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ABSTRACT

The availability of critical metals is one of the driving factor to secure the transition of energy production to a
renewable, low carbon one because of the material requirement in photovoltaic technology (PV), wind power
generation and batteries. For example, precious metals are vital to manufacture crystalline silicon solar panel and
tellurium, germanium, indium and gallium are essential in thin film photovoltaic panels. However, the pressure
on the supply of critical metals increases with the growth of photovoltaics. Considering the resource availability,
the recycling of critical metals from waste solar panels can enhance the sustainability of end-of-life management,
although the recycled metal input is limited in present state. Among the recycling techniques, the separation and
liberation of metals from non-metals are crucial. This study investigate a methodology to liberate thin film
materials from copper indium gallium selenide (CIGS) thin-film solar panel to recycle photovoltaic material
including indium and gallium via a mechanical process.

An experimental technique using mineral processing techniques, crushing and grinding, are proposed to
recycle critical metals from CIGS solar panel. In this study, the crushing experiments were conducted and the size
based elemental distribution was analysed. The results showed crushing is capable to delaminate glass substrate
and Fuerstenau upgrading curves and the ore separation degree were used to show that selective liberation
occurs and the critical metals concentrate in coarse size fraction but may not be fully liberated. The morphology
test using SEM-EDS to observe the surface of broken panel and the classification of broken particle based on size,
metal concentration and surface morphology were conducted. The results suggested that approximately 90 w%
of functional materials are still laminated on EVA in the size fraction larger greater than 2360 pm. It shows
crushing alone will not fully liberate the material. Grinding can be used as a second stage recycling method, de-
coating the target materials. The grinding test resulted in a more than 80 w% recovery rate of indium and the fine
particle less than 38 pm contains more than 1500 ppm indium, more than 480 ppm gallium and 1500 ppm
molybdenum. It could show that the combination of crushing and grinding is suitable to delaminate the panel
and de-coat the critical metals to liberate and concentrate the metals.

1. Introduction

electricity, wind power and fuel cells [2].
Renewable electricity generation was expanding in the past decade

As the world moves away from fossil fuels, the renewable energy
provides a pathway towards carbon neutrality in the global energy
sector as the transition to reduce climate change and adapt to a green
economy [1]. Energy efficiency and renewable energy sources relies on
technologies and these technologies are often dependent on the supply
of raw materials especially metals [2]. These metals are called critical
metals, in terms of supply risk and economic importance. Critical metals
dominate the performance of energy storage, such as batteries and
hydrogen storages, and renewable energy generation including solar
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and reached the highest share recorded in 2020, as 29 % of the global
electricity generation [3]. Photovoltaic (PV) technology, which converts
solar radiation into electricity, has been considered to contribute to the
transition of the energy structure from fossil fuel dominance to renew-
ables; since solar itself is safe, reliable, efficient, non-polluting and
widely distributed [4]. PV has been used since the 1990 s [5] and
become one of the major renewable energy sources around the world
[6]. The newly installed PV capacity worldwide has been increasing
rapidly since 2006 [7]. The total PV capacity reached 586,872
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megawatts in 2019 and raise to more than 707,000 megawatts in 2020
[8,9]. It is believed the market share of PV power in primary global
energy sources will keep expanding in the next decades. It was predicted
that cumulative PV capacity will reach 4,000 GW in 2050 [10]. The
large scale of photovoltaics will build up more pressure on the cost,
resource availability and environmental impact [11]. PV panel manu-
facturers provide a warranty of between 25 and 30 years [12] and there
will be a challenge to recycle a large amount of decommissioned PV
modules [13], which is estimated to be approximately 60 million tonnes
of panels by 2050 [10]. However, China, the United States and Japan,
are the leading markets in solar panels. None of these countries have
issued legislation in terms of the disposal of wasted panels [14].

On the basis of power generation unit, solar panels can be classified
into three distinguished groups which are first-generation crystalline
silicon solar cells, second-generation thin-film solar cells, and third-
generation novel cells. The majority of materials in crystalline silicon
solar cells is silicon but silver are used as metal strips and thin film
panels comprise more critical metals including tellurium, germanium,
indium and gallium [2], as well as some important metals such as mo-
lybdenum and zinc. Copper indium gallium selenide (CIGS) is a type of
photovoltaic material in second-generation thin-film solar panels. It is
believed that CIGS panels are promising PV panels with the energy
conversion efficiency of the commercial product reported at 15 % [15]
and the highest reported lab-scale efficiency of 22.6 % [16].

Fig. 1 illustrates the lamination of CIGS solar panel [17]. CIGS solar
cells are made up of a few microns thick CIGS absorber layer, 50-80 nm
thick CdS window layer, 50 nm thick ZnO buffer layer, an 0.5-1.5 pm
thick transparent conductive oxide (TCO), top contact grid in sequences
on glass with a 500-1000 nm thickness molybdenum (Mo) coating as
back contact and covered by front glass substrate with Ethylene-vinyl
acetate (EVA) [17,18]. In this study, these layers excluding Mo are
summarised as functional layers and molybdenum is regarded as back
contact layer. The photovoltaic capacity in thin-film solar panels is
provided by absorber layer materials comprising indium and gallium,
which are viewed as critical raw materials by European Union [19].
There are 45 g indium, 14 g gallium and 230 g molybdenum in 1 kg CIGS
solar panel. The concentration is higher than its raw ore, for example,
the concentration of indium in raw ore is 10-20 ppm, [20] The reserves
of these critical metals are limited and will be run out in 5-50 years [21].
For example, the reserve of indium is only 15,000 tonnes but the mining
is likely to be concentrated over the next several decade [22]. The price

Applied Energy 337 (2023) 120900

of indium in 2021 was $187 per kilogram in January and raised to $270
per kilogram in October [23]. These critical metals provide economic
incentives to recycle this type of PV device. Whereas the economic
benefit for the recycling of other types of panels is outweighed by other
means of disposal such as landfilling [24]. In addition, the waste CIGS
panels have cancerogenic and ecotoxicity potential due to metals con-
tained [25]. Thus, CIGS modules should be recycled from both resource
conservation and reducing environmental pollution perspectives.
Currently, the secondary resources can buffer the demand shocks but in
long term, it can not affect the demand from primary mining [22], thus a
proper recycling method should be developed.

Investigation into the recycling of CIGS PV panels has been reported
since the 1990 s. The general procedure can be divided into three stages:

e the delamination of PV modules
e de-coating of the substrate, and extraction
o refining of materials [26].

In the first stage, the laminated modules are shattered using me-
chanical separation, thermal processes, surface chemistry, solvent pro-
cesses, cryogenic process, or leaching. Then the de-coating stage aims to
remove mass cover glass and EVA binder using dry mechanical method
[27], chemical method [28], or the combined method. The further
extraction process aims to achieve the purity required for photovoltaic
material production. The possible solution includes precipitation, lig-
uid-liquid extraction, electro-winning, ion-exchange, redox process,
and etc. [26]. Mineral processing techniques are primarily employed as
a pre-treatment process in material recycling to minimise the energy and
chemical consumption for the subsequent chemical processes. Crushing
can be a common and practical method for pre-treatment [29], it
functions to reduce the size and partially liberate materials, however,
the effect on liberation varies from samples and crushing techniques. To
improve the efficiency of the final stage refinery and save the chemical
and energy consumption, a recycling process to liberate and concentrate
critical metals using mineral processing techniques are developed.

Solar panel are similar to most minerals that are finely disseminated
and associate with the non-target materials, regarded as the gangue.
Mineral processing techniques aim to ‘unlocked’ or ‘liberated’ before the
separation can be undertaken [30]. In the case of thin film solar panel
recycling, the purposes of mineral processing techniques are to reduce
the size of waste panel for further treatment, and also expose the target

N—— 7nO: Al transparent conductive oxide
ZnO buffer layer

CdS window layer

CIGS absorber layer

Mo back contact

Glass substrate

Fig. 1. Cross-sectional views of CIGS thin-film solar cell, adapted from Miles, R.W., G. Zoppi, and I. Forbes.
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materials from cover glass or liberate them into certain size fraction
[28,31-33], but not to concentrate the metals to the next order of
magnitude. Based on the thin film structure of CIGS solar panel, grinding
with grinding media can possibly liberate and concentrate the critical
metals from dozens ppm to even 1000 ppm. It can be regarded as an
efficient and cheap way to de-coat the metals and pre-purify the non-
leachable materials before the refinery and extraction. Crushing is
proposed as the delamination of CIGS solar panel and to investigate the
feasibility of the implement of grinding technique to de-coat critical
metals, the characteristics of crushed CIGS solar panel are studied in this
paper.

In ore comminution, the propensity is to concentrate some metals
into specific size fractions [34] and the selective liberation phenomenon
has also been found in electronic waste [29,35]. In the mineral pro-
cessing and recycling selective liberation is commonly used as an energy
saving technique to concentrate the target materials. However, the
outcomes of selective liberation vary from samples and a general sum-
marisation is not suitable to understand the occurrence of that in
different sample or comminution process [36]. Whether the valuable
materials in CIGS solar panels are liberated during initial comminution
has not been studied. Therefore, this study aims to understand the
characterisation of milled CIGS solar panels and investigate the libera-
tion behaviour of functional materials. The metal contents from thin-
films and molybdenum coating are regarded as valuable material to be
recycled and the phenomenon of selective liberation among functional
material, molybdenum coating and glass substrate is explored as well.
Eventually, a trial of grinding as the de-coating process was tested.

e This paper shows a feasible experimental technique for recovering
critical resources, particularly CIGS. This paper aims to develop a
recycling process using mineral processing techniques, which is the
combination of crushing and grinding to liberate the target material.
The major contributions are,Examine the feasibility of crushing as
the first stage recycling method,

Investigate the selective liberation of the critical metals after milling,
Investigate a suitable solution based on mineral processing tech-
niques to liberate and concentrate the critical metals as the second
stage recycling method.

2. Experimental PROCESS
2.1. Materials

Off the shelf products manufactured by Solibro GmbH company,
Germany in year 2015 and has not been used but stored were used in this
study. These Solibro SL2 CIGS thin-film modules have been tested and
certified for IEC 61646,/61730, UL 1703 (CSA). The front cover of the
panel is 4 mm tempered low iron glass with anti-reflective coating and
the back cover is 3 mm float glass. The dimension of the panel is 1190
(+3/-1) mm length, 789.5 (+3/-1) mm width and 7.3 mm thick without
junction box. The junction box has a dimension of 66 mm length, 54 mm
width and 14.5 mm thick with 1 bypass diode. Solar cable attached with
junction box has a cross-sectional area 2.5 mm2 and tip and ring with
855 (+30/-0) mm and 735 (+30/-0) mm respectively.

The elements in the absorber layer, buffer layer, window layer and
back contact layer were confirmed as indium, gallium, molybdenum,
copper, aluminium, zinc and cadmium, using Scanning Electron
Microscopy-Energy Dispersive X-ray (SEM-EDX, Zeiss — Oxford/ Sigma
VP). In addition, the metal wire between the front cover and back sub-
strate glass at the edge was confirmed as aluminium. In this study,
functional materials are represented by characteristic metal elements
contained in different functional layers, which is indium representing
CIGS absorber layer, zinc representing buffer layer, Cd representing
window layer and molybdenum representing back contact layer. The
binder was identified using Fourier-transform infrared spectroscopy
(FTIR, Bruker- VERTEX 70) and found to be Ethylene-vinyl acetate
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(EVA). HNOs3, HCl, and H20, (PURISS-PA grade, Sigma-Aldrich) and
water (specified as grade 1 in ISO 3696) were used during digestion and
dilution for elemental analysis.

2.2. Experimental method

The experiment started with the crushing of CIGS solar panel and a
size characterisation was conducted to analysis the distribution of
crushed sample. After that, elemental analysis was employed to inves-
tigate the liberation of critical metals and the occurrence of selective
liberation. The following morphology analysis aims to observe the
liberated thin film structure and help determine the next stage recycling
method. The classified categories were summarised then. Finally, a trial
of grinding test was conducted and the results were analysed.

The overall framework of proposed experimental method is shown as
Fig. 2. The plastic junction box and cables of CIGS solar panel sample
were separated first (Fig. 2 (b)) and the panel was hammered manually
(Fig. 2 (a)). All fragments were collected and the mass loss due to
breaking is less than 0.1 wt%. The smashed solar panel was milled using
Restch SM 2000 cutting mill with an 8 mm grid. The milled sample was
dried in an oven at 105 °C to remove moisture content; adapted from BS
812-109:1990 [37] and the mass change is less than 0.1 w %.

The milled panel weighed approximately 16.2 kg and 32 represen-
tative samples were then obtained using a static riffle. Three represen-
tative samples of average weight 501.3 g were sieved using certified
Endecotts test sieves and a Capco Inclino Sieve Shaker 3 Sieves. Sieves
with aperture size range from 38 pm to 13200 pm were used initially and
sieves with nominal aperture diameter of 13200 pm, 4750 pm, 3350
pm,2360 pm, 1180 pm, 600 pm, 300 pm, 150 pm and 75 pm were
selected. All size fractions were used and these sieve sizes were selected
to present the distribution because the curve generated is the same as
original one but can minimise the sieve number used. Then elemental
analysis with ICP-MS was conducted for each size fraction.

To conduct the elemental analysis by ICP-MS, the composition of
interest in samples need to be extracted into solution via digestion. To
ensure leaching efficiency in digestion, the size of particles should be
controlled to be less than 250 pm, thus further size reduction is required
for size fractions larger than 250 pm. Particles size fraction larger than
1180 pm contains EVA binder and is difficult to be milled therefore EVA
is removed first. These fractions were transferred to porcelain lidded
crucibles and calcined in a muffle furnace. Multistage calcination was
used to remove EVA. The temperature was ramped to 250 °C with a
temperature rate set as 10 °C/minute and held for 1 h. Then the tem-
perature was raised to 400 °C, with a rate of 15 °C/minute, holding for 1
h, the same rate was set again to 500 °C with 2 h holding time [38].

Size fractions larger 200 pm than were milled using Retsch ZM 200
centrifugal mill with 0.25 mm grid. Particles inside and outside the grid
were carefully collected and sieved with 212 pm nominal aperture size.
The particle fraction larger than 212 pm was re-milled and sieved until
the recovery rate is more than 95 wt%.

The samples were prepared using microwave-aided acid digestion
with CEM MARS 5 microwave digester. The digestion method was
adapted from BS EN 62321-5:2014 [39]. 200 + 0.1 mg sample was
weighed using an analytical balance to four decimal places. The mi-
crowave digester operating programme is shown in Table 1. In the first
stage the sample was placed into a digestion vessel, 4 ml of 65 wt%
HNOg3, 1 ml of 50 wt% H05, and 1 ml of water (Grade 1 in ISO 3696)
were then added. In the second stage, 4 ml 37 wt% HCl was added into
each vessel.

The elemental analysis was conducted via PerkinElmer-NexION®
300x Inductively Coupled Plasma-Mass Spectrometer (ICP-MS). To
investigate the liberation of functional materials from buffer layer,
window layer, absorber layer, and back contact layer, the concentrations
of indium, gallium, molybdenum, copper, aluminium, zinc and cad-
mium were measured. A set of mixed matrix standard solutions was
prepared from certified reference materials in accordance with ISO/IEC
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Fig. 2. The overall framework of proposed method.

Table 1
Microwave digestion method.

Stage  Number of Power Ramping Temperature Hold
digestion w) time (min) (°c) time
vessel (min)

1 10 1600 8 80 10
10 1600 8 160 20

Cooling less than30

2 10 1600 8 80 10
10 1600 8 160 20

17,025 and ISO 17034 (ISO Guide 34).

Morphology study was carried out using a Zeiss FESEM with Oxford/
Sigma VP EDS detector to observe the surface of broken particle. Sam-
ples were prepared by coating 10 nm gold layer with LEICA EM SCD 500
gold sputtering machine to ensure surface conductivity for high-
resolution imaging.

After the characterisation, a trial of grinding was conducted via
attrition scrubbing. The feasibility of attrition scrubbing to liberate CIGS
material is investigate by analysing a 5 min attrition scrubbing with 70
wt% pulp density. After the end of attrition scrubbing, the attrition
product was sieved into size fractions greater than 4350 pm, 4350 pm-
3350 pm, 1180 pm-3350 pm, 150 pm-1180 pm, 38 pm-150 pm, and less
than 38 pm, and the sieved attrition product fractions were analysed.
Low ion silicon sand with size fraction 1180 ym-2360 pm was used as
attrition media. The ratio of attrition media to sample is set as 2:5 by
weight.

3. Results and discussion
3.1. Concentration distribution of milled CIGS solar panel

499.8 g CIGS solar panel sample was milled using cutting mill and
sieved into size fractions as described previously. The characterization
of CIGS panels started with analysing the significance of weight distri-
bution [40]. Weights of sieved products were measured and cumulative
undersize was used in this study to assess the particle size distribution of
grinded CIGS solar panel sample, shown in Fig. 3. Fig. 3 (a) illustrates
the weight of different size fractions and the weight increases with size
and reaches the peak at the size fraction 2360-3350 um than drops.
More than 300 g of particles distribute in the size fraction 1180-4750
um. Fig. 3 (b) illustrates the accumulated undersize weight among all
size fraction and the average particle size (d50) is found as approxi-
mately 2680 um. It can also be found that 80 wt% particles after milling
were in the coarsest size larger than 1180 pym. Overall, the size distri-
bution reports that majority sample concentrate in the coarse size
fraction after milling.

(a) Particle size distribution
132.6

1231 g 1184

140
120
100

Mass (g)

30.8 41.6

O O O 9 O & O O .9
AR PR
IR IR S
2 N .

Undersize (um)

(b) Cumulative Particle Size Distribution

00.0%

80.0%

=60.0%

40.0%

20.0%

0.0% . .
10 100 1000 10000

Nominal aperture size (um)

100000

Cumulative Undersize (wt%)..

Fig. 3. Particle Size Distribution of milled CIGS solar panel.

Critical metals indium, gallium and other important metals molyb-
denum, zinc, copper, and cadmium, as well as aluminum, in the solar
panel sample have been analysed using ICP-MS, the average results are
summarised in Fig. 4 and Fig. 5. The concentration of these metals are
not in the same magnitude but the similar distribution patterns shown
from Fig. 4 (f) were suggested for five elements, which are In, Ga, Cu, Cd,
and Zn, originates from buffer layer, window layer and absorber layers.
The most concentrated size fraction of these five metals shown from
Fig. 4 (a)-(e) is size fraction 4750-13200 pm and the minimum con-
centration of In, Ga, Cu and Cd lie in the size fraction 600-1180 pym. For
the other two metals analysed, Al and Mo, the concentration illustrated
from Fig. 5 increase as particle size decrease, with maximum
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Fig. 4. Size-Concentration Distribution of five elements.

concentration at the size fraction less than 75 um. Based on the data
obtained, metals after milling do not distribute evenly but concentrate in
certain size fraction. Considering the mass distribution of sieved prod-
uct, the selective liberation is to be investigated.

The recovery rate of metals and ore separation degree are calculated
to investigate the degree of selective liberation induced by size reduc-
tion via cutting mill. The recovery rate (R) of metal is defined as the

weight fraction of metals in this size fraction out of all size fractions,
expressed as,

R=""5100%
m

Where m; = the mass of metal in the i size fraction (g); m = overall
mass of metal (g).
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The liberation of certain material can be represented by ore sepa-
ration degree (nore) Which is the difference between the recovery rate of
valuable material and waste material. The recovery rate varies among
particles size and then the particle size is regarded as separation cut
point td for nere. it can be expressed as below,

Nore = Ry —Ry

Where Ry = recovery rate of valuable material, R,, = recovery rate of
waste material.

The cutting mill provides shearing and cutting stress to reduce par-
ticle size [41]. To investigate the cutting induced selective liberation of
functional layer materials in CIGS thin-film solar panel and the inter-
action of functional thin-film layer materials between the substrate and
back contact layer, Fuerstenau upgrading diagram and ore separation
degree were plotted.

The Fuerstenau upgrading diagram in recovery plots were used in
evaluating selective comminution in the field of mineral processing
[42-44] and more recently used in electronic waste recycling [29]. The
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recovery of valuable mineral and the waste material for various sepa-
ration cut points tq (um) can be plotted in the diagram and Fig. 6 is an
example. The horizantal axis is the accumulated recovery rate with the
increase of sepratation cut point, from the samllest to the largest, and the
vertical axis presents the recovery rate of valuable material at the same
separation cut point, thus, the advantage of this method is to visually
present whether the valuable materials are selectively liberated, or
concentrated in a certain size fraction. The diagonal line, line 2 in Fig. 6,
illustrates that selective liberation does not occur in the investigated
materials. The curve above the diagonal line, line 1 in Fig. 6, documents
that valuable material enriches in fine fractions and the curve below the
diagonal line, line 3 in Fig. 6, documents an enrichment of valuable
material in coarse fraction. In this study, the recovery of valuable ma-
terial (Ry) and waste material (Ry) is plotted in Fuerstenau upgrading
curve as Ry-Rw.

3.2. Selective liberation of metals

In this study, critical metals are regarded as target material and glass
is regarded as waste material. Although glass is regarded as waste ma-
terial in this study, it can be recycled after the removal and recovery of
metal contents in a practical process. The selective liberation among
absorber layer, buffer layer and window layer was investigated first.
Based the Fuerstenau upgrading curve shown in Fig. 7, there was no
selective liberation identified. The In-Ga curve in Fig. 7 is close to the
diagonal line, which could be explained by the material distribution in
the thin-film structure of solar panels. Indium and gallium are from CIGS
photovoltaic material and there is no other source of these two elements
in solar panel sample, the recovery of gallium was the same, which the
condition of copper is the same. Thus, the recovery of indium is used to
evaluate the liberation of CIGS absorber layer, and copper and gallium
are not mentioned below. Zinc and cadmium are used in buffer layer and
window layer respectively. The In-Zinc and In-Cd curves are also close to
the diagonal line and that means the materials from buffer layer and
window layer are not liberated from the absorber layer, thus the hy-
pothesis is that; after milling, the lamination structure of buffer layer,
window layer and absorber layer structure has not been destroyed and
making these functional materials stick on each other.

Ore separation degree is the difference between the recovery rate of
valuable material and waste material and thus, the sign of n . indicates
the preference of material liberated. In other words, ore separation de-
gree Nore can also evaluate selective liberation [43]. The largest absolute
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Fig. 6. An example of Fuerstenau upgrading recovery plot adopted from Hesse,
M., O. Popov, and H. Lieberwirth.
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number of ore separation degree could indicate the cut point that
maximises the recovery of valuable material while minimising the re-
covery of waste material and the sign indicates which material is
preferred to be recovered.

In Fig. 8, the maximum absolute value of ore separation degrees for
In-Ga (|Nore,In-Ga,max|) is 4.19 %. However, indium and gallium can
only be found in a same compound which is copper-indium-gallium
selenide, it is considered as the error from elemental analysis. Mean-
while, (|nore,In-Cd,max|) = 1.80 % and (|Nore,In-Zn,max|) = 8.42 %. The
negative signs show that compared with indium, the other metals are
preferred to be recovered. However, the values are not significant to
show the occurrence of selective liberation. Both the Fuerstenau
upgrading curves and ore separation degree indicate that recovery of
functional materials tends to be the same. Hence, milling does not
induce selective liberation within buffer layer, window layer and
absorber layer.

Fig. 9 shows that milling can selectively liberate thin-film solar
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Fig. 8. Ore separation degree curve of functional materials.
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Fig. 9. Fuerstenau upgrading curve of functional material and back coating.

panels by concentrating functional materials from back coating metal
and glass substrate. Aluminium was not only found in the thin film
structure but also from the metal wires at the edge of the panel, therefore
aluminium is not employed to investigate the selective liberation. The
recovery of functional material (represented by Indium) is greater than
the recovery of glass substrate and back coating metal in the coarser size
fraction. The Fuerstenau upgrading diagram can be divided into
recovering region before the inflection point and re-mixing region after
the inflection point. The In-Mo curve is below the diagonal line,
although indium and other functional material are also recovered, the
recovery of molybdenum is greater than the recovery of indium in the
recovering region and the re-mixing region, the recovery of indium
overweighs the recovery of molybdenum. In-Glass curve is different
from In-Mo curve since it has two inflection points, the curve is above
the diagonal line in the finer size fractions which means the recovery of
indium overweigh the recovery of glass, although the difference is not
significant. After the first inflection point, cut point of 150 um, the re-
covery of indium is slowing down but still greater than the recovery of
glass until the curve lies below the diagonal line where the recovery of
glass dominates. Furthermore, in the re-mixing region with the cut point
greater than 3350 pm, the recovery of indium is increasing. The inter-
action between molybdenum and glass is also plotted but the Mo-Glass
curve performs differently. The recovery of molybdenum increases first
by increasing the cut point in the recovering region while accomplishing
with the recovery of glass. In the re-mixing region, the increasing cut
point yields a higher recovery of Mo but has been outweighed by the
increase of glass recovery.

Fig. 10 illustrates the ore separation degree curves of In-Glass, On-
Mo and Mo-Glass. Mo-Glass curve shows that among all size fraction,
molybdenum is preferred to be liberated compared to glass since the ore
separation degree is positive and the cut point 1180 pm yields the
maximum ore separation degree where |1ore,Mo-Glass,max| is 16.26 %
and 65 wt% Mo is recovered below 1180 pm. Ore separation degree of
In-Glass is positive, up to 2.14 %, before the cut point 300 um which
means the liberation of indium is slightly preferred. However, the dif-
ference is not that significant. The distinguished difference occurs at the
cut point 3350 pm, where |nore,In-Glass,max|=47.1 %, and the libera-
tion of glass is preferred. In-Mo curve is similar but the ore separation
degree at all cut points is negative which means the liberation of mo-
lybdenum is always higher than that of indium. The maximum value
also occurs at the cut point 3350 um where |ngre,In-Mo,max| is 55.5 %.
In the size fraction greater than 3350 um, the recovery of Indium is 78.9
wt% and the recovery of Molybdenum and glass are 22.5 wt% and 30.8
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Fig. 10. Ore separation degree curve of functional materials and back coating.

wt%. Overall, the cut point 3350 pm gives the highest efficiency to
recover glass and molybdenum while minimising the efficiency to
recover functional materials; on the other hand, it is the cut point with
the highest potential to recover functional materials and minimum
contamination.

From the results presented above, milling alone does induce selective
liberation for functional material in thin-film solar panels. Compared to
another thin-film material, lithium-ion batteries, whose valuable metal
concentrate in fine size fractions [29], functional materials are found to
concentrate in coarse size fractions. Furthermore, back contact layer and
the glass substrate were selectively liberated from each other. This
finding demonstrated variation in the strength of adhesion forces be-
tween different constitutes in thin-film solar panels, including functional
material, EVA, Mo back contact layer, and glass substrate. The cutting
stress induced by the cutting mill reduced the size of thin-film solar
panels and dislodges the CIGS-Mo interface. It means milling is capable
to delaminate glass substrate, however, the effects of comminution on
the liberation of functional material from glass substrate cannot be
demonstrated by elemental analysis, thus, a morphology analysis using
SEM-EDX is carried out.

3.3. Morphology analysis of milled solar panel

The thin film structure of CIGS solar is exposed from the encapsu-
lated glass panels after milling and functional material is visually
observed as black films on EVA binder, molybdenum is observed as
mirror-like shining particles on the glass substrate and the rest of the
particles are glass substrate. EVA is mainly found in the coarse size
fraction larger than 2360 pym. The morphology observation aims to
observe the surface and analyse the characteristics of the functional
layer and molybdenum layer in different size fractions, thus, SEM-EDX is
employed. Samples in the size fractions greater than 2360 pm were
selected manually to investigate the morphology of EVA attached to the
front glass and molybdenum coated on the back substrate. The other size
fractions mentioned previously were mounted on the aluminium stage
by adhesive carbon tape for morphology study.

Fig. 11 shows the SEM-EDX image of milled samples, the functional
materials are either laminated on the EVA binder or liberated into fine
particles, and molybdenum are found on the glass substrate. However,
SEM-EDX only detected elements from functional materials on glass
particles with EVA binder, but not contaminated with molybdenum. It
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was discovered that milling can separate functional materials and mo-
lybdenum by breaking the front cover glass and the back substrate into
different pieces.

For the size fraction greater than 2360 pm, although the detachment
of functional materials occurs at the edge where the laminate of func-
tional materials is partially removed, the majority of functional layers
are still held firmly with the EVA binder on the glass substrate. The
cracks and debris of the functional material layer indicate that milling,
as preliminary liberation, induces the breakage of functional layers but
still attaching on EVA binder, hence, milling can not liberate the func-
tional materials in size fraction greater than 2360 pm. The molybdenum
layer is laminated on the glass surface with no cracks or debris similar to
those observed on EVA, which means the preliminary liberation failed to
induce the detachment of molybdenum from the glass substrate in the
size fraction greater than 2360 pm.

For the size fraction 300-2360 pm, the occurrence of the EVA binder
attached to glass is less than that in the coarser size fraction by visual
inspection. From Fig. 11 (b), it was inspected that functional materials
laminated on the EVA in the size fraction 300-2360 pm but EVA were
delaminated from glass, found as fragments. Isolated EVA particles in
this size fraction are cut from larger size EVA binder by cutting mill. The
detachment of functional materials occurs at the edge where the lami-
nate of functional materials is partially removed, the majority of the
functional layer is still held with the EVA binder. The molybdenum layer
is still laminated on the glass substrate with no cracks or debris.

For size fraction 75-150 pm, most fine particles observed were clean
glass particles without EVA or molybdenum. Fine particles in this size
fraction were generated due to the breakage of glass and the liberation of
EVA, which also contains some residual functional materials. Fig. 11 (c)
demonstrates that in this size fraction, EVA is fully detached from glass
and contains some residual functional materials. Functional materials
can be found as finer particles less than 10 pm, liberated from EVA
binder in the coarser size fraction. Molybdenum is still on the glass
surface, however, different from the size fraction greater than 300 pm,
where molybdenum is already partially detached.

This surface morphology can illustrate the breakage mechanisms of
CIGS solar panels using a cutting mill for preliminary liberation. The
delamination of solar panel is achieved and the functional materials
with critical metals are exposed but still attached on EVA. The next stage
recycling aims to de-coat glass substrate and binder, the resulted liber-
ated particles can be further grinded feasibly to liberate the surface
material on EVA and then concentrate the particles in certain size
fraction. The concurrence of size-based hierarchy and particle
morphology is further discussed to understand the liberation of func-
tional material in solar panels by comminution and help decide the size
of media used in the next stage grinding.

3.4. Category of the milled classified CIGS particles

From the size-based hierarchy and the morphological study carried
out, the liberated CIGS can be classified into three categories based on
the attachment of functional materials on EVA or glass substrate, and the
degree of functional materials detachment. The coarse size fractions
with functional materials attached to the EVA binder are classified as
Category 1 and Category 2 and they are categorised further by the
concentration of functional material. The fine size fractions with func-
tional material residual and isolated EVA particles are classified as
Category 3. The characteristics of particles in different size fractions are
summarised in three catalogues shown in Table 2.

The types of loading of the cutting mill are shearing and cutting
stress. The brittle matter is broken into pieces when introduced into the
chamber of the cutting mill. The non-brittle materials experience a large
deformation while being hit by the edge of the knives, then the cracks
begin to grow and propagate until being broken [41]. In the case of
milling CIGS solar panel, the cutting stress induced by the cutting mill in
this study reduced the size of the glass panel and dislodged the interfaces
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Fig. 11. SEM-EDX image of milled sample.

of compacted thin films, which is the CIGS-Mo interface. The reason is a
MoSe2 layer can form between the Mo and CIGS layers after manufac-
ture [45,46] and also the Na can be leached from the glass substrate
[47,48] so that the adhesion between CIGS layer and Mo layer is weaker
and easily delaminated while applying a cutting stress.

The functions of the front cover and back substrate of the solar panel
are different. The back substrate is float glass and it is broken into
irregular pieces with the molybdenum layer. The front cover of the CIGS
solar panel is tempered low iron glass for its high light transmittance and
high strength. If the tempered low iron glass breaks, it will shatter into
cubes, through a process called self-explosion. EVA binder attaches on
the front cover glass and functional materials remain on the EVA binder
because of the breakage of CIGS-Mo interface. Based on the breakage
mechanism mentioned above, EVA tends to experience deformation and
then break with front cover glass cubes. Moreover, the shearing induced
by the cutting mill is not sufficient to delaminate the functional mate-
rials out of EVA and instead, functional materials cover almost the whole
surface area of the EVA binder. Thus, the broken front cover glass with
EVA and functional materials, broken back substrate and some clean

glass particles are classified as Category 1. This category in coarse size
fraction greater than 2360 pm, concentrates approximately 89 wt%
functional materials and 43 wt% molybdenum. From Fig. 10 and Fig. 9,
category 1 leads to the highest potential to recover functional materials.

Category 2 refers to particles in the size fraction 300-2360 pm. EVA
binder is torn off the large particles to be isolated from glass, results in a
smaller EVA paeticle free from glass. From Fig. 11 (b) The deformation
of EVA reduce the liberation of functional materials only at the edge of
isolated EVA particle. However, the amount of liberated EVA particles
are not significant, only 6 wt% functional materials are classified in this
category. Based on the breakage mechanism, shearing can localise low
intensity of surface tension and results in the breakage of particles and
polish the surface of the particle [49]. Although the shearing by cutting
mill can not liberate functional materials on the EVA binder, it can
polish the surface of molybdenum and glass substrate. From Fig. 9and
Fig. 10, molybdenum concentrates in category 2.

Due to the deformation of EVA, breakage of glass, and polishing of
particles during milling, size fraction less than 300 pm is classified as
category 3. Category 3 contains clean glass, isolated EVA particles,
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Table 2
Characterisation of classified CIGS particles.
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liberated functional materials and molybdenum on glass. Although it
counts for less than 5 wt% of total sample, the liberated functional
materials are mainly within this size fraction.

The results suggested that the majority of functional material with
critical metals after milling still laminate on EVA binder, but already
exposed. Approximately 90 w% of functional materials are still lami-
nated on EVA in the size fraction larger greater than 2360 pm and thus,
the feasibility of the implementation of grinding to liberate and
concentrate the critical metals has been shown. That can also help
determine the size of grinding media, which should be less than 2360 pm
so that the surface materials can be liberated and minimise the gener-
ation of glass particle in the fine size fraction.

3.5. Grinding test

The characterisation of the broken CIGS solar penal, including the
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element distribution, morphology test and categories of classified par-
ticles, shows the surface polishing can be a proper solution to liberate
and concentrate critical metals after the first stage delamination via
crushing. Grinding is proposed to de-coat the broken panel as the second
stage recycling process to yield concentrated metal contained product
for metal refinery and extraction.

The experiment employed attrition scrubbing to test the performance
of grinding. A 5 min attrition scrubbing was conducted with 70 w% pulp
density and the attrition media was chosen as low ion silicon sand so that
the media would not bring contamination for the product. The size of
attrition media should be less than 2360 pm based on the study above,
thus size fraction 1180 pm-2360 pm was chosen. The results are shown
as Fig. 12 and Fig. 13.

Fig. 12 shows that after 5 min attrition scrubbing, 82.64 w% of in-
dium has been concentrated in the size fraction less than 38 pm. Based
on Fig. 13, comparing with molybdenum and glass, indium is selectively
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liberated. Grinding with media yield 13.7 g fine particles from 500 g
sample and 200 g attrition media with 1506 ppm indium 482 ppm
gallium and 1589 ppm molybdenum. The results shows that along with
crushing as the first stage delamination process, grinding, more specif-
ically, attrition scrubbing.

4. Conclusion

This study presents a systematic study aiming at the investigation of
selective liberation of functional materials in CIGS solar panels during
milling to examine the feasibility of grinding as a de-coating process to
liberate and concentrate the critical metals. The results of experiments
demonstrated the phenomenon of selective liberation of materials from
buffer layer, window layer and absorber layer with an optimum cut
point of 3350 pm. In the size fraction greater than 3350 pm, metals from
buffer layer, window layer and absorber layer recovered is more than 70
w%, for example the recovery of CIGS is 78.5 wt% zinc is 70.5 wt In the
same size fraction, a 22.5 wt% and 30.8 wt% recoveries of Mo and glass
particles are obtained. Functional materials from this size fraction
require further treatment since they attach on the whole surface of the
EVA binder still laminated on glass.

Comminution by cutting mill can can delaminate the solar panel, as
the first stage recycling method, and expose the thin films containing
critical metals, which are originally encapsulated in glass, and induce a
selective liberation of functional materials in CIGS solar panel.
Morphology analysis by observing the surface of broken particle using
SEM-EDX demonstrates that the CIGS-Mo interface is dislodged after
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milling. The mechanism of selective liberation is proposed. Cutting
stress action due to milling reduces the size of glass and dislodges the
adhesion between CIGS and Mo resulting in CIGS-EVA-glass particles
and Mo-glass particles. A significant difference can be seen in the size
fraction greater than 2360 pm where functional materials fully
delaminated from molybdenum coated glass particles and particles with
EVA binder on the surface are molybdenum free. The functional mate-
rials remains on EVA binder and results in the enrichment of metals in
the coarse size fraction. Shearing induced by milling liberated some of
the functional materials and reduced the size to less than 300 pm.
Although the results suggest a selective liberation of functional material,
90 % of them are attached on EVA with glass and further treatment is
required to de-coat the glass substrate and binder prior to subsequent
chemical treatment. The morphology test shows that grinding can be a
solution to polish the thin film materials containing critical metals. It
suggests the size of grinding media is supposed to be less than 2360 pm
so that the metals can be liberated while the generation of glass particles
is not significant. The trial of a five minutes attrition scrubbing shows
that grinding can be solution to de-coat the critical metals as the second
stage recycling process. 86.26 w% of indium can be concentrated in
13.7 g fine particle with the concentration of 1506 ppm but it can be
improved by adjusting the operating condition. The future work will
focus on the liberation and concentration of photovoltaic material via
grinding process with a suitable operating condition. It requires max-
imising the valuable materials, minimising the glass contained and
yielding a suitable product for the last step metal refinery and
extraction.
Equipment SPECIFICATIONS.
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Sieve shaker (Inclyno Sieve Shaker 3, Capco Test Equipment, Ips-
wich, UK, serial No.25431)

e Muffle furnace (CWF 12/23, Carbolite 1td, Aston, UK, serial No.
21-401607)

Centrifugal mill (ZM 200, Retsche GmbH, Haan, Germany, serial No.
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Microwave digester (MARS 240/50, CEM Corporation, Matthews,
USA, serial No. MD5420)
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