLRQ
A high Brocess throughput is critical to achieving the
RITHUVY PDQ\ EHQH{;WV LQFOXGLQJ LQFUHDVLQJ KH .
. o ) economics required for the Indium recovery process.
concentration of indium on the medium and therefore

. . . . o The laser technique is believed to have the greatest
reducing the ratio of media to indium being introduced ) .
. potential for a high throughput process that could
into the recovery bath.

be utilised to locally capture ITO on a medium that

Automation of this process has the capability to yield can then be processed at a centralised facility using
the highest throughput of all of the techniques as hydrometallurgy. In addition, the option to utilise
the laser processing time is measured in seconds. different capture media offers many downstream

YXUWKHU ¢QH WXQLQJ RI WKH O DV HatvadtagaDriér thevhydiovhebaluezy GeEoVerystep.
speed is suggested as an area for further research. In From this study, it is believed that the laser processing
Chapter 5, it was proposed that 120 glass panels or technique has strong potential regarding large-scale
240 individual glass sheets (i.e. GF and GB) could be indium recovery.

processed per hour. With the assumption that 800 mg
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7  Summary and Conclusions

%HORZ LV D VXPPDU\ RI WKH NH\ ¢ QG ltada YapRureWds ldn bbiddygtidh thEdium, which
and the conclusions drawn: subsequently must be submerged into an acid
bath and will act as an undesirable constituent.
However, the ability to deposit or capture the ITO
on a bath-friendly medium (i.e. a medium that
would not act as a bath contaminant) offers huge
potential for this process.

The potential to automate both the laser and the
surface grinding techniques was considered in
detail. Similar process set-ups would be required

Analysis of the indium concentrations on the
LCD panels showed large variations, from 38 to
800mg/kg of glass. The GF generally contained
more indium than the GB.

A series of pre-treatments were investigated

to physically remove and separate the indium-
containing ITO from the LCDs. These included

acid digestion in as-is condition, bulk grinding of )
. . . by both. The advantage of automating these
the panel and sieving to produce different particle
SUREFEHVVHV LV WKDW WKH SRODULVHU

VLIHV VXUIDFH JULQGLQJ DQG ¢QDQQ\ ODVHU DEODWLRO RI
the ITO GRHV QRW UHTXLUH UHPRYDO 7KLV KD

. impact on the time and quality of the process
From these, the best-performing pre-treatments ) ) . .
. . compared with the other options available (“as-is”
were considered to be the surface grinding and

. digestion and bulk grinding).
the laser ablation processes as both removed ITO . ) .
. . . . . The laser technique has the potential to achieve
directly with minimal contaminants being collected.

very high process throughputs; a minimum of
The surface grinding process yielded a powder y g P . g P
. . . approximately 240 individual panels or 120 panel
that predominantly consisted of ITO and this has .
. . . pairs can be processed per hour.
an advantage of introducing fewer contaminants to . .
) . ) The amount of indium that can be collected with
the acid bath than the bulk grinding technique at

) one laser is approximately 90 g/hour. This could
the hydrometallurgical step. However, the chosen . ) .
- . be increased by using multiple lasers to scale the
grinding media used may also act as a bath

i process up for fully automated closed-loop indium
contaminant.

recycling from LCDs.
Although the laser process has the potential to yeling
be a very high throughput process, the ITO has
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Abbreviations

AR Aqua regia

CCFL &ROG FDWKRGH AXRUHVFHQW ODPS
CRM Critical raw material

EDX (QHUJ\ GLVSHUVLYH ; UD\ VSHFWURVFRS\
GB Glass back

GF Glass front

ICP-OES Inductively coupled plasma optical emission spectrometry
ITO Indium tin oxide

LCD Liquid crystal display

Le Leaching

LED Light-emitting diode

0: Metal wool

SEM Scanning electron microscopy

SiC Silicon carbide

us Ultrasound

46



AN GHNIOMHAIREACHT UM CHAOMHNU COMHSHAOIL Monatéireacht, Anailis agus Tuairisciu ar
Ta an Ghniomhaireacht um Chaomhnt Comhshacil (GCC) freagrach as g, gComhshaol

gcomhshaol a chaomhni agus a theabhst mar shecmhainn luachmhar dg
mhuintir na hEireann. Taimid tiomanta do dhaoine agus don chomhshaol a
chosaint ¢ éifeachtai diobhalacha na radaiochta agus an truaillithe.

Monatoireacht a dhéanamh ar chailiocht an aeir agus Treoir an AE
maidir le hAer Glan don Eoraip (CAFE) a chur chun feidhme.
e Tuairiscit neamhspleach le cabhr le cinnteoireacht an rialtais
P . , . naisiunta agus na n-udaras aititil (m.sh. tuairiscia tréimhsiuil ar
Is féidir obair na Gniomhaireachta a staid Chomhshaol na hEireann agus Tuarascélacha ar Thascairi).
roinnt ina tri phriomhréimse: )

Rialu Astaiochtai ha nGas Ceaptha Teasa in Eirinn
Rialt: Déanaimid cérais éifeachtacha rialaithe agus comhlionta  Fardail agus réamh-mheastachain na hEireann maidir le gais
comhshaoil a chur i bhfeidhm chun torthai maithe comhshaoil a cheaptha teasa a ullmhu.
sholathar agus chun diriti orthu sidd nach gcloionn leis na corais sin.« - An Treoir maidir le Tradail Astaiochtai a chur chun feidhme i gcomhair

breis agus 100 de na tairgeoiri dé-ocsaide carbéin is mé in Eirinn.
Eolas: Solathraimid sonrai, faisnéis agus measunit comhshaoil ata

ar ardchaighdean, spriocdhirithe agus trathuil chun bonn eolais a Taighde agus Forbairt Comhshaoil

chur faoin gcinnteoireacht ar gach leibhéal. « Taighde comhshaoil a chistiti chun brdnna a shainaithint, bonn
) . . eolais a chur faoi bheartais, agus reitigh a sholathar i réimsi na
Tacafocht: Bimid ag saothr i gcomhar le grupai eile chun tact haeraide, an uisce agus na hinbhuanaitheachta.

le comhshaol ata glan, tairgitil agus cosanta go maith, agus le
KLRPSDU D FKXLU¢;GK OH FRPKVKDRO L Qfesih&cht Striitéiseach Timpeallachta

» MeasuUnacht a dhéanamh ar thionchar pleananna agus clar beartaithe
Ar bhFreagraChtai ar an gcomhshaol in Eirinn (m.sh. mérphleananna forbartha).

Ceadlnu Cosaint Raideolaioch

Déanaimid na gniomhaiochtai seo a leanas a rialti ionas nach ¢ Monatéireacht a dhéanamh ar leibhéil radaiochta, meastnacht a

ndéanann siad dochar do shlainte an phobail na don chomhshaol:  dhéanamh ar nochtadh mhuintir na hEireann don radaiocht iantichain.

» saoraidi dramhaiola (m.sh. laithreain lionta taltn, loisceoiri, e Cabhru le pleananna naisitunta a fhorbairt le haghaidh éigeandalai
staisiuin aistrithe dramhaiola); ag eascairt as taismi nuicléacha.

» gniomhaiochtai tionsclaiocha ar scala mér (m.sh. déantlsaiocht Monatoireacht a dhéanamh ar fhorbairti thar lear a bhaineann le
cogaisiochta, déantusaiocht stroighne, staisitin chumhachta);  saoraidi ndicléacha agus leis an tsabhailteacht raideolaiochta.

+ an diantalmhaiocht (m.sh. muca, éanlaith); - Sainseirbhisi cosanta ar an radaiocht a sholathar, né maoirsiti a

¥ ~VIiLG VKULDQWD DJXV VFDRLOHDGK UL Qi@&nhkih latshal&tider@ddskikohisi sin.
Géinmhodhnaithe (OGM);

« foinsi radaiochta iantchain (m.sh. trealamh x-gha agus Treoir, Faisnéis Inrochtana agus Oideachas
radaiteiripe, foinsi tionsclaiocha); ¥ &RPKDLUOH DJXV WUHRLU D FKXU DU IliLO
e daiseanna mora storala peitril; agus don phobal maidir le habhair a bhaineann le caomhnu an
« scardadh dramhuisce; chomhshaoil agus leis an gcosaint raideolaioch.
» gniomhaiochtai dumpala ar farraige.  Faisnéis thrathuil ar an gcomhshaol ar a bhfuil fail éasca a
chur ar fail chun rannphairtiocht an phobail a spreagadh sa
Forfheidhmia Naisitinta i leith Cursai Comhshaoil chinnteoireacht i ndail leis an gcomhsh@nolsh. Timpeall an Ti,

« Clar néisitnta inichtai agus cigireachtai a dhéanamh gach Iéarscaileanna raddin)
bliain ar shaoraidi a bhfuil ceadtinas 6n nGniomhaireacht acu. * Comhairle a chur ar fé” (;Ipn Rialtas maidi,r le habhair a o

« Maoirseacht a dhéanamh ar fhreagrachtaf cosanta comhshaoil naPhaineann leis an tsabhailteacht raideolaioch agus le cirsai
n-tdaras aitiail. prainnfhreagartha.

« Caighdean an uisce 6il, arna sholathar ag solathraithe uisce  * Plean Naisilinta Bainistiochta Dramhaiola Guaisi a fhorbairt chun
phoibli, a mhaoirsia. dramhail ghuaiseach a chosc agus a bhainistit.

f 2EDLU OH K~GDUIiLV iLWL~OD DJXV OH JQOtRPKDLUHDFKWDt HLOH FI,(XQt GXO
i ngleic le coireanna comhshaoil tri chomhord a dhéanamh ar MUSCalilt Feasachta agus Athra lompraiochta
lionra forfheidhmitichain naisidnta, tri dhirit ar chiontoiri, agus * Feasacht chomhshaoil nios fearr a ghinidint agus dul i bhfeidhm
tri mhaoirsit a dhéanamh ar leastichan. ar athrd iompraiochta dearfach tri thacu le gnéthais, le pobail

« Cur i bhfeidhm rialachan ar nés na Rialachan um agus le teaghlaigh a bheith nios éifeachtila ar acmhainni.

Dhramhthrealamh Leictreach agus Leictreonach (DTLL), um * Téstail le haghaidh radéin a chur chun cinn i dtithe agus in ionaid
Shrian ar Shubstainti Guaiseacha agus na Rialachan um rialG ar 0ibre, agus gniomhartha leastchain a spreagadh nuair is ga.

shubstainti a idionn an ciseal 6z6in. L ; ) .
« Andli a chur orthu sidd a bhriseann dii an chomhshaoil agus a Bainistiocht agus struchtdr na Gniomhaireachta um

dhéanann dochar don chomhshaol. Chaomhna Comhshaoil
Té an ghniomhaiocht & bainistid ag Bord lanaimseartha, ar a bhfuil
Bainistiocht Uisce Ard-Stilrthoir agus cuigear Stiurthéiri. Déantar an obair ar fud cuig
¢ Monatodireacht agus tuairiscit a dhéanamh ar chailiocht FLQQ Gf2L¢Jt

aibhneacha, lochanna, uisci idirchriosacha agus césta na $$Q 2L¢J XP ,QPKDUWKDQDFKW &RPKVKDRL
hEireann, agus screamhuiscf; leibhéil uisce agus sruthanna ¥ $Q 2L¢J )RUIKHLGKPLWKH L OHLWK F~UVD

aibhneacha a thomhas. F$Q 2L¢J XP )LDQDLVH LV OHDV~Q~
* Comhordu néisitnta agus maoirsiti a dnéanamh ar an gCreat- ¥ 2L¢J XP &KRVDLQW 5DGDtRFKWD DJXV ORC
Treoir Uisce. T $Q 2L¢J &XPDUVILGH DJXV 6HLUEKtVt &RU
* Monatdireacht agus tuairisciti a dhéanamh ar Chailiochtan T4 Coiste Comhairleach ag an nGniomhaireacht le cabhr 1éi. Ta
Uisce Snamha. daréag comhaltai air agus tagann siad le chéile go rialta le plé a

dhéanamh ar abhair imni agus le comhairle a chur ar an mBord.
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