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Abstract: Indium is considered a valuable and irreplaceable material for a variety of applications
that improve the quality of human life. Due to its limited availability and the growing demand,
it is mandatory to find sustainable solutions for indium recovery from end-of-life devices. The
green indium patented technology SCRIPT (ITA202018000008207) focuses on recovering indium
from ground LCD panels, developed through laboratory scale investigation. The process ensures
high recovery efficiencies of indium (>90%), features a simple design, and fully exploits the solid
residue with the production of a concrete for building applications. This manuscript presents a study
focused on the validation and optimization of the patented SCRIPT technology at the bench scale,
driven by sustainability assessment. Bench scale experiments successfully validated the technology,
improving its technology readiness level. Furthermore, an environmental sustainability assessment
highlighted the importance of treating the finest fraction, which has the highest indium concentration.
Optimization tests at the bench scale demonstrated that water could be recirculated for more than
five cycles. The economic sustainability tests highlighted that when the indium concentration in the
material fed into the recycling plant is above 1000 mg/kg, the technology is cost effective and worth
investment. Our study is fundamental for boosting indium recycling in the world. Moreover, our
methodological approach represents a guideline for achieving sustainability goals within circular
economy approaches for strategic metals in complex matrices.
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1. Introduction

Indium is a valuable and irreplaceable material, especially in the technological sector,
due to its several applications that contribute to improving the quality of human life [1,2].
In the electronics industry, indium is mainly used to produce liquid crystal displays (LCDs),
where it is present as indium-tin oxide (ITO) on the surface of the glass substrates that
contain liquid crystals [3-5]. Additionally, indium is used in photovoltaic cells (PVs), LEDs,
batteries, and other applications [1].

Despite its economic value, indium is relatively scarce in both continental and oceanic
crusts, with an abundance ranging between 0.05 and 0.072 mg/kg [6,7]. Currently, there
are no specific ores for this metal and its primary production is mainly linked to the
mining of sphalerite ores, copper sulphide (chalcopyrite) ores, and tin ores, where indium
concentrations are typically below 20 mg/kg [2,7-9].

The global indium supply is under pressure due to its limited availability and growing
demand [7]. Therefore, the recycling of indium from waste electrical and electronic equip-
ment (WEEE) has become an important strategy worldwide to address this challenge [5].
In this perspective, one common method for secondary indium production is ITO recycling
after the sputtering phase [2,5,6]. LCD scraps offer an interesting alternative, as they con-
tain higher indium concentration than ores [6-9] and they are widely available, due to the
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short lifecycle of devices [8-11]. The recycling of LCDs may reduce the high environmental
impacts resulting from their conventional management (landfills, incinerators) and allows
for resource conservation by reducing the need for primary production [12].

Several studies focused on the development of new technologies for the recovery of
indium from WEEE residues [13]. These technologies promise lower energy consump-
tion, reduced operational costs, and improved environmental sustainability, compared to
traditional pyrometallurgical processes [7].

Most hydrometallurgical techniques for indium leaching from spent LCDs are based
on strong mineral acids, such as hydrochloric acid, sulfuric acid, and nitric acid [6,14-23].
During acid leaching, the ITO layer is dissolved, releasing In(Ill) and Sn(IV) cations in
the solution. The main reactions involved when ITO is treated with H,SO,4 are shown
in Equations (1) and (2) [17]. Indium is dissolved into the solution as indium ions (In3*)
(Equation (1)),

InyO3 + 3H,S04 — 2In®** + 350,%~ + 3H,0 (1)

while tin is dissolved as follows (Equation (2)):
SnO, + 2H,80, — Sn** + 25042~ + 2H,0 2)

In more detail, the leaching process begins when H,SO, reacts with the surface of ITO
glass, dissociating into SO42~ and H* ions. This leads to the breakdown of the In-O bond,
forming an intermediate In-O-H complex. The reaction proceeds until In** and SO4>~ are
fully generated in the leaching solution [17].

Several studies focused on the optimization and enhancement of the acid leaching
process by different lixiviant combinations [21]. In this regard, organic acids, such as oxalic,
malic, or citric acid, were found to be effective leaching agents [24-26]. In some works,
oxidizing and reducing chemical agents have been added in the acid leaching process to
accelerate the reaction [26-29].

Another promising approach is bioleaching, promoted by microorganisms such as
Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans, and Aspergillus niger. This tech-
nique is promising for lower costs and higher sustainability terms, though research on this
topic remains limited [30-34].

Furthermore, several methods were tested to recover indium from leach liquors pro-
duced by the mentioned techniques. Solvent extraction is the most common technique [13],
while possible alternatives are represented by ionic liquid, nonvolatile and nonflammable,
and sorbent, including ion exchange and chelating resins, extraction [7,9]. Another less
common approach, used as highly effective recovery technique, is cementation, based on
the differences in the electrochemical potentials of indium, compared to other elements [5].
This technique shows the advantages of a simple implementation, relatively low cost and
toxicity (compared to the most common solvent extraction), and high ensured efficiency.

Much of the scientific literature only focuses on technical feasibility; however, in the
current era, it is crucial also to consider the combination of effectiveness and sustainability
of the developed approaches. From the results achieved through laboratory scale investiga-
tion, documented by several scientific publications [9,11,12,35], we developed the SCRIPT
(circular strategies for indium recovery from ground panels) patent (ITA202018000008207), which
ensures high indium recovery efficiencies (>90%). This process also features a simple treat-
ment design and allows the exploitation of the whole solid residue with the production
of a concrete for building applications. The goal of the present paper is to present a study
focused on scaling up the patented SCRIPT technology to a bench scale level, driven by
sustainability assessment. An integrated assessment is essential to ensure the development
of viable solutions, given the relatively low indium concentration in solid waste (order of
magnitude 10-1000 mg/kg). Moreover, the study includes: 1. the initial validation of the
technology at bench scale level; 2. an environmental assessment finalized to identify the
potential process configuration able to promote the process sustainability; 3. the further
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experimental optimization to reduce the environmental impact; 4. and a final assessment
that considers economic sustainability as well.

2. Materials and Methods
2.1. Samples

An SME recycler in Central Italy supplied the samples for bench scale experiments.
The industrial facility collects and treats (by physical-mechanical treatment) around 30 tons
of waste from WEEE, every day. The SME supplied to the Polytechnic University of Marche
about 50 kg of crushed LCD panels (<10 cm), collected in big boxes and transported in
plastic bags to university labs. The procedure reported below was implemented to achieve
representative samples. A portion (4.820 kg) was placed on a clean table to form a cake
with 7 cm thickness and 50 cm diameter (Figure 1); the cake was divided into 4 sections,
and 2 of these fractions were selected to prepare a second cake with 3 cm thickness and
50 cm of diameter.

Figure 1. Waste supplied by a SME recycler in Central Italy.

At the end, the sample for the characterizations had a weight of 1154 kg; it was sieved
to achieve 3 representative fractions: >5 mm, 1-5 mm, <1 mm. Chemical characterizations
were performed by ICP-MS to quantify In and Ga concentrations.

2.2. The Bench Scale Experimental System

The leaching system consisted of three main components: a hot plate (Stuart SC162,
Essex, UK), a 5 L jacketed reactor (the reactor is not a commercial product, but it was
designed in the laboratory), and a peristaltic pump (Velp Scientifica™ SP 311, Usmate
Velate, Italy) to ensure hot water circulation (Figure 2). More in detail, hot water, at 100 °C
(used for both the leaching and cementation processes), was produced in a 2 L beaker
placed on the hot plate and supplied to the reactor jacket with a 200 mL/min flow. The
solution in the reactor reaches the requested temperature for leaching after 2 h (75-80 °C)
and after 1 h (50-55 °C) for cementation. Thereafter, the hot water flows back from the
jacketed reactor to the beaker, ensuring temperature maintenance (Figure 2).

At the end of each step, the leaching or cementation solution was pumped to the
filtration system which includes the following: a peristaltic pump, a filtration system with
a paper filter, and a vacuum pump (Chemker 400, New Taipei City, Taiwan). More in
detail, the solution is pumped by the peristaltic pump at 240 mL/min flow (Figure 3) to
the filtration system. The vacuum pump was used to promote and speed up the filtration
operations. A total of 30 min was enough for the complete solution to be pumped from
the reactor.
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Figure 3. Schematic representation of the filter apparatus and the related photo.

2.3. Assessment of the Advantageous Process Configuration through the Life Cycle Methodology

Considering the relatively low indium concentration in the solid, the assessment
considered the possibility of treating only the richest fraction using the patented SCRIPT
technology and valorizing the other one through building material production, without the
previous indium recovery.

The functional unit selected for the comparison is a complete treatment (pre-treatment,
3 leaching steps, and recovery) performed in a 5 L bench scale plant. The present analysis
includes the results of inventory analysis, classification and characterization (mandatory),
and normalization and weighting (optional) phases. The software used for data collection
is Thinkstep Gabi Professional, combined with the Database for Life Cycle Engineering
(compilation 7.3.3.153; DB version 6.115). The method selected for the analysis is EF 3.0,
which includes all the environmental categories and recommended models at midpoint,
together with their indicators, units, and sources [36]. Figure 4 represents the system
boundaries considered for the analysis, which include 2 pre-treatment scenarios:

e  Scenario 1: waste from recycler, with an average In concentration around 40 ppm, is
crushed and sent to the patented technology SCRIPT.
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SCENARIO 1

e  Scenario 2: waste from recycler facility is sieved and only the finest fraction (<1 mm)
with the highest In concentration (157 ppm) is sent to the patented technology SCRIPT.
The <1 mm fraction represents about 17% of the waste; therefore, 18 kg of LCDs are
sieved to separate 3 kg, necessary for the 3-step process. The remaining 83% can be
crushed and mixed with the scraps for building material production. This option
allows an In pre-concentration in the waste flow but also metal loss in the >1 mm
fraction (with an In content around 15 ppm).

ELECTRICITY

0.15 kWh
0.1 kK\yh

SCENARIO 2

KWh 0.7 kg
NaOH PROD
H,50, PROD
12kg Zn PROD 0.04 kg
_— CRUSHING 3 3VEPS CEMENTATION .
s (<1mm) 7 LeAdniNe (55°C, 20min) N
cle | (80°C, 10 MIN) ’ K0 g WO
5.2 kg WW TREAT
WATER SUPPLY | 14k€ 53} . !
18 Ke SIEVING ) g — ke
(<1mm) PLASTICIZER [cc,i5ei|  CONCRETE
i *'%*]  prODUCTION
15 Kg —'Jnu- CEMENT 1.8 kg ‘J: g |
(<1mm)

Figure 4. System boundaries considered for the LCA (Functional unit, a whole treatment of end-of-life
LCD in the 5 L reactor). The red quantities are referred to scenario 1, green quantities to scenario 2,
blue quantities are common to both scenarios.

Further leaching and cementation steps follow the conditions described in the bench
scale validation section. For the quantification of the electricity impact, a European elec-
tricity grid mix (which includes both renewable and not-renewable energy resources) is
selected. Some assumptions have been performed for the analysis:

e An environmental credit due to the avoided disposal in landfilling site has been in-
cluded considering the current classification of end-of-life LCD panels as urban waste.

e  The environmental credit related to the recovered In has been estimated by the alloca-
tion of Zn metal value on economic basis (240 USD/kg for In vs. 4 USD/kg for Zn).
This assumption was considered acceptable since the two elements are extracted from
the same ore, sphalerite [37].

2.4. Optimization of the Patented SCRIPT Technology at Bench Scale

The optimization of the patented technology SCRIPT is driven by the sustainability
assessment (Section 2.3), and it includes the wastewater recirculation system. Figure 5
reports the whole scheme of the process. Fixed conditions were selected considering the
results previously achieved: use of the finest LCD fraction (<1 mm) to increase In con-
centration, a 3 step cross-current leaching process, cementation with 7.5 g/L of Zn, and a
water/treated LCD wet ratio of 2:1 to remove chlorides and sulphates for concrete produc-
tion [35]. Starting from these conditions, wastewater recirculation from both cementation
and LCD washing (before concrete production) was studied to improve sustainability in
the process.
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Figure 5. Schematic representation of the whole patent IT201800008207A1 process. The red box
includes the process steps.

In the first process cycle, leaching and cementation processes were carried out using
only the finest fraction (<1 mm) of the sample. On the other hand, from the second cycle, the
2M leaching solution was composed of the following: 50% of solution after the cementation
process, 44.5% of solution after the treated LCD washing step, and 5.5% of H»SO4 solution
(96% v/v). After the first step of the cross-current leaching, 10% of the leaching solution
(lost for both evaporation phenomena and filtration steps) was restored by a fresh solution
of 2M H,SOy produced by the wastewater from the washing process.

2.5. The Economic Assessment

Table 1 summarizes the updated unitary costs considered for the evaluation, including
the price of the panel management, if disposed of as urban waste (after the preliminary
removal of hazardous components).

Table 1. Unitary costs considered for economic estimation.

Flow Unitary Cost (EUR/kg)

Electricity (EUR/kWh) 0.1
NaOH 1

H,S0, 0.5

Zn 10

Wastewater treatment and disposal 0.1

Solid waste disposal 0.25

In 400

3. Results and Discussion
3.1. Sample Characterizations

Table 2 presents the results of ICP-MS analysis, highlighting variations in indium
concentrations based on sample sizes. Indium concentrations ranged from 2.5 &+ 0.5 mg/kg,
in the biggest fraction, to 160 £ 30 mg/kg in the smallest one, while gallium showed a more
uniform distribution. These results confirm the observations of previous studies, which
observed a decrease in indium concentration with the fragment dimension increase [12,29].
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However, the size of the smallest fraction is not constant in all the works, depending on
the different grinding methods, and it varies between 10 um and 212 um [19,21,23]. Given
the high variability of the fractions used in the literature, the analysis of the correlation
between particle size and indium concentrations was worthy of investigation.

Table 2. Chemical characterization of three representative fractions of the crushed LCD panel.

<1

1<9<5 >5

S1

Waste Dimension Metal Conc. (mg/kg)
(mm) In Ga
<1 160 +£ 30 6+1
S1 1<@<5 17 +£5 6+3
>5 25+£05 14 +£2

Additionally, LCD composition is not homogeneous and can vary depending on the
different production processes used (e.g., different brands), which explains the variable
indium and other metal concentrations reported in the literature. Regardless of this aspect,
all studies identify indium as the primary component of ITO, with higher content than
the other metals [22]. Table 3 summarizes the indium concentrations measured in several
works, along with the indication of other metals detected in the LCD panels. The variability
related to the manufacturing peculiarities is in an acceptable range.

Table 3. Summary of indium content in LCD panels (mg/kg) from literature data.

Indium Content Other Metals Reference
100 Al, Ca, Fe, Mn, Mo, and Sn [12]
261 Sn [22]
576 Si, Al, B, Ca, Sr, Fe, Mg, Ba, 5n, Cr, Na, K, and Cu [23]
120 Al, Fe, In, Ca, Mg, St, and Mo [15]
30 n.a.? [21]
n.a.?@ Sn, Cu, Pb, and Al [33]
219 Sn [10]

2 Not available.

3.2. Validation of the Patented SCRIPT Technology at Bench Scale

Figure 6 shows the indium concentration achieved at the end of each stage of the
cross-current leaching process, along with the concentration of three main interferents:
Fe, Al, and Cu. The results confirmed those previously observed at the lab scale [12] and
during the development of the SCRIPT patent. Regardless of the process scale-up, an
almost complete In extraction was achieved across the three leaching steps, with moderate
extraction of the interferents. Al, Fe, and Cu were extracted with efficiencies of 12%, 5%,
and 1%, respectively (Figure 6b). The tests also showed a volume loss around 10% due
to evaporation phenomena and filtration steps. Therefore, the volume was restored by a
fresh solution of 2M H,SOy, before the second and the third steps. The leaching solution
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from the third step of the cross-current process was used to determine the best operative
conditions for In recovery by cementation with Zn. As showed in Figure 7, In recovery
showed efficiencies higher than 90% with a Zn concentration above 7.5 g/L. However,
even Cu and Al exhibited recovery efficiency greater than 90% with Zn concentrations
over 5 and 10 g/L, respectively. On the other hand, Fe recovery remained at around 20%,
regardless of the Zn concentration.

b i 0
®lron ® Aluminium ® Copper @ Indium (b) ®iron ®Copper @Iindium ® Aluminium
- 100 100 ] [ ] °
%0
H ® e o
80 & 80
£ 5
° w0 5 z 70
= @
. ©wf S
=
0§ §
=
w0 & 2w
. 3 =
° 30 = § 0
. w0 0
=
° 3 - - 10 10 » ° . .
™ ° . °
] a - - = =
Istep i step il step Istep 1l step il step 1l step end

Figure 6. Metal concentrations (a) and extraction efficiencies (b) after each step during the bench
scale cross-current leaching, using the finest fraction (<1 mm) (5 L leaching volume, 20% solid).
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Metal recovery efficiency %
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Figure 7. Metal recovery efficiencies observed in cementation treatments.

The first set of experiments confirmed the high In recovery from LCD panels, irrespec-
tive of process scale-up, and proved the feasibility of using waste from a representative
SME recycler. Overall, the best operative conditions identified include the use of the finest
fraction (<1 mm) only to increase In concentration in the leaching solution to 90 mg/L,
performing three-step cross-current leaching with 10% solution replenishment and the use
of 7.5 g/L of Zn for the cementation process, to achieve an In recovery higher than 90%
while minimizing impurities (especially Al and Fe).

3.3. Assessment of Advantageous Process Configuration through the Life Cycle Methodology—Life
Cycle Impact Assessment (LCIA)

3.3.1. Classification and Characterization

The results in Figure 8 aim to identify the environmental differences between the
two scenarios reported in Figure 4 to assess the advantage/disadvantage of sample pre-
sieving to increase In concentration. The results of classification and characterization
phases show variable results according to the impact category. The possibility of an In
pre-concentration in the treated waste is emphasized in the categories of resource use,
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minerals and metals, and the ecotoxicity freshwater, for the avoided depletion of primary
resources (Figure 8c,j). Overall, the environmental credit due to both the recovered In and
the avoided disposal of LCD panels is insufficient to balance the environmental impact
of the process, with the exception of Scenario 2, in the categories of climate change and
eutrophication freshwater (Figure 8b,d). These positive results are mainly explained by
the substantial benefit of the avoided disposal, which is able to balance the environmental
burden of concrete production (the main issue of scenario 2). This burden arises from the
impact of the cement required to ensure the material’s technical properties. It is evident
that the difference between scenarios 1 and 2 is due to the LCD amount used (3 kg with
a low In concentration in scenario 1, vs. 18 kg to obtain 3 kg of high In concentration to
treat in scenario 2). The lowest impact of Scenario 2 in the climate change category is also
confirmed by the comparison with other innovative approaches reported in the literature,
such as bioleaching followed by solvent extraction described by Falke and Hock [38]. The
advantage of the SCRIPT process is explained by the short reaction time, which results
in lower energy demand than the biotechnology. The different LCD amounts explain the
variation between the two scenarios in the categories of ozone depletion and ionizing
radiation (Figure 8g,n), where the effect of the highest energy demand for crushing is
highlighted. Another interesting aspect is related to the decrease in washing water/waste
LCD ratio, which affects the results of wastewater treatment (WWT). Indeed, the >1 mm
fraction from sieving is sent to concrete production, without preliminary washing for
sulphate removal. This reduction in wastewater represents a significant achievement
from a sustainability perspective, as water treatment is one of the major weaknesses of
hydrometallurgical recycling techniques [39].

Climate Change [kg CO2 eq.] (b)

= scenario
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Ecotoxicity freshwater [CTUe] (c) Eutrophication freshwater [kg P eq.] (d)
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-4x10-4

Figure 8. Cont.
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Figure 8. Results of classification and characterization steps (functional unit: a whole treatment of
end-of-life LCDs in the bench scale reactor).

3.3.2. Normalization and Weighing

Considering the variability of results observed at the end of classification and char-
acterization (described in Section 3.3.1), normalization and weighing phases were useful
for providing a more complete process overview. Overall, the two options showed no
relevant differences as concerns environmental aspects (Figure 9), as the higher electricity
consumption for the waste pre-treatment is balanced by the benefits in both In recovery
and avoided disposal. Furthermore, an additional environmental improvement of scenario
2, could be achieved at the end of optimization phase. The pie-charts in Figure 9 show rele-
vant information about the high benefit of the environmental credit on the climate change
category. On the other hand, the contribution of climate change and ionizing radiation on
the impact of the whole process is due to both the NaOH used in the cementation step and
the cement for concrete production. The possibility to reduce the NaOH consumption in
the recovery step is discussed in Section 3.4.

The results described in Figures 8 and 9 take into account the production of a building
material that fully utilizes LCD scraps generated from the In recovery process.

The sustainability assessment highlights the advantage of In pre-concentration by
sieving. This benefit is mainly highlighted in the category of climate change, a very
important aspect considering the current reduction targets for CO, emissions. The analysis
proves that the In loss due to the avoided treatment of the >1 mm fraction does not affect the
whole result. Overall, the main strength of the process is the possibility to fully exploit waste
LCDs, avoiding their disposal. In recovery represents a highly interesting opportunity,
especially considering its increasing market value, although its low concentration in waste
remains a weakness in the process. Considering the described results, further optimization
will be discussed in the next paragraphs, focusing on the recirculation system.
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Figure 9. Results of normalization and weighing steps (functional unit: a whole treatment of end-

of-life LCD in the bench scale reactor). Pie charts report the percentage of impact categories mainly

affected (environmental loads) and saved (environmental credits) in each scenario.

3.4. Results of Optimization of the Patented Technology SCRIPT at Bench Scale

We investigated the possibility to recirculate: 1. wastewater from the washing step of
the treated LCD, and 2. the solution resulting from the cementation step, in the bench scale
facilities described above.

As shown in Figure 10, the In concentration in the leaching solution after three steps of
the cross-current process was around 60 mg/L, for any cycle (Figure 10c). From these results,
it is evident that the leaching efficiency was not affected by recirculation of cementation
and washing wastewater. The same trend was observed for Ca, which showed the same
concentration during the four cycles, around 500 mg/L (Figure 10d). On the other hand, Al
and Fe concentrations grew in the fourth cycle, from around 5.5 and 0.5 g/L (in the first
three cycles) to 12.0 and 1.5 g/L in the last cycle, doubling and tripling their concentrations,
respectively. This increase is due to the metal intake from the washing solution, mainly for
Al The Fe and Al concentrations, in the resulting washing solution, were around 1.5 and
1.0 g/L in the fourth washing step, respectively (Figure 11a,b). On the other hand, In and
Ca concentrations in the washing solution were constant around 5-10 mg/L and 500 mg/L,
respectively (Figure 11c,d).

As concerns the further recovery steps, the results showed for the amount of NaOH
necessary to increase the pH to the value of 2.5 decreased from 150 g/L, in the first step,
to around 70-80 g/L in the second, third, and fourth cycles (Figure 12b). Furthermore,
the amount of In that precipitated during the pH adjustment in the first three cycles was
negligible (Figure 12a). On the other hand, in the fourth cycle, In recovery was around 40%,
comparable to Al and Fe precipitation efficiencies.

The cementation process, with 7.5 g/L of Zn, achieved an In recovery efficiency
higher than 90% across all the recirculation cycles tested; the same was obtained without
recirculation (Figure 13a). In contrast, Al and Fe recovery efficiencies decreased from 95 to
40%, in the first three cycles, to 20 and 0% in the last cycle, respectively, increasing the In
purity in the final product. This was probably due to a lower pH increase in the fourth cycle,
reaching a value lower than four, instead of a value higher than six, in the first two cycles
(Figure 13b).
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Figure 10. Metal concentrations ((a) Fe, (b) Al, (c) In, and (d) Ca) during the 3-step cross-current
leaching process for the four tested recirculation cycles.
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Figure 11. Metal concentrations ((a) Fe, (b) Al (c) In, and (d) Ca) in the solution after treated
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Figure 13. Cementation efficiencies (a) and amount of Zn (b) used in cementation for In recovery.

These findings confirmed the possibility of recirculating cementation and washing
wastewater flows, without reducing the leaching efficiency. The recirculation system
allowed for reductions in both the water demand and the volume of wastewater flows to
manage. Furthermore, the NaOH demand, for the pH adjustment before the cementation
step, was halved due to the recirculation system.

Therefore, the advantage of reduced impurities in the final solid product is further
enhanced by a relevant environmental benefit. In this regard, in a previous work, Amato
et al. [40] estimated a decrease of 25% in process emissions by the effective wastewater
recirculation system.

3.5. Economic Sustainability

The estimation of process costs represents essential information from the perspective of
process scale-up. Considering the process peculiarities, its cost-effectiveness is strongly in-
fluenced by the market volatility of both metals and raw materials. In addition to economic
aspects, the social and sociological issues of electronic waste recovery can be analyzed
to cover all the sustainability spheres [38]. Indeed, the creation of an effective recycling
system, supported by the legislation for environmental and communities protection, should
allow for the social impacts of the mining activities to be avoided [39]. Furthermore, the
positive social impact includes increased job opportunities, poverty reduction, and the
promotion of economic development [38,41,42].

The economic sustainability analysis refers to a 1 m? reactor, able to treat 800 kg of
panels per day (four step process), for 210 treatments per year. In addition to In, we also
considered the excess of Zn from the resulting product as valuable metal. The investment
costs are not considered in the economic assessment: the relatively low concentration of In
does not justify any investment being dedicated only to In recovery, and the idea is to use
the same plant to recover different valuable metals from other residues. The simple design
of the plant (a mill, a jacketed reactor, a stirred reactor, a filter press, capex around EUR
120,000) makes it suitable for the implementation of additional treatments; therefore, we
considered the facility cost depreciated.

The economic assessment includes several variables, such as the energy and raw
material costs and the fluctuations of the metal market. As concerns the operative costs,
they were estimated around 350 EUR/cycle with four leaching steps, translated into
73,000 EUR/year, considering 210 cycles for year. The HySO4 demand causes the highest
contribution (34% of the OPEX), followed by NaOH and Zn (26% and 23%, respectively)
(Figure 14). This cost distribution confirms the importance of wastewater recirculation,
which increases the pH of the solution and decreases the NaOH demand. The additional
recovery of Zn from the excess in the solid product could further reduce operating costs.
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Figure 14. Distribution of operative costs for the process (1 m3 reactor, four steps of cross-current
leaching).

As previously observed, the cost-effectiveness of the process is connected to the In
concentration in the starting waste. The trend in the ideal concentration, which makes the
process sustainable, is closely linked to market fluctuations. For example, in recent years,
the indium price fluctuated from 280 EUR/kg (requiring a concentration of 1200 ppm) to
400 EUR/kg in July 2024. Under these economic conditions, also described in paragraph 2.5,
600 ppm is the concentration able to produce a profit, making the innovative process
sustainable from an economic point of view also (Figure 15). The recovery of other metals,
such as Cu and Al, is not economically viable. Given the current price of around 9 EUR/kg
for Cuand 2 EUR/kg for Al [43,44], the additional cost of integrating a process for Cu and Al
recovery is not sustainable compared to In, which has a price 40 times higher. Considering
the importance of the identification of sustainable strategies for In recovery, additional
efforts should be made in pre-treatment to obtain a higher In pre-concentration (along with
mixing different waste with relevant metal content). In the study by Savvilotidou et al.
(2019) [45], several pre-treatment methods (mechanical crushing and sieving, pyrolysis,
a gravimetric method, thermal shock) were compared based on In concentrations and
potential economic savings. The findings indicated that thermal shock is the most effective
pre-treatment technique, achieving a maximum In pre-concentration yield of 77.4% [46—49].
However, the economic analysis confirmed that mechanical crushing and sieving is the
most cost-effective option, followed by thermal shock and pyrolysis. These results suggest
that further incorporating a pre-sorting step (e.g., thermal shock to separate polarizers)
could be a promising solution to increase the starting In concentration in the LCD waste.
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Figure 15. Process profit (EUR/year) vs. indium concentration in the feed material (plant capacity
160 t/y).
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The present evaluation confirms the necessity of combining the developed process
with additional recycling treatments to reduce investment costs. Overall, our study is
fundamental not only for boosting indium recycling in the world, but also to present a
methodological approach to meet sustainability goals within circular economy approaches
for strategic metals in complex matrices.

3.6. Obstacles to Scaling Up

Given the simple design proposed by the patent, we do not see significant obstacles
to the process scale-up, apart from the typical market fluctuations for raw materials and
products, which could affect the process sustainability. Nevertheless, these are common
issues in any recycling process.

Another challenge could be linked to a variation in In concentration, in the event it
will decrease in LCD devices.

In recent years, WEEE has become a pressing global issue, increasing at an annual
rate of 3-4% due to economic growth and the expanding use of electronics in everyday life.
By 2030, their amount is expected to exceed 74 million tons [50]. Although the weight of
WEEE is not a definitive indicator, since its composition changes over time, an estimate
of future WEEE composition can be made based on the types of products currently being
introduced to the market [51], and LCDs represent a substantial portion of electronic
waste [52]. Currently, as already reported, LCDs are widely used in televisions, laptops,
desktops, and other devices, and contain 0.12-0.14% liquid crystals whose main ingredient
is indium-tin oxide. Consequently, approximately 90% of the indium produced annually is
used for LCD manufacturing [51], ensuring the availability of waste quantities to support
the recycling industry.

Another issue in scaling up the process relates to the fluctuating cost of Zn used in the
cementation process. Currently, this is not a major limitation, as Zn costs have decreased to
a quarter of those reported in Table 1. Furthermore, an alternative solution could be the
replacement of Zn powder cementation with an electrodeposition process, to reduce Zn
consumption. The effectiveness of electrodeposition was already demonstrated in studies
by Song et al., where a two-step electrodeposition process allowed the achievement of a
99.41% recovery rate for In [53,54].

4. Conclusions

Indium concentration in LCDs is higher than that in ores, making LCD scraps an
attractive opportunity, given its growing market value. The SCRIPT patent offers a solu-
tion for In recovery from end-of-life LCDs, able to combine high technical performance,
sustainability, and a simple design thought process considering industrial scale implemen-
tation. In this regard, the present paper shows how the integration of experimental activity
and sustainability analysis (both environmental and economic) drives the validation and
optimization of this innovative process. Overall, the results show In recovery efficiency
over 90%, with excellent selectivity over the main interfering elements.

The general process scheme includes preliminary pre-treatment of crushing and siev-
ing with the finest fraction (<1 mm), cross-current leaching in three steps with 10% re-
freshing of the leaching solution, and recovery by cementation with 7.5 g/L of Zn. An
additional unit for wastewater recovery and recirculation was included to reduce water
and raw material consumptions.

This study enhances environmental benefits due to the avoided disposal of the dis-
plays, and highlights the economic relevance of In concentration in treated waste, identify-
ing >600 ppm as the threshold for process sustainability. Considering the simple design
of the process, metal market fluctuations are identified as the main limitation in process
scale-up; however, this is a common issue in all recycling processes. Additional advantages
for society can be hypothesized thanks to the creation of new job positions and a regulated
recycling system of waste LCDs, as an alternative to their illegal exportation towards
poorer countries. The integration of all sustainability spheres (environmental, economic,
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and social) during the optimization of the recycling process represents an excellent example
of circular economy implementation.
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