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ABSTRACT

The increased interest in solar power over the last few decades has led to a constant
development of existing and new types of solar cells. One type of solar cell that is making
advances on the global market is copper indium gallium diselenide (CIGS) thin film solar cells.
The advantage of thin film solar cells is that they require less semiconductor material than
conventional silicon solar cells and as a result are more cost effective. However, the CIGS
material contains the valuable and rare elements indium and gallium, which makes recycling
of CIGS materials necessary in order to ensure a future supply and keep production costs down.
In the future there will be a need to recycle all solar cells currently being installed, but at present
the biggest issue is the large amounts of waste material that are generated from the solar cell
production.

The use of recycled CIGS materials in new solar cells requires separation and
purification (up to 99.999 %) of the elements. The goal of the work presented in this thesis was
therefore to develop a recycling process for CIGS in which the elements are separated from
each other, preferably with high enough purity to allow direct use in new solar cells without
further purification.

In this work a new, innovative recycling process for CIGS material was developed.
Firstly, the separation of selenium, as selenium dioxide, was achieved by oxidation of the CIGS
material at elevated temperatures. The method resulted in a selenium recovery above 99 %.
After reduction of the selenium dioxide the recovered selenium had a purity of 99.999 wt%
with respect to scandium, titanium, vanadium, chromium, manganese, iron, cobalt, nickel and
zinc, which are the elements that might decrease the solar cell efficiency.

Next the separation of the remaining elements was achieved with selective
electrodeposition. Electrodeposition of copper and indium, using different potentials, resulted
in an almost complete separation of the elements. High-temperature chlorination and solvent
extraction was also tested for separation of copper, indium and gallium. However,
electrochemical separation and was determined to be the promising separation method for

future process development.
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1. Introduction

Solar cells are considered by many to be part of the future energy mix [1]. The amount of
energy coming from the sun makes it the largest available energy source, but the question is
how to best utilize that energy [2]. One way to exploit solar energy is to use solar cells, which
transform solar energy into electricity. The ability of some materials to convert light into
electricity is called the photovoltaic (PV) effect and was discovered by Henry Becquerel in
1839 [3]. Since then extensive work has resulted in a number of different types of solar cells
that are used in a variety of applications; from terrestrial applications supplying power to the
national grid to applications in space [4]. Today the importance of solar cells as a power source
is growing due to the environmental advantages compared to fossil fuels [5]. New PV
materials, devices and production methods are constantly being developed in order to increase
cell efficiency and minimize the energy and material consumption, thereby making PV power
more competitive both economically and environmentally when compared with other power
sources. The progress in this area has been reviewed by several authors [5-11]. At present the
most common solar cell material is silicon, but other types of PV materials, such as cadmium
telluride (CdTe) and copper indium gallium diselenide (CIGS), are making advances on the
global market [12]. CdTe and CIGS are used in thin film solar cells, which require much less
semiconductor material than conventional silicon solar cells and as a result are more cost
effective [13]. Lately the issue of recycling spent solar cells and production waste has been
receiving attention, especially since most PV technologies utilize expensive, rare, or toxic
elements [14]. This is definitely the case with CIGS thin film solar cells, where the utilization
of the scarce and valuable metals indium and gallium makes recycling of CIGS materials
necessary in order to keep production costs down [15]. In 2010 the European Commission
identified both indium and gallium, along with only twelve other materials, as critical raw
materials with regards to supply shortage and economic impact in the European Union [16]. In
the future there will be a need to recycle all solar cells currently being installed [17], but at
present the biggest issue is the large amounts of waste material that are generated from solar
cell production [18]. The production of high efficiency solar cells requires the materials used
in the semiconductor production to be of high purity. For CIGS solar cells this means that the
recycled materials must have a purity of at least 99.999 % to be used directly in new solar cells
[19]. A number of recycling processes for CIGS solar cells and production waste materials
have been presented [19-25]. However, only two of the processes actually result in the
separation of the elements and none of these result in recycled materials of high-purity. The
goal of the work presented in this thesis has therefore been to develop a recycling process for
CIGS in which the elements (copper, indium gallium and selenium) are separated from each
other, preferably with high enough purity to allow direct use in new solar cells without further

purification.



2. Background

2.1 Solar cells

A description of the most common types of solar cells and their construction can be found in
Appendix A. These include the standard pn-junction solar cells (e.g. single crystal silicon solar
cells) and thin film solar cells (e.g. CIGS and CdTe solar cells). This work is focused on CIGS

and the main emphasis is therefore here.

2.1.1 CIGS solar cells

In CIGS solar cells the semiconductor layer is made from a thin film of Cu(In,Ga)Se>. The
advantage of thin film technologies, compared to e.g. standard silicon solar cells, is that each
solar cell only contains minor amounts of the valuable semiconductor. The CIGS material
consists of CulnSe2 with some percentages of the indium replaced by gallium. By modifying
the amount of gallium the bandwidth (see Appendix A) of the solar cell can be adjusted and a
higher efficiency device can be achieved [26, 27]. The possibility to modify the composition
of the CIGS absorber and produce high efficiency devices on a laboratory scale has made the
technology one of the most promising thin film technologies [7, 28]. One challenge with this
technology is that the CIGS material contains four different elements, which makes the system
complex and production therefore demands a high level of process control [26]. The scale up
to large-scale production with preserved solar cell efficiency has been difficult to achieve due
to the complexity of the processes [7] and high investment costs [13]. There are several
different manufacturing processes for CIGS solar cells, but the two most common approaches
are (1) co-evaporation and (2) selenization [7]. In the co-evaporation process evaporation
sources are heated under vacuum and the evaporated atoms are deposited on the substrate. The
selenization process starts with the deposition of a film containing only copper, indium and
gallium, with e.g. sputtering, followed by selenization with, for example, hydrogen selenide
[29]. The co-evaporation process has been used to produce high efficiency laboratory scale
solar cells, but the selenization process has been more successful in industrial scale production
[14]. Another challenge is that, independent of the CIGS solar cell production method, large
amounts (up to 34 %) of the starting material are lost in different waste streams [18]. The

recycling of this waste material is of great importance for the future advance of the technology.

2.2 Recycling of solar cells

Interest in the recycling of solar cell modules has increased over recent years, but normally
only the aluminium frame and the glass encasing the solar cells are recycled. A number of
recycling methods have been described in the literature, but only a few have been
commercialized [30, 31]. While this section is focused on the recycling of CIGS solar cells, a

description of recycling methods for silicon and CdTe solar cells can be found in Appendix A.



2.2.1 Recycling of CIGS solar cells

Today only a small fraction of the indium and gallium used in different applications are
recycled [32] and to ensure a future supply of these relatively rare elements, recycling of CIGS
solar cells and waste material is necessary [16]. The literature includes some processes that
only consider the removal of the CI(G)S material (with or without gallium) from the substrate
for further processing [19, 22]. Menezes on the other hand developed an electrochemical
method to transfer CIS material directly from an old solar cell to a new one [23]. A cyclic
variation of the electrochemical potential was used to dissolve the old CIGS film and deposit
the material on the new cell. A more detailed study of the mechanisms, e.g. potentials and
electrolyte composition, of the process has also been done [33]. So far only two recycling
processes have been presented where the elements are separated [20, 21]. Drinkard et al. [21]
leached CIS material with nitric acid before electrochemically separating copper and selenium
from indium. After dissolution of the copper/selenium deposit in sulphuric or nitric acid and
evaporation of the solvent the copper and selenium was separated by distillation of the selenium
dioxide formed. The indium was recovered as indium oxide after evaporation and
decomposition of the copper and selenium-depleted leach solution. In the SENSE project [20]
a variety of hydrometallurgical methods, including leaching, solvent extraction and
precipitation, were used to separate the elements. CIGS material was leached with oxidizing
acid and indium was separated using di-(2-ethylhexyl) phosphoric acid (D2ZEHPA). The indium
was stripped from the organic phase and recovered by precipitation or electrodeposition.
Recovery of selenium was achieved by reduction with sulphur dioxide followed by filtration
and gallium was precipitated as gallium hydroxide. There are also some examples of companies
that recycle CI(G)S. Loser Chemie are using a universal wet chemical recycling process for
recycling of thin film solar cells, and solar cell waste materials, containing CI(G)S and CdTe
[24, 25]. The process includes treating mechanically processed cells with 15 % hydrochloric
acid with an addition of a catalytic amount of hydrogen peroxide to de-metallize the substrates.
The process yields recyclable fractions of glass and/or laminating plastics along with
concentrates containing metal salts, which can be further processed. In addition, the Canadian
company 5N Plus recycles both CIGS and CdTe solar cells while the Belgian company
Umicore recycles the elements from CIGS solar cells using a hydrometallurgical process [31].
No further details on what the recycling processes used by 5N Plus and Umicore has been

found.

2.3 Purity of the recycled materials

In general the production of high efficiency solar cells requires the materials used in the
semiconductor production to be of high purity. In the case of CIGS solar cells this means that
the recycled materials must have a purity of at least 99.999 % to be used directly in new solar

cells [19]. According to Langer and Heinrich [34] all 3d transition metal impurities might



decrease the efficiency of solar cells and these elements are therefore of special interest when

it comes to the purity of the recycled materials.

2.4 Copper

Copper is mainly found in low-grade sulphide (e.g. CuFeS2, CuzS) and oxide ores (e.g. Cu20,
Cu2CO3(0OH)z2), which often contain less than 1 % copper [35-37]. One source of copper that
is becoming more important is scrap copper and alloys and in 2010 the copper produced by
recycling amounted to 10-15 % of the total production [36]. Sulphide ores are typically treated
by pyrometallurgical methods while oxide ores are leached with sulphuric acid, purified by
solvent extraction and recovered by electrodeposition [36, 37]. The pyrometallurgical

treatment includes e.g. roasting, smelting and fire refining, followed by electrorefining.

2.5 Indium

Indium is a scarce element that is primarily recovered as a by-product from zinc, and in some
cases lead, processing [38-40]. Since the price of indium would have to increase significantly
to make direct mining of the few and small indium deposits found around the world
economically feasible the availability of indium is limited by the zinc production [15]. Indium
is leached from the zinc processing by-products with sulphuric or hydrochloric acid and the
indium-containing solution is purified in several steps before sponge indium is precipitated by
addition of zinc [38-40]. The recovery of sponge indium is then normally followed by
electrorefining. The indium metal that is formed is soft, with a melting point of 156 °C and a
boiling point of 2070 °C [39].

2.6 Gallium

The dominating commercial source of gallium is Bayer liquid, which is caustic liquid from the
aluminium recovery industry [35, 39, 41]. Today the most common method for separation of
gallium from Bayer liquid is solvent extraction [39] and the primary extractant used is Kelex
100 [41]. After the separation step gallium metal is produced by electrodeposition [39]. Further
purification can be done by vacuum refining, electrorefining or fractional crystallization [39].
Another suggested purification method is halogenation where gallium is chlorinated and the
formed gallium chloride is distilled [42]. Gallium has a melting point of 29.8 °C and a boiling
point of 2420 °C [39].

2.7 Selenium

Selenium is a relatively rare element in the earth’s crust and is mainly recovered from
electrolytic copper refining slimes [35, 37]. Several different methods for selenium recovery
from the slimes have been developed e.g. soda ash roasting, sulphuric acid roasting and direct
volatilization of selenium dioxide [35, 37, 43]. Selenium is found in several allotropic forms

[35]. The amorphous form exists in two different colours, red and black, and red selenium is



transformed to black selenium when heated or by aging. The black selenium is the form most
commonly used in industry. In the crystalline form selenium is found as dark red, transparent
crystals and the metallic form is glossy grey [44]. Upon heating, the amorphous and crystalline
allotropes are transformed into metallic selenium [35]. Selenium has a melting point of 217 °C
and a boiling point of 685 °C [35]

2.8 Explored separation paths for CIGS material

The use of recycled CIGS materials in new solar cells requires separation and purification of
the elements [7, 19]. The separation paths explored in this thesis are shown in Fig. 2.1.
Selenium is the element in CIGS that is most unlike the other elements [29]. Thus, the
separation of selenium is the best starting point for recycling. After selenium separation, several
methods could potentially be used to separate the remaining elements e.g. high-temperature

chlorination and, after dissolution of the solid material, solvent extraction or electrodeposition.

High-temperature

chlorination GaCly(s)
(see Section 2.10.1)
» InCly(s)
CuCl,(s)
Separation of selenium
(see Section 2.9) ;
Selenium-
CIGS > depleted Solvent extraction | G&" (aq)
material (see Section 2.10.3)
> In** (aq)
Dissolution " Cu** (aq)
(see Section 2.10.2) Ga. (aq)
» In** (aq)
Cu** (aq)
Electrodeposition Ga (s)
(see Section 2.10.4)
> In (s)
Cu (s)

Fig. 2.1 Flow chart of the explored paths for separation of the elements in CIGS.

2.9 Separation of selenium from CIGS

There are several possible hydrometallurgical methods that could be used for the separation of
selenium from CIGS e.g. electrodeposition [21] or precipitation [20] from aqueous solution,
but it would be of advantage if the separation could be done in such a way that selenium could
be obtained directly at high purity. Separation of selenium, or a compound thereof, in a gas

phase is therefore of interest.



2.9.1 Distillation of selenium dioxide

Distillation is a well-tried method for the separation of different elements and compounds.
During distillation the difference in volatility of the different compounds is utilized. An
advantage with this kind of separation is that the separated element can be obtained with very
high purity if optimal process parameters are used. The purification of selenium by distillation
of selenium dioxide, formed by heating selenium to above 317 °C in an oxygen-containing
atmosphere, has been described by several authors [45-47]. The reaction, which is catalysed by
nitrogen oxides [46, 47] or alternatively by copper, chromium or magnesium oxides [45],
results in the formation of gaseous selenium dioxide that upon cooling sublimes and can be
collected as crystals. After reduction of the selenium dioxide the process results in high purity
selenium. For separation of selenium from CIGS by oxidation to selenium dioxide the general
oxidation reaction is presented in Reaction (2.1). MexOy represents the different metal oxides
(pure oxides of copper, indium and gallium, or mixed oxides containing two or more of the

metals) that may form during the oxidation.

Cu(In,Ga)Sexz (s) + (4+1/2y)02 (g) S 2Se0z2 (g) + MexOy (s) (2.1)
Upon cooling, the selenium dioxide sublime according to Reaction (2.2).

SeO:2 (g) — SeO2 (s) (2.2)

Reduction of selenium dioxide to selenium can be achieved by the use of the selenium
dioxide as a mild oxidizing agent for organic compounds, e.g. oxidation of a ketone to a di-
ketone according to Reaction (2.3), as first described by Riley et al. in 1932 [48]. Since then

this type of reaction has been extensively studied and used in numerous applications [49-51].
Rz
)\/Rz +Se0, (aq) =—= +Se (s) + H,0 (1) (2.3)

Selenium dioxide can also be reduced using a wide variety of inorganic reducing agents [51].
One of the reducing agents described in the literature is sulphur dioxide gas (see Reaction (2.4))
[20, 43, 46, 52].

SeO2 (aq) + 2S02 (g) + 2H20 (1) 5 Se (s) + 2H2S04 (aq) (2.4)

The advantage of this reduction method is a decreased risk of contamination of the selenium

produced.

2.9.2 Separation of selenium as hydrogen selenide
Under certain conditions selenium can be reduced to hydrogen selenide, which is a gas at room
temperature. The reduction of the selenium to hydrogen selenide could therefore possibly be

used as a method for separation of selenium from the other elements in CIGS. In addition,



hydrogen selenide is used in the selenization step of the CIGS solar cell production [44]. Thus,
the recycled selenium in the form of hydrogen selenide could be used directly in new solar
cells. However, hydrogen selenide is a flammable and highly toxic gas [35] and the production
and handling therefore require high levels of safety.

The preparation of hydrogen selenide can be done in several different ways. The most
common production methods involve the reaction of water with aluminium selenide (Al2Ses)
or the hydrolysis of iron selenide (FeSe) by a dilute mineral acid [35], but there are also
methods to produce hydrogen selenide directly from selenium, either in solid state or dissolved
in liquid. According to Patnaik [44], hydrogen selenide can be produced via reduction of

selenium with hydrogen gas at 440 °C (see Reaction (2.5)).
Se (sorg)+ Hz2(g) S HaSe (g) (2.5)

This reaction between selenium and hydrogen in the gas phase has also been described by
Greenwood [35], but here the reaction is said to be surface catalysed in the temperature range
between 350 and 650° C. Sonoda et al. [53] prepared hydrogen selenide from metallic selenium

with water and carbon monoxide gas in the presence of a mild base according to Reaction (2.6).
Se (s) + CO (g) + H20 (1) S HaSe (g) + CO2 (g) (2.6)

There are some examples of sodium borohydride being used as a reducing agent for the
production of hydrogen selenide for the analysis of selenium with atomic absorption
spectroscopy [54, 55]. Several metals interfere with this reaction, among them copper [54]. To
avoid interference the copper can be removed from the solution as copper hydroxide precipitate
[55]. Some electrochemical methods have also been suggested [56, 57]. Hydrogen peroxide,
although it is known for its oxidizing properties, can under certain conditions also work as a
reducing agent [35, 44].

Several tests on the separation of selenium from CIGS with the methods described
above have been presented in previously published work [58]. None of the tests resulted in

hydrogen selenide and are therefore not discussed further in this thesis.

2.10 Separation of copper, indium and gallium from the selenium-depleted
CIGS material

2.10.1 High-temperature chlorination

High-temperature chlorination is a pyrometallurgical process where the starting material (e.g.
metal ore, metal oxide or metal scrap) is allowed to react with a chlorination agent at elevated
temperatures (above 100 °C). This results in the formation of volatile metal chlorides that can
be separated from the starting material by distillation. High-temperature chlorination has been
developed for numerous applications, including metal extraction from crude ores [38, 59, 60]

and slag [61], removal of heavy metal contaminants [62] and recycling of valuable metals from



waste materials [63-71]. Current high interest in the method and the number of processes being
developed can be attributed to several factors. These include the high reactivity of chlorine,
which results in the relatively low reaction temperatures needed for the chlorination and the
advantageous chemical and physical properties of the formed chlorides (e.g. a high solubility
in water and a high volatility) [72]. Other advantages are the availability and comparatively
low cost of the chlorination agents, such as chlorine gas, hydrogen chloride gas and ammonium
chloride [72].

High temperature chlorination has been used to separate copper [59, 61, 62, 72-74],
indium [67, 70, 71, 75, 76] and gallium [65, 77-79] from different materials and for purification
of these metals on an industrial scale [66]. Gonzalez et al. [77] studied the kinetics of the
chlorination of gallium oxide with chlorine gas and showed that gallium chloride was formed
at temperatures above 650 °C. Park et al. [67] used hydrogen chloride gas for the recycling of
indium from the indium tin oxide used in LCD screens, while Terakado et al. [70] used
ammonium chloride for indium extraction from similar material. In addition, Tanes et al. [79]
showed that chlorine gas could be used for the chlorination of indium oxide above 400 °C.
Similar results have been presented for the chlorination of copper oxides using chlorine gas
[72, 80]. For metal oxides other than those discussed above, it has been shown that a method
called carbochlorination, where an addition of carbon is made to the starting material before
treating it with chlorine gas, can lower the reaction temperature needed for the chlorination
[72, 81-84].

2.10.2 Dissolution
To allow hydrometallurgical separation of copper, indium and gallium in the oxidized material
from the selenium separation the material has to be dissolved. The dissolution of the oxides are
therefore of interest. According to the reference literature copper(Il) oxide is soluble in dilute
acids and ammonium hydroxide [44]. Gallium(III) oxide is soluble in both alkali and in dilute
mineral acids upon heating, while indium(III) oxide is soluble only in acids and not in alkali
[39]. The amorphous form of indium(III) oxide dissolves readily in mineral acids whereas the
crystalline form is more difficult to dissolve [44].

Studies have shown that leaching of copper from copper(Il) oxide-containing ores can
been done with 1 M sulphuric acid [85] and that copper(Il) oxide can be dissolved in 0.5 M
hydrochloric acid, sulphuric acid or nitric acid in under 15 min [86]. In the case of gallium
leaching from oxidized zinc residues with sulphuric acid at 70 to 80 °C has been reported [87,
88]. In another study good gallium recovery from coal fly ash was achieved after 1 h leaching
with 2 M hydrochloric acid at room temperature [89]. It is also clear that dissolution of
indium(III) oxide (or the similar material, indium tin oxide) can be done with hydrochloric and
sulphuric acid, although in general higher acid concentrations, higher temperatures and longer

times are required than for the other oxides [88, 90-93].



The cheapest, and therefore most commonly used mineral acid, is sulphuric acid [94].
However, there are several advantages with chloride leaching, including; high reaction rates,
high solubility of the formed chlorides, a large number of available valence states and easy
separation by solvent extraction [88]. In solvent extraction chlorine as a ligand gives many

extraction possibilities, both for neutral and anionic complexes [95].

2.10.3 Solvent extraction

Considerable work has been done on the extraction of copper, indium and gallium from various
media with different extractants. Copper is most commonly extracted with phenolic oximes,
such as LIX 84-I and LIX860, which give good separation of copper from other base metals
[95]. It has also been shown that LIX 984 (a mixture of LIX 84-1 and LIX860 at a volume ratio
of 1:1) is suitable for extraction of copper from chloride media [96]. Although gallium is
usually extracted from alkaline solutions with Kelex 100 (7-(4-ethyl-1-methyloctyl)-8-
hydroxyquinoline) [41] extraction from chloride media with several different extractants has
also been described [89, 97-104]. The extraction of indium has mainly been studied with acidic
extractants, in particular di-(2-ethylhexyl) phosphoric acid (D2EHPA), from sulphate media
[105]. However, extraction of indium with solvating extractants (e.g. tributylphosphate (TBP)
and trioctyl phosphine oxide (TOPO)), chelating acidic extractants (e.g. oximes) and basic
extractants (e.g. amines) has primarily been done from chloride media [105]. As a consequence,
several studies on indium extraction from chloride media with different extractants have been
presented [106-117].

Separation of copper, indium and gallium has been done by extraction of the elements
from chloride media with solvating extractants. It has been shown that TBP can be used to
separate indium and copper [118] and that gallium and indium can be separated using different
chloride concentrations [119]. In a similar way, gallium and indium can be separated at
different chloride concentrations using TOPO [120] and TPPO (triphenyl phosphine oxide)
[121]. Gupta ef al. have presented comprehensive studies on the extraction of both indium and
gallium with Cyanex 923 (a mixture of four different trialkyl phosphine oxides) from different
media [101, 110]. These studies showed that chloride media gave the best extraction of both
indium and gallium, and that copper, indium and gallium could be separated by extraction at
different chloride concentrations or by selective stripping after extraction. Another study, by
Rafaeloff, showed that extraction with methyl butyl ketone (MEK) from a mixed chloride and
sulphate media could be used to separate copper from indium and gallium [122].

Copper, indium and gallium separation has also been done by extraction with acidic
extractants. Fortes et al. showed that indium could be separated from copper and gallium by
extraction with D2EHPA from sulphate media by adjustment of the pH [123]. In addition,
extraction with D2EHPA from chloride media has been shown to give relatively good
separation of indium and gallium by varying the chloride concentration [124, 125]. Extraction

with Cyanex 272 (di(2,4,4-trimethylpentyl)phosphinic acid) did not only give separation of
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indium and gallium at different hydrochloric acid concentrations, but also separation from
several other elements, including copper [126]. Carboxylic acids can be used for extraction of
indium and gallium from copper in chloride media with a pH of between 3 and 4 [127]. After
stripping of the organic phase, separation of indium and gallium can then be done by extraction
with TBP (indium) and iso-propyl ether (gallium).

Finally, there are some examples of amines and quaternary ammonium chloride (e.g.
Aliquat 336) being used for separation of indium and gallium [128, 129]. Also in these cases,

separation was achieved by varying the chloride concentration in the aqueous phase.

2.10.4 Electrodeposition

Both electrorefining and electrodeposition used for copper recovery from different ores are
normally done in sulphate media [36, 37] and the techniques are constantly being developed
[130]. It has been suggested, however, that chloride media could give a lower energy
consumption during the electrolysis [131, 132] and a more effective leaching of some ores [96,
133, 134]. The electrodeposition of copper from chloride media has therefore been studied by
several authors [132-136]. However, so far it has proven difficult to realize commercial
processes due to technical difficulties [133].

Indium can be electrodeposited from several different media, including cyanide [137-
139], sulphate [138-142] and chloride [38, 139, 140, 142-147]. For instance, the company
Copper Pass in the United Kingdom has developed a process for the electrorefining of indium
using chloride solutions, which results in high purity indium for the semiconductor industry
[38].

Since gallium is most often produced from alkaline Bayer liquids most studies on
electrodeposition of gallium have been done in alkaline solutions [65, 87, 148-153].
Nevertheless, there are also some examples of gallium electrodeposition from chloride
solutions [65, 154-157]. One difficulty with the electrodeposition of gallium from aqueous
solutions is that large overpotentials are required [150, 154, 158], which leads to low current
efficiencies due to the simultaneous reduction of hydrogen [150]. It has been found for example
that high hydrochloric acid concentrations completely inhibit electrodeposition of gallium
[156]. Another challenge in electroplating gallium is the low melting point, which causes
gallium droplets, rather than solid metal, to form if the solution is not cooled [159].

As described above (Section 2.2.1), it has been shown that copper can be
electrochemically separated from indium after dissolution of CIS materials in nitric acid [21].
For the separation of indium and gallium it has been reported that electrodeposition of gallium
from an aqueous solution containing both indium and gallium, using a controlled current, starts
only after most of the indium has been removed from the solution [158]. In addition, it has been
shown that indium and gallium can be separated by the electrodeposition of indium from

solutions with high sulphuric acid concentrations [159].
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3. Theory

3.1 High-temperature chlorination

A thermodynamic analysis was made using HSC Chemistry software for Windows version 5.1
[160], to predict if high-temperature chlorination could be used to separate copper, indium and
gallium. The equilibrium composition as a function of temperature was calculated for systems
containing CuO, In203 and Ga20s, in addition to chlorine gas, chlorine gas and carbon,
hydrogen chloride gas or ammonium chloride, respectively, as the chlorination agents. The
calculations were done taking all copper, indium and gallium chlorides available in the HSC
Chemistry Main database [160] into consideration as products. CuO and In2O3 were chosen as
the starting materials since they were the most dominant copper and indium species identified
in the selenium-depleted material, as can be seen in Section 6.1.1. The other oxides found in
the starting material were not available in the database so GaxO3 was chosen as a model
compound for gallium. The input data for the calculations was based on the metal composition
in the starting material and the amounts of chlorination agents used in the experiments. The
results from the calculations for the system where chlorine gas was used as the chlorination

agent are shown in Fig. 3.1.
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Fig. 3.1 Equilibrium composition, as a function of temperature, for the chlorination of CuO, In,O; and

Ga03; when using chlorine gas as the chlorination agent.

As can be seen in the figure, the thermodynamically stable compounds of copper and indium
at low temperatures are CuClz (s,l) and InCls (s,]) while gallium remains in the form of gallium
oxide. Gaseous chlorides of indium and gallium are formed above 300 °C and CuClz (g) is

formed above 450°C. This indicates that from a thermodynamic perspective the separation of
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indium and gallium will be difficult, whereas it may be possible to separate indium and gallium
from copper.

As mentioned in Section 2.10.1, the reaction temperatures needed for chlorination
reactions to take place when using chlorine gas as the chlorination agent can be lowered by
carbochlorination. The role of carbon was originally suggested to be that of a reducing agent,
since it reacts with oxygen to form carbon monoxide or carbon dioxide [81]. However, more
recent studies have shown that carbon, in addition to having reducing properties, also functions
as a catalyst for the formation of active chlorine species that work as chlorination agents [83,
84]. Adding carbon to the input data in the thermodynamic calculations gave the results

presented in Fig. 3.2.
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Fig. 3.2 Equilibrium composition, as a function of temperature, for the chlorination of CuO, In,O;3 and

Ga,0s3 when using chlorine gas in the presence of carbon as the chlorination agent.

It 1s apparent that carbon greatly affects the gallium speciation and that gaseous gallium
chlorides are thermodynamically stable at relatively low temperatures. Indium and copper
chlorides in gas phase are stable above 350 and 450 °C, respectively. According to these results
it should be possible to separate gallium from indium and copper. In addition, separation of
indium from copper may also be feasible.

Changing the chlorination agent from chlorine gas to hydrogen chloride gas gave the
equilibrium composition shown in Fig. 3.3.
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Fig. 3.3 Equilibrium composition, as a function of temperature, for the chlorination of CuO, In,O; and

Ga,0s3 when using hydrogen chloride gas as the chlorination agent.

Similar to the results for the carbochlorination system calculations (Fig. 3.2), gaseous gallium
chlorides are stable at low temperatures and gaseous indium chlorides are stable above 350 °C.
On the other hand, higher temperatures are needed for copper chlorides to be stable in gas
phase. The larger temperature differences between the onset of formation of the different
chlorides indicates that hydrogen chloride could give an even better separation between the
elements than carbochlorination.

Ammonium chloride sublimes at temperatures above 200 °C and after sublimation it

decomposes completely to hydrogen chloride gas and ammonia, according to Reaction (3.1)
[161].

NH.ClI (g) 5 NH; (g) + HCI (g) (3.1)

After decomposition the hydrogen chloride gas will act as the chlorination agent, presumably
in the same way as when pure hydrogen chloride gas is used. However, the results from the
equilibrium calculations for a system containing ammonium chloride (Fig. 3.4) were very
different compared to the results from the hydrogen chloride gas calculations (Fig. 3.3).
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Fig. 3.4 Equilibrium composition, as a function of temperature, for the chlorination of CuO, In,O; and

Ga,03 when using ammonium chloride as the chlorination agent.

As expected ammonium chloride decomposes to ammonia and hydrogen chloride, but the
formed ammonia in turn decomposes to hydrogen gas and nitrogen gas. The reducing
conditions cause copper metal to be the stable copper species instead of copper chloride in gas
phase. Both indium and gallium chlorides are stable in gas phase above 300 °C. These results
predict that ammonium chloride might not give separation between indium and gallium, but
that indium and gallium could be separated from copper.

Here it is important to remember the shortcomings of this kind of modelling. If the data
for some species is not included in the database it will not show up as a resulting species, even
if 1t is identified in the product of the experiments. Uncertainties in the data present in the
database might also have a significant effect on the speciation. Furthermore, if the products
that are formed (in this case the chlorides in gas phase) are removed from the reaction site the
chemical equilibrium reactions will promote the formation of more products. In the extreme
this can lead to completion of the reaction. It is also worth pointing out that thermodynamic
predictions give no information on the kinetics of a reaction.

Regarding the thermodynamics of reactions it has become clear that some erroneous
use of thermodynamic entities are present in the literature. In order to predict whether a reaction
1s spontaneous or not the correct entity to use is Gibbs free energy (AG). In some cases [73-76,
83, 162, 163] the standard Gibbs free energy (AG®) has been used. AG® is only an expression
of the reaction constant and must be complemented with the actual state of the system in order

to predict whether a reaction will occur or not, see Equation (3.2).

AG = AG® + RTInQ (3.2)
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where Q is the actual state of the system.

3.2 Dissolution of metal oxides in acid media

The dissolution of metal oxides in acid media can be described by Reaction (3.3) [164]
MmO (s) + 2nH" (aq) — mM®@¥™* + nH>0 (1) (3.3)

Unlike the dissolution of metals, which are governed by differences in the electrochemical
potential of the half reactions involved, the oxidation state of the elements does not change and
the dissolution depends on the activities of the reactants and products. The degree of dissolution
is therefore dependent on the concentrations in the solution (metal concentration, pH etc.),
while the kinetics of the dissolution are governed by for example the temperature, particle size
and stirring rate used [94].

After dissolution the metal ion forms different complexes with ions present in the
solution, such as the counter ion from the acid (e.g. chloride in hydrochloric acid). The
complexes formed depend on the stability constants of the complexes and on the counter ion
concentration in the solution [165]. Since the further recovery of the metals, e.g. solvent
extraction or electrodeposition, is influenced by factors such as pH and complexation the

choice of acid media for the dissolution is of great importance.

3.3 Solvent extraction
In solvent extraction the distribution of a solute between two immiscible phases, usually an
aqueous and an organic phase, is used for separation purposes [166].

A (aq) 2 A (org) (3.4)

The organic phase always consists of a diluent and sometimes one or more extractants, while
the aqueous phase contains the solute. Upon mixing of the phases the solute is transferred from
the aqueous phase to the organic phase. This is usually facilitated by the extractant. The
distribution of the solute between the phases is characterized by the distribution ratio (D-value)
defined by Equation (3.5).

D= % (3.5)

where [Aorg] and [Aag] are the concentration of metal A in the organic and aqueous phase,

respectively. If the volume ratio (Equation (3.6)) deviates from unity

0= ‘;a—j (3.6)

the distribution factor, according to Equation (3.7), can be used

P=6D (3.7)
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If two different solutes (A and B) are present in the aqueous phase the separation factor (o)
between the solutes is defined by Equation (3.8).

Dy
=—= 3.8
o (3.8)
where Da is by definition larger than Ds. If the separation factor is high enough A and B can
be separated.
The extractants used in solvent extraction can be divided into several different classes:
solvating extractants, acidic extractants and basic or ion pair extractants [166]. The extraction

mechanisms of each class are exemplified in Reaction (3.9)-(3.11).

MXx-mH20 (aq) + nL (org) 2 MXxLn (org) + mH20 (3.9
M#" (aq) + zHA (org) @ MAz(org) + zH" (3.10)
MXx#®- (aq) + (z-x)RsNH"X" (org) @ RsNHxMXx (org) + (z-x)X" (aq) (3.11)

In addition, at high acid concentrations solvation extractants such as TBP and MIBK may
become protonated and extract melanate anions, MXx**"[95].

It is clear that the complexation of the metals in the aqueous phase is of importance if
successful separation by solvent extraction is to be achieved. The complexation of copper,
indium and gallium as a function of chloride concentrations was therefore determined using

the stability constants for the chloride complexes given in [167-169], see Fig. 3.5.

N
o
N~

100

Abundance (%)

0o 1 2 3 4 5 6 0O 1 2 3 4 5 6
Chloride conentration (M) Chloride conentration (M)

(

(@]
~

80| \Ga''

] .
40 ] 62‘0\

Abundance (%)

. GaCl
GaCl, i;

0 T 1 T T T T T T i 1 i T !
o 1 2 3 4 5 6

Chloride conentration (M)

16



Fig. 3.5 Abundance of (a) copper(Il) chloride, (b) indium(IIT) chloride and (c) gallium(IIT) chloride
complexes in chloride media as a function of chloride concentration.

The difference in complexation of the elements dependant on the chloride concentration
indicates that the elements can be separated by solvent extraction at different chloride
concentrations.

A simple solvent extraction process usually contains two sub-processes; extraction and
stripping (the back-extraction of an extracted solute into a new aqueous phase). Fig. 3.6 shows
a process where both extraction and stripping is done in a cascade of counter-current steps. A
counter-current process, where flows run in opposite directions, is used to reduce the volume
of the process flows. One step is one extraction unit, or stripping unit, allowing contact between
the phases. Addition of more than one step can be used to achieve metal fractions with higher

purity.

Vorg YE
Vorg YF
Extraction N Stripping
O, Pg s, Ps
e n steps — —) m steps SN
Vaq XF VS ZP
VagXr ¥ VsZp

Fig. 3.6 Schematics of a solvent extraction process containing counter-current extraction and stripping
steps. The notations include volume flow (V), aqueous fraction (X and Z) and organic fraction (Y). The

indices denote feed (F), extraction (E), stripping (S) or raffinate (R and P).

For each metal, the mass balance for the extraction is expressed by Equation (3.12)
VorgYF + VaqXF = VorgYE + VaqXR (3.12)

In the same way a mass balance can be done for the overall process with a cascade of extraction
and stripping steps. Under the assumption that Yz is 0 and that the distribution ratio for the
extraction and stripping steps are constant, the raffinate fraction (Xr) for n extraction steps can
be expressed by Equation (3.13)
_ Xp=0Yp X516 Py

B Yo 1l5 P

Xr (3.13)

where Xr and Yr are the feed concentrations, 0 is the volume ratio and P; is the distribution

factor in each step. The same equation can also be used for stripping with m steps. By coupling
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the mass balances of the extraction and stripping the overall separation system can be solved

through numerical iteration.

3.4 Electrodeposition

During electrodeposition metal ions in solution are reduced to the metal by applying a current
through the solution. The standard reduction potentials (E°) for the reduction of copper(Il),
indium(III) and gallium(I11) according to Reactions (3.14), (3.15) and (3.16) are reported to be
0.34,-0.338, and -0.529 V vs standard hydrogen electrode, respectively [170].

Cu?* (aq) + 26— Cu (s) (3.14)
In** (aq) + 3¢ — In (s) (3.15)
Ga** (aq) + 3¢ — Ga(s) (3.16)

The differences in standard reduction potentials indicate that separation of copper from indium
and gallium by electrodeposition should be possible. On the other hand, separation of indium
from gallium could be more difficult, since the standard reduction potentials are relatively
similar. However, the actual potential needed for reduction usually deviates from the standard
potential due to several different factors. Firstly this depends on the deviation from the standard

state, according to the Nernst equation (3.17) [171].

E=E’+ RT In o1

oF 0 (3.17)

Where [O] and [R] are bulk concentrations of the oxidized and reduced species, respectively,
F is the Faraday constant and n is the number of electrons involved in the reaction. The actual
potential also depends on possible complexation of the desired element in solution, which will
affect the potential according to Equation (3.18) [172].

_nFE
InkK="= (3.18)

The equilibrium constant, K, in this case is the same as the stability constant for the formed
complex. In addition, an additional potential called the activation overpotential is needed to
overcome the potential barrier at the interface between the electrode and the solution [173]. At
the same time the resistance in the solution causes a potential drop, according to Ohm’s law
(U=R-I), which also increases the potential needed for reduction [171]. The potential drop,
however, affects all elements to the same extent and does not influence the separation of the
elements.

For the reduction of copper in chloride solution Napp and co-workers have shown that
copper(Il) is reduced to copper(0) via the intermediate copper(l) in the chloride media [136].
The reaction mechanism has been suggested to be an anion-bridged (Cu-Cl-Cu) reaction [174]
and the formation of CuCl on the electrode surface via Reaction (3.19) has been confirmed
[175].
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Cu** (aq) + CI' + & — CuCl (s) (3.19)
At more negative potentials copper(I) is further reduced to copper (0) according to Reaction
(3.20) [175].
CuCl(s) +te — Cu(s)+CI (3.20)
The reduction of copper(I) takes place in parallel with the direct reduction of copper(Il) to
copper(0) according to Reaction (3.14) [175, 176].

The current efficiency for electrodeposition can be calculated by comparing the charge

(Q) used in the experiments, which can be calculated from Equation (3.21)

Q = [, I(t)dt (3.21)
with the charge needed to produce the metal obtained calculated from Equation (3.22).
Q =FNz (3.22)

where F is Faraday’s constant, N is the number of moles of metal formed and z is the number

of electrons transferred per ion.

3.5 Uncertainties

Unless otherwise stated, the experiments in this study were done in triplicate to evaluate the
uncertainty in the results and all uncertainties are expressed as one standard deviation. The
standard deviation from three or more replicates of an experiment can be calculated using
Equation (3.21)

5= |PER” (3.23)

n-1

where s is the standard deviation, X is the mean value of all samples and n is the number of
samples [177]. The uncertainty propagation for C=A+B and for C=AB is expressed by
Equation (3.22) and (3.23), respectively.

e =STH a2t
sc=C \/ (Sf)z + (SEB)Z (3.25)

4 Analytical techniques

A description of the analytical techniques, e.g. ICP-OES, XRD and NAA, used in this work
can be found in Appendix B.
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5. Experimental

5.1 Equipment

5.1.1 Furnaces

For the selenium distillation study and the chlorination study two different furnaces were used;
a horizontal tube furnace and a fluidized bed furnace. The horizontal tube furnace is shown in
Fig. 5.1. The starting material used in the respective studies was placed in a furnace crucible,
which was placed in the middle of the quartz tube reactor in the furnace. The temperature in
the furnace was measured with a thermocouple on the outside of the quartz tube. During the
experiments gas was passed through the quartz reactor via a flow meter (Platon NG) and the
product formed was sublimed in the quartz tube after the furnace. After the furnace the gas was
passed through a condenser, cooled with 20 °C water, to trap the products that did not sublime
in the quartz tube directly after the furnace. In the high-temperature study the gas was scrubbed

using three Dreschel bottles containing 1 M sodium hydroxide.

S
Coolin
water £ Tube furnace
—

Gas flow
out

T Gas flow
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Fig. 5.1 Experimental setup for the tube furnace used in the in the selenium separation and high-
temperature chlorination studies. The gas was passed (from right to left) through the quartz tube placed
in the tube furnace. The starting material used for the respective studies was heated and the products

that formed were sublimated outside the furnace (on the left).

The fluidized bed batch reactor, seen in Fig. 5.2, was made from a 480 mm long quartz
tube with an inner diameter of 20 mm. The middle of the tube was fitted with a porous quartz
plate on which the starting material was placed. The connections at each end of the tube held a
thin quartz glass tube through which thermocouples were inserted into the reactor. The topmost
thermocouple, measuring the temperature in the bed, was used to control the temperature in the
reactor. The thermocouple below the bed was used as a reference. The gas used in the
experiment was passed through the reactor from the bottom to allow reaction with the starting

material. After the furnace, the gas was passed through a horizontal glass tube to allow the
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formed products to condense. Next a condenser, cooled with 20 °C water, was used to trap any
remaining products. Finally, three Dreschel bottles containing 1 M sodium hydroxide were
used in the high-temperature chlorination study to absorb all of the reaction gas that did not

react.
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Tube furnace
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Fig. 5.2 Experimental setup for the fluidized bed reactor used in the selenium separation and high-
temperature chlorination studies. The gas (oxygen, chlorine or hydrogen chloride) was passed from the
bottom up through the fluidized bed reactor placed in the tube furnace. The starting material was placed
on a porous plate in reactor and heated. The products formed were sublimated in the horizontal tube,

after the furnace.

5.1.2 Solvent extraction equipment
All solvent extraction experiments were performed in a thermostatic shaking machine (IKA
Vibrax VXR Basic).

5.1.3 Electrochemical cell

The electrochemical separation study was performed in a three electrode electrochemical cell
connected to a galvanostat (VersaSTAT 3, Princeton Applied Research). For the cyclic
voltammetry study the three electrodes used were a working electrode of glassy carbon (MF-
2012, Basi), a platinum wire counter electrode (MW-1032, Basi) and a silver/silver chloride
reference electrode (MF-2052, Basi). For the electrodeposition study the working electrode
was changed to a glassy carbon rod (GC 20SS, Tokai Carbon Co.) with a diameter of 3 mm
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and the counter electrode was a thick (@ 8 mm) glassy carbon rod. During the experiment the

working electrode was submerged 10 mm into the solution.
5.2 Separation of selenium from CIGS materials

5.2.1 Feasibility of separating selenium by distillation of selenium dioxide

To study the feasibility of the separation of selenium in the form of selenium dioxide from
CIGS by oxidation at elevated temperatures, a series of tests were performed in the tube furnace
(Fig. 5.1). The starting material for the selenium separation study, in the form of spent
sputtering targets containing CIGS, was supplied by Midsummer AB [178]. For the feasibility
study a sample from one of the sputtering targets was crushed in an agate mortar and mixed
carefully to homogeneity. The particle size distribution in the material was determined by
sieving through a mesh 10 sieve, followed by a mesh 60 sieve, and finally a mesh 200 sieve
(ASTM E-11, W.S Tyler). The material passing each sieve was weighed to give the particle
size distribution of the starting material. The uncertainty of the particle size distribution in each
sample was determined by the sieving of five different 13.5 g samples.

To determine the temperature dependence of the selenium separation, 13.5 g of starting
material was treated at six different temperatures (500, 600, 700, 800, 900 and 1000 £ 10 °C).
During the heating of the furnace the tube was rinsed with nitrogen to avoid any reaction. When
the temperature reached the set temperature the gas was switched to oxygen gas (99 %, AGA)
at 200 ml/min and the timer was started. The reaction was allowed to proceed for 24 h, after
which the gas was again switched to nitrogen and the furnace was allowed to cool. When the
furnace had reached room temperature the gas flow was turned off and the selenium dioxide
crystals were collected.

To confirm that the selenium separation was mainly due to the formation of selenium
dioxide and not to distillation of selenium a test was performed under a nitrogen atmosphere.
13.5 g of the starting material was placed in a furnace crucible in the tube furnace at 1000 °C
for 24 h. The nitrogen flow through the tube was set to 200 ml/min during the whole
experiment. The selenium formed during the experiment was collected and weighed.

The composition of the CIGS material, before and after the oxidation reactions and the
distillation test, was determined using ICP-OES. The starting material was dissolved in nitric
acid (puriss, 69 %, Sigma-Aldrich) and the residue was dissolved in hot aqua regia with an
addition of hydrogen peroxide (30 %, Sigma-Aldrich). The aqua regia was prepared by mixing
nitric acid (puriss, 69 %, Sigma-Aldrich) and hydrochloric acid (puriss, 37 %, Sigma-Aldrich)
with a molar ratio of 1:3 respectively. Mass balance calculations over the aqua regia dissolution
showed that total dissolution had been achieved. X-ray powder diffraction was used to identify

crystalline compounds in the CIGS material, before and after the oxidation.
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5.2.2 Optimization of the selenium separation
After the feasibility study the selenium separation step was optimized in order to extract more
of the selenium from the CIGS material. Optimization tests were performed both in the
fluidized bed reactor (Fig. 5.2) and in the tube furnace used for the feasibility study. The
fluidized bed reactor was used to improve the contact between the gas and the CIGS material.
For the optimization experiments CIGS from several different sputtering targets were
combined to give a representative sample for the entire waste stream. The crushed material was
sieved (Mini-sieve set, Bel-art products) and crushed again until the preferred particle size was
attained.

To evaluate the optimization potential of the oxidation reaction a sample of 20.0 g of
the starting material with a size of 125-180 um was treated in the fluidized bed reactor at 900
+ 10 °C. Oxygen gas was passed through the reactor from the bottom at a flow rate high enough
to cause fluidization of the particles. The gas flow was adjusted for each experiment depending
on the particle size and temperature used. The experiment was allowed to proceed for 3, 6 and
12 h to determine the rate of selenium recovery yield. An additional experiment was performed
on particles with a size of 90-125um for 3 h to determine if smaller particles could give higher
selenium recovery. The flow rate at which fluidization occurs was determined at room
temperature for each particle size and was then calculated for the temperature used in the
experiment. The flow rate correlates to the temperature in such a way that when the temperature
is doubled the required flow rate is halved. During the heating and cooling of the furnace the
reactor was purged with nitrogen gas to avoid any oxidation reaction.

As a complement to the optimization in the fluidized bed reactor a test was performed
in the tube furnace using the fraction of the starting material with a particle size of less than 63
pm. Due to problems with entainment this fraction could not be treated in the fluidized bed and
an alternative treatment method had to be tested. 13.5 g of the CIGS material was placed in a
furnace boat and oxidized in the tube furnace. Tests were made at 900 = 10 °C for 12, 6, 3 and
1 h to evaluate the selenium recovery rate. In addition, tests were also made at 800 and 700 +

10 °C for 1 h. The same experimental setup and procedure was used as in the feasibility study.

5.2.3 Reduction of selenium dioxide

The selenium dioxide formed during the selenium separation step was reduced using two
different reduction methods. First a Riley reaction (see Reaction 2.3), in which the organic
reactant deoxybenzoin was used as a reducing agent was tested. The deoxybenzoin was at the
same time oxidized to benzil, which is a diketone used in solvent extraction. 2.00 g (0.018 mol)
selenium dioxide was dissolved in 7 ml glacial acetic acid (pro analysis, 100 %, Merck) and
3.54 ¢ (0.018 mol) deoxybenzoin (98 %, Acros organics) was added. The mixture was heated
to 126 £ 2 °C and refluxed for 3 h. The cooled solution was decanted and the elemental
selenium was washed with dietylether (99+ %, Acros organics). The organic product was

extracted with dietylether from the acetic acid phase. After the extraction the organic product
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was washed with ultrapure water, a saturated solution of sodium bicarbonate and then again
with brine before it was dried with sodium sulphate and concentrated under reduced pressure.
Both the selenium and the organic product were weighed, after drying, to determine the yield.
The purity of the organic product was analysed with GC-MS. Before the analysis the product
was dissolved and diluted to a concentration of 16 mg/l in acetone (pro analysis, Fischer
Scientific). A solution prepared in the same way, containing a mixture of deoxybenzoin (99+
%, Acros Organics) and benzil (99+ %, Acros Organics), was analysed as a reference. The
amount of selenium dioxide remaining in the reaction liquid after the reduction of selenium
dioxide with sulphur dioxide was analysed with ICP-OES to determine the selenium content in
the liquid.

The second reduction agent used was sulphur dioxide. For these experiments 1.00 g
(0.009 mol) of selenium dioxide was placed in a Dreschel bottle and dissolved in 50 ml
ultrapure water. The solution was heated to 80 + 2 °C and stirred with a magnetic stirrer.
Sulphur dioxide gas (99.8 %, AGA) was bubbled through the solution at a flow rate of 40
ml/min. Due to the heating of the solution during the experiment the red selenium formed from
the reduction reaction was continuously transformed into black selenium within less than a
minute. When the reaction was complete no more red selenium could be observed. From these
observations the reaction time needed for complete reduction could be determined to be less
than 15 min. Therefore, after 15 min the gas flow was stopped and the selenium was collected,
decanted, washed with ultrapure water obtained from a Milli-Q® system (>18 MQ-cm,
Millipore Milli-Q Advantage A10) and allowed to dry before it was weighed to determine the
yield.

The purity of the recycled selenium and selenium dioxide, with respect to scandium,
titanium, vanadium, chromium, manganese, iron, nickel, copper, zinc, gallium and indium was
determined using a combination of ICP-MS, ICP-OES and NAA (see Appendix B for a
description of the analytical techniques). The concentrations of all the impurities except iron
were analysed using ICP-MS on a solution containing 1000 pg/ml selenium using standard
addition. The exact concentration of selenium in the selenium solution was determined with
ICP-OES. To determine the iron content in the recycled selenium or selenium dioxide NAA
was used. Samples containing 0, 0.1, 1, 10 and 100 ppm of iron were prepared and irradiated
for a total of 123 hours and 23 minutes before the 1099 and 1291 keV gamma lines of *Fe
were used to determine the concentration of iron in the materials. Due to limitations in the
number of samples that could be sent to NAA, triplicate experiments could not be performed.
The uncertainty of the results was therefore evaluated using the methods developed by the
Eurachem organization [132]. The evaluation was performed with the software GUM
workbench [133].
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5.3 Separation of copper, indium and gallium from selenium-depleted CIGS
material using high-temperature chlorination

5.3.1 Preparation of the starting material

The residue after selenium separation from CIGS material with a particle size of less than 63
pum at 800 + 10 °C for 1 h was used as the starting material for the high-temperature chlorination
study. Before the material was used the particle size was again reduced to less than 63 pm. To
determine if the material had been completely oxidized during the selenium recovery step a
mass balance was performed, using the data from the ICP-OES measurements. The amount of
oxygen needed to completely oxidize the metals in the CIGS material was compared with the
actual amount of oxygen in the oxidized material. A completely oxidized material would
contain 1.5 moles of oxygen per mole of gallium or indium and 1 mole oxygen of per mole of
copper. The calculations showed that the metals in the starting material were 96.4 + 6.0 %

oxidized.

5.3.2 Initial study on the chlorination treatment using chlorine gas and hydrogen chloride
gas

First, the separation of copper, indium and gallium was tested using chlorine gas and hydrogen
chloride gas in the fluidized bed furnace shown in Fig. 5.2. For each experiment 1.0 g of the
starting material was placed in the reactor and the furnace was heated to the correct temperature
before a flow of 50 ml/min of chlorine gas (99.8 %, AGA) or hydrogen chloride gas (99.8 %,
AGA) was passed through the reactor. For the carbochlorination experiments 0.1 g of carbon
nanopowder (99.95 %, Supelco Analytical) was thoroughly mixed with the starting material
before it was placed in the reactor. Experiments were performed at temperatures between 200
and 750 £+ 10 °C with chlorine gas and at 150 to 600 + 10 °C with hydrogen chloride gas. Each
experiment was allowed to proceed for 2 h before the furnace was turned off. During the
heating and cooling of the furnace the reactor was purged with nitrogen gas (99 %, AGA) at
100 ml/min to avoid any reactions. The products were rinsed from the collection tube with
Milli-Q® water and analysed with ICP-OES. The residues were scraped from the reactor and
analysed with ICP-OES and XRD.

5.3.3 Initial study on the chlorination treatment using ammonium chloride

After the tests with chlorine gas and hydrogen chloride gas the separation of the elements was
tested using ammonium chloride as the chlorination agent. The experiments were done in the
horizontal tube furnace shown in Fig. 5.1. For these experiments the sample had to be
introduced and removed from the reactor to control the reaction time and the vertical furnace
could therefore not be used. The reason for this was that ammonium chloride is a solid that was
mixed with the starting material and not a gas that could be turned on and off to control the

reaction time. 1.0 g of the starting material was mixed with ammonium chloride (99.5 %, J.T
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Baker) at a ratio of 40:60 (starting material:ammonium chloride). Experiments were performed
at temperatures from 200 to 750 + 10 °C and 200 ml/min of nitrogen gas (99 %, AGA) was
used to transport volatile products from the reaction to the cold end of the furnace. This gas
flow was chosen since it was the lowest gas flow that ensured transportation of all products to
the correct side (left-hand side in Fig. 5.1) of the furnace at all reaction temperatures. The
furnace crucible containing the reaction mixture was inserted into the furnace when the furnace
had reached the desired temperature. The sample was kept in the furnace for 2 h before it was
removed and the furnace was turned off. Following the experiments the products were collected
by rinsing the quartz tube with Milli-Q® water. When the product was mixed with water the
small fraction of selenium remaining in the selenium-depleted material precipitated and red
selenium was formed. To dissolve the selenium before analysis the tube was rinsed with a few
millilitres of sulphuric acid (puriss, 95-97 %, Sigma-Aldrich) and the acid was then added to
the solution, which was analysed with ICP-OES. Residue remaining in the furnace crucible

after each experiment was collected and analysed with ICP-OES and XRD.

5.3.4 Study of the overall kinetics of the recovery of copper, indium and gallium from
oxidation residues using ammonium chloride as the chlorination agent

After the initial studies on the separation of the elements with high-temperature chlorination a
more in-depth study using ammonium chloride as the chlorination agent was done. First, the
kinetics of the recovery of copper, indium and gallium from the selenium-depleted material
was investigated. The aim of the study was to find the optimum temperatures and treatment
times for the separation of these three elements. The overall chlorination process consists of
several steps, including:

(1) the decomposition rate of ammonium chloride to hydrogen chloride and ammonia in gas
phase,

(2) the kinetics of the chlorination reactions,

(3) the evaporation kinetics of the chlorides that are formed,

(4) the diffusion of the gaseous reactants and products through the residual material.
Experiments were carried out at temperatures between 220 and 560 + 10 °C and a gas flow of
200 ml/min. At each temperature samples were treated for 1, 2, 4 and 8 h. For each experiment
1.0 g of the starting material was thoroughly mixed with 1.5 g of ammonium chloride (99.5 %,
J.T Baker) and placed in a crucible. The amount of ammonium chloride used corresponded to
3 moles of chloride per mole of metals in the starting material. The products were dissolved

and analysed in the same way as in the initial ammonium chloride study.

5.3.5 Optimization of the chlorination with ammonium chloride using Ga,Os as a model
compound
After the kinetics study the optimum addition of ammonium chloride for chlorination of the

selenium-depleted material was studied using Ga203 as a model compound. Ga203 was chosen
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since it was assumed to react in a similar way to the gallium and indium oxides present in the
starting material (CulnGaOs4, In203 and Cuz2In20s). The temperature and gas flow used were
260 £+ 10 °C and 200 ml/min, respectively, and the samples were treated for 1, 2 and 4 h. Each
sample contained 0.07 g of Ga203 (99.99 %, Alfa Aesar), corresponding approximately to the
amount of gallium present in the 1.0 g of selenium-depleted material. All samples were mixed
with 0.15, 0.30 or 0.45 g of ammonium chloride (99.5 %, J.T Baker), which corresponded to

3, 6 or 9 moles of chloride per mole of gallium (see Table 5.1).

Table 5.1 Summary of the test parameters used in the chlorination optimization study.

Temp. Recovery NH.CI addition Al;03 Gas flow Note
(°C) time (h) (moles/mole gallium) addition (g) (ml/min)
Testl 260 1,2 and 4 3 0 200
Test2 260 1,2 and 4 6 0 200
Test3 260 1,2 and 4 9 0 200
Test4 260 1,2 and 4 3 0.4 200
Test5 260 1,2 and 4 3 0.9 200
Test6 260 1,2 and 4 6 0.9 200
Test7 260 1,2 and 4 9 0.9 200
Test8 260 1,2 and 4 3 0.4 200 Pellet
Test9 260 1,2 and 4 6 0.4 200 Pellet
Test 10 260 1,2 and 4 3 0.9 200 Covered

To more accurately simulate the diffusion of the formed gallium chlorides in the real material
some tests (4-9) were made with a filler material added to the gallium oxide. Aluminium oxide
was chosen as the filler material since it is an inert material under the conditions tested and
would not interfere with the chlorination reaction. The amount of aluminium oxide (99.5 %,
Alfa Aesar) used was either 0.4 or 0.9 g. To investigate if an increased contact between the
gallium oxide and the ammonium chloride would increase the gallium recovery pellets were
made and tested (8-9). Gallium oxide, aluminium oxide and ammonium chloride were mixed
and made into pellets with a diameter of 13 mm using a pressure of 7 bar. A final test (10) was
made where gallium oxide was mixed with 0.15 g of ammonium chloride, placed in the furnace
boat and covered by a layer of aluminium oxide (0.9 g).

After each experiment the product was rinsed from the quartz tube with Milli-Q® water
and analysed with ICP-OES. X-ray powder diffraction was used to determine if the gallium

remaining in the residues was gallium oxide or gallium chloride.
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5.3.6 Separation of gallium from indium and copper
The results from the kinetics study and the optimization study were used to decide on the
parameters to be used for separation of the elements from the selenium-depleted CIGS material.

Firstly gallium separation (GS) was tested at 260 + 10 °C in two test sets, see Table 5.2.

Table 5.2 Summary of the test parameters used in the gallium separation (GS) study.

Temp. Recovery  NH.Cl addition Gas flow
(°C) time (h) (moles/mole metals) (ml/min)
15t 2nd 3rd
GS1:1 260 9 - - 200
GS1:2 260 9 - - 200
GS1:3 260 9 - - 400
GS2:1 260 3*2 3 0 0 200
GS 2:2 260 3*2 3 3 3 200
GS 2:3 260 3*2 3 0 (mixing) 3 200
GS 2:4 260 3*2 3 1 1 200
GS 2:5 260 3*2 3 1 1 100
GS 2:6 260 3*2 3 1 1 400

In the first set (GS 1:1-1:3) a large addition of ammonium chloride was made: 1.0 g of starting
material mixed with 4.5 of ammonium chloride (corresponding to 9 moles of chloride per mole
of metals) was treated for 4 or 8 h. In the second set of tests (GS 2:1-2:6) 1.0 g of starting
material was mixed with three smaller batches of ammonium chloride and treated for a total of
6 h. The first batch (1.5 g) was mixed with the staring material (1.0 g) before treatment in the
furnace and the second and third batches were added after 2 and 4 h, respectively. The product
formed was collected after each treatment. The second and third batch of ammonium chloride
additions were either 0.5 g or 1.5 g, which corresponded to 1 or 3 moles of chloride per mole
of metals. One test (GS 2:3) was also made where, after 2 h, the material was mixed but no
ammonium chloride was added, in order to determine if the mixing increased the gallium
recovery. In addition, the effects of different nitrogen gas flows were tested for both sets of
tests.

5.3.7 Separation of indium and copper
After the gallium separation tests, the separation of indium from copper was tested at 340 + 10

°C. The indium separation tests are summarized in Table 5.3.
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Table 5.3 Summary of the test parameters used in the indium separation (IS) study.

Treated Temp. Recovery NH4Cl addition Gas flow
material (°C) time (h) (moles/mole metals) (ml/min)
Ist ynd 3rd

IS1:1  Residue GS 1:3 340 4 0 - - 200
IS1:2  Residue GS 1:3 340 8 0 - - 200
IS1:3  Residue GS 1:3 340 8 13.5 - - 200
IS1:4  Residue GS 1:3 340 8 13.5 - - 400
IS2:1  Residue GS 2:4 340 3*2 0 1.1 1.1 200
IS2:2  Residue GS 2:4 340 3*2 3.4 0 (mixing) 3.4 200
IS2:3  Residue GS 2:4 340 3*2 3.4 3.4 3.4 200
IS2:4  Residue GS 2:4 340 3*2 3.4 3.4 3.4 400
IS2:5  Residue GS 2:6 340 3*2 3.4 3.4 3.4 400

The residue from GS 1:3 was either treated directly or mixed with 6 g ammonium chloride
(equivalent to 13.5 moles of chloride per mole metals remaining in the material after gallium
separation) before being introduced into the furnace again and heated for 4 or 8 h (IS 1:1-1:4).
Residues (GS 2:4 or GS 2:6) from the second set of gallium separation tests were either treated
directly or mixed with 1.5 g of ammonium chloride (corresponding to 3.4 moles of chloride
per mole of metals remaining in the material after gallium separation) before they were treated
in the furnace for 2 h. Two more batches of 0.5 or 1.5 g ammonium chloride (corresponding to
1.1 or 3.4 moles of chloride per mole of metals remaining in the material after gallium
separation) were added to the material after 2 and 4 h. In IS 2:2 the material was mixed after 2
h, but no ammonium chloride was added, in order to determine if mixing increased the indium

recovery. The gas flow used in the tests was either 200 or 400 ml/min.

5.4 Dissolution of the selenium-depleted CIGS material

To allow for hydrometallurgical separation methods to be used on the elements in the selenium-
depleted material the material first had to be dissolved. Two different dissolution methods were
tested: (1) direct dissolution of the material in mineral acids and (2) complete chlorination of
the material using ammonium chloride followed by dissolution in mineral acids. Also in this
study the selenium-depleted material was reduced to a particle size of less than 63um before it

was used.

5.4.1 Direct dissolution in mineral acids

First, the selenium-depleted material (0.5 g) was leached in 6 M solutions of sulphuric acid,
hydrochloric acid and nitric acid for 8 h at room temperature. After the screening tests, leaching
of the material in different concentrations (1, 3 and 6 M) of hydrochloric acid was tested over
100 h. Next, the dissolution using 1, 3 and 6 M hydrochloric acid was tested at 75 + 5 °C for 8
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h. For all of the experiments 25 ml of acid was used and the solution was stirred at 500 rpm.

Samples of 0.1 ml for ICP-OES analysis were taken regularly during the experiments.

5.4.2 Dissolution of pre-chlorinated material

To increase the solubility of the selenium-depleted material it was mixed with ammonium
chloride at a weight ratio of 1:1.5 (oxidized material:ammonium chloride) and treated in the
horizontal tube furnace at 650 + 10 °C for 1 h. The product formed was collected and 1.5 g was
dissolved in water, sulphuric acid (0.1 M), hydrochloric acid (0.1 and 1 M) or nitric acid (0.1
M) for 8 h. Again, 25 ml of solution was used in each test, the stirring rate was 500 rpm and

0.1 ml samples were taken for ICP-OES analysis.
5.5 Separation of copper, indium and gallium using solvent extraction

5.5.1 Screening of different extractants

A study to determine suitable extractant(s) for the separation of copper, indium and gallium
from solutions of dissolved selenium-depleted CIGS material (Section 5.4) was performed.
Organic phases containing kerosene (Solvent 70, Statoil) and 0.2 M TOPO (90 %, Sigma
Aldrich), Cyanex 923 (93 %, Cytec Canada), TBP (97 %, Aldrich Chemicals), D2EHPA (97
%, Aldrich Chemicals), Cyanex 272 (80 %, Cytec Canada) or LIX 984 were prepared. LIX 984
was made by mixing LIX 860N-I (97 %, Corgnis Ireland) and LIX 84-1 (95 %, Corgnis Ireland)
at a volume ratio of 1:1. Kerosene was chosen since it is a solvent which is commonly used in
industrial solvent extraction applications. The chosen extractants had previously been shown
to give separation of the elements (see Section 2.10.3). Aqueous phases with a total metal
content of 4 mM were prepared by diluting a solution from the direct dissolution of selenium-
depleted material in 0.01, 0.1, 1, 3 and 6 M hydrochloric acid. The metal composition in the
solutions was 45 mol% copper, 13 mol% gallium and 42 mol% indium. In the extraction
experiments 1.5 ml of each phase was mixed at 25 °C for 2 h at 1500 rpm. This was determined
to allow for equilibrium to be reached. Before sampling the phases were allowed to separate

for 5 min. The samples were diluted and analysed with ICP-OES.

5.5.2 Investigation of extraction kinetics using TOPO and Cyanex 923

A kinetic study was done to determine the mixing time needed to reach equilibrium when using
TOPO and Cyanex 923. The experimental procedure was the same as for the screening study,
but the mixing time varied between 5 and 120 min. The aqueous phase used was the 3 M
hydrochloric acid solution with 4 mM total metal content and the organic phases were 0.2 M

of the extractants in kerosene.

5.5.2 Selective stripping of extracted metals
Selective stripping of the metals extracted with Cyanex 923 and TOPO was tested using several

different stripping phases. The solutions and extraction procedure were the same as for the
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kinetics study, however, the phases were mixed for 20 min. The organic phase was then mixed
with an equal volume of stripping phase for 1 h at 1500 rpm. The stripping phases used were
Milli-Q® water, 0.1, 0.8 and 3 M hydrochloric acid, and 0.2 M EDTA. The EDTA (99.999 %,
Sigma-Aldrich) was dissolved in Milli-Q® water by drop wise addition of 5 M sodium

hydroxide. Sampling after stripping was done in the same way as described above.

5.5.2 Modelling of a possible solvent extraction separation process

A process based on the results from the solvent extraction studies was suggested and a
simulation of the process was made. Each process step was set up to be counter current, to
increase the efficiency of the process, and the simulation was made using mass balances based
on Equation (3.13). For simplicity all phase ratios (8) were set to 1. The aqueous feed was
assumed to be provided from the dissolution of the selenium-depleted CIGS material and the
metal content in the aqueous feed was set to match the concentrations in the solvent extraction
experiments. In the simulation the following assumptions were made:

(1) The phases are immiscible so that the volumetric flows are constant.

(2) The D-values for each step are constant.

(3) In each step dynamic equilibrium is obtained.

(4) The aqueous stripping feeds are assumed to contain no metals.

Each flow was calculated by numerical iterations.
5.6 Electrochemical separation of copper, indium and gallium

5.6.1 Cyclic voltammetry

To determine the potentials needed for reduction of copper(Il), indium(III) and gallium(III) to
the respective metals the redox behaviour of the elements in chloride solutions was studied
with cyclic voltammetry. The experiments were performed using the electrochemical cell
described in Section 5.1.3, at a scan rate of 100 mV/s. The analysed solutions, containing 0.05
M copper(Il), indium(IIT) or gallium(IIl), were prepared by dissolving copper(Il) chloride
(99.999 %, Sigma-Aldrich), indium(III) chloride (99.999 %, Sigma-Aldrich) or gallium(III)
chloride (99.999 %, Sigma-Aldrich) in 1 M hydrochloric acid. The electrolyte, 1 M
hydrochloric acid, was prepared by dilution of hydrochloric acid (puriss, 37 %, Sigma-Aldrich)
in Milli-Q® water. The electrolyte was also analysed to determine the background signal and
solutions containing 0.05 M of indium and gallium, or all three elements, were tested to

investigate if the redox behaviours of the elements were influenced by each other.

5.6.2 Electrochemical separation of copper, indium and gallium

To determine if electrochemical separation can be used to separate copper, indium and gallium
the separation was first investigated using a synthetic solution containing 0.25 M of copper(Il),
indium(III) and gallium(IIT) in 1 M hydrochloric acid (Solution 1). The solution was prepared
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from the metal chlorides in the same way as the solutions used for the cyclic voltammetry
study. For each experiment 50 ml of solution was used and the solution was stirred at 500 rpm
to facilitate a homogeneous concentration of the metals. Firstly copper was separated from the
solutions by applying a constant potential of -0.5 V vs. the reference electrode to the working
electrode over 8 h. During the experiments the current was recorded and samples (10 pul) were
taken from the solution after 0.25, 1, 2, 4, 6 and 8 h and were analysed with ICP-OES. After
the copper separation indium was separated from the solutions using a constant potential of -
0.9 V vs. the reference electrode over 8 h. The current was recorded and samples of the solution
were taken and analysed in the same way as for the copper separation. The formed copper and
indium deposits were weighed before they were dissolved in concentrated nitric acid (puriss,
69 %, Sigma-Aldrich) and analysed with ICP-OES.

After the experiments on the synthetic solution the same separation procedure was
tested on solutions of dissolved selenium-depleted CIGS waste material to determine if the
separation method could be used for the recycling of copper, indium and gallium. Two
solutions were prepared from the selenium-depleted CIGS material using the different
dissolution methods in Section 5.4. However, the amount of dissolved material was increased

to give solutions containing higher concentrations of metal.

5.6.2.1 Dissolution of selenium-depleted CIGS material in 3 M hydrochloric acid and hydrogen

peroxide

The first solution containing real CIGS waste material (Solution 2) was prepared by dissolving
1.5 g of the residue from the selenium separation in 46 ml of 3 M hydrochloric acid at 75 + 5
°C. To improve the dissolution of the material 1 ml/h of hydrogen peroxide (30 %, Sigma-
Aldrich) was added over 4 h. The solution was stirred at 500 rpm during the dissolution. After
the dissolution the leachate was diluted with Milli-Q® water to 50 ml. ICP-OES analysis
showed that the metal concentrations in the resulting solution were 0.24 + 0.01 M copper, 0.21
+ 0.01 M indium, 0.061 £ 0.002 M gallium and 0.005 + 0.001 M selenium.

5.6.2.2 Dissolution of chlorinated, selenium-depleted CIGS material in 1 M HCI

The second solution of dissolved CIGS waste material (Solution 3) was prepared by dissolving
8 g of chlorinated product (described in Section 5.4.2) in 50 ml 1 M hydrochloric acid. The
solution was filtered prior to ICP-OES to remove small amounts of precipitated selenium
residues. The metal concentrations in the solution were 0.24 + 0.01 M copper, 0.22 + 0.01 M
indium and 0.066 = 0.001 M gallium. The selenium concentration was below the detection
limit of the ICP-OES.
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6. Results and discussion

6.1 Separation of selenium from CIGS materials

6.1.1 Feasibility of separating selenium by distillation of selenium dioxide

Before the selenium separation the particle size distribution and the chemical composition of
the starting material was examined. The results of the examination of the particle size
distribution are presented in Paper I, Table 1. It could be concluded that most of the particles
had a size between 0.25 to 2.0 mm. ICP-OES analysis of the starting material showed that it
contained 17.1 £+ 0.5 wt% copper, 30.3 + 1.4 wt% indium, 5.2 + 0.16 wt% gallium and 47.4 +
1.3 wt% selenium.

The results from the selenium separation study showed that the selenium content in the
residues after oxidation decreased with increasing temperature. As can be seen in Fig. 6.1 the
selenium separation starts at 500 °C, but at this temperature very little of the selenium present
is extracted. After oxidation at 1000 °C, however, only 1.5 + 2.5 % of the original amount of
selenium remains in the residue. These temperatures are higher than the temperature at which
selenium dioxide is formed from pure selenium. This is probably due to the higher melting

temperature of CIGS, at around 1000 °C, compared to that of selenium at 217 °C.
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Fig. 6.1 Selenium recovery after the oxidation of CIGS as a function of temperature. The selenium
recovery is stated as a percentage by weight of the selenium content in the residues compared to the

selenium content in the starting material.

The mass balance for the experiments was used to calculate the selenium yield. Independent
of the oxidation temperature approximately 85 % of the selenium removed from the CIGS was
collected as selenium dioxide. The yield could probably be increased by rinsing out the
selenium dioxide instead of collecting the crystals.

The crystalline composition, given by XRD analyses, of the starting material and the
residues after treatment at 800 and 1000 °C are shown in Fig. 6.2.
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Fig. 6.2 XRD patterns for the starting material (bottom), residue after oxidation at 800°C (middle) and
residue after oxidation at 1000°C (top). 1) Cu(In,Ga)Sez, 2) In,O3, 3) CuO, 4) CuGalnQy, 5) SeCu,, 6)
Cuzh’lzos.

The characteristic peaks of Cu(In,Ga)Se2 (1) decrease after oxidation at 800 °C and indium
oxide (2), copper oxide (3) and copper indium gallium oxide (4) are formed. There also seems
to be some copper selenide (5) formed. After oxidation at 1000 °C additional peaks, identified
as indium copper oxide (6), can be seen. It is apparent that some recrystallization occurs and
new compounds are formed at different temperatures. This can be important in the further
treatment of the residue since the chemical properties differ between different species.

When the residues from the oxidation tests were inspected it was noticed that they
contained two different layers, a porous grey and blue top layer and a more compact yellow
bottom layer. This was more pronounced at high temperatures. To explore the differences
between these two layers, a sample from each layer was taken from the 1000 °C test for
analysis. The analysis showed that all the remaining selenium in the residue was concentrated
to the bottom layer. This might be due to insufficient contact between the gas and the solid
material in the bottom of the crucible, indicating that mixing during the oxidation step could
improve the selenium separation. It was also seen that the copper concentration was higher in
the top layer and that almost all of the gallium had been concentrated to the bottom layer. This
is most probably due to differences in the densities of the compounds (In,O0;, CuO, CuGalnO,
and Cu,In,Os) formed during the oxidation.

Heating the CIGS starting material in an inert atmosphere did not result in any selenium
separation at relatively low temperatures. When the temperature reached 960 °C a thin layer of
selenium could be seen on the inside of the quartz tube on the far side of the furnace. The

analysis of the residue from the distillation showed that only approximately 10 % of the
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selenium was recovered after treatment at 1000 °C for 24 h. This means that the majority of
the selenium recovery in the previous experiments is due to the formation of selenium dioxide

and not to the distillation of selenium.

6.1.2 Optimization of the selenium separation

The particle size distribution of the material prepared for the optimization study is presented in
Table 6.1. Just below 50 wt% of the material was of the preferred particle size of 125-180 pm
and more than 20 wt% was smaller than 63 pm and so could not be used in the fluidized bed
due to entrainment of the particles in the gas flow. Since there will always be a fraction of small
particles (<63 pm) formed when the CIGS material is crushed it was obvious that these particles
would have to be treated in some other way. Therefore a series of experiments on this fraction
were done in the tube furnace and the results were compared to the results from the tests in the

fluidized bed reactor.

Table 6.1 Particle size distribution of the starting material for the optimization study.
Proportion of material

Particle size with the given particle
(Hm) size (Wt%0)

125-180 48

90-125 22

63-90 8

<63 22

The chemical composition of the starting material was determined to be 17.7 + 0.38 wt%
copper, 30.5 + 0.69 wt% indium, 5.11 = 0.1 wt% gallium and 46.45 + 0.44 wt% selenium. The
chemical composition for each particle size fraction was also analysed to demine if there were
any deviations between the fractions. From this analysis it could be concluded that the
composition of the different fractions differed very little, but still the values for each fraction
were used when the selenium recovery from the different experiments was calculated.

Before the experiments in the fluidized bed reactor the fluidization gas flow for the
different particle size fractions was determined at 22 + 2 °C. These results were then used to
calculate the fluidization flow at higher temperatures. At 900 °C a gas flow of 450 ml/min was
used for particles with a size of 125-180 um and for particles 90-125 um in size the flow was
set to 300 ml/min. The results from the tests in the fluidized bed reactor showed that, compared
to the feasibility tests, the selenium recovery increased. After oxidation of particles with a size
of 125-180 pm at 900 °C for 12 h the selenium recovery was 95 + 1.5 %, compared to 84 + 3
% after 24 h in the tube furnace. The selenium recovery increased with increasing reaction
time, as can be seen in Fig. 6.3, which indicates that a relatively long reaction time was needed
to remove the majority of the selenium. This experiment was not performed at a 1000 °C due

to the risk of the bed melting at temperatures close to the melting temperature of CIGS.
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Fig. 6.3 Selenium recovery after 3, 6 and 12 h of oxidation of CIGS with a particle size of 125-180 pm
at 900 °C and a gas flow of 450 ml/min in the fluidized bed.

The major drawback discovered while performing these experiments was that during the
oxidation the particles agglomerated and sintered. This meant that the residue was difficult to
remove from the reactor and that the expected benefit of better contact between the CIGS
particles and the oxygen gas was not achieved. During some tests a core of CIGS material that
had not reacted formed in the middle of the bed. This is the reason for the relatively large
standard deviations seen in Fig. 6.3. A smaller particle size of 90-125 pm was also tested to
determine if the selenium separation could be increased. It was found, however, that the
selenium recovery only increased marginally from 68 + 8 % to 71 = 17 %. Here the standard
deviation was even larger, also due to a core of material that had not reacted forming in some
residues. This is a problem because it makes the process unpredictable and difficult to control.

The oxidation of particles with a size of less than <63 pum in the tube furnace gave a
much better result than the oxidation in the fluidized bed. After oxidation at 900 °C for 12 h
less than 1 % of the selenium remained in the residue. When shorter times were tested the
results were the same, even for an oxidation time of only 1 h. This means that all of the selenium
was recovered in less than 1 h. To optimize the process even further, lower temperatures were
tested. The results of these tests can be seen in Fig. 6.4. After oxidation at 800 °C approximately
99 % of the selenium was recovered from the CIGS material, while at 700 °C only 50 % was
recovered. These results imply that the oxidation temperature could be lowered to 800 °C and
still give a high selenium recovery. It can also be seen that the standard deviation is much lower
for these tests than for those performed in the fluidized bed reactor, which means that the

process is more predictable and reproducible.
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Fig. 6.4 Selenium recovery after oxidation of CIGS particles with a size of less than 63 um for 1 h at
700, 800 and 900 °C in the tube furnace.

As mentioned above, the small particles (<63um) used in the tube furnace are always produced
when the CIGS material is crushed and it is therefore easier to crush the material to that particle
size than to try to get the certain particle sizes needed for the fluidized bed. This is also an

advantage when it comes to the development of an industrial process.

6.1.3 Reduction of selenium dioxide

After the oxidation reaction the selenium dioxide was reduced using the Riley reaction. The
reaction resulted in 1.19 g of selenium, corresponding to a yield of 90.7 £ 0.6 %. The purity of
the organic product is shown in Fig. 5 in Paper I. Weighing of the organic product gave 3.1 g
and the yield was determined to be 96.6 + 0.3 %.

The sulphur dioxide reduction reaction was first performed at room temperature and
red selenium was formed. Due to the ability of the red selenium particles to stick to the surfaces
of the reaction vials the selenium was very difficult to collect. However, upon heating to 80 °C
the red selenium was observed to gradually transform into black selenium. The black selenium
did not stick to surfaces and was therefore more easily collected. An additional advantage of
this transformation was that the formation of new red selenium could be distinguished. The
time needed for complete reduction could thereby easily be determined. It was concluded that
10 minutes was a sufficient time for a complete reaction. The reaction resulted in 0.67 g of
selenium, corresponding to a yield of 93.8 + 1.0 %. Analysis of the liquid from the reaction
showed that less than 1.4 £ 0.5 % of the selenium was not reduced. This means that the selenium
dioxide reduction was almost complete and that improvements in the collection of the selenium

could result in higher yields.

6.1.4 Analysis of the purity of the recycled selenium
The purity of selenium from both reduction experiments was analysed along with the purity of

the selenium dioxide from the oxidation test at 1000 °C (the same selenium dioxide that was
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used in the reduction experiments). The selenium dioxide was analysed to examine possible
differences in the purity before and after the reduction. Difference in purity correlating to the
reduction method used was also of interest. Scandium, titanium, vanadium, chromium,
manganese, iron, cobalt, nickel and zinc were analysed, since these pose a potential problem
in solar cell production by decreasing the efficiency of the solar cells. Copper, indium and
gallium are not viewed as a problem, but they were also analysed since it was of interest to
know if there were any residues in the selenium. The results from the ICP-MS measurements
were analysed and the concentrations of all elements, except iron, in the selenium were
calculated. The concentration of iron in the selenium was determined from the neutron

activation analysis. The results from both of these analyses are presented in Table 6.2.

Table 6.2 Concentrations of the analysed impurities in the recycled selenium.

Elements Selenium Selenium - Selenium - Sulphur
dioxide Riley reaction  dioxide reaction
(ppm) (ppm) (ppm)

Sc 0.19+0.33 0.19+0.32 <0.1

Ti 0.13+0.24 1.09 +1.05 0.49 +0.43

\ 0.16 £0.05 0.13+£0.11 0.1 +0.08

Cr 0.17 £0.08 0.79 £ 0.33 0.23+0.13

Mn <0.1 <0.1 <0.1

Fe 0.95 +£0.30 4.03 +£0.88 3.36+0.12

Co <0.1 <0.1 <0.1

Ni 0.26+0.13 0.51+0.22 0.34+0.19

Zn 0.30+0.14 0.43 £0.21 0.18+0.14

Cu 5.49 +£0.45 13.5+2.86 5.58 £ 0.46

Ga 0.35+0.12 3.45+0.26 0.29+0.11

In 3.57+0.22 6.55+1.88 2.04+£0.95

The concentration of scandium, titanium, vanadium, chromium, manganese, cobalt, nickel and
zinc in the selenium was determined to be low in both the selenium dioxide and in the reduced
selenium from both reduction reactions. The iron concentration was higher for the reduced
selenium than for the selenium dioxide, which shows that the contamination was introduced
during the reduction step. The concentrations of copper, indium and gallium were determined
to be higher than for the other elements, but the separation was still very good. Using the
concentrations of the analyzed impurities the purity of the recycled selenium was calculated
and can be seen in Table 6.3. The purity with respect to the critical elements, scandium,
titanium, vanadium, chromium, manganese, iron, cobalt, nickel and zinc, was higher than
99.999 wt% for all three analyzed materials. The concentration of copper, indium and gallium

in the recycled selenium was higher than the concentration of the critical elements, but the
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overall purity was still higher than 99.99 wt%. A comparison between the two different

reduction methods showed that the Riley reaction resulted in a somewhat lower purity.

Table 6.3 Purity of the selenium dioxide from the oxidation and for the recycled selenium with respect

to *Sc, T1, V, Cr, Mn, Fe, Co, Ni and Zn, ** Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Zn, Cu, Ga and In.

Selenium Selenium - Riley Selenium - Sulphur
dioxide reaction dioxide reaction
(Wt%o) (Wt%o) (Wt%o)

Purity* 99.9998 + 5.53E-05 99.9993 + 1.52E-05 99.9995 + 5.31E-05
Purity** 99.9988 + 7.57E-05 99.9969 + 3.76E-04 99.9987 + 1.19E-04

6.2 Separation of copper, indium and gallium from selenium-depleted CIGS
material using high-temperature chlorination

6.2.1 Initial study on the chlorination treatment using chlorine gas, hydrogen chloride gas
and ammonium chloride
The first chlorination agent to be evaluated was chlorine gas. Fig. 6.5 shows the effect of

temperature on the recovery of copper, indium and gallium when using chlorine gas.

100_ n ; fi\
§ 80 -
>
g 60 B Cu
§ ® QGa
= 40+ In
S |
[¢B)
S 20- :

0 - R T T 1
200 400 600 800

Temperature (°C)

Fig. 6.5 Effects of temperature on the recovery of copper, indium and gallium from the starting material

when using chlorine gas as the chlorination agent.

As can be seen, all three elements were recovered between 500 and 700 °C. This meant that no
separation of the elements could be achieved during the chlorination. The result corresponded
well with the result from the thermodynamic calculations (Fig. 3.1), which predicted that
separation of the elements would be difficult when chloride gas was used as the chlorination
agent due to CuClz (s,]) and InCls (s,]) being the stable species at low temperatures. However,
XRD analysis of the residue after treatment at 500 °C showed the same XRD pattern as the
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starting material. In other words, the material had not been chlorinated and it was concluded
that the lack of separation between the elements was due to the high temperature needed for
the chlorination reactions to start. The reason for the deviation is probably that even if the
chlorinated species are thermodynamically stable at low temperatures the kinetics of the
chlorination reaction is slow. The high recovery yields (nearly 100 % for all three elements) at
higher temperatures indicate complete chlorination of the starting material. This complete
chlorination shows that it may still be possible to achieve separation of the elements by treating
the chlorinated product in a subsequent separation step, as described by Ohwa et al. [66].

As mentioned above, the reaction temperature needed for chlorination could possibly
be lowered for some or all of the elements in the starting material by carbochlorination and,
according to the thermodynamic calculations (Fig. 3.2), the separation of the elements could
therefore potentially be improved. The results from the carbochlorination tests, shown in Fig.
6.6, show that indium and gallium were recovered at significantly lower temperatures while

the effect on copper was not as pronounced.
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Fig. 6.6 Effects of temperature on the recovery of copper, indium and gallium when using chlorine gas

as the chlorination agent and adding 0.1 g of carbon to the staring material.

At 500 °C, 80 % of the indium and gallium were recovered while only 10 % of the copper was
recovered. This meant that, while no separation at all was achieved between indium and
gallium, a relatively good separation could be achieved between copper and these elements.
The result for gallium did not agree with the equilibrium calculation results, which suggested
that gallium could be recovered at lower temperatures. Again, the deviation was attributed to
the slow kinetics of the chlorination reaction at low temperatures.

The second chlorination agent to be evaluated was hydrogen chloride gas and the
recovery of the respective elements as a function of chlorination temperature can be seen in
Fig. 6.7.
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Fig. 6.7 Effects of temperature on the recovery of copper, indium and gallium when using hydrogen

chloride gas as the chlorination agent.

As predicted by the thermodynamic calculations, chlorination with hydrogen chloride gas gave
good separation between the elements, especially for gallium, which was recovered at
temperatures below 300 °C while indium and copper were recovered above 350 and 400 °C,
respectively. However, only around 80 % of the gallium and the indium was recovered at 600
°C, indicating that the starting material was not completely chlorinated. This was further proven
by XRD analysis (Fig. 6.8), which showed that the residues after chlorination still contained

oxides of copper, indium and gallium.
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Fig. 6.8 XRD pattern for the residue after chlorination with hydrogen chloride gas at 600 °C.
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An explanation for the incomplete chlorination could be that the water formed during

chlorination with hydrogen chloride gas (see Fig. 3.3 above) causes agglomeration of the
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starting material. The agglomerates found in the material were relatively hard, indicating that
the particles had also been sintered to some extent. The agglomeration and sintering may
subsequently lead to incomplete chlorination due to insufficient contact between the starting
material and the hydrogen chloride gas.

The final chlorination agent to be tested was ammonium chloride. The effect of

temperature on the extraction of the elements is shown in Fig. 6.9.

100 ¢ 60 406040
—_ i
S 80- i
> : y
g 60 [} B Cu
§ ) ® Ga
= 40 * In
©
g ¢
= 20 .
0 ,l‘—" - . ! T T T 1
200 400 600 800

Temperature (°C)

Fig. 6.9 Effects of temperature on the recovery of copper, indium and gallium when using ammonium

chloride as the chlorination agent.

As can be seen in the figure, all of the gallium was recovered at 350 °C and since the copper
recovery started at 400 °C it could be concluded that complete separation of gallium and copper
could easily be achieved. Indium recovery started at 300 °C and a pure gallium fraction,
corresponding to 35 % of the gallium, was recovered at 250 °C. This indicates that if the
material is completely chlorinated at 250 °C complete recovery of the entire gallium content
should be possible if the volatilization of the gallium chloride is allowed to proceed for a longer
time. The same is true for the separation of indium from copper at 350 °C. It is clear that these
results deviate from those predicted by the thermodynamic calculations (Fig. 3.4). The
separation of indium and gallium was better than predicted. This deviation can be explained by
the formation of species other than those that are included in the HSC database. One example
is the compounds containing ammonium e.g (NHa4)2InCls-H20 found by XRD analysis of the
material from the chlorination experiments (see below). It was also clear that the conditions in
the reactor were not as reducing as predicted and that copper chlorides in gas phase could be
formed. One explanation could be that the formation of ammonium containing compounds
reduces the amount of free ammonium, and consequently the amount of hydrogen gas, in the
atmosphere. To determine if the chlorination of the starting material was complete at low
temperatures the residue after chlorination at 250 °C was analysed with XRD. The XRD pattern
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seen in Fig. 6.10 indicates that the residue contained the indium chlorides In3InCls and
(NHa4)2InCls-H20, along with the copper chlorides CuCl and CuClz. The XRD pattern also
suggests the presence of CulnO2, which indicates that some of the starting material was not
chlorinated at 250 °C.
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Fig. 6.10 XRD pattern for the residue after chlorination with ammonium chloride at 250 °C.
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CulnO:2 was not present in the starting material before chlorination, but it might have formed
from one of the oxides as a result of a change in crystal structure. The absence of compounds
containing gallium in the residue was probably due to the concentration being below the
detection limit of the XRD. Therefore the presence of gallium compounds that had not been
chlorinated could not be ruled out. At the same time Fig. 6.9 shows that gallium, indium and
copper were completely recovered at 350, 550 and 800 °C, respectively. This means that the
materials containing the different elements were completely chlorinated at these temperatures.
Compared to hydrogen chloride gas, ammonium chloride gave a higher reaction yield, even
though hydrogen chloride works as the chlorination agent in both cases. The reason is most
likely that the ammonium chloride was mixed with the starting material, thus giving a good
contact between reactants.

The results for the three different chlorination agents were evaluated and ammonium
chloride was determined to be the most promising for further process development. Hydrogen
chloride gas gave the most efficient separation between the elements, but due to a metal
recovery of less than 100 % of the starting material, hydrogen chloride gas was considered less
suitable for further process development in comparison to the other reagents. One way to solve
the problem of incomplete chlorination could be to reprocess the material with the next batch
of starting material; however this was not investigated. Of the two remaining chlorination

agents, ammonium chloride gave a better separation of the elements compared to chlorine gas.
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In addition, ammonium chloride is less expensive and easier to handle than both of the gases,

which are very corrosive.

6.2.2 Study of the overall kinetics of the recovery of copper, indium and gallium from
oxidation residues using ammonium chloride as the chlorination agent

The recovery of gallium, indium and copper from the starting material, i.e. selenium-depleted
CIGS waste material, as a function of time and at different temperatures is shown in Figs. 6.11,

6.12 and 6.13, respectively.
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Fig. 6.11 Recovery of gallium as a function of time at temperatures between 220 and 340 °C.
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Fig. 6.12 Recovery of indium as a function of time at temperatures between 260 and 540 °C.
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Fig. 6.13 Recovery of copper as a function of time at temperatures between 340 and 560 °C.

The evaporation of the gallium chlorination product (see Fig. 6.11) started at 220 °C and
gallium was completely recovered after 2 h at 340 °C. The recovery of indium (Fig. 6.12), on
the other hand, started at 260 °C, while evaporation of copper chloride (Fig. 6.13) was obtained
at temperatures above 340 °C. Indium was completely recovered after 2h at 540 °C and the
study was therefore stopped at 560 °C. It can be seen for all three elements that the recovery
increased with temperature. At low temperatures the evaporation of chlorides increased linearly
with time, as could be expected, but above a certain temperature the recovery did not increase
with time. This indicates that either:

(1) the chlorination of the starting material was incomplete, or

(2) the diffusion of the formed chlorides was hindered by some change in the solid material, or
(3) the atmosphere in the reactor had been saturated with the chlorides.

Due to the gas flow through the reactor the latter explanation was considered unlikely to
completely stop the recovery. In addition, higher temperatures give a higher gas flow rate in
the reactor and this means that the higher the temperature the lower the likelihood of saturation
should be. Since the ammonium chloride is liquid at temperatures above approximately 300 °C
it is also unlikely that limited diffusion would stop the metal recovery completely. Since the
XRD analysis of the residue after chlorination at 250 °C (Fig. 6.10) suggested that the material
contained oxides, incomplete chlorination of the material was considered to be the most likely
cause of the problem. In addition, XRD analysis showed that the products from the different
experiments contained relatively high amounts of ammonium chloride. Since ammonium
chloride is reformed when ammonium gas and hydrogen chlorine gas is cooled in the cold part
of the reactor this suggested that part of the hydrogen chlorine chlorination agent had been
removed from the reactor before it had time to react. The increasing recovery at higher
temperatures indicates that the chlorination reactions are faster at higher temperatures, allowing

more of the chlorination agent to react before it is removed. It was therefore concluded that the
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chlorination of the starting material needed to be optimized to give complete chlorination at
low temperatures. If the chlorination is complete at low temperatures it should be possible to
separate gallium at 260 °C, since the indium recovery at that temperature is less than 1.5 wt%
after 4 h. In the same way, a good indium separation should be possible at 340 °C, since the
copper recovery at that temperature is less than 2 % after 8 h. However, good separation
requires that the time needed for complete recovery of gallium and indium, respectively, is

relatively short.

6.2.3 Optimization of chlorination with ammonium chloride using Ga>Oz as a model
compound
The recovery of gallium from Ga203 at 260 °C as a function of time and ammonium chloride

addition is shown in Fig. 6.14.
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Fig. 6.14 Gallium recovery as a function of time at 260 °C after addition of (1) 3, (2) 6, or (3) 9 moles
of NH4ClI per mole of gallium to 0.07 g of Ga,O3 according to Test 1, 2 and 3 (described in Table 5.1).

The results were compared to the gallium recovery from the starting material at 260 °C (4) taken from

the kinetics study.

The results showed that a larger addition of ammonium chloride resulted in a higher recovery
of gallium, and with addition of 9 moles of chloride per mole of gallium (Fig. 6.14, curve (3))
the recovery was almost 90 %. XRD analysis of the residues after the tests showed that the
remaining gallium was in the form of gallium oxide, and not gallium chloride, and that no
ammonium chloride remained in the residues. This confirmed that the incomplete gallium
recovery was due to incomplete chlorination and not to slow evaporation of the chloride that
was formed. However, since the treatment of the starting material (Fig. 6.14, curve (4)) resulted
in higher gallium recovery than treatment of gallium oxide with the same gallium to ammonium

chloride ratio (Fig. 6.14, curve (1)), experiments were also performed with an addition of
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aluminium oxide to the gallium oxide, to simulate the diffusion in the starting material. The

results from those experiments are presented in Fig. 6.15.
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Fig. 6.15 Gallium recovery as a function of time at 260 °C from 0.07 g of Ga,03 mixed with (1) 3 moles
of NH4Cl per mole of gallium (Table 5.1, Test 1), (2) 3 moles of NH4Cl per mole of gallium and 0.4 g
ALO; (Table 5.1, Test 4), (3) 3 moles of NH4Cl per mole of gallium and 0.9 g Al,O; (Table 5.1, Test
5), (4) 6 moles of NH4Cl per mole of gallium and 0.9 g AL,Os (Table 5.1, Test 6) and (5) 9 moles of
NH,4Cl1 per mole of gallium and 0.9 g A1,O; (Table 5.1, Test 7).

As can be seen, an addition of 0.4 or 0.9 g of aluminium oxide to the gallium oxide (Fig. 6.15,
curve (2) and (3), respectively) increased the gallium recovery compared to the result in
experiments with only gallium oxide (Fig. 6.15, curve (1)). This indicates that the aluminium
oxide delays the removal of the hydrogen chlorine gas, allowing it to react for a longer time.
The higher aluminium oxide addition gave a better simulation of the diffusion in the starting
material than the lower addition. The higher amount of aluminium oxide was therefore used to
study the effect of addition of different amounts of ammonium chloride. Also in this case a
higher ammonium chloride addition gave a higher gallium recovery, and 9 moles of ammonium
chloride per mole gallium, together with 0.9 g of aluminium oxide, resulted in 100 % gallium
recovery. The gallium recovery was not improved by mixing gallium oxide, aluminium oxide
and ammonium chloride and pelletizing the material, or by using the aluminium oxide as a
cover. The results from Tests 8-10 in Table 5.1 can be seen in Fig. 7 and Fig. 8 in Paper III.
From the optimization study it was clear that a larger addition of ammonium chloride
gave a higher gallium recovery. A large enough addition of ammonium chloride to samples
similar to the real starting material gave almost complete gallium recovery. Increasing the
sample height, by addition of an inert material also improved the gallium recovery. A more
compact sample only marginally improved the result, since the pellets were ruptured by the gas

evolution.
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6.2.4 Separation of gallium from indium and copper
The temperature chosen for the separation of gallium from the starting material was 260 °C.

Gallium separation using a large addition of ammonium chloride was tested first, see Table
6.4.

Table 6.4 Separation of gallium at 260 °C using one large addition of ammonium chloride.

Temp. Recovery NH4Cl addition Gas flow Metal recovery (wt%b)

(°C)  time (h) (moles/mole metals) (ml/min) Ga In Cu
GS1:1 260 4 9 200 473+4.1 02+£0.1 nd
GS1:2 260 8 9 200 759+29 1.0+0.1 nd
GS 1:3 260 8 9 400 854+19 13+03 nd

In the kinetics study (Fig. 6.11) approximately 76 % of the gallium was recovered after 4 h at
260 °C. By adding more ammonium chloride to the staring material, in accordance with the
result from the optimization study, the recovery was expected to increase. However, when the
separation was tested using 9 moles of ammonium chloride per mole of metals instead of 3
moles (see GS 1:1 in Table 6.4) only 47 % of the gallium was recovered. With the higher
ammonium chloride addition a treatment time of 8 h (GS 1:2) was needed to achieve the same
gallium recovery. It is obvious that the larger amount of ammonium chloride gave a slower
gallium recovery. In addition, a higher gas flow through the reactor (GS 1:3) increased the
gallium recovery to 85 %. This indicates that the lower gallium recovery is most likely due to
saturation of the atmosphere in the reactor impeding the evaporation of the chlorides. GS 1:3
gave a gallium fraction containing 90.5 + 3.7 wt% gallium and 9.5 + 2.0 wt% indium. The
copper recovery was below the detection limit of the ICP-OES.

To obtain a complete chlorination of the starting material and at the same time have a
reasonable recovery time, three smaller additions of ammonium chloride to the starting
material, at 2 h intervals, was tested. The results can be seen in Fig. 6.16. When the results for
GS 2:1 (Fig. 6.16, curve (1)), where no extra ammonium chloride was added, were compared
with the results for GS 2:2 (Fig. 6.16, curve (2)) and GS 2:4 (Fig. 6.16, curve (3)) it was seen
that additions of 3 moles of chloride per mole of metals after 2 and 4 h lowered the gallium
recovery, while addition of 1 mole of chloride per mole of metals increased the gallium
recovery. As an explanation it was suggested that the larger ammonium chloride additions,
despite the gas flow through the reactor, saturated the atmosphere in the reactor and thus
hindered the evaporation of the metal chlorides. Smaller additions, however, gave the desired

effect of increased chlorination in the reactor without impeding the chloride evaporation.

48



100

(o)
(]
1

Gallium recovery (%)
[*))
S

N
o
1

[y}
=]
1

O T T T T T T T T T T T
0 1 2 3 4 5 6

Time (h)
Fig. 6.16 Gallium recovery as a function of time at 260 °C and a gas flow of 200 ml/min when adding
(1)3;0;0,(2)3;3;3,(3) 3; 1; 1 or (4) 3; 0; 3 moles of chloride per mole of metals after 0, 2 and 4 h,
respectively, according to GS 2:1, GS 2:2, GS 2:4 and GS 2:3 as described in Table 5.2.

In GS 2:3 (Fig. 6.16, curve (4)) mixing the material after 2 h, without adding ammonium
chloride, did not increase the gallium recovery compared to GS 2:1 (Fig. 6.16, curve (1)) where
the material was not mixed. This indicates that the gallium recovery is not controlled by
entrapment of gaseous species in the material. The results from tests with different carrier gas

flows showed that a higher gas flow did increase the gallium recovery (Fig 6.17).
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Fig. 6.17 Gallium recovery as a function of time and gas flow through the reactor at 260 °C. The
ammonium chloride addition corresponded to 3, 1 and 1 moles of chloride per mole of metals after 0, 2
and 4 h, respectively (see GS 2:4-2:6 in Table 5.2).

A gas flow of 400 ml/min gave a gallium recovery of 95 % after 4 h and greater than 97 %
after 6 h.
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6.2.5 Separation of indium and copper
After removing the gallium from the starting material, indium separation was performed at 340
°C. Indium separation from the residue from the gallium separation using one large addition of

ammonium chloride (GS 1:3) was tested first. The results are presented in Table 6.5.

Table 6.5 Separation of indium at 340 °C from the gallium separation residue (GS 1:3) using a large

addition of ammonium chloride.

Temp. Recovery NH4Cl addition Gas flow  Metal recovery (wt%o)

(°C) time (h)  (moles/mole metals) (ml/min)  In Cu
IS1:1 340 4 0 200 52.1+£2.5 1.4+0.3
1IS1:2 340 8 0 200 52.6+1.9 22+0.3
1IS1:3 340 8 13.5 200 75.6+£2.8 27+04
1IS1:4 340 8 13.5 400 81.6 £2.4 3.1+0.7

The first indium separation test (IS 1:1) was made without adding any additional ammonium
chloride to the material. After 4 h just over 50 % of the indium in the starting material was
recovered. In the kinetics study (Fig. 6.12) only 34 % of the indium was recovered after 4 h at
340 °C. The increase in indium recovery is probably due to increased chlorination of the indium
achieved during the previous optimized gallium separation step. Increasing the recovery time
to 8 h (IS 1:2) did not improve the indium recovery. This indicated that the indium had not
been completely chlorinated after treatment at 260 °C for 8 h. Addition of 13.5 moles of
ammonium chloride per mole of metals (indium and copper) to the gallium separation residue
before the indium separation gave a higher indium recovery, and a higher gas flow improved
the recovery further. By treating the material for 8 h at 340 °C, after addition of 13.5 moles of
ammonium chloride per mole of metals and using a gas flow of 400 ml/min, around 81 % of
the indium could be recovered. At the same time 3 % of the copper was recovered and the
gallium remaining in the residue was also recovered. The resulting indium fraction contained
96.2 + 4.4 wt% indium, 2.3 £ 0.5 wt% copper and 1.4 + 0.3 wt% gallium, and the remaining
copper fraction contained 76.4 + 0.6 wt% copper and 23.6 + 0.4 wt% indium.

Indium was next separated from the second set of gallium separation residues where
several smaller additions of ammonium chloride after 0, 2 and 4 h and a gas flow of 200 ml/min
had been used. Different ammonium chloride additions were tested in order to determine the
effect on the indium separation, see Fig. 6.18. It can be seen that in all cases the indium recovery
increased compared to the indium recovery from the kinetics study. Again this was attributed
to the increased chlorination of the indium during the previous gallium separation. The figure
also shows that larger ammonium chloride additions gave a higher indium recovery and that
only mixing the material after 2 h (Fig. 6.18, curve (2)), without adding ammonium chloride,

did not result in any additional indium recovery during the subsequent 2 h treatment.
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Fig. 6.18 Indium recovery from the gallium separation residue (GS 2:4) as a function of time at 340 °C
and a gas flow of 200 ml/min when adding (1) 0; 1.1; 1.1, (2) 3.4; 0 (mixing); 3.4 or (3) 3.4; 3.4; 3.4
moles of chloride per mole of metals remaining in the residue from the gallium separation after 0, 2 and
4 h, respectively (see IS 2:1-2:3 in Table 5.3). (4) The indium recovery from the kinetics study where
the starting material was mixed with 3 moles of chloride per mole of metals and treated directly at 340

°C with a gas flow of 200 ml/min.

The effect of the gas flow on the indium recovery was also investigated. The results are shown
in Fig. 6.19.
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Fig. 6.19 Indium recovery as a function of time and gas flow through the reactor at 340 °C. The residue
from the gallium separation was mixed with ammonium chloride, corresponding to 3.4 moles of
chloride per mole of metals, after 0, 2 and 4 h (see IS 2:3-2:5 in Table 5.3). The number in brackets is

the gas flow used during the previous gallium separation step.
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From the results it was clear that a higher gas flow increased the indium recovery and that a
higher gas flow during the preceding gallium separation gave a lower indium recovery. The
highest indium recovery (93.6 + 2.1 %) was achieved when a gas flow of 200 ml/min was used
for the gallium separation and a gas flow of 400 ml/min was used for the indium separation.
Other tests revealed that other factors, e.g. the amount of ammonium chloride added during the
gallium separation, also affected the indium recovery. In the development of a process, the fact
that the settings used for the gallium separation affect the indium separation needs to be taken

into account.

6.2.6 Analysis of the composition of the separated metal fractions

The goal in this study was to achieve metal fractions containing less than 1 wt% of each of the
other elements [179]. The compositions of the separated gallium and indium fractions were
determined for GS 2:4 and IS 2:4, which gave the highest gallium and indium yields. The
composition of the recovered gallium fraction was 90.6 + 3.7 wt% gallium and 9.4 + 2.7 wt%
indium. The copper content was below the detection limit for the ICP-OES. The small amount
of selenium remaining in the starting material after the selenium separation was separated
together with the gallium. This was not seen as a problem, since the selenium can easily be
removed by precipitation, followed by filtration. The remaining gallium in the residue after GS
2:4 and a small fraction of the copper was recovered together with the indium in IS 2:4. The
resulting indium fraction contained 97.7 + 9.1 wt% indium, 2.2 + 0.2 wt% copper and 0.1 +
0.01 wt % gallium. The copper fraction remaining after separation of gallium and indium
contained 90.0 £+ 0.7 wt% copper and 10.0 + 0.6 wt% indium. The gallium content was below
the detection limit of the ICP-OES.

These results show that good separation between gallium and copper can easily be
achieved and that, due to the almost complete recovery of gallium, the gallium content in the
recovered indium was well below the target of 1 wt%. The indium content in the gallium and
copper fractions, and the copper content in the indium fraction was, however, higher than the
target value. It can also be seen that the more complete recovery of gallium and indium resulted
in better separation of the elements than GS 1:3 (see Section 6.2.4) and IS 1:4 (see Section

6.2.5), which gave the best recoveries of the elements in the first set of separation tests.

6.2.7 Process development considerations

It is clear that a relatively large amount of ammonium chloride is needed to achieve complete
chlorination of the selenium-depleted CIGS starting material and obtain a good recovery of the
metals. In an industrial process the amount of ammonium chloride needed could be lowered by
recycling the ammonium chloride-rich products from the different separation steps back into
the system. Adding all of the ammonium chloride at once gave a slow recovery of both gallium
and indium, due to saturation of the atmosphere in the reactor. Increasing the gas flow through

the reactor increased the recovery rate of the metals, but faster and almost complete recovery
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could only be achieved when the ammonium chloride was added in several smaller batches. In
this study the time the material was heated between the ammonium chloride additions was
relatively long (2 h). Perhaps the recovery time needed could be shortened by adding the
ammonium chloride at more frequent intervals. The amount of ammonium chloride added in
each batch also affected the metal recovery and an optimum amount will have to be found if
an industrial process is to be developed. Another important finding was that the parameters
used in the gallium separation step (gas flow, ammonium chloride addition etc.) affected the
indium separation. Therefore first optimizing the gallium separation and then the indium
separation might not give the optimum result for both metals. Almost complete recovery of
gallium and indium from the selenium-depleted CIGS material was achieved in the separation
study, but the gallium and copper fractions contained approximately 10 wt% indium and the
indium fraction contained 2 wt% copper. To further separate the elements in an industrial
process the metal factions could be distilled again.

It is apparent that the tube furnace design used in this study is unsuitable for further
process development. For scaling up a larger furnace in which more material can be treated at
once is needed. Easy collection of the separated metal fractions and the possibility to add
ammonium chloride during the heating is required. In addition, easy recycling of the products
is needed to lower the ammonium chloride consumption and to achieve better separation of the

elements.
6.4 Dissolution of the selenium-depleted CIGS material

6.4.1 Direct dissolution in mineral acids

The dissolution of the selenium-depleted CIGS material in hydrochloric, nitric or sulphuric
acid is presented in Fig. 6.20. As can be seen, hydrochloric acid is the most efficient followed
by sulphuric acid. It is also clear that the copper oxides in the material are more easily dissolved
than the gallium and indium oxides, which is in accordance with the literature values discussed
in Section 2.10.2. Based on these results further studies were performed to examine dissolution
in hydrochloric acid at different concentrations and over a longer period of time, see Fig. 6.21.
From the tests it was obvious that dissolution at room temperature was slow even in 6 M
hydrochloric acid and that complete dissolution could only be achieved after 96 h in 6 M
hydrochloric acid. To increase the dissolution rate the temperature was increased to 75 °C, see
6.22. As expected the temperature increase greatly improved the dissolution and complete
dissolution could be achieved after 2 h in 3 M hydrochloric acid. In 1 M hydrochloric acid
almost complete dissolution was achieved for copper and gallium while only 92 % of the
indium was dissolved. The small amount of selenium still present in the selenium-depleted
material was precipitated as black selenium during the dissolution and could easily be separated

by filtration.
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Fig. 6.20 Dissolution of copper, indium and gallium from selenium-depleted CIGS material in 6 M (a)

hydrochloric, (b) nitric or (c¢) sulphuric acid as a function of time.
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Fig. 6.21 Dissolution of copper, indium and gallium from selenium-depleted CIGS material in (a) 1 M,

(b) 3 M and (¢) 6 M hydrochloric acid as a function of time.
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(b) 3 M and (c) 6 M hydrochloric acid at 75 °C as a function of time.

6.4.2 Dissolution of pre-chlorinated material

Dissolution of the pre-chlorinated material was tested in water, 0.1 M hydrochloric acid, 0.1 M
sulphuric acid, 0.1 M nitric acid and 1 M hydrochloric acid, see Fig. 6.23. As can be seen in
the figure, the material completely dissolved in all of the tested solutions within 30 min. In
water, however, the gallium concentration decreased drastically after 4 h and at the same time
a precipitate (probably GaO(OH), which starts forming above pH 6 [39]) could be seen in the
solution. It was therefore concluded that all of the tested media, except water, could be used

for dissolution. Also in this case the selenium precipitated and could be separated from the

solutions by filtration.
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Fig. 6.23 Dissolution of copper, indium and gallium from pre-chlorinated, selenium-depleted CIGS
material in (a) water, (b) 0.1 M hydrochloric acid, (c) 0.1 M sulphuric acid (d) 0.1 M nitric acid or (e)

1 M hydrochloric acid as a function of time.

6.4.3 Process development considerations

In industrial processes it is beneficial to treat process flows that have a high metal content. In
the future it will therefore be necessary to test if the different dissolution methods can be used
to produce concentrated metal solutions. The choice of dissolution method will also be
dependent on the subsequent separation method used (e.g. solvent extraction or
electrodeposition), since the separation method might work better for one solution than another.
An iterative optimization of the dissolution and separation processes will therefore probably

be necessary to achieve the best metal separation. Since both dissolution methods require
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heating the energy consumption of the overall process also needs to be compared to demine

which is the most energy efficient.

6.5 Separation of copper, indium and gallium using solvent extraction

6.5.1 Screening of different extractants

The results from the screening study are presented in Fig. 6.24.
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Fig. 6.24 Distribution ratio of copper, indium and gallium (4 mM) after extraction with 0.2 M of (a)
LIX984, (b) TBP, (c) TOPO, (d) Cyanex 923, (¢) D2EHPA or (f) Cyanex 272 in kerosene, as a function

of hydrochloric acid concentration in the aqueous phase.
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One parameter which was not examined in this study was the extraction of acid from the
aqueous phase into the organic phase. The acid extraction is of great importance in an industrial
process since it lowers the extraction efficiency and affects e.g. the phase ratio and the pH of
the aqueous solution. Several of the tests did not result in any detectable extraction and these
points have been omitted from the figure. One such example is extraction with TBP which only
resulted in extraction of indium and gallium from a 6 M chloride solution. The difference in
D-value indicates that TBP could be used to separate gallium from indium and copper. LIX
984 extracts copper at low hydrochloric acid concentrations, while D2EHPA extracts indium
and gallium. However, the most promising results were achieved with TOPO and Cyanex 923,
which extract only indium at low hydrochloric acid concentrations, indium and gallium at 1 M
and all three elements at 3 and 6 M. This extraction behaviour could be used to extract all
elements from a high acid concentration solution and then separate the elements by selective
stripping. Such an approach ensures that no manipulation of the solution used for dissolution
is needed to achieve separation of the elements. Since extraction from the 6 M hydrochloric

acid resulted in the formation of a third phase the 3 M solution was chosen for further studies.

6.5.2 Investigation of extraction kinetics using TOPO and Cyanex 923
The kinetics of the extraction of copper, indium and gallium from 3 M hydrochloric acid with
TOPO and Cyanex 923 was explored. The results from the experiments showed that

equilibrium was obtained within 5 min.

6.5.3 Selective stripping of extracted metals
Distribution ratios for the stripping of the metals extracted from the 3 M hydrochloric acid
solution with TOPO or Cyanex 923 are show in Table 6.6.

Table 6.6 D-values for the stripping of copper, indium and gallium from 0.2 M solutions of TOPO or

Cyanex 923 in kerosene with different stripping solutions.

Extractant  Stripping solution Dcy Din Dga

TOPO Water 0.1£0.05 12 +£0.7 0.06 £ 0.05
Cyanex 923 Water 0.1 £0.05 10£04 0.04 +0.01
TOPO 0.1 M HCl 0.05+0.01 47+2 0.03+0.03
Cyanex 923 0.1 M HC1 0.05+0.04 42+1 0.05 +0.02
TOPO 0.8 M HCl 0.10+£0.01 163+7 1.9+0.1
Cyanex 923 0.8 M HC1 0.07+£0.05 143+5 1.8+0.1
TOPO 3 M HCI 0.8+0.1 224 + 38 516 + 88
Cyanex 923 3 M HCI 0.85+0.02 307 +80 996 + 379
TOPO 0.2 M EDTA 025+0.13 048+0.05 0.01+0.05
Cyanex 923 0.2 M EDTA 0.13+0.11 0.17+0.05 0.01 £0.05
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In this study only a few stripping phases were tested, however, several other solutions would
be of interest for future studies. As an example, stripping with sulphuric acid solutions would
be beneficial for a subsequent electrodeposition step. Complexation with EDTA was tested for
stripping of indium, since both TOPO and Cyanex 923 gave a distribution ratio above 10 when

stripping with water.

6.5.4 Modelling of a possible separation method

The distribution ratios presented in Table 6.6 were used in a simulation of the suggested solvent
extraction separation process in Fig. 6.25. Cyanex 923 was chosen for the simulation as it was
determined to be the most suitable extractant for separation of the elements. The aqueous feed
was assumed to be provided by the dissolution of the selenium-depleted CIGS material in a
suitable hydrochloric acid media. In the first stripping step 3 M hydrochloric acid was used to
strip copper. For gallium stripping (Strip 2) the simulation was run with both 0.1 and 0.8 M
hydrochloric acid. The best separation of the elements was achieved with the 0.1 M solution.

In the final stripping step 0.2 M EDTA was used to recover indium.
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Fig. 6.25 Flowchart of the suggested process for the separation of copper, indium and gallium with

VE(aq) XR Cu

3 ZF3

solvent extraction using 0.2 M Cyanex 923 in kerosene as the organic phase and a 3 M hydrochloric
acid solution containing the dissolved selenium-depleted material as the aqueous phase. The notations
include volume flow (V), aqueous fraction (X and Z) and organic fraction (Y). The indices denotes feed
(F), extract (E), strip (S) or raffinate (R and P;).
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The results from the simulation are presented in Table 6.7.

Table 6.7 Metal composition of the separated fractions after simulation of the suggested solvent

extraction process.

NE Mss  Ms2  Ms3  Process Fraction Cu (Wt%) In (wt%) Ga (wt%)
Extraction  Xrcu 98.8 1.1 0.1

. | . | Strip 1 ZpiCu 97.5 24 0.1
Strip 2 Zp2 Ga 39.8 8.4 51.8
Strip 3 Zp3in 0.5 98.7 0.8
Extraction  Xrcu 98.8 1.1 0.1
Strip 1 Zicu 98.1 1.8 0.1

1 2 2 1 ]
Strip 2 72 Ga 28.7 9.7 61.6
Strip 3 Z3n 0.0 99.9 0.1
Extraction  Xrcu 98.8 1.1 0.1
Strip 1 Zicu 98.3 1.6 0.1

1 3 3 1 ]
Strip 2 72 Ga 21.6 10.7 67.7
Strip 3 Z31n 0.0 100.0 0.0

The simulation shows that separation of copper, indium and gallium with the suggested solvent
extraction process might be possible if the process parameters are optimized further. As can be
seen, a pure indium fraction containing most of the indium can be achieved and the raffinate
from the extraction step contains most of the copper, with only small contaminations of indium
and gallium. To obtain a lower copper content in the gallium fraction the co-extraction of
copper needs to be lowered or the scrubbing of copper in the first stripping step has to be
improved. The indium content in the gallium fraction is also too high and needs to be lowered.
To improve the separation of the elements the extractant and metal concentrations, along with
the phase ratios in each step, could be varied. Other stripping phases, especially for the selective
stripping of gallium, could also be investigated. Finally, experiments will have to be done on
concentrated metal solutions from the dissolution of selenium-depleted CIGS material to

ensure that the extraction process can be used on an industrial scale.
6.6 Electrochemical separation of copper, indium and gallium

6.6.1 Cyclic voltammetry

The results from the cyclic voltammetry experiments are presented in Fig. 6.26.
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Fig. 6.26 Voltammogram for 0.05 M (a) copper(Il), (b) indium(III) and (c) gallium(III) in an electrolyte
of 1 M HCI (d). The solutions were analyzed using a scan rate of 100 mV/s.

The cyclic voltammogram recorded for copper is shown in Fig. 6.26a. In the figure two
cathodic voltammetric waves (A and A’) can be seen, at approximately 0.25 and -0.25 V. The
reduction of copper (I) to copper (I), according to Reaction 3.19, explains the first reduction
wave (A) in the cyclic voltammogram. The second larger reduction wave (A’) is the combined
result of the reduction of copper(I) and copper(Il) to copper(0), according to Reaction 3.20 and
3.14, respectively. The shift in the potential needed for copper reduction to more negative
values compared to the standard reduction potential is due to the factors discussed in the theory
section. As an example, the complexes formed in chloride solution are more stable than the
hydrated complexes in a pure water solution. In the reversed scan copper(0) on the electrode is
oxidized, giving rise to the first metal stripping peak (B) at 0 V. Depending on the chloride
concentration copper(0) is either oxidized to copper(I) or directly to copper (II) [180]. Above
1 M chloride copper(l) is the dominating species and this gives rise to the second metal
stripping peak (B’), at 0.3 V, as copper(]) is oxidized to copper(Il).

For indium(III) (Fig. 6.26b) the cathodic voltammetric wave at -0.8 V that was seen in
the cathodic scan was attributed to the reduction of indium(IIl) by Reaction (3.15). In the
reverse scan the oxidation of the formed indium metal gave one anodic wave at -0.6 V. The
difference in potential between the reduction of copper(Il) and indium(III) indicated that a

separation of copper from indium could be achieved by electrodeposition of copper.
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For gallium(IIl) (Fig. 6.26¢) only reduction of water at potentials below -1 V was
observed, even though the potential window was extended to -1.5 V. The result was the same
as for the electrolyte without any metal species (Fig. 6.26d). It is clear that the actual reduction
potential for gallium requires large overpotentials and that these results agree well with those
reported by other authors cited in the theory section. This means that it is difficult, or even
impossible, to electrowin gallium from this solution and that the separation of indium from
gallium by electrodeposition should be easily achieved.

To investigate if the reduction potential of copper was influenced by indium and
gallium a solution containing all three elements was analysed. The results presented in Fig.
6.27 show that the reduction potentials for copper(Il) and indium(IIl) were the same in the
solutions containing all three elements as in the solutions containing only copper or indium. In
the reverse scan the indium oxidation wave was less pronounced and an additional wave could
be seen before the anodic copper wave. The additional wave can be explained by the selective
oxidation of indium from an alloy containing copper and indium [181]. This explanation was
supported by the agreement between the decrease in area of the indium roxidation wave and
the area of the additional wave. From Fig. 6.27 it could be concluded that a suitable potential
for electrodeposition of copper was -0.5 V vs. the reference. To mimic a solution after copper
separation a solution containing indium(III) and gallium(IIl) was analyzed. The result was the
same as for a solution containing only indium(III) and a suitable reduction potential for indium

was determined to be -0.9 V.
104

Current (mA)

-10 1

-151

20 05 00 05 10
Potential (V vs. Ag/AgCl)
Fig. 6.27 Voltammogram of a solution containing copper(Il), indium(Ill) and gallium(III) (blue)

compared to a solution containing only copper(Il) (black) or indium(IIl) (red) at a scan rate of 100
mV/s.

Before the separation tests, Solution 2 and 3 were tested with cyclic voltammetry to
determine if the same copper reduction potential as for Solution 1 could be used. While the

voltammogram for Solution 2 was slightly distorted, the voltammogram for Solution 3 was
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similar to that obtained for the synthetic solution. Both analyses showed that the same copper
reduction potentials could be used. After the separation of copper the solutions were analysed
again to determine if the indium reduction potential needed to be modified. The cyclic
voltammogram had the same shape as that of the synthetic solution containing only indium

(and gallium) and the same indium reduction potential could be used.

6.6.2 Electrochemical separation of copper, indium and gallium from a synthetic chloride
solution

The copper deposition formed during 8 h of copper electrodeposition from the synthetic
chloride solution (Solution 1) is shown in Fig. 6.28. The deposit had a highly dendritic and
powdery morphology, which is typical for electrodeposition of copper from chloride solutions
[132, 135].

] T
1 2

A

Fig. 6.28 Copper metal from electrodeposition from the synthetic solution (Solution 1), containing

copper(Il), indium(IIT) and gallium(III) in 1 M HCI, using a potential of -0.5 V.

The concentrations of metals in the solution and the current during the deposition are shown
in Fig 6.29. The increase in cathodic current during the first 3 h is due to the increase in
electrode surface due to the dendritic nature of the copper deposit. After approximately 5.5 h
the solution lost its blue colour and ICP-OES analysis (Fig. 6.29a) after 6 h showed no
significant traces of copper in the solution. The current (Fig. 6.29b) was basically 0 after 6 h.
The copper yield was determined to be 99.8 + 0.3 % and the indium and gallium concentrations
in the copper deposit were below the detection limit of the ICP-OES. From the
chronoamperogram (Fig. 6.29b) the charge passed during electrodeposition (Q) was
determined by calculating the peak area using the trapezoidal rule. The current efficiency was
determined by Equation 3.22 to be 46.3 + 2.0 %.
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Fig. 6.29 Electrochemical separation of copper from Solution 1: (a) the metal concentration in the
solution relative to the original concentration as a function of time, (b) the current passed through the

circuit as a function of time.

Electrodeposition of indium from the copper-depleted synthetic solution for 8 h resulted
in the indium deposit seen in Fig. 6.30.

R
wwors, 2

Fig. 6.30 Indium metal from electrodeposition from the copper-depleted synthetic solution after copper

separation using a potential of -0.9 V.

Analysis of the metal concentrations in the solution during the experiment, presented in Fig.
6.31a, showed that no gallium was removed from the solution, while the indium concentration
decreased steadily. After 8 h the indium concentration had decreased to 1.6 = 0.2 % of the
original concentration and the indium yield was determined to be 98.4 + 0.2 %. ICP-OES
analysis of the indium deposit showed no traces of copper or gallium and it was concluded that
a pure indium fraction had been obtained. The current efficiency for the indium separation was

calculated in the same way as for the copper separation (see above) and was determined to be
65.9£7.2 %.
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Fig. 6.31 Electrochemical separation of indium from the synthetic solution containing copper(Il),
indium(III) and gallium(III) in 1 M HCI (Solution 1): (a) the metal concentration in the solution relative
to the original concentration as a function of time, (b) the current passed through the circuit as a function

of time.

The study of the synthetic solution showed copper and indium separation could be
achieved from chloride solutions. It was also clear that the current was higher during the
electrodeposition of copper and the time needed for complete separation was therefore shorter
for copper than for indium. The area of the copper deposit seems to be larger than the area of
the indium deposit and this could be the reason for the higher rate of reduction. In addition, the
electrodeposition of copper is catalysed by the presence of chloride ions in the solution [174,
175]. The reaction rate of the stepwise reduction of copper(Il) via copper(I), described above,
is higher than the direct reduction to copper(Il). However, a similar catalysing effect has been
indicated for indium [146]. Another reason could be that copper ions, due to a smaller ionic
radius, diffuse faster towards the electrode than indium ions, but stirring of the solution should
practically reduce this difference.

6.6.3 Electrochemical separation of copper, indium and gallium from a solution of
selenium-depleted CIGS waste material dissolved in 3 M hydrochloric acid and hydrogen
peroxide

After the successful separation of copper and indium from the synthetic solution, separation of
copper was performed from Solution 2, which was prepared by dissolution of real waste CIGS
material in 3 M hydrochloric acid with an addition of H2O2 at 75 °C. The results from the
separation tests are shown in Fig. 6.32. Since the current was almost 0 A after 6 h it was
determined that the experiment could be ended after 6 h. After the separation ICP-OES analysis
showed no traces of copper in the solution, while the indium and gallium concentrations in the
solution remained constant. The selenium content in the solution also remained constant, even
though selenium should be co-deposited with copper [170, 182]. The lack of selenium
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reduction might be due to a high stability of the selenium chloride complexes in the solution.
The copper yield was 100.0 + 0.2 % and the concentrations of the other elements in the deposit

were below the detection limit of ICP-OES. The current efficiency was determined to be 51.5
+3.3 %.
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Fig. 6.32. Electrochemical separation of copper from a solution prepared by directly dissolving real
waste material in 3 M HCI with an addition of H,O; at 75 °C (Solution 2): (a) the metal concentration
in the solution relative to the original concentration as a function of time, (b) the current passed through

the circuit as a function of time.

Next, separation of indium was performed from the copper-depleted Solution 2. As can
be seen in Fig. 6.33 the indium concentration decreased during the experiment, while the
gallium concentration remained constant. However, 20.3 + 2.2 % of the indium remained in
the solution after 8 h and the indium yield was only 76.7 + 4.7 %. It can also be seen that the
indium concentration did not decrease linearly and that the current leveled out at approximately
110 mA after 6 h (see Fig. 6.33b). During the experiment an increase in gas production at the
working electrode was observed. The incomplete indium separation and the gas production
could be explained by an increase in proton reduction as the indium concentration decreases,
which in turn leads to a lower indium reduction efficiency [139, 144]. Complete separation of
indium from the solution might therefore be difficult even using longer time periods. The
indium recovery from Solution 2 was lower compared to the indium recovery from Solution 1.
The pH levels of the solutions were relatively similar and could not explain the difference.
Solution 2 could however still contain hydrogen peroxide from the dissolution, which may

influence the reduction of indium. The current efficiency for the indium separation was 68.9 +
2.5 %.
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Fig. 6.33 Electrochemical separation of indium from a solution prepared by directly dissolving real
waste material in 3 M HCI with an addition of H,O; at 75 °C (Solution 2): (a) the metal concentration

in the solution relative to the original concentration as a function of time, (b) the current passed through

the circuit as a function of time.

6.6.4 Electrochemical separation of copper, indium and gallium from a solution of
chlorinated, selenium-depleted CIGS waste material dissolved in 1 M hydrochloric acid

The results for the separation of copper from Solution 3 are shown in Fig. 6.34. Also in this
case the indium and gallium concentrations in the solution remained constant, while the copper
content decreased to below 0.5 % in 4 h. The copper yield after 6 h was 100.1 + 0.5 %. The

indium and gallium content in the deposit was below the detection limit for the ICP-OES and
the current efficiency was 68.5 + 2.5 %.
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Fig. 6.34 Electrochemical separation of copper from a solution prepared by dissolving pre-chlorinated
CIGS waste material in 1 M HCI (Solution 3): (a) the metal concentration in the solution relative to the

original concentration as a function of time, (b) the current passed through the circuit as a function of

time.

67



Finally, indium was separated from the copper-depleted Solution 3 (Fig. 6.35). Less
than 1 % of the indium remained in the solution after 8 h of electrodeposition and the indium
yield was 98.1 £ 2.5 %. The current efficiency for the indium separation was determined to be
61.2 + 1.7 %. Similarly to the indium separation from Solution 2, the current levelled out after
6 h and an increase in hydrogen gas production at the working electrode could be seen as the
indium concentration in the solution decreased. However, in this case the indium separation
was still close to complete and the solution contained less than 1 % of the original amount of
indium. It has been reported that ammonium chloride addition can be used to obtain chloride
solutions with higher conductivity [183]. One explanation for the difference in indium
separation could be that the conductivity of the ammonium chloride-containing solution
(Solution 3) is higher than the conductivity of the hydrogen chloride solution (Solution 2),

leading to a higher current and a higher indium reduction rate.
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Fig. 6.35 Electrochemical separation of indium from a solution prepared by dissolving pre-chlorinated
CIGS waste material in 1 M HCI (Solution 3): (a) the metal concentration in the solution relative to the

original concentration as a function of time, (b) the current passed through the circuit as a function of

time.

6.6.5 Comparison of the morphology of the deposits from electrodeposition of copper and
indium from the different solutions

The morphology of the copper deposits from Solution 2 and 3 was slightly more powdery than
the deposit from Solution 1. It has been shown that higher current densities give rough and
powdery deposits [132, 135] and if Fig. 6.32 and 6.34 are compared with Fig. 6.29 it can be
seen that the current was significantly higher during electrodeposition from Solution 2 and 3
than from Solution 1. The higher current might be due to a higher conductivity of the solutions.
Kekesi et al. have also shown that the stirring rate, the copper and chloride concentrations in
the electrolyte and the temperature influence the morphology of the deposit [135]. In order to

get smooth and dense deposits low hydrochloric acid concentrations, high copper
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concentrations and relatively high temperatures (40-60 °C) should be used. However, if the
hydrochloric acid concentration is too low [135] or the copper concentration too high [132] the
copper deposit is contaminated with CuCl. The weight of the copper deposits formed during
electrodeposition from all three solutions in the present study corresponded well with the
amount of copper measured in solution with ICP-OES. Since no additional material was present
in the deposit it is most likely that no CuCl contamination had been formed. In addition to
optimum current density and concentrations of copper and chloride in the electrolyte, nitrogen
sparging and additions of bone glue could be used to produce more dense and smooth deposits
[132].

The deposits formed during the separation of indium from Solution 2 and 3 had similar
dendritic structures to the one from the synthetic solution (see Fig. 6.30). To decrease the
roughness of the deposits the current density, indium concentration and additives, such as glue,

thiourea and sodium lignin sulphonate, must be carefully selected [147, 183].

6.6.6 Comparison of the current efficiencies for electrodeposition of copper and indium
from the different solutions
According to Kekesi ef al., the current efficiency for copper electrodeposition from chloride
solutions is influenced negatively by a high hydrochloric acid concentration, as the copper
formed is partially re-dissolved. A high current density in a constant current experiment will,
on the other hand, give a higher current efficiency as the re-dissolution is counteracted [135].
The high chloride concentrations in the three solutions tested in this study could explain the
low current efficiencies (46.3 = 2.0 % for Solution 1, 51.5 + 3.3 % for Solution 2 and 68.5 +
2.5 % for Solution 3). The current efficiencies were probably also lowered by particles released
from the working electrode during the experiments. The majority of the particles seemed to be
re-dissolved and no particles could be seen in the solution at the end of the experiment. The
ammonium chloride-containing solution (Solution 3) gave the highest current efficiency for the
copper separation and further optimization of the ammonium chloride and hydrochloric acid
concentrations in the solution and the current density might lead to even higher efficiencies.
From experiments on gallium it has been concluded that a larger current density gives
a higher metal reduction rate, but the current efficiency is affected negatively [151]. Since
indium is similar to gallium this could also be the explanation for the lower current efficiency
for the indium separation from Solution 3 (61.2 + 1.7 %) compared to the other solutions (65.9
+ 7.2 % and 68.9 + 2.5 %). According to Lee et al., current efficiencies over 90 % can be
achieved if the indium concentration is above 0.44 M (50 g/l) while concentrations below 0.26
M (30 g/l) give a decreased current efficiency due to proton reduction [144]. However, when
the goal is to completely deplete the solution the indium concentration will inevitably be below
those concentrations and other means (e.g. optimal current densities) must be used to increase

the current efficiency.
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6.6.7 Process development considerations

From the copper and indium separation studies it can be concluded that the ammonium
chloride-containing solution (Solution 3) is the most promising for further development of an
electrochemical recycling process for the selenium-depleted CIGS waste material. It gave the
highest current efficiency for the copper separation, the highest copper reduction rate and the
best indium separation. In this study the potential was kept constant in order to ensure good
separation of the elements. In future studies, however, the current density should be kept
constant and different current densities should be tested in order to optimize the current
efficiencies and to produce smooth and dense deposits. The hydrochloric acid and ammonium
chloride concentrations in the solution could also be modified and, if necessary, additives could
be used for further improvements.

The difficulty in electrowining gallium from the tested chloride solutions also makes
further development of the process necessary. Since electrodeposition of gallium is often done
from alkaline solutions [65, 87, 148-151, 153, 184-186] one option could be to precipitate the
gallium as gallium hydroxide and then proceed with the electrodeposition from the gallate
(Ga(OH)4") solution formed upon dissolution of the amphoteric precipitate [39].

During electrodeposition from the chloride solutions it was observed that chlorine gas
was produced at the counter electrode. The chloride in the solution oxidizes to chlorine gas

according to Reaction (6.1).
2ClI' — Cl2 (g) + 2¢ (6.1)

This is an unwanted reaction, both because the electrolyte is destroyed and because of the
difficulties related to taking care of the gas produced. To avoid chlorine gas production a two
compartment cell, where the anode is separated from the chloride solution by a membrane,
could be used [147]. As another solution to the problem it has been suggested that the chlorine
gas could be used to regenerate the electrolyte [134]. In our case the chlorine gas could be used
instead of ammonium chloride to chlorinate the oxidized waste material. According to the high-
temperature chlorination study, complete chlorination of the material with chlorine gas is
possible at 750 °C. This would give a highly water-soluble material and solutions similar to the

synthetic solution tested in this study.
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7. Process suggestions

Based on the results from the studies presented in this thesis three different processes can be
suggested, Fig. 7.1-7.3. All three suggestions start with separation of selenium as selenium
dioxide, which has been shown to work well and should be relatively easy to develop on an
industrial scale. After the selenium separation high-temperature chlorination could be used to

recover gallium and indium from the selenium-depleted residue (Fig. 7.1).
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Fig. 7.1 Flowchart of a suggested separation process for CIGS waste material based on the separation
of selenium as selenium dioxide followed by the separation of copper, indium and gallium from the
residual material using high-temperature chlorination and finally electrodeposition for recovery of the

metals.

As described above, the high-temperature chlorination is complex and to achieve complete
separation of copper, indium and gallium the material might have to be processed more than

once. The advantage is that the separation is done in gas phase, similar to the selenium
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separation, and could potentially result in high purity elements if the correct process parameters
are used. However, the difference between this separation method and the selenium separation
is that the impurities, such as iron, also form volatile chlorides, making the purification more
complex. After the separation the sublimated chlorides need to be collected and treated to
recover the elements as metals, unless a method is developed to produce new CIGS raw
material directly from the chlorides. One recovery method that could be used is
electrodeposition, which would be performed under different conditions depending on the
media used for dissolution of the chlorides.

The separation of copper, indium and gallium could potentially also be achieved by

solvent extraction followed by selective stripping (Fig. 7.2).
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Fig. 7.2 Flowchart of a suggested separation process for CIGS waste material based on the separation
of selenium as selenium dioxide, followed by the separation of copper, indium and gallium with solvent
extraction and selective stripping.
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This is a less complex separation method than high-temperature chlorination, but more work
needs to be done to achieve complete separation of the elements. The possibility to recover the
metals by electrodeposition will be greatly dependent on the media used for stripping and will
have to be explored further.

Finally, it has been shown that separation of copper, indium and gallium can be
achieved by direct electrodeposition of first copper and then indium after dissolution of the
selenium-depleted material (Fig. 7.3). This separation method gave the best separation of the
elements in only a few steps and is therefore considered the most promising for the
development of an industrial process. However, work still remains to be done on the
electrodeposition of gallium, which might require additional process steps. The purity of the
recovered copper, indium and gallium fractions with respect to the critical elements listed in

Section 2.3 will also have to be determined and optimized.
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Fig. 7.3 Flowchart of a suggested separation process for CIGS waste material based on the separation
of selenium as selenium dioxide followed by the separation of copper, indium and gallium by selective
electrodeposition.
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8. Conclusions

It has been shown that it is possible to separate selenium, as selenium dioxide, from CIGS
materials through oxidation at elevated temperatures. The method gave a selenium recovery
above 99 %. After reduction of the selenium dioxide selenium with a purity of 99.999 wt%
with respect to scandium, titanium, vanadium, chromium, manganese, iron, cobalt, nickel and
zinc (which are the elements that might decrease the solar cell efficiency) was obtained. This
means that the purity of the selenium is high enough for the selenium to be used in new solar
cells and that the separation method could be the first step in an industrial separation process.

The residue from the selenium separation was shown to contain oxides of indium,
gallium and copper, which gave several possibilities for the further treatment of the residue. It
was found that, after dissolution of the selenium-depleted material, electrochemical separation
of copper, indium and gallium by electrodeposition of first copper and then indium could be
done. No reduction of gallium could be detected in the examined potential window, making
separation of indium and gallium easier than expected. Almost complete copper and indium
recovery (above 99 % for copper and 98 % for indium) was achieved from a solution containing
selenium-depleted CIGS material and the recovered metals contained no detectable
contamination of the other elements.

Separation of copper, indium and gallium from the selenium-depleted CIGS material
by high-temperature chlorination and solvent extraction was also tested. However, when
comparing the different suggested processes it was clear that the electrochemical separation
gave the best separation of the element and almost complete recovery of the metals in the least
number of steps.

In the developed process new separation methods have been shown to give virtually
complete separation and recovery of the elements. Furthermore, this is the first time a recycling
process for CIGS materials has resulted in the direct recovery of any of the elements at high

purity.
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9. Future work

Electrochemical separation seems to be the most promising potential industrial separation
process for copper, indium and gallium from the selenium-depleted CIGS material. To confirm
this the purity of the metal fractions from the different suggested separation processes could be
determined and compared. In addition, an estimation of the energy consumption and cost of
the processes could be made.

Future work on electrochemical separation could be performed to optimize the energy
consumption and the purity of the recycled metals. At the same time, the conditions used for
the pre-chlorination and dissolution of the selenium-depleted CIGS material could be adapted
to enable an effective metal separation process. To increase the current efficiencies and produce
dense and smooth deposits further studies are needed in order to find the optimum current
density and chloride concentration in the solution. Pre-chlorination of the selenium-depleted
material using the chlorine gas produced at the counter electrode, instead of ammonium
chloride, should also be tested and evaluated. In addition, recovery of gallium by
electrodeposition, or any other method, needs to be developed.

After the development of the electrochemical separation the whole process, including
the selenium separation, should be tested in pilot scale before the development of an industrial

process.
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CdTe
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Cyanex 272
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Gas-MS
GC-MS
ICP-MS
ICP-OES
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TBP
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XRD

Cadmium Sulphide
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Appendix A

Solar cells

The active material in a solar cell is a semiconductor. When sunlight hits the semiconductor
material the absorbed energy promotes an electron to the conduction band, making the material
conductive [187]. The construction of the device then ensures that the free electron can only
be transported in one direction, thereby generating an electric current in an outer circuit

connected to the device. The standard type of solar cell is the pn-junction solar cell [4], see Fig.
Al.

Front contacts

1 1M1

A n-type QJ

++ [+ +++++++++ T

Depletion region

p-type

Back contact

Fig. Al Schematic cross-section of a standard pn-junction solar cell [187].

A semiconductor material that is deficient in electrons is called p-type (p for positive). One
example of such a material is silicon doped with an element with fewer valence electrons, e.g.
boron. Doping is the deliberate introduction of an impurity into a material. If, on the other hand,
the material has an excess of valence electrons it is called n-type (n for negative). Doping of
silicon with e.g. phosphorus, gives this kind of material. When regions of n-type and p-type
doping meet in a semiconductor crystal electrons from the n-type will migrate into the p-type
in order to balance the difference in electron concentration [187]. The migration of electrons
into the p-type will give rise to a depletion region and a negative charge that counteracts further
migration will be established. The electric field in the depletion region ensures that electrons
can only be transported in one direction; from p-type to n-type [188]. If the same semiconductor
is used as both p-type and n-type, as in the example with silicon above, the junction is called a
homojunction. When different materials are used, e.g. CIGS/CdS, the junction is called a
heterojunction [188].

In addition to the semiconductor, a solar cell consists of several different layers. The
thickness of the absorber layer in thin film solar cells is typically <2 um [27] which means that

it 1s more than a 100 times thinner than silicon wafers [7]. Thus, while mono- and
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multicrystalline wafers are self-supporting (see Figure A1) thin film solar cells, e.g. amorphous
silicon, CdTe and CIGS, need a supporting base called a substrate, see Fig. A2 [189].

(a) (b)
Light Contact grid Light
“ “ m “ - “ - “ “ “ “ “
TCO Glass substrate
CdS window layer (n-type) TCO

CdS window layer (n-type)

Glass substrate

Fig. A2 Schematic cross-section of (a) a CIGS solar cell and (b) a CdTe solar cell [189].

For the solar cell to produce electricity it must be connected to an outer circuit. This is
facilitated by contacts at the front and back of the semiconductor material. The back contact is
usually a thin layer of molybdenum. The front contact can be provided by screen printing of a
metal grid (Fig. A1), alternatively a transparent conductive oxide (TCO) can be used, e.g. zinc
oxide (Fig. A2b) or a combination of the two (Fig. A2a) [14]. For energy production several
solar cells are connected to form a solar cell module. Normally the module is laminated with
EVA (ethylene-vinyl acetate) polymer onto a glass plate and encased in an aluminium frame
for protection [21].

The top efficiency for different types of solar cells and solar cell modules are reviewed
annually [28]. Currently the record holder for a small single-junction, laboratory device is a
gallium arsenide cell with an efficiency of 28.8 % of the solar energy. This can be compared
with 25.6 % for crystalline silicon, 20.5 % for CIGS and 19.6 % for CdTe. The corresponding
numbers for solar cell modules are 22.9 % for crystalline silicon, 15.7 % for CIGS and 17.5 %
for CdTe. The lower efficiency of the modules is due to the difficulty in scaling up the
production methods. Modules made on an industrial scale seldom reach efficiencies over 10 %
for thin film technologies and 16 % for silicon wafer technology due to the balance between
efficiency and cost [13].

Recycling of silicon solar cells

Mono- and multicrystalline silicon are the dominating solar cell materials on the market with
a market share of 81 % [12]. Over the past 15 years insufficient feedstock supply and the high
price of silicon suitable for solar cell production [190] has made recycling an important issue.

The focus on recycling of mono- and multicrystalline silicon solar cells has been mostly on the
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reuse of wafers with [191-194] or without [195, 196] removal of the pn-junction and other
layers. There have also been considerable efforts made on the recycling of the waste material
(kerf'loss) from wafer production [197-205]. The only silicon solar cells recycling process that
has been commercialized was developed by Deutsche Solar [30]. The process includes thermal
delamination of the module, followed by manual separation of the glass and removal of
contacts, anti-reflective coating and pn-junction by etching [206]. After the treatment intact
silicon wafers are reused in new solar cells while broken wafers are melted and made into new

wafers.

Recycling of CdTe solar cells

Considerable attention has been given to the recycling of CdTe solar cells, partly due to the
toxicity of cadmium and partly because of the high cost and limited supply of tellurium [18,
207]. Two different approaches to the recycling of CdTe can be distinguished. The first
approach includes removal of the semiconductor from the substrate and a purification step, but
no separation of the elements [19, 208, 209]. In this case the challenge of separating the
elements is transferred to the producers of solar cell semiconductor materials. The second
approach includes separation of the elements into separate process streams [210-212]. In
addition a completely different process, where an electrochemical cell is used to redeposit
CdTe from an old solar cell onto a new substrate, has been developed by Menezes [213]. Of
the processes that have been commercialized the most notable is the process developed by the
CdTe solar cell producer First Solar [214-216]. The modules are dismantled and the
semiconductor material is leached from the glass using a mixture of sulphuric acid and
hydrogen peroxide [214, 216]. After leaching, the metals are precipitated with sodium
hydroxide and form stable compounds, which makes further recycling of tellurium impossible

[214, 216] or recovered with a combination of solvent extraction and electrodeposition [215].
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Appendix B - Analytical techniques

ICP-OES
Inductively Coupled Plasma — Optical Emission Spectroscopy (ICP-OES) is used to analyze

the concentration of different elements in solution. After passing through a nebulizer the
analytes in the liquid sample are atomized in the plasma. The high excitation energy of the
atoms in the plasma will cause them to emit electromagnetic radiation, which is detected in the
optical emission detector. More information on ICP-OES is given by Dean (2005) [217]. A
Thermo iCAP 6500 was used to analyze the composition of the different solar cell materials,
before and after the experiments. All samples and standards were diluted using a solution of
0.1 M nitric acid made from Suprapur® nitric acid (65 %, Merck) and ultrapure water obtained
from a Milli-Q® system (>18 MQ-cm, Millipore Milli-Q Plus 185). The limit of detection
(LOD) for each element was determined according to [218]

LOD = yblank + 3Sblank

where yblank 1S the mean and sblank 1s the standard deviation of 20 replicates measured on blank

samples.

ICP-MS
Inductively Coupled Plasma — Mass Spectrometry (ICP-MS) is used to analyse the

concentration of different elements in solutions. After atomization in the plasma the mass
spectrometer measures the mass-to-charge ratio of the ions. The ions are separated by an
electric field and detected with an electron multiplier detector. For further information on this
technique see Dean (2005) [217]. A Perkin Elmer ELAN 6000 was used to determine the purity
of the selenium from the selenium dioxide distillation experiments. All samples and standards
were diluted with a solution of 1 M nitric acid made from Suprapur® nitric acid (65 %, Merck)
and ultrapure water obtained from a Milli-Q® system (>18 MQ, Millipore Milli-Q Plus 185).

GC-MS

Gas chromatography — Mass Spectrometry (GC-MS) is a combination of gas chromatography
and mass spectroscopy. Gas chromatography is used to separate mixtures of chemicals in the
gas phase into individual components prior to characterization in the mass spectrometer. Liquid
samples are evaporated prior to analysis. This technique is described in more detail by Harris
(2007) [218]. The purity of the organic product from the Riley oxidation was analysed with a
GI800A GCD System from Hewlet Packard using a sp2330 column.

XRD
In X-ray powder diffraction (XRD) finely ground crystalline powder is exposed to

monochromatic X-rays. The crystal planes in the crystallites will diffract the incoming X-rays

according to Bragg’s law and the phase composition of the crystalline material in the sample
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can be determined. More details about this technique are given in Smart and Moore (2005)
[187]. XRD was used to identify crystalline compounds in the CIGS materials, before and after
the oxidation and chlorination experiments. A Bruker D2 Phaser diffractometer with a Cu Ka-
source (A=1.5418 A) and a Lynxeye® silicon strip detector were used. The results were
evaluated using the Joint Committee of Powder Diffraction Standards Database [219]. The
detection limit for a crystalline compound using this method is approximately 2 % by weight.

Non-crystalline compounds cannot be identified.

NAA

Neutron activation analysis (NAA) is a highly sensitive, non-destructive method used to
determine concentrations of elements in a wide variety of samples. The atoms in a sample are
bombarded with neutrons, causing the atoms to form radioactive isotopes. Detection of the
gamma emission from the sample can then be used to determine the concentration of the
elements. More information on this method is given in Choppin et al. [220]. The neutron
activation analysis (NAA), which was used to determine the iron content in the recycled
selenium, was performed using the 2MW JEEP Il reactor at the Institute for Energy Technology
in Kjeller, Norway. The neutron flux in the reactor was 10'* neutrons cm? s™! with a relatively
hard neutron spectrum where the epithermal neutron flux was 5 to 10 % of the thermal neutron
flux [221]. After the irradiation the samples were analysed with high purity germanium

detectors (HPGe, Canberra y-analyst, ORTEC and Tennelec, respectively).
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