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Recycling of CIGS flexible solar cells: Investigation of organic acids leaching
Parth Somani
Hanxiang Liang
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract
The Photovoltaic market has been rising sharply in recent years and is expected to
grow steadily in the upcoming years. The copper-indium-gallium diselenide (CIGS)
solar cell has become a more and more significant role in the photovoltaic industry,
and its application in the second generation of solar cells has increased in recent
years, which means photovoltaic waste will be prominent in the future. To reduce
resource consumption and recycle valuable materials from an economical and en-
vironmental perspective, further research on metal recovery should be carried out.
Currently, from an economic point of view, recycling CIGS solar cells is not feasible
on an industrial scale, and research is limited. The current end-of-life module recy-
cling is done using thermal decomposition, pyrolysis treatment, and dry etching in
the presence of Chlorine gas at high temperatures, which could require high energy
demand and high effort for the purification of metals. Moreover, due to the draw-
backs of inorganic acid leaching, such as toxic gas production and low selectivity of
the metals. The viability of organic acids as an alternative leaching agent needs to
be investigated. The project aims to extract the valuable metals present in CIGS
solar cells by comprehending the influence of leaching variables through utilizing
organic acids in an environmentally friendly way. Citric acid and tartaric acid were
employed for the leaching process, as well as nitric acid leaching was studied to
compare the results. Some leaching conditions such as concentration, surface area
to liquid ratio, temperature, and agitation method are considered to find the opti-
mum condition for the metal recovery from CIGS solar cells. The results show that
different division methods have an impact on extracting silver with nitric acid. The
mass of silver in the whole solar cell is 44% more than in the divided cell sample.
For 1M citric acid with a surface area to liquid ratio of 1:3 cm2/ml, temperature
of 50◦C and 100 rpm stirring speed, a high selectivity of Zn and In at 8 hours was
observed.
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1
Introduction

1.1 Overview of PV technology
According to the Intergovernmental Panel on Climate Change (IPCC), a goal has
been set to keep the warming under 2◦C and pursue an even lower warming cap of
1.5◦C. The International Energy Agency reported that the path to net-zero emission
by 2050 hinges on an unprecedented push for renewable energy technologies. Due to
the deterioration of the environment and the energy crisis, there has been a pressing
need to develop environmentally friendly and renewable energy technologies. Solar
Photovoltaics(PV) or Solar cells are considered a promising energy-generating tech-
nology as they can generate electricity directly from the sun, reducing our reliance
on fossil-based energy and greenhouse gas emissions. Currently, solar energy tech-
nology stands at third for the most used renewable source in the world after hydro
and wind power, which occupy the first and second position[6]. According to data
shown in figure 1.1, the global PV deployment is expected to grow in an ascending
manner, reaching 1,632 GW in 2030, and with an annual growth rate of about 2.5%
it could reach about 4500 GW of global PV capacity by 2050[1].

Figure 1.1: Projected cumulative global PV capacity[1].

In recent years, photovoltaic has been the fastest-growing technology by capacity
additions in renewable power generation. In 2021, photovoltaics cover 3.5% of world-
wide gross electricity generation and exceeded 1000 TWh of power generation by
marking 22% growth(179 TWh) from 2020[7]. Even though the production and
installation of PV modules are on the rise, the number of end-of-life PV modules
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1. Introduction

is relatively small. Therefore, while manufacturing and utilizing PV, a cumulative
PV panel waste is predicted to be around 78 million tons by 2050[8]. Currently,
the European Union (EU) leads the way in regulating end-of-life PV modules under
the Waste Electrical and Electronic Equipment Directive (WEEE). PV panels are
not allocated a distinct category under the WEEE directive. They are instead cat-
egorized with consumer equipment in category 4, posing challenges in tracing and
monitoring the actual behavior of PV panel flows [9].

At present, there is a lack of industrial-scale end-of-life treatment (EoLT) options for
photovoltaic products. Recycling of these products is currently limited, particularly
in the case of photovoltaic systems. The technical and economic challenges involved
are significant PV modules usually have a lifespan of 20-30 years.
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2
Background

2.1 Photovoltaics cell types
PV cell technologies are classified into three generations, depending on the basic
material used and their level of commercial maturity: 1. First-generation PV sys-
tems: These use wafer-based crystalline silicon(c-Si) technology, monocrystalline
or multi-crystalline silicon. 2. Second-generation PV systems: These are based
on thin-film PV technologies and generally include three main families: 1) amor-
phous (a-Si) 2) CadiumTelluride (CdTe); and 3) Copper-Indium-Selenide (CIS) and
Copper-Indium-Gallium-Diselenide (CIGS). These are called thin films because the
semiconducting materials used for the production of the cell are only a few microm-
eters thick. These technologies are being deployed on a commercial scale, but some
at low volumes. 3. Third-generation PV systems: These are the cell technologies
that are currently in the demonstration phase or still under development. These
cells aim to improve upon the efficiency and cost-effectiveness of previous gener-
ations of solar cells by utilizing novel concepts and materials. They also include
solar cells sensitized by dye, tandems, and perovskite-sensitized solar cells[10]. The
conventional silicon-wafer-based solar module’s shares of production are 95% of the
total PV market and CIGS production shares reach 1.2%. It is obvious that c-Si
production takes up the majority of the shares, but CIGS solar cell shows a high
efficiency of 23.4% compared to CdTe of 21.0% and less material usage is required
since the CIGS thickness is lower than c-Si wafer[11, 12]. In this study, one cell type
is investigated, the CIGS solar cells.

2.1.1 CIGS Solar Cells
CIGS belongs to the family of I-III-VI2 semiconductor materials that crystallize in
a tetragonal chalcopyrite structure (Fig 2.1) and its chemical form is expressed as
Cu(Inx, Ga1−x)Se2 where the value of x can differ between 0 (pure copper gallium
selenide) and 1(pure copper indium selenide). The CIGS thin film solar cell is a
second-generation solar cell with high conversion efficiency, low-temperature coeffi-
cient, and strong light absorption capability [13]. As a result of these advantages,
the energy payback for CIGS solar cells is much shorter compared to conventional
crystalline silicon solar cells. The flexible characteristic of the CIGS solar cells makes
them suitable for applications on roofs, transport vehicles, and buildings.

3



2. Background

Figure 2.1: The crystal structure of the CIGS light-absorbing layer [2].

Developing the CIGS solar cell is necessary as well. Nowadays, the common ways
to synthesize the CIGS solar cell are selenization[14], electrodeposition, chemical
spray pyrolysis[15], paste coating[16] and so on. In the manufacturing process, the
utilization rate of raw materials, like indium, is relatively low[17]. Simultaneously,
the life span of the CIGS thin film solar cell is around 25 years, and the CIGS solar
cell waste is predicted to peak at 45000 tons in 2035[18, 19].

Normally the whole structure has a thickness of around 3 µm - 4µm. The structure of
a CIGS solar cell is made of seven layers in the sequence, could be seen in Figure2.2:
1. the metal grid contact layer with Ni/Al(2µm) 2. the transparent conducting
oxide layer is normally consisted of ZnO/Al(0.5-1.5µm) or IndiumTin Oxide(ITO)
3. n-type CdS window layer(40-80nm) 4. ZnO buffer layer(∼400nm) 5. p-type
CIGS absorber layer(1-3µm) 6. molybdenum back contact layer(0.5-2µm) 7. a glass
substrate[12, 20]. The function of the CIGS solar cell is that the light goes through
the Transparent Conductive Oxide(TCO) and buffer layer, and the CIGS absorbs
it not only from the TCO, but also the reflected light from Mo back contact[21].
In order to obtain a desirable energy band gap range of 1.06-1.7 eV for CIGS solar
cells, it is imperative to adjust the Ga/(Ga+In) ratio.

Figure 2.2: The structure of CIGS solar cell layer.
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2. Background

The CIGS absorber layer comprises a thin film of Cu(In, Ga)Se2 [22]. The CIGS
solar cell absorption layer comprises four elements: Cu, In, Ga, and Se. These four
valuable metals exist as mixed selenides in the CIGS solar cells. Global selenium
resources are low and mostly linked with sulfide minerals. The industrial-level grade
of Se is mainly extracted from the copper anode slime[23]. High-purity Se is a critical
material due to its important role in metallurgy, semiconductors, and others. These
critical materials (In & Ga) are meagerly found on Earth and are hard to extract.
In and Ga are mainly processed as a by-product from the hydrometallurgical Zn
industry and the aluminum extraction industry. In the current status, the short-
term CIGS PV technologies show the indium consumption of 14 tons per gigawatt
without thickness reduction, and In cost contributes 7% of the CIGS solar cell at a
price 500 dollars per kilogram[24].

Therefore, it is important to take certain steps to recycle CIGS solar cells in or-
der to retrieve valuable metals and process them using an environmentally friendly
recycling method.

2.2 End-of-Life PV module recycling
Among all the thin-film PV technologies, the CIGS-based technology has become
the fastest-growing due to its potential for low cost and high performance. As men-
tioned earlier, the PV cumulative waste is gonna reach 78 million tons by 2050.
Currently, the recovery of materials from end-of-life products is hardly present be-
cause their recycling is technically and economically challenging[25]. Some existing
PV recycling pathways must be studied to understand their importance from both
technological and economic perspectives.

FirstSolar has developed a recycling process for the end-of-life CdTe(Cadmium Tel-
luride) modules. The recycling process occurs as follows[26, 27]: the modules are
breakdown into pieces small enough to break lamination bonds between layers.
Then, the semiconductor layers are extracted by the leaching process using acid
and hydrogen peroxide in a slowly rotating, stainless steel drum. The remaining
amount in the drum is then passed through a classifier which segregates the solid
(including glass and laminate materials) from the metal-rich liquid. A vibrating
screen separates the glass from the larger pieces of laminate material. The glass is
cleaned to remove residual semiconductor material and then packaged for recycling.
Meanwhile, the metal-rich liquid is pumped to the precipitation unit, and three
stages of precipitate are carried out by increasing the pH value to collect the con-
centrate in a thickening tank. ANTEC Solar GmbH developed a recycling method
for CdTe modules and designed a pilot plant with a similar approach to the previ-
ous method. In this process, the first step is the physical disintegration of modules
into fragments. The pyrolysis of module fragments removes EVA (ethylene vinyl
acetate) in an oxygen-rich atmosphere at a temperature of at least 300◦C. At last,
at a temperature of more than 400◦C, the etching process of module components
is done in the presence of the chlorine gas in the atmosphere resulting in the pro-
duction of CdCl2 and TeCl4. The generated CdCl2 and TeCl4 are then condensed
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2. Background

and precipitated by cooling and later refined to recover the metal[28]. As it can be
understood from the two recycling processes (FirstSolar and Antec Solar GmbH)
that after chemical processes disposal of waste liquids is essential, use of an envi-
ronmentally friendly solvent and reduction in the amount applied is also necessary
to improve the process efficiency [29].

The optical approach used by Loser Chemie stands out as a distinctive option when
compared to the conventional methods. The company has patented a new way to
recycle solar panels using mechanical and chemical methods. To begin with, the
implementation of optical technologies simplifies the process of separating the glass
panels and sandwich structures without causing any damage to the glass. After
the optical treatment, the cover glass and substrate glass (with compound layers)
are separated. The leaching of the compound layers is done using alkane sulfonic
acids(such as methane sulfonic acids). After this, the metals can be obtained as
individual metal compounds and then recycled and purified by a metal refinery
company[29].

To evaluate the economic feasibility of recycling solar modules, McDonald et al.[5]
compared the landfill disposal cost and total profitability of recycling for five different
types of PV material-based solar cells.

Table 2.1: Landfill disposal cost of PV modules and total profitability of recycling
[5].

CIGS CdTe c-Si p-Si a-Si
E(W/m2) 100a 108a 144a 138a 90a

Weight(kg) 28b 12c 15.4d 19.4e 19.1f

Nominal power(W) 160b 77.5c 180d 230e 128f

W(kg/module) 17.5b 16.72c 12.32d 11.64e 13.43f

Tipping cost($/kg) 0.05g 0.39g 0.05g 0.05g 0.05g

Disposal cost($) 0.87 6.45 0.61 0.58 0.67
Total profitability($) PT = Pt+D-C 22.25 -0.24 -23.96 -23.99 0.73-C

In the table 2.1, E: power per unit area of the individual module(W/m2), W: total
waste mass per module(kg/module), T: tipping cost($/kg), D: final disposal cost($),
C: cost of recycling($/module) and PT : total profit from recycling($). The higher
profitability of recycling CIGS solar cells is attributed to the valuable presence of
rare metals like In and Ga, as well as other precious metals. At the same time,
we can observe that the landfill disposal cost is comparatively much lower than the
recycling cost of PV modules.

Furthermore, technological innovation will also be required to develop technologies
that allow for the recycling of all useful semiconductor materials at high rates and
very little cost. Also, create policies that help to ensure the investment required to
recapture the critical materials from PV modules.

6



2. Background

2.3 Recycling methods of CIGS solar cell
The retrieval of metals like In, which are both expensive and scarce, along with
valuable metals like Se and Ga present in the CIGS absorber layer, can be achieved
through the utilization of processes such as hydrometallurgy[30], pyrometallurgy,
and comprehensive treatments[31]. Through science and technology, we can effec-
tively manage our limited resources and make the most of them in a sustainable
manner. Most of these processes are not yet applied on an industrial scale due to
the high concentration of the leaching solutions and their contamination.

Theocharis et al. [32] conducted the experiment, which started with the thermal
treatment where the solar cell was heated up to 1500◦C to decompose the element.
EVA and PVF membranes were dismantled at 540◦C to 550◦C. Then, followed by a
hydrometallurgy treatment, the separated glass fragments were leached with HNO3
solution to recovery In, Ga, Cu, Mo, Zn. Diluted D2EHPA in kerosene was used
to separate In and Ga by solvent extraction, 97% of In was selectively separated
without Ga co-extraction at pH=1.5.

Marwede et al. [33] explored proven recycling concepts for thin-film solar cells,
specifically copper indium gallium selenide (CIGS) solar cells. Recycling of CIGS
modules involves three main steps: separating the modules, removing the coating
from the substrate, and collecting and refining the metals and semiconductors.

Alessia et al. [34] tested different leaching agents, including H2SO4, HNO3, HCl,
citric acid and NaOH, in the presence of mobilizing agents such H2O2 or glucose
for recovery of In and Ga from end-of-life CIGS PV panels.The combination of citric
acid and H2O2 at 80◦C for 1 hour resulted in over 90% efficiency, making it the most
effective leaching combination among those tested.

Besides, Gustafsson et al. [22] also went through a pyrometallurgical process to heat
the CIGS powder obtained from the CIGS solar cell module with the flow of nitrogen
gas and oxygen gas at 600◦C. The CIGS material was oxidized to selenium dioxide
and other metal oxides. When the selenium dioxide was cooled down to crystal
form, it was dissolved in the mixture of glacial acetic acid and deoxybenzoin and
reduced with sulfur oxide to the solid form. The different metal oxides were formed
during the oxidation reaction; they mainly consist of oxides of indium and copper.
Indium was separated by 7M NaOH solution and copper was by water leaching[35].

It can be inferred from the preceding section that while recycling technologies for
silicon-based photovoltaic (PV) modules and related manufacturing waste have been
extensively investigated, the recycling of thin-film solar cells is still in its develop-
mental phase. Nevertheless, aside from the technological factors, there are still some
critical issues related to the establishment of PV product recycling systems, among
which the environmental benefits and economic viability are very important.

7



2. Background
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3
Theory

In the following section, a basic overview of the things required are mentioned to
understand the basic concepts of leaching and the analysis instruments throughout
this project.

3.1 Leaching
Hydrometallurgy processes have an edge over pyrometallurgical processes because
it’s eco-friendly and economical for low-grade metals reserves[36]. Hydrometallurgi-
cal approaches have three stages: metal dissolution, concentration and purification,
and metal recovery. Acid leaching is the most often used in hydrometallurgical tech-
nology.

Leaching is an extraction method used in hydrometallurgical processing by which
metals of interest are dissolute from the solid phase into the aqueous solution. Pre-
cipitation and solvents extraction can be used to separate precious components from
polymetallic leachate.

Figure 3.1: Basic unit processes in hydrometallurgy[3].

The leaching process is affected by several factors, each of which plays a significant

9



3. Theory

role in determining the leaching rate. These factors include the concentration of the
leaching agent, the temperature at which the process is carried out, the speed of
agitation, and the ratio of surface area to liquid. Any variation in these factors can
affect the leaching rate, and it is therefore crucial to carefully control and optimize
each parameter to achieve the desired results. In this context, surface area refers
to the sample’s surface area, and liquid means the volume of the leaching agent (in
ml).

3.2 Analysis Instruments
The analysis method used in this project was inductively coupled plasma optical
emissions spectroscopy, scanning electron microscopy, and x-ray diffraction. The
basic principle of the instruments used will be covered in this section.

3.2.1 Inductively Coupled Plasma-Optical Emissions Spec-
troscopy

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is the tech-
nique used for several applications that require quantifying the elemental content of
a sample.

The basic principle of inductively coupled plasma optical emissions spectroscopy
depends upon the spontaneous emissions of photons generated from the atoms or
ions, and these ions and atoms are excited by a radio frequency discharge.[37]

Figure 3.2: Instrumentation of ICP-OES.
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3. Theory

The ICP-OES instrument consists of nebulizers, spray chamber, a sample injector,
ICP torch, RF generator, a spectrometer, emissions detectors, signal processing, and
software.

In the ICP-OES instrument, the liquid samples are pumped into the nebulizer with
the help of the peristaltic pump. In the nebulizer, the injected liquid samples are
transformed into the form of an aerosol or mist through a process known as the
aerosol nebulization process. After the aerosol formation, the mist enters the plasma
at high temperatures, sufficient to break down the sample into atoms and provide
the energy for ionization and excitation. In the spray chamber, the nebulized sam-
ple is fed to the plasma discharge from the nebulizer to the ICP torch. In the ICP
torch, the chamber sends argon gases between the inner and outer flow to maintain
the plasma discharge and to ease the introduction of an aerosol sample into the
plasma. Using the ionized plasma, the aerosol sample is atomized and get excited
to a higher energy state. When the excited atoms fall back to the ground energy
state, they emit light at a characteristic wavelength which is measured using an
optical spectrometer[38]. The signals from multiple elements could overlap, and to
mitigate this issue, the wavelength corresponding to each element is separated via
an optical grating device so that each element can be individually detected. The in-
tensity measured in the detector is proportional to the concentration offset element
in the analyte. At last, the Thermo ScientificT M Intelligent Data Solution Software
which acquires the measured intensities and processes data through a predefined
calibration to produce elemental concentrations.

The plasma view is of two types: axial view and radial view. In axial configuration,
the plasma is viewed head-on and is useful for detecting elements present at low
concentrations, whereas in radial configuration, the plasma is viewed from the side
and has better detection limits for elements present at high concentrations.

3.2.2 Scanning Electron Microscope
Scanning electron microscopy (SEM) is an instrumental method that provides high-
resolution magnified images of a sample’s surface topography using a focused beam
of electrons. The signals used to produce an image are a result of the interaction of
the beam of electrons with the atoms on the surface and within the sample. They are
divided into secondary electrons, backscattered electrons and x-rays to give informa-
tion about the sample’s morphology. It can create a magnification image resolution
of nearly 10 nm.

In addition to high-resolution imaging, Energy-Dispersive X-Ray(EDX) Spectroscopy
is used to run an elemental analysis of the surface of a sample with an SEM. In EDX,
when the sample is exposed to the electron beam, each element creates a unique set of
peaks on the emissions spectrums(characteristics x-rays from the specimen), which
helps characterize each element in the sample.
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3. Theory

3.2.3 X-Ray Diffraction
X-ray diffraction(XRD) is a technique that determines a sample’s composition or
crystalline structure. X-rays are created when electrons extracted from the fila-
ment(Tungsten) and accelerated by high voltage bombard a target.Cu is commonly
used for the target material. An X-rays has a wavelength of 0.01 to 10 nanometers,
with a frequency of 3×1016 Hz to 3×1019 Hz. XRD method can be applied to know
the wide variety of information about the fine-scale structure of matter. It possesses
enough energy to ionize atoms, known as ionization energy.

XRD is based on Bragg’s law: The reflected X-rays from different crystal layers with
long-range order undergo constructive interference.

2dsinθ = nλ (3.1)

where d is lattice spacing, θ is angle between the wavevector of the incident plane
wave, ko, and the lattice planes, λ is the wavelength and n is an integer, the order
of the reflection[39].

X-ray diffraction is based on the constructive interference of monochromatic x-rays
and a crystalline sample.

These X-rays are collimated and directed onto the sample. As the sample and de-
tector are rotated to satisfy Braggs equation, the intensity of the reflected X-rays is
recorded. When the geometry of the incident X-rays impinging the sample satisfies
the Bragg Equation 3.1, constructive interference occurs, and a peak in intensity
occur. A detector records and processes this X-ray signal and converts the signal to
a count rate which is then output to a device such as a printer or a computer monitor.

The data obtained from the XRD was compared with the standardized XRD data(
International Centre for Diffraction Data) to identify which composite of the metal
is formed.
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4
Materials and Methods

4.1 Sample preparation

All the CIGS solar cells are provided by Midsummer AB company. The experimen-
tal water is distilled water and the reagents are of analytical grade. The whole solar
cell is observed as an approximate square with a round edge in the corner and three
silver lines distributed on the top surface. Two different cell division methods were
used to cut the solar cell. In 4.1b, we cut the solar cells into four equal parts, while
cut it into sixteen 2.3×5 cm2 rectangles, and some areas remain in the corner in4.1c.
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4. Materials and Methods

(a) Example of the 15.6 × 15.6cm2 solar cell

(b) Design of solar cell division to cut four
equal pieces

(c) Design of solar cell division to cut 2.3×
5cm2 rectangle

(d) Plot of big sample and small sample

Figure 4.1: Example of two different solar cell division methods.
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4. Materials and Methods

4.2 Chemicals

The chemicals used in the experiments are of ACS reagent grade. All acids were sup-
plied from SIGMA- ALDRICH®, except for nitric acid (69%), which was provided
from Emsure®. The leaching experiments were carried out using different inorganic
and organic acids: nitric acid (HNO3), citric- acid (C6H8O7), and tartaric acid
(C4H6O6). The acid solutions were prepared by diluting the concentrated acids and
dissolution of the organic acid powder with the appropriate amount of Mili-Q water
(18.2 MΩ cm at 25 ± 2◦C).

4.3 Digestion and Leaching process

The leaching of the whole solar cell was carried out on an orbital shaker with 8M
nitric acid solutions and different concentrations of citric acid solutions in a closed
PP plastic container using different solar cell divisions. The volume of the leaching
solution depended on the surface area to liquid ratio. The experiments took place
at room temperature at 100 rpm on the orbital shaker. For the kinetics study, the
samples were leached for 1, 2, 4, 6, 8, 24, and 28 hours respectively. At the sampling
time, 0.3ml of the samples were taken by syringe and filtered through a 0.45µm
filter to remove any solid residues in the syringe. For the reaction that took place
at room temperature, the pH values of the acids at each time interval from 1 hour
to 28 hours whereas for high temperatures values, the pH values of the acids before
leaching and leachates after 24 hours were measured using MeterLabT M PHM 240
pH/ion Meter pH electrode calibrated using Radiometer analytical pH buffers at pH
of 2, 4 and 7. The same calibration methods was used in all other pH measurements.
The unknown samples from 8M nitric acid solution were diluted in 0.5M nitric acid
solution with a dilute factor of 10 for elemental-composition analysis. In comparison,
the samples from the citric acid solution were diluted in 0.5M nitric acid and yttrium
solution with the same dilute factor. The glasses have been soaked in 4M nitric acid
for a minimum of 24 hours before use, followed by thorough rinsing with Mili-Q
water.

Figure 4.2: Acid leaching with inorganic acid and organic acid on orbital shaker.
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4. Materials and Methods

Figure 4.3: Acid leaching with citric acid by using stirrer machine and hot plate.

The experimental setup was amended to study the effect of the temperature on
the leaching. The leaching was performed in a beaker equipped with a mechanical
stirrer, and a hot plate connected with a thermocouple was used to control the
desired temperature. After the experiments were completed, the pieces of the solar
cells were immersed in Milli Q water for approximately 3 seconds, then removed
from the water and left to air dry. It was only after it had been determined that
there would be a need to do so that the analysis of the sample surface was done.
All the measurements were performed in triplicate samples (each sample used from
different solar cells), and the results were presented as the mean values ± standard
deviation.

4.4 Sample analysis
Inductively Coupled Plasma – Optical Emission Spectroscopy (Thermo iCAP 6500)
was used to analyze the concentration of metal elements in the solutions. The cal-
ibration curve for elements in ICP-OES was based on five standard solutions with
concentrations of 2.5ppm, 5ppm, 10ppm, 20ppm, and 40ppm. The specific volume
of 1000ppm metal solution was added to prepare to mother liquid solution and di-
luted with 0.5M HNO3. Then collected the solution from the mother liquid was
used to prepare the different standard solutions.
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Figure 4.4: ICP-OES machine.

The sensitivity of the methods was identified using the limit of detection(LOD)
value. The smallest quantity of analyte that is “significantly different” from a
blank. The detection limit was taken as the mean signal for blanks plus 3 times
the standard deviation of a low-concentration sample[40]. For each analyte, a 1
ppm Internal Standard ’Y’ (Yttrium) has been applied. To ensure accurate and
dependable outcomes during analyses, the sample, blank, and calibration standards
were treated with the addition of the internal standard. This compensates for both
systematic and random error, resulting in reliable results. To study the precipate
formed during leaching, it was separated from by centrifugation and to understand
the morphology of the residue, SEM-EDS was employed. In our case, Backscattered
Electrons images was acquired using beam acceleration voltages of 10kV and 20kV.
At last, The chemical composition of the precipitate found in the leaching solutions
was further verified using XRD Bruker D8 Advance (Bruker Corporation, Billerica,
MA, USA) with Cu Kα used to examine the phase content.

4.5 Calculation of mass of metals
The concentration of each element was obtained from the ICP-OES. The surface
area of the solar cell is 233.8 cm2.To calculate the mass of the element per solar cell,
the equations 4.1, 4.2, 4.3 are used:

M(whole) = C × V × Df × 0.001 (4.1)

M(big) = C × V × Df ÷ 58.45 × 233.8 × 0.001 (4.2)
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4. Materials and Methods

M(small) = C × V × Df ÷ 11.5 × 233.8 × 0.001 (4.3)

where,
M = mass of the element per solar cell (mg);
C = concentration of element from ICP-OES(ppm);
V = volume of the leaching solution (ml);
Df = dilute factor.

18



5
Results and Discussion

5.1 Inorgaric acid leaching
The leaching process uses inorganic acid in extractive metallurgy due to its relatively
low cost. Indium Tin Oxide (ITO) comprises different oxides of In and Sn, while
the SnO2, and In2O3 are the main contents. During acid leaching, the chemical
reactions that might take place are as follows:[35, 41]

In2O3 + 6H+ → 2In3+ + 3H2O (5.1)

SnO2 + 4H+ → Sn4+ + 2H2O (5.2)

For Silver (Ag), the possible reaction with nitric acid is suggested below:

2Ag + 2HNO3(aq) ↔ 2AgNO3(aq) + H2(g) (5.3)

3Ag + 4HNO3(aq) ↔ 3AgNO3(aq) + NO(g) + 2H2O (5.4)

Ag + 2HNO3(aq) ↔ AgNO3(aq) + NO2(g) + H2O (5.5)

It is shown that inorganic acids(HNO3,H2SO4) of high concentration could be used
for digestion because of their behavior as a strong oxidizing agent. Nitric acid is
used to dissolve metals whose Eo (standard reduction potential) values are greater
than hydrogen. Selenides in CIGS are more susceptible to oxidation and structural
damage. In practical terms, how the reaction might occur is influenced by several
factors, and the behavior of the metals cannot be predicted from the potentials
alone. Previous research on the separation and leaching effect on the spent CIGS
solar in nitric acid systems reported that within 4 hours, leachate rates of 98.74%
Cu, 95.55% In, 60.22% Ga and 3.18% Se could be achieved using 3.2 mol/L ni-
tric acid concentration, the liquid-to-solid ratio of 9 mL/g, leaching temperature of
90◦C[42].

From the literature[35], the possible reaction between the CIGS layer and nitric
acid was evaluated by studying the simple selenides (Cu2Se, In2Se3 and Ga2Se3)
present in the CIGS Layer. In the literature, it was reported that the Ag reactions
with NOx formation was found to be spontaneous for reactions 5.4 and 5.5. For Mo
present in the metallic form, the formation of molybdic acid, MoO3•H2O, seems
thermodynamically favored to be formed during the reaction.
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Stainless steel consists of Fe and Cr and some impurities. For Corrosion resistance,
nitric acid is used for the passivation of the stainless steel by creating a chromium
oxide layer, with some Fe also being removed from the surface during this process.
The passivation treatment in the industry is quick and does not take more than 1
h, while the temperature needed can even be as low as room temperature [43].

5.1.1 Whole solar cell
The whole solar cell was used to determine the total mass of each metal with 8M
HNO3. This experiment was carried out at room temperature for 28 hours. The
surface area to liquid ratio of 1:3 cm2/ml and stirring speed of 100rpm were used.
All the experiments were done in triplicates, and the standard deviation in the plot
was calculated based on them. The results are indicated in Figure5.1 below. It
consists of two plots in which the high mass of metals(Ag, Mo, Se, In, Cu, Zn) and
the low of them(Fe, Ga, W, Ti, Cr, Sn, Mg) are separated.

From Figure 5.1, it is observed that most of metals have a stable tendency during
the leaching. While Fe and W show a considerable increment from 1 hour to 4
hours, Ti rises gradually and peaks 2.1mg/cell at 24 hours. The standard deviation
showed a high value around 4 hours from both plots.

Figure 5.1: Mass of metals in whole solar cell complete digestion(conditions: 8M
HNO3, room temperature, 100rpm, surface area to liquid ratio of 1:3).

In Table 5.1, the highest values of each metal was chosen from 1 hour to 28 hours of
the digestion. The following data obtained from the 5.1 was set as a reference point
to compare the results for the acids used in the following section.
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Table 5.1: Mass of each metal element in 8M HNO3.

element concentration
(ppm)

Ag 193.99 ± 33.95
Mo 72.70 ± 15.37
Se 54.49 ± 17.53
In 40.61 ± 7.82
Cu 17.20 ± 3.84
Zn 16.03 ± 2.75
Fe 8.19 ± 1.50
W 6.98 ± 1.86
Ga 6.83 ± 1.46
Ti 2.35 ± 0.19
Cr 1.35 ± 0.32
Sn 1.07 ± 0.14
Mg 0.41 ± 0.09

5.1.2 Big sample
In this experiment, the CIGS solar cell was equally divided into four pieces. One
random piece of the solar cell was taken and leached with 8M HNO3 at the same
conditions as the previous sample. Figure 5.2 could be used to compare the results
to confirm that the metals are evenly distributed on the solar cell. It was observed
that the maximum Ag amount leached was 109.07mg/cell at 24 hours.

Figure 5.2 illustrates that several high-mass metals all reached the biggest mass at
24 hours and dropped after that. Considering the high standard deviation of these
metals at 28 hours, this trend seemed to be not convincing. After 24 hours, the
concentration of W decreased rapidly due to the precipitation of W to tungstic acid
(H2WO4) in the presence of an acidic medium caused by exposure to oxygen during
sample collection from the leaching container or due to atomic adsorption of oxygen
on W [35, 44, 45].

21



5. Results and Discussion

Figure 5.2: Mass of metals in big sample complete digestion(conditions: 8M HNO3,
room temperature, 100rpm, surface area to liquid ratio of 1:3).

Table 5.2 indicates the largest mass of metals when the solar cell was divided into
four equal big samples from 1 hour to 28 hours of digestion.

Table 5.2: Mass of each metal element in big sample with 8M HNO3.

element concentration
(ppm)

Ag 109.07 ± 3.46
Mo 68.11 ± 2.16
Se 63.11 ± 3.06
In 46.53 ± 1.72
Cu 23.38 ± 4.74
Zn 10.86 ± 3.68
Fe 8.89 ± 0.84
W 8.09 ± 1.66
Ga 9.33 ± 1.88
Ti 2.49 ± 0.47
Cr 1.70 ± 0.16
Sn 1.36 ± 0.25
Mg 0.24 ± 0.17

5.1.3 Small sample
In this section, the 2.3 × 5 cm2 rectangle solar cell sample was chosen to carry out
the leaching process. The experiment conditions were the same as in the previous
two scenarios.

Figure 5.3 was observed that most of the metals had a complete dissolution at
4 hours due to the less leaching solution had better contact between oxygen and
sample. But, the loss of the surface layer in cutting lead to a considerable reduction
of Ag. 94.95mg/cell of Ag was the highest amount during the leaching process.
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Figure 5.3: Mass of metals in small sample complete digestion(conditions: 8M
HNO3, room temperature, 100rpm, surface area to liquid ratio of 1:3).

Table 5.3: Mass of each metal element in small sample with 8M HNO3.

element concentration
(ppm)

Ag 94.95 ± 15.21
Mo 68.93 ± 14.88
Se 54.55 ± 9.62
In 39.70 ± 10.12
Cu 17.92 ± 5.79
Zn 11.20 ± 4.36
Fe 6.12 ± 1.70
W 10.42 ± 0.17
Ga 7.03 ± 2.15
Ti 2.06 ± 0.27
Cr 1.21 ± 0.35
Sn 1.11 ± 0.39
Mg 0.29 ± 0.11

After the comparison of the element composition among different sample prepara-
tions. The leaching amount of Ag in the whole solar cell was 193.99mg/cell which
was higher than that in big and small sample(109.07 and 94.95mg/cell, respectively).
One of the reason was the flakes loss from the surface where Ag was mainly present
in the cutting process. On the other hand, the overlap of samples also influenced the
contact between the leaching solution and samples. The different thickness of the
layers and grain size also contributed to such large errors in total mass of metals.[35]
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5.2 Organic acid leaching
Organic acids are organic compounds with acidic properties, classified based on
the number of carboxylic functions. The mobilization and leaching of metals from
solid samples such as solar cells by organic acids are based on the following two
principles: acidolysis and complexolysis[46]. In acidolysis, the acid is dissociated to
release protons to the medium around the surface of the cell sample. The metals
are separated from the leachate solution. The released proton during acidolysis
weakens the metal-ion bonds, causing the metal to go into solution. The organic
acid dissociates the H+ to promote the dissolution.process[47]

RCOOH + H2O ⇌ RCOO− + H3O
+ (5.6)

The reduction of protons generates hydrogen and oxidises the metal,

2H3O
+ + 2e− → H2 + 2H2O (5.7)

M → M2+ + 2e− (5.8)

where M-metal; R= organic substituent group
.
In the complexation mechanism, the metals are extracted through ligand formations
of the previously leached metal to form soluble complexes. The strength of the
organic acids is generally based on several components, such as the acid dissociation
constant (pKa) and the relative stability of the conjugate base of the acid. The
acidolysis mechanism complements complexolysis through the stabilization of metal
ions produced during acidolysis. The stability of metal complexes in the solutions
minimizes the toxic effect of metal ion The organic acids possess strong complexing
properties and have fewer environmental risks such as corrosion resistance of the
equipment, absence of secondary pollution, and selective leaching behavior of the
valuable metals. Moreover, the organic acid with a higher number of carboxyl groups
that can form coordinate covalent bonds with metal ions led to higher leaching as
the formed ligand is more stable.

5.2.1 Selection of citric acid
The potential for metal removal of citric acid relies on the total number of carboxylic
groups present in the structure of this organic acid (three carboxylic groups).
This explanation has been proposed for its high efficiencies compared to other or-
ganic acids with fewer than three carboxylic groups. Above in Figure 5.4 are shown
the reactions of the citric acids in leaching processes, including both acidolysis (lib-
eration of protons and pKa values) and complexolysis (OA– metallic complex for-
mation) mechanisms, previously reported, where Mn+ and M represent the metal
ions [48].
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Figure 5.4: Reactions involved in acidolysis and complexolysis mechanisms for
metal recovery[4].

5.2.1.1 Effects of concentration

The solar cell samples in this section were divided into 2.3×5 cm2 rectangles. These
samples were leached with 1M, 0.5M, 0.1M, and 0.01M citric acid at room temper-
ature. The surface area to liquid ratio of 1:3 and stirring speed of 100rpm was set
for the experiments. The Figure 5.5 indicates the mass of five metals (Zn, In, Mo,
and Sn) during the leaching process and helps determine the optimal concentration
of citric acid.

Figure 5.5a indicates the mass of five valuable metals in 1M citric acid. It is found
that all the metals have an increment from 1 hour to 2 hours and then slightly
fluctuate. Except for Mo, the curve gradually goes up and peaks at 2.6mg/cell at
28 hours. Meanwhile, a significant drop of Ag and In after 24 hours is observed.

Figure 5.5b shows a similar tendency as 1M citric acid, except Zn and In have an
opposite tendency after 24 hours, they rise up to 11.74mg/cell and 7.38mg/cell, re-
spectively.

Figure 5.5c illustrates that relatively the highest mass in Zn, Mo and Fe compared
to 1M and 0.5M citric acid cases. Meanwhile, the curve of Mo keeps increasing until
28 hours, and other metals are observed to reach their peak around 8 hours.

Figure 5.5d presents that the Zn and In curves have unstable ups and downs fluc-
tuations during the leaching process, the mass per cell could be reached to 11.60
and 5.99 at 28 hours. The mass of the rest metals is likewise slightly lower than the
other concentration scenarios.
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(a) 1M citric acid (b) 0.5M citric acid

(c) 0.1M citric acid (d) 0.01M citric acid

Figure 5.5: Plots of mass of each element at 1M, 0.5M, 0.1M, 0.01M citric
acid(conditions: room temperature, stirring speed of 100rpm, surface area to liq-
uid ratio of 1:3).

After carrying out the experiments at 1M, 0.5M, 0.1M, and 0.01M citric acid, the
highest leaching amount of Zn, Sn, In, Mo, and optimal time were chosen in Table
5.4. The experiment conditions could be as the reference to achieve an effective
leaching.

Table 5.4: The highest concentration and mass of metal at 1M, 0.5M, 0.1M, and
0.01M.

Metal Concentration Mass Time Condition
(ppm) (mg/cell) (h)

Zn 1.88 13.05 ± 0.63 2 0.1M
Sn 0.04 0.26 ± 0.01 24 1M
In 0.03 7.38 ± 0.92 28 0.5M
Mo 0.30 1.90 ± 1.30 24 0.1M

26



5. Results and Discussion

5.2.1.2 Effects of the surface area to liquid ratio

Teknetzi et al.[35] leached the CIGS solar cell with 0.5M and 2M HNO3, and it was
found that the increased surface area to liquid ratio contributed to the increased
yield for most metals. Not only the accumulation of counter ions may promote the
metal leaching, but also the mixture of the solar cell and oxygen which was the
oxidizing agent. So, 1M citric acid was chosen as the highest acid strength tested
before to carry out the experiment at different surface area to liquid ratios.

From Figure 5.6b, all these metals had a gradual increment from 1 hour to 8 hours.
Among them, In had the largest growth rate which the mass per cell increasing
from 5.10 to 7.14mg/cell. Nevertheless, only Mo maintained an upward trend, other
metals increased in the beginning 8 hours and then had a certain amount of ups and
downs.

Figure 5.6c showed that the mass of Zn and In kept rising from 1 hour to 8 hours and
the highest value were 16.8 and 11.0mg/cell, respectively. The Mo curve gradually
increased and peaked at 1.86mg/cell at 28 hours.
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(a) Surface area to liquid ratio of 1:3 (b) Surface area to liquid ratio of 1:5

(c) Surface area to liquid ratio of 1:7

Figure 5.6: Plots of mass of five metal at a surface area to liquid ratio of 1:5 and
1:7(conditions: 1M citric acid, room temperature, stirring speed of 100rpm).

Table 5.5 represents the maximum concentrations of Zn, Sn, In, Mo obtained via
1M citric acid leaching at the different surface area to liquid ratio of 1:3, 1:5 and
1:7.

Table 5.5: The highest concentration and mass of metal at surface area to liquid
ratio of 1:3, 1:5, and 1:7.

Metal Concentration Mass Time Condition
(ppm) (mg/cell) (h)

Zn 0.92 14.72 ± 0.69 8 1:7
Sn 0.02 0.31 ± 0.07 28 1:7
In 0.57 9.08 ± 1.71 28 1:7
Mo 0.40 2.60 ± 1.46 28 1:3
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5.2.1.3 Effects of temperature

In order to analyze the impact of additional variables, it was determined that using
1M citric acid rather than 0.1M citric acid would be more suitable as it is less likely
to vaporize easily. Hu et al.[19] investigated the effect of temperature on CIGS ma-
terial with 3.2M HNO3. It could be seen that the leaching amount of Se and In
reached the peak at 70◦C while Ga and Cu increased until 90◦C. As a result, room
temperature, 50◦C and 80◦C were chosen to operate the leaching process. Consid-
ering the effect of evaporation on this experiment, it was carried out by a quarter of
the solar cell with 1M citric acid with a surface area to liquid ratio of 1:3 for 8 hours.

According to Figure 5.7a, the leaching amount of Zn, In, and Sn reached a peak at
2 hours, and the curve of In showed a bigger decrease than Zn after that until 28
hours. Mo kept a stable rise in the first 24 hours and converged.

Based on Figure 5.7b, the curve of Zn reached the highest leaching amount at 4
hours and In kept increasing until 8 hours. The maximum leaching amount of Zn
and In were 13.39 and 13.41mg/cell, respectively. W was shown as a new metal
with a similar curve but slightly lower than Mo. At the same time, the leachate was
observed to black and purple. This experiment stopped at 8 hours since the loss of
citric acid.

From Figure 5.7c, it was apparent that the curve of In rises rapidly over time and
the biggest mass of 21.69mg/cell was reached at 8 hours. Except for Zn, which had
the highest mass in the beginning and then fluctuated slightly, the rest of the metals
rise slowly. Since the direct contact of the hot plate and glass substrate, Fe and Cr
had an especially high concentration as well.
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(a) room temperature (b) 50◦C

(c) 80◦C (d) 80◦C
Note: the amount of Fe and Cr was out of the calibration range

Figure 5.7: Plots of mass of metals at room temperature, 50◦C and
80◦C(conditions: 1M citric acid, surface area to liquid ratio of 1:3, stirring speed of
100rpm).

Table 5.6 presents a summary of the maximum concentrations of various metals
obtained via 1M citric acid leaching at different temperatures, namely room tem-
perature, 50◦C, and 80◦C.

Table 5.6: The highest concentration and mass of metal at room temperature,
50◦C, 80◦C.

Metal Concentration Mass Time Condition
(ppm) (mg/cell) (h)

Zn 1.83 12.86 ± 0.43 2 room temperature
In 5.59 21.69 ± 3.80 8 80◦C
Mo 0.32 2.23 ± 1.20 8 50◦C
Sn 0.22 1.16 ± 0.41 6 80◦C
W 0.25 1.77 ± 1.29 8 50◦C
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To gain a deeper understanding of the elevated levels of Fe and Cr, as well as to
identify any impurities in the precipitate, SEM-EDS analysis was conducted on
the sample extracted from the leaching solution at a temperature of 80◦C. The
investigation results are presented visually in Figure 5.8.

(a) Spot 1, 2, 3, and 4 (b) Spot 5

Figure 5.8: SEM image of the precipitate from the leaching solution when the
leaching temperature was 80◦C.

Here, the SEM analysis was done using the backscattered electron imaging of the
precipitate. Additionally, an EDS analysis was performed to obtain a clearer un-
derstanding of the elemental composition for each of the spots(1-5) that have been
marked in figure 5.8a and figure 5.8b. Spot 5 is a magnified view of the same area
as spot 1, but a higher voltage setting was applied to make the image capture more
precise and detailed, allowing for a more comprehensive examination of spot 1. The
energy spectrum of the analyzed spots is exhibited in Figure 5.9 and Figure 5.10.

(a) Spectrum 1 (b) Spectrum 2

(c) Spectrum 3 (d) Spectrum 4

Figure 5.9: EDS images of spectrum 1, 2, 3, and 4
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Figure 5.10: EDS images of spectrum 5.

The table 5.7 provides information on the weight percentage of the elements iden-
tified in the EDS spectrum for each spot.The biggest cluster of particles in the
precipitate (spot 1) exhibited high Cr, Fe, oxygen, and carbon concentrations in
the spectrum plot 5.9a. The carbon might be due to the presence of a polycar-
bonate substrate or due to an organometallic compound formed in the leaching
solution and the chromium; Fe might be due to the reduction of Cr6+ to Cr3+ in
the presence of Fe3+ as a catalyst. One reason for the following outcome can be
explained by understanding the effect of citrate on the hexavalent chromium in the
presence of Fe source material. In the environment, chromium is present in two
valence states: trivalent chromium and hexavalent chromium. In terms of their tox-
icity and solubility, Cr3+ and Cr6+ exhibit notable differences. Specifically, Cr3+

is characterized by its water-insolubility and relatively lower toxicity, while Cr6+ is
water-soluble and more toxic. In previous studies[49, 50], it has been found that
aqueous Fe2+ has the ability to reduce Cr6+ to Cr3+. In other studies[51], it was
observed that soluble Fe3+ could promote the Cr6+ reduction by organic ligands.
Fe3+ can form complexes with organic ligands and then these complexes could be
reduced to Fe2+-ligand complexes through photo-reduction. In our experiment, the
high-temperature condition (80◦C) caused the catalytic effect of soluble Fe3+ on
Cr6+ reduction. This might be the reason for the enhanced amount of Cr present
in the precipitate[52, 53, 54]. For the flake particles(spot 2 and spot 3 ), the EDX
results 5.9b and 5.9c showed large amounts of Se present in the precipitate, which
might occur due to the unreacted samples present in the form of metal selenides.
Moreover, for the minute flakes (spot 4), the EDX 5.9d accounted for a small amount
of Ag and In, which was not observed in any other precipitate particles. The Ag
might occur due to the agitation caused by the high temperature of the leaching
solution or maybe due to the wear and tear of the Ag layer at the time of collecting
the sample after the leaching is over. In contrast, In might be due to the formation
of indium citrate complexes or due to agitation.
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Table 5.7: EDS analysis of the different spots (in weight %).

Spot C O S Cr Fe Se V Ag Na In
1 18.80 2.58 - 59.24 19.38 - - - - -
2 27.56 6.32 0.25 16.63 19.00 30.24 - - - -
3 21.11 3.82 0.38 33.34 15.47 24.05 1.82 - - -
4 24.81 6.7 0.53 45.50 10.27 5.98 2.47 2.26 - 1.48
5 36.83 7.38 0.26 23.13 11.86 18.75 1.21 0.44 0.13 -

The XRD technique (figure 5.11) was applied to the precipitate to acquire the data
about the crystallographic structure. The XRD analysis resulted in an amorphous
spectrum with broad peaks.

Figure 5.11: XRD results of the precipitate.

5.2.1.4 Effects of stirring speed

Generally, if the agitation is intensified, the leaching rate increases until a saturation
level is attained, after which it may decrease. The main aim is to cause shrinkage
of the liquid film and increase the available surface area of the samples, making
the diffusion and reaction much easier[55]. On the other hand, harsh agitation can
delay the diffusion of ions onto the surface of the unreacted sample caused by flow
problems(such as vortex formation, bubbling, etc.)[56, 57]. The mode of contact
between solids and liquids plays a huge essential role in the kinetics of leaching.

From Figure 5.12, it was apparent that the leaching amount of Zn and In were
both high at the beginning 2 hours, and they had a pretty similar trend during
the leaching process. The mass of In reached the peak of 7.62mg/cell at 24 hours.
There was a constantly increased leaching amount of Mo, and a bit amount of Sn
was observed. No substantial increment of these four metals was seen when the
stirring speed rose from 100 rpm to 200 rpm because the majority of the leaching
solution flowed around the wall under centrifugal force[58], then it might have a
negative impact on the contact between the leaching solution and the surface of the
solar cell.
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Figure 5.12: Plots of mass of metals at 200rpm(conditions: 1M citric acid, surface
area to liquid ratio of 1:3, room temperature).

5.2.2 Selection of tartaric acid
Marafi et al.[59] investigated the recovery of metal from spent catalyst by organic
acid leaching and found that tartaric acid had a highly selective extraction of Mo
since almost 93% of Mo could be dissolved in 5wt% tartaric acid at 50◦C by ultra-
sonic agitation in an ultrasonic bath. Due to the good leaching yield of Mo, tartaric
acid might be an opportunity to be the first step leaching for the removal of Mo
and some potential metals and thus the leaching of CIGS cells in tartaric acid was
investigated.

5.2.2.1 Effect of concentration

Jonas et al.[60] used 1M DL-tartaric acid and organic acid to investigate the recov-
ery of In and Mo from ITO glass samples of LCD screens. The leaching amount of
Mo by DL-tartaric acid was higher than that by organic acid leaching. In order to
find out the effect of concentration on metals and control the cost, 1M and 0.5M
DL-tartaric acid was used to carry out the experiment.

According to the results from Figure 5.13a, the most amount of Zn and In were
leached from 6 hours of the leaching and the mass of then were 12.33 and 7.68mg/-
cell, respectively. Mo dissolution occurred from 1 hour and W dissolution was from
3 hours. Both of these metals were observed to increase linearly with time. The
mass per cell of 9.67 and 8.22 were obtained at 28 hours.

Figure 5.13b indicated that the curve of Zn and In fluctuated at almost same trend.
At the same time, the amount of them were slightly higher than that with 1M
citric acid. Besides, all of these metals had a stable or increased tendency from 8
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hours to 24 hours. For Mo and W, the growth rate had become significantly slower
after 24 hours and the amount still reached about 9.12 and 7.50mg/cell at 28 hours,
respectively.

(a) 1M tartaric acid (b) 0.5M tartaric acid

Figure 5.13: Plots of mass of metals at 1M and 0.5M tartaric acid(conditions:
room temperature, surface area to liquid ratio of 1:3, stirring speed of 100rpm).

5.3 Discussion
To sum up, this thesis mainly investigated the leaching yield of the valuable metals
in CIGS solar cells with inorganic acid by different division methods, and organic
acids at different concentrations, surface area to liquid ratio, and temperature.

On the one hand, the effect of different division methods was studied to determine
the distribution of the CIGS solar cell. Considering the leachable metals except
steel substrate in the nitric acid, the results showed that only the mass of Ag in the
whole solar cell was 44% higher than that in big samples and small samples. It was
mainly because of the loss of the grid contact layer when cutting. As a result, it
is beneficial to leach the valuable metals with the whole solar cell on the industrial
scale to avoid this circumstance. For the majority of the metals, such as Ag, Zn was
found to have almost complete leaching in the beginning 2 hours. Due to the fact
that these metals were located in the grid contact layer and window, buffer layers,
which were exposed to leaching solution. Mo increased linearly over time, it mainly
existed in the Mo back contact layer which was not the first layer to contact with
the leaching solution, which means that leachate etches effectively from the edges
and can penetrate between the layers.

Moreover, the concentration of citric acid and tartaric acid, surface area to liquid
ratio, temperature and agitation were considered to compare the results. It can be
seen that leaching amount of Zn, In, Mo, Sn had a slight change when the con-
centration of citric acid and surface area to liquid ratio increased. Especially the
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leaching amounts of Zn and In were almost 90% and 25% compared to 8M HNO3,
respectively. Mo only had a slight increment when changing these two parameters.
In addition, the leaching amount of Zn and In always dropped after 4 hours un-
til 24 hours. When the sealed plastic container was opened and the sampling was
completed, the leaching rate increased again. The main factor was regarded as the
soluble oxygen, which will affect the leaching process. So, carrying out the leaching
process by the solar cell with 1M citric acid at room temperature, surface area to
liquid ratio of 1:3, stirring speed of 100rpm could be an option to remove Zn and
some quantity of In.

Temperature is a significant parameter to affect the leaching process due to the
fact that it showed Fe from the glass substrate at the bottom layer had a pretty
high leaching yield. At the same time, a considerable amount of Cr was leached as
well when the temperature changed from room temperature to 80◦C. The higher
amount of Cr presents can be attributed to the existence of citrate, which promotes
the catalytic influence of Fe3+ soluble complexes about the reduction of Cr6+ to
Cr3+. The leaching yield of In was 53.41% at 80◦C, which was higher than other
researcher’s results that the leaching yield of In increased before 70◦C[19]. Since the
material in that research was only spent CIGS, it was further verified that In was
also present in large quantities on top layers of CIGS solar cell. Besides, both room
temperature and 50◦C can be used to achieve the full leaching of Zn. Complete
leaching of Zn and Sn was obtained when the temperature was 80◦C. Simultane-
ously, under this condition, a good leaching of In was observed and the amount was
almost 60% compared to the sample with 8M HNO3. Given the substantial levels
of Fe and Cr leaching observed in the precipitate at 80◦C, it would be effective to
consider leaching solar cells with a glass substrate as opposed to those with a steel
substrate.

Tartaric acid has a pretty similar leaching amount of Zn and In, so it might be an
alternative organic acid when it comes to Zn and In. In addition, during the whole
leaching process, Mo and W dissolution are observed to take place. Leaching the
CIGS solar cell with tartaric acid at mild conditions may be feasible for the recovery
of Zn, In, Mo, and W.
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Conclusion

In the thesis, three different division methods were applied to cut the CIGS solar
cell to investigate the effect of sample size and preparation for the leaching process
of the metals. For 8M HNO3, except Ag, the concentration of other leached metals
was very similar in these three scenarios. So, these metals can be assumed to be
equally distributed on the solar cell, the differences in grain size when manufacturing
does not have a huge impact on leaching yield. As for Ag, the cutting loss might be
the main factor in affecting the mass from 193mg/cell to 109mg/cell.

When the experiments were carried out at the surface area to liquid ratio of 1:3,
stirring speed of 100rpm and room temperature, the concentration of citric acid all
indicated more than 80% of Zn was leached compared to 8M HNO3. In addition,
almost complete leaching of Zn is achieved when the surface area to liquid ratio of
1:7, stirring speed of 100rpm, room temperature, and 1M citric acid are used. It
would be a good option to remove Zn under these conditions. Furthermore, ICP-OES
measurements reveal significant concentrations of Fe and Cr when the temperature
is 80◦C. The precipitate found in the leaching solution was studied using SEM-EDS
analysis, it is mainly attributed to the reduction of Cr6+ to Cr3+ in the presence
of the aqueous Fe2+ or might be due the formation of chromium-citrate complexes.
Regarding tartaric acid, the leaching of W was observed and its leaching yield of
92% was reached at 24 hours. As a result, organic acids like citric acid and tartaric
acid can be used to leach Zn and W at specific conditions as mentioned above,
respectively.

6.1 Further Research
As the results above, the airflow could be taken into account during the leaching
process, especially when the citric acid is used. Except for the introduction of oxi-
dizing agents like oxygen, H2O2 is another alternative chemical to add to the organic
acids. It can be done to understand whether the presence of the metal ions present
in the CIGS solar cells creates a synergistic effect on the leaching.

When it comes to the recovery of Mo and W with tartaric acid leaching, the leaching
time would be a factor to influences the leaching yield of them. Since the longer
leaching time and constant increased curve, an appropriate extension of reaction
time leads to complete leaching.
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6. Conclusion

In order to progress for further research, one thing that can be considered is to
selectively leach the Zn contained layer using low-concentrated acids in a short
leaching duration in a single step and then check whether the prior step could
improve the selective leaching behavior of the metals of the CIGS sample using
organic acid.
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