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1. S1 Use of indium

Indium has a wide range of applications in electronic equipment as a semi-conductive material and is
also found in metals and alloys, as well as in specialty products [1]. Between 50% and 70% of available
indium is used to produce transparent electro-conductive thin films, named indium tin oxide (ITO) films
[2,3]. About 20 to 30% is used for semi-conductors, applied in LED and solar panels (CIGS)[3].

ITO as a main application of indium is an In-Sn compound and consists of indium oxide and tin oxide.
The transparent ITO layer is a fundamental component in liquid crystal displays (LCD), which are
applied in almost all screen devices like computer monitors, notebooks, mobile phones, television sets,
etc. [4,5].

The worldwide reserves of indium amount to around 16,000 t [6]. In 2014, the main producers were
China, with over 50% of the worldwide mine output, followed by Korea, Japan and Canada [7]. Indium
mostly originates as a by-product of the mineral sphalerite, which is a zinc-sulfide ore. The indium
concentration in this ore is only between 10 and 20 mg/kg [8]. In 2011, 1,220 t indium was primary
mined worldwide, from which 660 t indium was refined [3]. In recent years, the output of refined
indium increased to 800 t in 2013 and 820t in 2014 [7].

In 2011, about 360 t (~55 %) of this virgin indium went into ITO production. Interestingly, this process
needed in total about 1,500 t indium. The difference is explained by new scrap recycling, which
circulates back 1,140 t to the beginning of the ITO production process. Approximately 170 t indium is
stocked in this highly efficient recycling cycle, which takes about one month to complete, resulting in
a significant flow over a whole year. Nevertheless, ITO production is related to high a loss of about
300 t. Further processing of the semi-finished products account for an additional loss of 20 t. [3]

2. S2 Current recycling practice

Currently, recycling of indium from EOL devices is not yet carried out on an industrial scale [4,32,37,41].
Practical recycling of indium is conducted in the production of semi-finished and intermediate products
only. Quantitatively relevant recycling from new scrap takes place in the production of “ITO targets”
and “electr. semi-conductors” (cf. figure 1 in main text).

2.1. ITO targets

The processes used for the production of ITO targets are highly inefficient. Only 10% of the ITO is
successfully applied on the substrate, while about 20% is lost on the surfaces of tools and working
chamber linings. 70% is transferred to a residual material, which is subsequently recycled with high
efficiencies (>90 %). Other new scrap from the further processing of ITO targets is also assumed to be
recycled in the same process. [7,36,37]

The recycling processes for sputtering and etching residues are mainly based on hydrometallurgical
approaches. Solvent extraction is the most commonly used method for the purification of indium in
process metallurgy. Initially introduced in zinc refineries, it is used to recover indium from sulfate
solutions [22,38]. Besides this highly solvent consuming process, electrolytic refining can be applied
subsequently [39].

Alternative methodologies have been tested in recent years. One example is the recovery of indium
from pure indium oxide using vacuum carbon reduction, which represents a vacuum metallurgy
approach. Here, indium could be selectively recovered by using coke coal as a reducing agent [26].

2.2. Electr. semi-conductors

The production of semiconductors and electrical components used for laser diodes, solar cells and LED

are also associated with high losses. Here, only 30% of the indium used is applied to end products.
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About 50% is lost completely in the production of solar panels. In the production of LED and laser
diodes, over 23% is lost, while 47% constitutes new scrap which can be recycled. Here, the same

recovery efficiencies were assumed as for the recycling of ITO targets as most probably the same
recycling processes were used. [7]
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3.  S3 Share polarizer foils and glass substrate in LCD panels

Table 1: Share of the main components polarizer foils and glass substrate in LCD panels from various screen devices

Equipment type

Mobile phone
Smartphone
Notebook

PC Monitor
LCD TV
Tablet

UNU key Number of
samples [-]
0306-01 11
0306-02 27
0303-01 18
0309-01 11
0408-01 9
0303-02 26

Share polarizer foil [%]

21335
18.3+10
139+3
156+1.6
20.6 £3.5
23.6+7.6

Share glass
substrate incl. ITO
and organics [%]
78.6+3.2
81.7+10
86+ 3
83316
79+3.1
764176

4.  S4 Indium and tin mass fractions in LCD panels

Table 2: Indium in ppm and mg/m? and tin in ppm as average including standard deviation for various investigated screen

devices

Equipment type

Mobile phone
Smartphone
Notebook

PC Monitor
LCD TV
Tablet

UNU key

0306-01
0306-02
0303-01
0309-01
0408-01
0303-02

Number of Indium

samples [-] [ppm]
11 330 £ 198
27 25120
18 134 £ 95
11 172 £+ 24
9 166 £ 66
26 176 £ 93

Indium Tin
[mg/m?] [ppm]
817 £ 612 24 +12

56 + 50 2+3
558 + 372 11+4
689 + 81 10+1
642 + 293 18+7
438 + 367 16 +10

Note: ppm describes the relative share of indium to the mass of the LCD panel, while mg/m? relates to an indium mass as a
function of a normalized cross sectional area
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5. S5Indium in ppm vs. screen size
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Figure 1: Indium mass fraction vs screen size (diagonal)
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6.  S6 Indium in mg/m? vs. screen size

2,500

2,000

=
U
o
S

P~
o
o
o

500

Indium mass per screen area [mg/m?]

A
L 2
’ -
A Ay
t 3 Y _
A
A2
' 4 i
M
®
"8 ‘4
5 10

== g d
) ‘ L
u ]
A
- . -
15 20 25 30

screen diagonal [inch]

Figure 2: Indium mass in mg per screen are in m? versus the screen size in inch

& Mobiltelefone

® Smartphones

= Notebooks
m PCs

TV

A Tablets

35 40

45

Page 10 of 26



7. S7 Time trend in the application of Indium
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Figure 3: Indium mass fraction vs production year of panels from various screen devices investigated
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8. S8 Share of investigated LCD panels in which toxic heavy metals+

Sr were qualitatively determined

Not all elements were detected in all equipment types nor in all panels investigated in any relevant
equipment group. Table 3 shows the share of LCD panels in which toxic heavy metals + Sr were
determined. Each screen device investigated is depicted separately.

Table 3: Share of LCD panels investigated in which toxic heavy metals + Sr were qualitatively determined for each equipment

type (0 % = element not found in any LCD investigated; 100 % element present in all LCD panels investigated in this
equipment type)

. Mobile  Smartphones Tablets @ Notebooks PC LCD TV
Eq"'p":e"t phones n=27 n=26 n=18 monitor n=5
YPE h=27 n=10
Element 0306-01 0306-02 0303-02 0303-01 0309-01 0408-01
all values in %
As 23 7 0 78 90 20
Sb 92 70 88 72 100 60
Sr 100 100 100 100 100 100
Pb 0 4 0 11 0 0
Cr 0 0 0 0 0 0
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9. S9 Mass fractions of toxic heavy metals + Sr

9.1. LCD from mobile phones (0306-01)
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Figure 4: Arsenic, antimony, tin and strontium in mobile phone LCD. Top: boxplot with interquartile range (25/75 %);
whiskers 1.5 IQR; asterisk = extremum); circle = outlier; dashed line = arithmetic mean; below: histogram
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Figure 5: Arsenic, antimony, tin, lead and strontium in smartphone LCD. Top: boxplot with interquartile range (25/75 %);
whiskers 1.5 IQR; asterisk = extremum; circle = outlier; dashed line = arithmetic mean; below: histogram
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9.3. LCD from tablets (0303-02)
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Figure 6: Antimony, tin and strontium in Tablet LCD. Top: boxplot with interquartile range (25/75 %), whiskers 1.5 IQR;
asterisk = extremum; circle = outlier; dashed line = arithmetic mean; below: histogram
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9.4. LCD from notebooks (0303-01)
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Figure 7: Arsenic, chromium, lead, tin and strontium in notebook LCD. Top: boxplot with interquartile range (25/75 %);
whiskers 1.5 IQR; asterisk = extremum; circle = outlier; dashed line = arithmetic mean; below: histogram
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9.5. LCD from PC monitors (0309-01)
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Figure 8: Arsenic, antimony, tin and strontium in PC monitor LCD. Top: boxplot with interquartile range (25/75 %); whiskers
1.5 IQR; asterisk = extremum); circle = outlier; dashed line = arithmetic mean; below: histogram
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Figure 9: Arsenic, antimony, tin and strontium in PC monitor LCD. Top: boxplot with interquartile range (25/75 %); whiskers
1.5 IQR; asterisk = extremum); circle = outlier; dashed line = arithmetic mean; below: histogram

Page 18 of 26



10. S10 Toxic heavy metals + Sr in panel glass versus manufacturing

date
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Figure 10: Mass fractions of Sr and Sb in ppm versus manufacturing date of various investigated screen devices
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Figure 11: Mass fractions of Pb in ppm versus manufacturing date of various investigated screen devices
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Figure 12: Mass fractions of As in ppm versus manufacturing date of various investigated screen devices

Note: No graph was drawn for Cr, as this substance was not determined in the samples investigated.
PC monitors are also not depicted, as no data about the manufacturing dates were available.
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11. S11 Validation of chemical analyses

Generally, chemical analyses carry the risk of systematic errors. Therefore, the methodologies used
have to be verified and described in a transparent and comprehensible way. This applies to both the
wet chemical analyses with an ICP and to non-destructive approaches with an XRF.

11.1. Indiumin ICP vs AAS

In order to verify the data for the chemical composition of LCD panels from measurements made with
an ICP-OES, parallel chemical analyses with an AAS have been carried out. Figure 13 shows exemplarily
the results for 10 mobile phones and 10 tablet samples for both measurement devices used.

700 r[:]%tt?]ggination
T C1ICP-OES
600 T A Fiame AAS
1S ]
& 500 . o
£
§ 4007
b5
©
E 300
S T
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100 l i
0 T T
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Figure 13: Exemplary comparison of indium mass fractions determined in LCD panels from mobile phones (n=10) and tablets
(n=10) measured with ICP-OES and flame AAS depicted as boxplot with median, interquartile range (IQR) (25/75 %) and
whiskers 1.5 IQR (circle: outlier >1.5 IQR)

The results show that both determination methodologies provide similar values. Therefore, the results
are expected to be reliable.

11.2. Determination of toxic heavy metals + Sr

Chemical analysis with an XRF device is usually related to higher systematical errors. In particular
automatic systems with an internal calculation based on proprietary algorithms can provide reliable
results for common elements but may have limits with regard to trace materials. The error of each
measurement directly calculated by the software of the measuring device usually gives first
information about the result quality. These errors vary greatly for single toxic heavy metals + Sr in LCD
panels determined with the XRF technique. Figure 14 shows the mean and average errors for Sr, Cr,
As, Sb and Pb.
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Figure 14: Average values and errors for the chemical analyses of applied toxic heavy metals + Sr in all LCD panels
investigated in various equipment types

The results for Sr, As, Sb and Pb are related to very low errors. Therefore, these results are expected
to be reliable. In contrast, the results for chromium are related to very high errors, ranging from 0.6 to
almost 2.5% in the equipment types investigated. Furthermore, traces of Cr were found in the
composite separation test for smartphones and tablets. Consequently, the presence or absence of Cr
in the samples is not verified.
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12. S12 Example of an FT-IR spectrum
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Figure 15: Example of an FT-IR spectrum recorded for a polarizer foil (upper graph) plotted versus a database spectrum
Cellulose triacetate (lower graph)
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and glass substrate masses
Table 4: LCD panels and related indium, polarizer foil and glass substrate masses calculation for mobile phones,

13. S13 Calculation scheme for LCD panels and indium, polarizer foils
smartphones, tablet, notebooks, PC monitors and LCD TV for Germany / worldwide in 2013
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14. S14 Put-on-market and recycling potential of polarizer foils and
glass substrate from LCD panels
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Figure 16: Total polarizer foils potential from LCD panels in various put-on-market devices (Germany / worldwide) versus
devices collected for recycling purposes in Germany in 2013
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Figure 17: Total indium potential from LCD panels in various put-on-market devices (Germany / worldwide) versus devices
collected for recycling purposes in Germany in 2013
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