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DISCLAIMER OF WARRANTIES 
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EXECUTIVE SUMMARY 
The TREASURE project aims to create opportunities to make the automotive sector more 
circular. This goal is pursued through the development of tools that support the establishment 
of a circular supply chain, allowing for the testing of various technologies. Within the project's 
scope, Task 6.2 focused on enhancing hydrometallurgical recycling to recover strategic metals 
from end-of-life products generated by the automotive sector. 
The hydrometallurgical pilot plant built under the previous EU project Fenix (grant agreement 
no 760792) has been reconfigured (D5.4 ANNEX 1) to be more flexible and better suited for 
processing various materials from the automotive sector. These materials include printed circuit 
boards, indium-tin oxide glass of LCDs, and in-mold electronics. 
The various hydrometallurgical processes developed for recovering metals such as gold, silver, 
palladium, copper, tin, and indium have undergone pilot-scale testing. Successfully validating 
these processes at this scale has made the recycling technology suitable for marketing at the 
industrial level. The results significantly influence the decisions of end users, enabling them to 
enhance circularity in the automotive sector. This activity has been pivotal in validating the 
equipment's suitability and the economic feasibility of processes tested at the pilot scale for 
industrial application. The pilot-scale testing confirmed the effectiveness of these processes, 
including a significant focus on methods that allowed the reduction of freshwater usage and the 
introduction of wastewater treatment sections according to the Minimum Liquid Discharge 
(MLD) approach. 
The main findings were the efficient recycling of PCBs by identifying and removing electronic 
components inhibiting the dissolution of metals. As a result, two hydrometallurgical processes 
have been developed for boards with remaining electronic components, which aim to maximize 
extraction yields and the purity of precious and base metals in the products. A process with low 
chemical consumption has been developed to treat ITO glass from LCDs. Pilot tests have 
confirmed the selective recovery of 98.7% of indium, resulting in a high-grade product with 
99.3% purity of indium. Other key outcomes were successfully recycling silver from in-mold 
electronics, achieving an 82.9% recovery rate, and obtaining a 98.6% purity of the extracted 
silver. Additionally, it was observed that the hydrometallurgical process does not damage 
plastics (activity performed by TNO), leaving the possibility of recycling polycarbonate after 
silver recovery unchanged. Preliminary investigations have been conducted to test the reusing 
of recovered silver as a precursor for silver ink production in in-mold electronics, enabling the 
closing of the material loop. 
The validated processes demonstrated innovation in reagent regeneration and water reuse, 
significantly reducing consumption and costs. For this reason, some of the developed and 
validated technologies have been included in a patent proposal submitted by UNIVAQ. 
UNIVAQ organized a training session for ILSSA, which is an automotive disposer, to inform 
potential end-users of metal recovery technologies through hydrometallurgical processes. The 
training aimed at testing the processes in the hydrometallurgical pilot plant to highlight the 
benefits that these technologies can offer in the automotive sector. 
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1. Introduction 
1.1 Scope of the deliverable 
The main objective of Deliverable 6.2 is to validate laboratory-scale hydrometallurgical 
processes (D5.3 and D5.4) by conducting tests on the reconfigured hydrometallurgical pilot 
plant. These pilot plant tests have been focused on treating various types of end-of-life materials 
from the automotive sector, primarily supplied by the project's industrial partners. The scaling 
up of these processes is a critical step in the development of these technologies. Successful 
testing in the pilot plant will enable the potential implementation of these processes on an 
industrial scale. The outcomes will influence end-user decisions regarding the adoption of 
hydrometallurgical processes, thus driving the automotive sector towards a circular economy. 

The present deliverable was built starting from the D5.4 and includes further optimizations of 
the developed processes to increase metal extraction yields and improve overall efficiency. 
Additional optimizations were implemented to enhance the sustainability of the processes from 
the water use perspective, such as introducing wastewater treatment sections and reusing 
certain reagents. This approach aims at reducing reagent consumption and associated costs, 
minimizing freshwater usage (one of the major limitations of hydrometallurgical processes), and 
decreasing wastewater generation using an MLD approach, compared to other existing 
hydrometallurgical processes [1] and others developed by UNIVAQ that have been realized at 
industrial level. Some of the developed processes can also be considered bio-hydrometallurgical 
because certain reagents used, such as acetic acid for treating printed circuit boards, can be 
biologically produced through acetogenesis using inorganic substrates like CO2 and CO with 
acetogenic bacteria, as well as through aerobic fermentation. Additionally, it is environmentally 
friendly to use L-ascorbic acid (vitamin C) to precipitate and recover gold from the solution in 
which it was dissolved. Ascorbic acid can also be produced through fermentation with 
microorganisms. Therefore, hydrometallurgical processes utilize reagents that can be produced 
biologically and can thus be defined as bio-hydrometallurgical processes. 

Specifically, the hydrometallurgical processes for the treatment of printed circuit boards, in-
mold electronics, and indium-tin oxide glass of LCDs have been validated at the pilot scale. 
Regarding the PCBs, among those of the different critical car parts, those of combimeters have 
been selected based on the thermodynamic rarity ranking conducted by UNIZAR. Various types 
of in-mold electronics have been processed, as they are an emerging technology that could soon 
partially replace conventional printed circuit boards, even in the automotive sector. 
Additionally, ITO glass, commonly used in LCDs, is widely utilized in the automotive sector for 
infotainment systems and other applications. 
In each hydrometallurgical process, pilot scale tests were described, and the main results have 
been discussed. Next, a process analysis was carried out by defining material and energy 
balances, followed by a preliminary economic analysis to assess the process's economic 
feasibility. This was followed by a preliminary discussion to understand the investment margins 
required for implementing the different processes in an industrial plant. Additionally, the market 
trends and forecasts for various materials, as well as the demand for supply of different 
recovered metals including gold, silver, copper, tin, palladium, and indium, were evaluated. 
Considerations were also given to the demand for mineral resources in the EU economy, 
particularly in the market for electric vehicles as part of low-carbon energy solutions. 

Furthermore, the deliverable will detail the training session for the use of the hydrometallurgical 
pilot plant, conducted by UNIVAQ personnel for ILSSA as an industrial partner and 
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representative of end-users interested in hydrometallurgical recycling technologies. The 
operating and maintenance handbook of the hydrometallurgical pilot plant is provided as an 
annex to this deliverable. ILSSA has highlighted the advantages of using hydrometallurgical 
processes for recycling automotive materials. They compared the current situation of 
automotive dismantlers with the benefits of using hydrometallurgical technologies validated in 
the EU Treasure project. 

1.2 Contribution to other WPs 
The main links of this deliverable with other tasks are related to the line of Treasure pilot plants. 
In fact, to increase recycling efficiency, some specific SMDs have been identified to be 
disassembled from PCBs before hydrometallurgical treatments. This information was 
transferred to POLIMI, which, in Task 6.1, tested the disassembly of these SMDs thanks to the 
advances they obtained with COBOT technology. In addition, together with TNO, the circularity 
of silver in in-mold electronics has been studied thanks to the support of GENESINK (advisory 
board member) as the end-user of silver for its use as a precursor to producing silver ink. In 
addition, the in-mold electronics output of the hydrometallurgical process, that is, the solid 
residue of the process, was used by TNO for investigations on the recycling of polycarbonate. 
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Table 1. Operative conditions of the preliminary pilot plant test 

Preliminary pilot plant test: operative conditions 
leaching (1st step) leaching (2nd step)  

solid (IMEs) 4 kg make-up of chemicals 
solution 60 litres CH4N2S  0.70 kg 

H2O 58.3 kg Fe2(SO4)3 1.80 kg 
CH4N2S  1.20 kg H2O 20.0 kg 

Fe2(SO4)3 1.35 kg   
H2SO4 (50%) 2.37 kg   

note: time of reaction 1 h, room 
temperature, no stirring 

note: the 2nd step has been conducted with the 
same solid and solution, time of reaction 1 h, 
room temperature, no stirring 

electrodeposition 
voltage: 1.3 V 1 cathode: copper 

electrodes distance: 3 cm 2 anodes: titanium covered by a mixture of 
oxides 

 
The equipment used for the test is described briefly below. The chemical reactor for leaching 
operations has been selected based on the type of material. The selected reactor (R103) has a 
capacity of 100 litres and is built in polypropylene. It is equipped with a septum that has lots of 
1.2 mm openings allowing the solution to pass through but not the IMEs. This method eliminates 
the need to discharge solids from the reactor before the second step of leaching and reduces 
water consumption by skipping the washing process. Since this reactor lacks a specific stirrer for 
mixing, the leaching solution was prepared in another reactor equipped with a stirrer to ensure 
vigorous mixing. To separate solid particles from the leach liquor, a 10 µm porous nylon cartridge 
filter was used for the filtration. After completing two stages of leaching, the solution rich in 
silver is sent to the precious metals electrolytic cell (CE102) for the recovery of silver powder.  
To appraise the efficacy of the process multiple samples were taken at various stages of the 
process from both solutions and solids. The samples were subjected to rigorous evaluation to 
determine the efficiency of the process. The evaluation results were used to assess the overall 
effectiveness of the process in terms of its ability to recover silver in a pure form and control the 
consumption of reagents according to what was observed at the scale. 

The test consisted of the following operations: 

1. Load IME samples into the chemical reactor R103. 
2. Prepare the leaching system in the chemical reactor R102. 
3. Load the solution in contact with the solid into the chemical reactor R103. 
4. Allow for the chemical reaction to occur in R103. 
5. Filter and discharge the leach liquor from the 1st step into R102. 
6. Add ferric sulphate and thiourea to the solution in R102 for a make-up. 
7. Repeat steps 3 and 4. 
8. Filter and discharge the final leach liquor into a tank. 
9. Load the precious metals electrolytic cell CE 102. 
10. Set the rectifier voltage. 
11. Begin the electrodeposition stage. 
12. Discharge the solution into a tank and recover the cathode with the silver deposit. 
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2.1.1.1 Preliminary pilot tests  

The purpose of the preliminary pilot tests was to examine the feasibility of recycling silver from 
IME while assessing the robustness of the process investigated at the laboratory scale. The tests 
were also aimed at identifying any potential issues that may arise during the recycling process 
and devising corrective actions to address them. The results of these tests will provide valuable 
insights into the viability of recycling silver from IME and help determine the best possible 
requirements for scaling up the process in a dedicated industrial plant.  

In Figure 1, photographs of the samples used to test the hydrometallurgical process are shown 
just after loading into the R103 reactor, before starting the leaching operations. 

  
Figure 1. Flowsheet of the hydrometallurgical process for the recycling of Ag from IMEs 

Table 2 shows the results obtained from the leaching stages.  

Table 2. Results of the preliminary pilot plant tests, leaching operations  

Results of the leaching stages (method: ICP-OES analysis) 
Stage Ag concentration, mg/L Ag dissolution, % 

1st leaching (60 litres) 149.2 28.7 
2nd leaching (80 litres) 316.7 81.2 

Regarding the leaching stage, compared to the results obtained on a laboratory scale, it can be 
observed that a yield significantly lower in the first leaching step, 28.7% silver extraction 
compared to 69.5% (D5.4 Annex 2), was achieved. So, the first issue raised in the scale-up is as 
follows: 

- not all IMEs were well immersed in the leaching solution. 

This issue is closely related to the scale of the process and depends on the shape of the 
equipment and the size of the material to be processed. For this reason, an additional 20 litres 
have been added for the second step of leaching, reducing the solid concentration to 5% wt./v. 
Proceeding in this manner, a cumulative silver yield of 81.2% was obtained after the two leaching 
steps, which was almost in line with the 85% yield obtained at the laboratory scale.  
Instead of reducing the solid concentration and therefore the productivity, this problem could 
be solved by cutting each sheet of IMEs into four parts or by designing specific equipment with 
a bath-shaped configuration in a dedicated plant for the treatment of IMEs. Generally, the 
choice of equipment significantly affects the exposure of the solid to the reagents and thus also 
the metals recovery rate. In this case for the following tests, each sheet has been cut into some 
parts to ensure the solid was properly exposed to the solution during the leaching phase. 
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The use of reagents like thiourea, sulfuric acid, and ferric sulphate, determined through solution 
titration, has been confirmed to closely match the outcomes of laboratory-scale tests. This 
consistency highlights the reliability and accuracy of the process.  

Figure 2 shows a picture of the leaching stage in the R103 chemical reactor and IMEs samples 
after leaching, where the changes in the colour of the ink layer are evident to testify that silver 
dissolution occurred. 

  
Figure 2. Leaching operation in R103 (left side), and samples after leaching (right side). 

The recovery of silver from the leach liquor has been performed through the electrolytic cell 
CE102 following the conditions in Table 1. Throughout the test, the concentration of silver and 
other impurities such as copper in the solution was monitored for up to 5 hours, based on the 
results obtained from D5.4. The results of the electrodeposition stage are reported in Table 3. 

Table 3. Silver and copper concentration monitoring during the electrodeposition (preliminary 
test). 

Electrodeposition  

Time, h 
Concentration in the solution Recovery on the cathode 

Ag, mg/L Cu, mg/L Ag, % Cu, % 
0 316.7 126.4 0.0 0.0 
1 303.1 127.2 4.3 0.0 
2 234.3 125.6 26.0 0.6 
3 231.9 123.0 26.8 2.7 
4 178.7 123.7 43.6 2.1 
5 163.9 123.6 48.2 2.2 

 

Based on the voltage setting (1.3 V) this step aimed to selectively recover silver from the 
solution. The results show that after 5 hours of electrodeposition, a silver recovery of 48.2% has 
been achieved while the copper contamination is low, about 2%. Compared to the laboratory 
test has been observed a lower current density (40 A/m2) because of a lower supplied current 
(3.0 A). Therefore, the following outcomes have been achieved: 

- Silver recovery is low because of the low current density. 
- Copper remains in the solution and does not affect the selectivity of the operation. 

To address the first point, it is essential to raise the current without increasing the voltage to 
maintain efficiency in selectively recovering silver while retaining copper in the solution. Possible 
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solutions to increase the current include enhancing agitation in the cell to facilitate mass transfer 
and reducing the distance between electrodes to minimize resistance. To increase the current 
and consequently the current density, the electrodes will be brought closer together during 
future tests, as increasing the recirculation flow of the pump is not an option with this 
equipment. 

Next, an additional important aspect involved the retrieval of the silver powder from the 
cathode and its analysis to determine its purity. In Figure 3 a picture of the deposit on the copper 
cathode is shown. 

 

Figure 3. Deposited silver powder on the copper cathode. 

In Figure 4, an extract of XRF semi-quantitative analysis on the recovered silver powder is shown. 
It detects a low silver purity that stops at around 45%, a remarkable copper impurity at around 
30%, and other relevant impurities such as sulphur (4.5%), potassium (2.2%), and iron (1.2%). 

 

Figure 4. XRF semi-quantitative analysis on the powder recovered from the copper cathode. 
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Since the copper concentration in the solution after completion of the electrodeposition test 
remained almost constant compared to the initial concentration (Table 3), copper 
contamination is inevitably due to the manual recovery of the powder from the cathode surface. 
The powder recovery operation, although carried out with care, is to partially scratch the 
material from which the cathode is made, i.e., copper.  

Therefore, to solve the criticalities highlighted by the preliminary silver electrodeposition test, 
the following countermeasures were taken: 

- The electrodes have been brought as close as possible, up to 1 cm distance, to increase 
the current supplied at an equal voltage (1.3 V), as it is necessary to avoid the 
simultaneous recovery of copper from the solution. 

- Three consecutive electrodeposition tests were carried out without removing the 
powder deposited at the end of each test but recovering it directly to the end to have a 
ticker layer and potentially reduce copper contamination. 

- From the silver powder deposited on the cathode two different samples were collected, 
one more superficial and another more internal in contact with the cathode, so that 
they can be analysed separately, and the effect of copper contamination can be 
evaluated. 

On the basis of the new operating conditions adopted, the average current increased to 5.0 A, 
and consequently, the current density increased to 70 A/m2. In Table 4, silver and copper 
concentrations in the solution of the electrolytic cell have been monitored as a function of time. 

Table 4. Silver and copper concentration monitoring during the electrodeposition (second 
test). 

Electrodeposition  

Time, h 
Concentration in the solution Recovery on the cathode 

Ag, mg/L Cu, mg/L Ag, % Cu, % 
0 312.5 128.2 0.0 0.0 
1 251.8 127.8 19.4 0.3 
2 204.8 129.1 34.5 0.0 
3 165.4 125.3 47.1 2.3 
4 126.6 122.7 59.5 4.3 
5 95.1 121.9 69.6 4.9 

 

It can be observed that, compared to the preliminary test, in this case, the increase in current 
allowed for an increase in recovery until 70% of the silver recovered from the solution. As for 
copper, the increase in current showed a slight increase in copper recovery, from 2-3% of the 
preliminary test to almost 5% of this test. However, it is still a very low recovery, even more so 
considering that the amount of copper in the solution, compared to that of silver, is less than 
half.  

To also monitor the energy consumption, in Figure 5, the recovery of silver as a function of the 
current efficiency is shown. The current efficiency is calculated by considering the electric charge 
effectively used for silver recovery compared to that available in the bath.  
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Figure 5. Silver recovery vs current efficiency as a function of time during the electrodeposition 
of the first cycle. 

Since the solution after electrodeposition is not discharged but is reused in subsequent cycles, 
it is not cost-effective from an energy point of view and therefore economical to recover all the 
dissolved metal in a single step. So, this graph allows us, at a qualitative assessment, to identify 
a time for which it is convenient to interrupt the electrodeposition, that is, that time beyond 
which we notice that the increase in recovery of the metal is lower than the decrease in current 
efficiency, i.e., significantly increases the energy consumption per kg of recovered metal. 
As a result, 50% of the silver is recovered after around 3 hours, and the current efficiency is 
slightly under 4%. Silver is further recovered at higher times but at the expense of significant 
energy consumption. Although the current efficiency value is poor, it is comparable to 
electrodeposition-based precious metals recovery results [2]. Therefore 50% is the recovery of 
silver at 3 hours, but this does not imply that only 50% of the silver is recovered from the leach 
liquor after electrodeposition. The solution from which 50% of the silver was recovered is reused 
in the next batch as a leaching solution with a make-up of some chemicals to treat new IME 
samples. As a result, the unrecovered silver remains in the cycle and is returned to another 
electrodeposition. In Figure 6, the silver recovery and the current efficiency curves as a function 
of time are shown for the electrodeposition test of the second cycle.  

 

Figure 6. Silver recovery vs current efficiency as a function of time during the electrodeposition 
of the second cycle. 
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For the second cycle of electrodeposition at three hours 65% of silver recovery has been 
achieved, in correspondence of 5.7% of current efficiency. The increase in silver recovery 
compared to the electrodeposition of the first cycle, as well as the slightly shorter time and an 
increase in current efficiency, are dependent on the silver concentration in this solution, which 
is higher than that of the first cycle (around 470 mg/L versus 315 mg/L).  

Again, the residual solution is reused for a third cycle of the process, by performing leaching of 
new IMEs samples after a chemical make-up and then a final electrodeposition of silver, in this 
case by increasing the time to recover almost all the silver from the solution, regardless of the 
three hours assumed for the optimization of the energy consumption. Figure 7 shows silver 
recovery and current efficiency curves for the electrodeposition of the third cycle. 

 

Figure 7. Silver recovery vs current efficiency as a function of time during the electrodeposition 
of the third cycle. 

In this case, for the electrodeposition of the third cycle, since the solution after 
electrodeposition must be transferred to the wastewater treatment section, the silver has to be 
recovered as much as possible. As noticeable by the figure after 7 hours of electrodeposition 
around 95% of silver is recovered. 

Therefore, by summarizing the electrodeposition efficiency in terms of silver recovery per each 
cycle, after 3 hours it was obtained a silver recovery of 50.4% in the first cycle and 65.3% in the 
second cycle. In the third cycle, 95.2% of silver recovery has been achieved after 7 h of 
electrodeposition. By considering that the amount of not recovered silver in the first and in the 
second cycle is not lost because it remains in the solution to be reused for the subsequent cycles, 
to estimate the overall silver recovery with the electrodeposition operation some calculations 
have been done by keeping constant the efficiency of the leaching. In Table 5 some calculations 
to show the effective silver recovery are reported based on the capacity of the electrolytic cell 
(20 liters).  
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Table 5. Preliminary pilot test: silver electrodeposition per each cycle and overall recovery 
calculations (*Ag residual in the solution from the previous cycle). 

Recovery of silver by electrodeposition after three cycles of the recycling process 

Cycle 
no. 

leaching before EW after EW 
Ag 

dissolved, g 
Ag  

residual*, g Ag, g Time, h Ag  
recovery, % 

Ag  
recovered, g 

1 6.25 0.00 6.25 3.00 50.4  3.15 
2 6.25 3.10 9.35 3.00 65.3  6.11 
3 6.25 3.24 9.49 7.00 95.2 9.03 

Overall Ag recovery after three cycles 
Dissolved Ag, g Recovered Ag by EW, g Recovery Ag, % 

18.75 18.29 97.5 
 

As a result, by optimizing the electrodeposition stage and conducting pilot testing for each 
cycle's solution, an overall silver recovery of 97.5% in a full batch was obtained. This efficiency 
was achieved with an energy consumption of 8.5 kWh/kg of recovered silver.  

The obtained powders by a full batch and the sludge left on the bottom of the bath after 
discharging the solution are shown in Figure 8. Compared to Figure 3 is evident that the layer of 
the powder on the copper cathode is significantly thicker.  

  
Figure 8. Left side: deposited silver powder on the copper cathode after three cycles of 
electrodeposition; right side: powder in the bottom of the electrolytic cell. 

For the analysis to determine the silver purity, three distinct samples were collected: the first 
sample consisted of the most superficial layer of the deposit, which was manually scraped off 
using a laboratory spatula; the second sample comprised the layer directly in contact with the 
copper cathode, which was detached by employing a laboratory spray; and finally, the third 
sample consisted of the sludge that settled at the bottom of the cell during the electrodeposition 
process. The purpose of separating the first two samples during the powder collection from the 
cathode was to prevent copper contamination during manual scraping. 

XRF semi-quantitative analyses have been conducted for the three samples after drying at 105 
°C, the results in terms of the main detected elements are reported in Table 6. 
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           a) 

 
           b) 

 
                                                c) 

Figure 9. Silver recovery vs current efficiency as a function of time during the electrodeposition 
of the third cycle for the optimized pilot test - a) first cycle; b) second cycle; c) third cycle. 

Concerning the electrodeposition results, silver recovery was slightly higher than the preliminary 
test and also the silver purity in the recovered powder was significantly higher without the need 
for a refining treatment. In Table 10 a summary of the results obtained with the final optimized 
test is reported.  

Table 10. Results of the optimized pilot tests for the recycling of Ag from IME. 

Results of the final pilot test for the recycling of Ag from IME 

Cycle, no. 
Ag recovery, % 

Leaching 1st  Leaching 2nd  Electrodeposition 
1 66.1 84.4 65.1 
2 64.2 83.4 73.1 
3 65.1 84.8 96.1 

Batch (1+2+3)  65.1 84.2 98.4 

To summarize, the validation pilot test achieved an overall silver recovery of 82.9% after running 
three cycles. The average silver dissolution rate obtained was 84.2%, while the recovery of silver 
from the leach liquor by electrodeposition was 98.4%. It is accurate to consider the average 
value of the three cycles for silver recovery in the leaching stages but not in the case of the 
electrodeposition. This is because any unrecovered silver from the first two solutions is reused 
in the subsequent cycles. The total amount of silver recovered from the three cycles by 
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Figure 10. XRD analysis on the silver powder.  

 
2.1.1.3 Sustainable practices for managing pilot plant wastewater 

The wastewater generated by the three processing cycles conducted on a pilot scale was then 
characterized to determine the main metals and their organic load. Tests have, therefore, been 
carried out for treating this wastewater on a laboratory scale. Considering the design of a specific 
industrial plant for the recovery of silver from IME, it will also need to include the wastewater 
treatment section. This step will ensure that the wastewater generated during the recovery 
process undergoes effective treatment before being reused or discharged. Implementing a 
comprehensive wastewater treatment section will be crucial for maintaining environmental 
compliance in an industrial plant. 

In Table 12 the composition of the wastewater generated by the pilot test has been reported.  

Table 12. Hydrometallurgical wastewater composition. 

Wastewater composition (method: ICP-OES and HACH-Lange) 
pH 1.39 

COD 14480 mg/L 
Fe 8688 mg/L 
Cu 117.4 mg/L 
Ag 18.5 mg/L 

The high level of COD (Chemical Oxygen Demand) and Fe in the wastewater is due to the 
chemicals that have been used in the hydrometallurgical process, essentially thiourea and ferric 
sulphate in acid media. 

Wastewater treatment has been studied by adopting the Fenton process which falls among the 
advanced chemical oxidation processes, the treatment is then completed by a lime addition 
stage to align the pH in the neutral values and to transfer the pollutant into sludges. Wastewater 
treatment has been studied by adopting the Fenton process which falls among the advanced 
chemical oxidation processes. The Fenton process is considered highly successful in wastewater 
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Table 16. Composition of wastewater after treatment. 

Composition of the treated water (method: ICP-OES and HACH-lange) 
pH 7.2 

COD 457 mg/L 
Fe  < 0.1 mg/L 
Cu < 0.1 mg/L 

The quality of the treated water, which would be within the limits for a direct discharge into the 
sewer, demonstrates its suitability for direct reuse in hydrometallurgical processes, reinforcing 
operational efficiency and sustainability from a water use perspective. This way, the process can 
be performed by reducing the water footprint according to a MLD approach. 

 
2.1.2 Process analysis at pilot scale 

This paragraph illustrates the process flow diagram and provides a full description of the various 
unit operations, based on the validation test conducted at the pilot scale. Additionally, the 
description of the mass and energy balances, as well as the main results in terms of silver 
recovery and the purity of the obtained powder are included. 

The flowsheet of the developed process is shown in Figure 11. The hydrometallurgical process 
aimed at recovering silver from in-mold electronics (IMEs) according to a minimal liquid 
discharge (MLD) approach.  

 

Figure 11. Flowsheet of the hydrometallurgical process for the recycling of Ag from IMEs. 
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electrodeposition efficiency as silver recovery was 98.4%, the calculations are explained in detail 
in paragraph 2.1.1.2. Therefore, the overall silver recovery of the process was 82.9%.  

Table 17. Results obtained by the validation pilot plant test, silver extraction yields. 

Results of the validation pilot plant test for the recycling of Ag from IME 

Cycle, no. 
Ag recovery, % 

Leaching 1st  Leaching 2nd  Electrodeposition 
1 66.1 84.4 65.1 
2 64.2 83.4 73.1 
3 65.1 84.8 96.1 

Batch (1+2+3)  65.1 84.2 98.4 
  82.9% 

Table 18 presents the mass balance based on the results obtained in the pilot-scale validation 
process. The calculations refer to the processing of a ton of IME. The average initial 
concentration of silver in the IME samples was 0.93% ± 0.37% (the chemical composition is 
reported in D5.4). 

Table 18. Mass balance of the process tested at pilot scale for the treatment of 1 ton of IME. 

Input, kg Output, kg 

solid (IME) 1000.0 dry solid/secondary product 984.0 
water 464.3 humidity 47.1 
thiourea 130.7 silver powder 7.7 
ferric sulphate 449.6 treated water to sewerage 1189.3 
sulfuric acid, 50 %  131.5 wet sludges 666.7 
hydrogen peroxide, 30% 571.7 - - 
lime, 10% 147.2 - - 

 2894.8  2894.8 

The water use was significantly reduced when compared to the lab-scale test (D5.4). This was 
made possible by introducing a wastewater section that enables the production of treated water 
with quality characteristics suitable for reuse in subsequent cycles to prepare leaching solutions. 
The leaching operations aimed at dissolving silver involved the use of thiourea, ferric sulfate, 
and sulfuric acid. On the other hand, hydrogen peroxide and lime were the reagents used in the 
wastewater treatment section. 

Below is a detailed description of the outputs of the process, this allows us to best assess its 
economic and environmental sustainability. The solid residue (dry solid/secondary product) 
consists essentially of the polymeric substrate on which the silver ink is printed. The polymeric 
layer is not affected by the chemicals during the hydrometallurgical recovery of silver. This solid 
residue can be considered as a secondary product, TNO has conducted some tests for the 
recycling of polycarbonate reaching recoveries of the order of 80%. Some results are reported 
in D6.3. Table 19 shows the composition.  
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in some cases, metal recovery was not satisfactory, further studies were also conducted to 
improve the leaching efficiency. 

The purpose of this activity is to validate the recycling of PCBs in the automotive sector by 
finalizing the two hydrometallurgical routes and confirming the technical-economic feasibility 
after pilot/prototype plant tests. 
 
2.2.1 Pilot tests  
This section presents the findings of tests on the recycling of combimeter PCBs through 
hydrometallurgical processes after disassembling specific SMDs. POLIMI activities in Task 6.1 
fully investigated the disassembly process using COBOT technology. Consequently, two 
subsamples were obtained from the initial PCB: one included the base of the board with some 
components such as ICC, which was ground to a powder of 2mm, and the other had gold-plated 
SMDs, such as connectors, golden wires, and small PCBs. The first route, called Gold-REC 1, was 
investigated by testing the process on the reconfigured hydrometallurgical pilot plant, while the 
second route, named Gold-REC 2, was studied by adopting the prototypal plant. The two 
hydrometallurgical routes are shown in Figure 17. 

 

Figure 17. Recycling of PCBs according to the two hydrometallurgical routes. 

This figure also shows that without the disassembly operation, the gold extraction yield by 
applying the Gold-REC 1 process will be significantly lower. It depends on the presence of some 
components that must be removed from the board because if ground with all the board during 
the hydrometallurgical treatments, they would inhibit the dissolution of precious metals. These 
components are electromagnets, transducers, aluminum capacitors, and crystal oscillators. 
Additionally, in the hydrometallurgical process, a high copper content in the solid would increase 
the acid consumption to dissolve the copper and ensure the subsequent recovery of the precious 
metals. Thus, it also adversely affects operating costs and environmental impact. This is the case 
for components such as electromagnets that have a copper coil, as well as crystal oscillators. In 
addition, the presence of steel and aluminum negatively affects the dissolution of metals as they 
are reducing agents; this is the case for capacitors and transducers. Therefore, these 
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Figure 19. Hydrometallurgical recycling of PCBs powders according to Gold-REC 1 process. 

The process includes two-stage leaching sections: in the first, the dissolution of base metals, and 
in the second, the dissolution of precious metals such as gold and silver. In this way, the base 
and precious metals are efficiently separated in the leaching section. The efficiency of the first 
stage strongly affects the leaching efficiency of precious metals that occurs in the second stage. 
The first leaching stage is composed of three counter-current steps of leaching conducted by 1.8 
mol/L sulfuric acid and 5-10% v/v of hydrogen peroxide according to the scheme shown in Figure 
20. The addition of one more step by reducing the concentration of hydrogen peroxide with 
respect to the Gold-REC 1 patent was one of the main results obtained during the lab-scale 
optimization. 

 

Figure 20. Counter-current multi-steps base metals leaching. 
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The selective recovery of metals from the solutions in which they have been dissolved occurs as 
described below. Tin is recovered from the pregnant solution by precipitation with a polyamine 
in the form of metastannic acid, which can be thermally treated to obtain tin oxide as a final 
product. Copper remains in the solution and is recovered by electrodeposition. The second leach 
liquor solution, rich in precious metals, obtained by leaching with thiourea (20 g/L), Fe3+ (6 g/L), 
and 0.2 mol/L sulfuric acid is then subjected to electrodeposition for the recovery of gold and 
silver, which based on the experimental tests, cannot take place selectively. Therefore, a refining 
step is necessary to dissolve silver from the gold-silver alloy to increase gold purity. Silver has 
been recovered from the acid solution as chloride. 

The equipment used for the pilot tests is described briefly below. The chemical reactor for 
leaching operations has been selected based on the type of material, which is a fine powder. 
The selected reactor (R102) has a capacity of 100 litres and is built in polypropylene. It was added 
during the reconfiguration of the pilot plant and features an agitator that reaches almost the 
bottom of the reactor. This design allows for better mixing of the suspension and facilitates the 
phase of powder discharge during filtration. Additionally, due to clogging issues experienced 
with reactor R101 during the previous European project FENIX, a bag filtration system was also 
installed. To ensure optimal performance, the reactor R102 was positioned slightly higher than 
the filter. The chemical reactor R102 was used once again to recover tin through precipitation, 
while the copper recovery was tested via electrolytic cell CE102. Unfortunately, we were unable 
to test the recovery of gold and silver due to their very low concentrations in the initial powders 
(Table 26) and solutions, which greatly influences the efficiency of the electrodeposition 
process. It is important to note that the concentration of metals to be recovered plays a critical 
role in the efficiency of the electrodeposition process.  
Extraction yields were determined by also measuring the residual concentration of the metals 
of interest in the solid residue. This helped reduce errors related to sample representativeness. 

The pilot test consisted of the following operations performed in the reconfigured 
hydrometallurgical pilot plant: 

1. Prepare the leaching system in the chemical reactor R102. 
2. Load PCBs powders into the chemical reactor R102. 
3. Add hydrogen peroxide at different times during the reaction. 
4. Allow for the chemical reaction to occur in R102. 
5. Filter by using the bag filter and discharge the leach liquor into a tank. 
6. Repeat steps from 1 to 5 three times to complete the base metals dissolution. 
7. Prepare the leaching system in the chemical reactor R102. 
8. Load the solid residue into the chemical reactor R102. 
9. Allow for the chemical reaction to occur in R102. 
10. Filter by using the bag filter and discharge the leach liquor into a tank. 
11. Load the base metals-rich liquor in R102 and add the chemical for tin precipitation. 
12. Allow for the chemical reaction to occur in R102. 
13. Filter by using a cartridge filter and discharge the final leach liquor into a tank. 
14. Recover the metastannic acid powder from the cartridge filter. 
15. Load the leach liquor obtained by step 13 to the electrolytic cell CE102. 
16. Set the rectifier voltage. 
17. Begin the electrodeposition stage. 
18. Discharge the solution into a tank and recover the cathode with the copper deposit. 
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In addition, leaching operations carried out on a pilot scale made it possible to test the 
equipment added with the reconfiguration of the plant and it was therefore confirmed that 
there was no clogging during the filtration for the separation of the solid solutions in which 
metals have been dissolved. 

The leach liquor solution, 65 litres, obtained by the first step of the base metals leaching has 
been loaded in the chemical reactor R102 to investigate the precipitation of tin by adding 
polyamine, a cationic flocculant, that was firstly prepared by diluting it with water to a 
concentration of 10% wt./v. The operative conditions were flocculant (10% wt./v) 2.5 mL/L, 75 
rpm of stirring, and 30 minutes for the precipitation. Table 28 shows the obtained results. 

Table 28: Results for the recovery of metastannic acid from the leach liquor solution. 

Tin recovery Sn before the 
treatment, mg/L 

Sn after the 
treatment, mg/L Sn recovery, % 

Solution from the first 
step of base metals 
leaching 

527.5 30.8 94.2 

Approximately 90 grams of metastannic acid powders were collected after performing the 
filtration using a 10 µm porous nylon cartridge filter. The laboratory scale efficiency was 
confirmed by achieving 94.2% recovery of tin. The solid was subjected to a 1 hour of thermal 
treatment in a furnace with an oxidant environment to produce tin oxide as the final product. 
Figure 21 shows a picture of the tin oxide powders.  

 

Figure 21. Tin-oxide powders obtained from the pilot test. 

The tin oxide powder was chemically attacked with aqua regia and analyzed by ICP to evaluate 
its purity. The analysis confirmed that the tin oxide had a purity of 99.1%. The primary impurity 
detected in the powder was 0.7% copper oxide, alongside some residual amounts of polyamine. 
The tin oxide purity was almost 2% higher compared to that obtained on a laboratory scale, 
which was more affected by experimental errors where since the lower amount was obtained. 

After recovering the tin, the remaining solution was sent to the electrolysis cell identified as 
CE102 to recover copper via electrodeposition. The operation has been studied by using one 
anode made of titanium coated with mixed oxides and a copper cathode where copper 
deposition from the solution occurred. The test was conducted by maintaining the operative 
conditions already investigated at the lab scale, but to keep the current density to 250 A/m2, the 
voltage was slightly increased from 2.0 V to 2.3 V. Figure 22 shows pictures of the operation 
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conducted at the reconfigured pilot plant. In the left picture, you can see the electrolytic bath 
during the electrodeposition process. On the right side, there is the copper plate with the 
recovered copper on its surface. 

  

Figure 22. Copper electrodeposition from powders of PCBs. Left side: electrolytic cell during 
the operation; right side: the obtained copper deposit on the cathode. 

Copper recovery from the solution as a function of current efficiency at different times is shown 
in Figure 23.  

 

Figure 23. Copper electrodeposition at pilot scale, the copper recovery vs current efficiency as 
a function of time. 

It has been confirmed that a one-hour electrodeposition process, under conditions that maintain 
a current efficiency of at least 85%, is sufficient for achieving high copper recovery. In pilot scale 
testing, a copper recovery rate of 98.1% has been achieved with an energy consumption of 2.3 
kWh per kilogram of recovered copper. As a result of the reaction that takes place at the anode 
during electrodeposition (5), the concentration of free acid in the solution increases. To measure 
this effect, the concentration of sulphuric acid in the solution was measured before and after 
the electrodeposition by titration. The results confirmed that there was an increase in 
concentration from 1.0 to 1.3 mol/L. 
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2.2.1.2 Recycling of electronic components from PCBs by Gold-REC 2 

The second hydrometallurgical route was designed to recycle certain SMDs and other electronic 
components with a high concentration of gold on their surface, such as gold-plated components. 
As mentioned earlier, these components were supplied by POLLINI and provided around 50 
grams of them from various car models, predominantly from FIAT cars. Because of the limited 
amount of components, tests have been performed by using a specific prototypal plant that has 
been realized to properly evaluate the scale-up of the process, even with low quantities. This 
prototype was created using the same equipment and materials as the reconfigured 
hydrometallurgical pilot plant but on a smaller scale. The cylindrical polypropylene reactor 
contains a porous septum to retain non-powdered materials, similar to the chemical reactor 
R103. The pneumatic diaphragm pump allows for proper testing of the filtration operation. 
Figure 24 shows some pictures of the prototypal plant. 

  
Figure 24. Prototypal plant used for testing Gold-REC 2 process on the electronic components. 

Figure 25 shows photos of the components on which this treatment was investigated for the 
recovery of metals.  

 
a)  

b) 
 

c) 

Figure 25. Electronic components provided by POLLINI. a) connectors; b) golden wires; c) small 
PCBs.  

Specifically, the electronics components were connectors of different sizes, golden wires, and 
small PCBs. 
After obtaining low yields of gold extraction in previous tests (D5.4), it was concluded that the 
issue was likely due to insufficient exposure, particularly in the case of pin connectors. 
Therefore, it was decided to include a preliminary grinding process of up to 1 cm to improve the 
exposure and increase dissolution yields. Then, the process has been investigated according to 
the flowsheet, named Gold-REC 2, shown in Figure 26. 



This project has received funding from the European Union's Horizon 2020 
research and innovation programme under grant agreement No 101003587 

 

 
 

46 

 

Figure 26. Hydrometallurgical recycling of electronic components from PCBs according to the 
Gold-REC 2 process. 

The process involves an initial leaching. In this treatment, both precious and base metals are 
dissolved using a combination of hydrochloric acid, hydrogen peroxide, and acetic acid. All the 
main metal values are then selectively recovered from the solution by methods like precipitation 
and chemical cementation.  
Firstly, gold is recovered from the solution by adding ascorbic acid. Next, the silver recovery is 
performed by cooling down the solution to a temperature between 5-15°C immediately after 
the gold recovery. Palladium can be recovered by adding metallic copper powder for chemical 
cementation. Copper is then recovered by adding tin metal powder for chemical cementation. 
Finally, zinc metallic powder is added for the recovery of tin.  

The leach liquor discharged from the metal extraction process was recycled using a rotavapor to 
recover HCl for reuse in subsequent batches of the hydrometallurgical process. 

The recycling test was performed on a sample with a mixture of the different electronic 
components ground at 1 cm by using the cutting mill, Retsch SM300. The chemical composition 
of the mixture has been reported in Table 29. 
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electronic components without any grinding. The initial grinding step up to 1 cm was crucial to 
increase the exposure of the metal parts to the leaching solution. 

Subsequently the operations to recover the dissolved metals from the leach liquors have been 
tested according to the outcomes of previous tests. In Table 31 the recoveries for each operation 
are reported. The results indicate how each element is distributed based on the amount in the 
leach liquor solution obtained after leaching. 

Table 31: Results of the selective recovery of metals.  

operation Au, % Ag, % Pd, % Cu, % Sn, % 

Au precipitation 98.5 3.5 2.4 0.0 0.4 
Ag precipitation 0.5 85.3 3.1 0.0 0.0 
Pd cementation 0.0 0.0 79.5 0.0 0.0 
Cu cementation 0.0 10.3 3.7 95.3 0.3 
Sn cementation 0.7 0.3 6.1 3.5 89.4 
residual solution 0.3 0.6 5.2 1.1 9.9 

 
Each product obtained was analyzed using ICP-OES after undergoing a chemical attack to 
determine its specific purity.  
The concentration of gold in the final solution was found to be less than 1 mg/L, indicating 
almost complete precipitation of the metal since 98.5% of recovery has been calculated. The 
purity of the gold precipitate was determined to be 90.4%. Subsequently, the precipitate was 
melted in a furnace at 1065°C, and slagging compounds were added to achieve a purity of 99.2%. 
Additionally, the recovery rates for other metals were measured before and after gold 
precipitation, and it was determined that only low recoveries of silver, palladium, and tin 
occurred, but these impurities were almost completely removed during the refining.  
Silver recovery was obtained in the form of chloride after cooling the solution at 5°C. The 
recovery of silver was 85.3% with respect to the initial leach liquor and the purity in AgCl was 
detected to be 95%. Then, by chemical cementation have been obtained the recoveries of 79.5% 
of Pd, 95.3% of Cu and 89.4% of Sn. The purities of the final products were 85% for Pd, 92% for 
Cu, and 96% for Sn. 
The prototype plant underwent a successful test, resulting in the adequate extraction of both 
precious and base metals from the electronic components. Although the purity of the results 
seems promising, the limited number of electronic components used during the test may have 
led to experimental errors that could have affected the outcome. Therefore, while the technical 
feasibility of the hydrometallurgical process Gold-REC 2 has been confirmed, further testing on 
the pilot plant will be conducted to verify the results, particularly with regard to the purity of 
the final products. Overall, the testing has demonstrated the effectiveness of the process and 
the appropriateness of the chosen equipment in the reconfigured hydrometallurgical pilot plant, 
which could pave the way for a scale-up of the process. 

Then, the wastewater generated by the process was characterized by ICP-OES analysis and the 
composition reported in Table 32 has been determined. 
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Table 32: Wastewater composition.  

Composition of the wastewater generated by Gold-REC 2 
pH < 1 
HCl 7% wt. 
Zn  34.2 g/L 
Ni 1.48 g/L 
Cu 274 mg/L 
Sn 273 mg/L 
Fe 252 mg/L 
Ti 38 mg/L 
Ag 0.4 mg/L 
Au 0.1 mg/L 
Pd 0.1 mg/L 

 
Evaporation tests were conducted using a rotary evaporator to obtain a recovery of hydrochloric 
acid. It is good to keep in mind that hydrochloric acid has an azeotrope so it cannot be recovered 
to a purity greater than 20% wt./v. In Figure 27 a picture of the adopted equipment has been 
showed. 

 

Figure 27. Rotary evaporator used for tests on HCl recovery. 

Tests were conducted at 60°C by vacuum working at 0.3 bar according to the scheme shown in 
Figure 28. 

 

Figure 28. Flowsheet of the HCl evaporation process. 
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Evaporation was then carried out in series 3 times, and then three HCl solutions were obtained 
with decreasing concentrations and a sludge rich in zinc chloride that must be properly disposed 
of. The timing was one hour for the first two stages and two hours for the third. Table 33 
presents the material balance for the various streams depicted in the preceding process 
flowsheet. It provides information about the input of one ton of wastewater and the four 
corresponding outputs. 

Table 33: Mass balance of the HCl evaporation process.  

input/output S101 S102 S105 S106 S107 

total mass, kg 1000 304.2 136.3 390.4 169.1 

HCl, kg 70.0 45.5 15.6 3.9 0.0 

H2O, kg 857.5 258.8 120.7 386.5 96.6 

ZnCl2, kg 69.2 0.0 0.0 0.0 69.2 

NiCl2, kg 3.3 0.0 0.0 0.0 3.3 

By assuming one ton of wastewater with a concentration of 7% wt. HCl, the hydrochloric acid 
can be recovered using a 3-stage process in series, with a recovery rate of nearly 100%. The first 
step results in a solution containing 14.9% wt. HCl, the second step produces a solution 
containing 11.4% wt. HCl and the third step produces a solution containing 1.0% wt. HCl. By 
combining the first two outputs (S102 and S105), a solution with an HCl concentration of around 
13.8% wt. can be obtained, which can be recycled back into the leaching solution used for the 
Gold-REC 2 recycling process. The leaching solution requires a 3 mol/L HCl, which corresponds 
to about 11% by weight. The mass recovery of the solution with 13.8% wt. of HCl is about 44% 
by weight with respect to the initial wastewater (S101) and can be reused in the process itself. 
The remaining sludge, which accounts for approximately 17% of the weight of the wastewater 
feed, mainly consists of zinc and nickel chloride and must be disposed of properly. 
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2.2.2 Process analysis 

This section outlines the process flowsheet that was developed during experimental activities, 
based also on the results obtained at the pilot scale. The process enables the recovery of 
precious metals (such as Au, Ag, and Pd) and base metals (like Cu and Sn) from the PCBs of critical 
car components (combimeter, infotainment system, rain sensor, brake lights, etc..). Specifically, 
the process was tested on different car models, including defective parts from SEAT and 
materials from dismantlers such as ILSSA and POLLINI collected from End-of-Life Vehicles (ELVs). 
The tests were performed on the PCBs of the combimeter, but this optimized hydrometallurgical 
recycling process can be easily replicated on PCBs from other critical car components. 

To maximize the dissolution yields of the metals of interest, a preliminary disassembly phase is 
necessary. Certain electronic components must be removed as they may inhibit dissolving yields 
or increase reagent consumption due to their chemical composition. These components are 
electromagnets, transducers, aluminum capacitors, and crystal oscillators; and their weight 
compared to the whole PCB is generally around 10-15%. Essentially, in the hydrometallurgical 
process, a high copper content in the solid would increase the acid consumption to dissolve the 
copper and ensure the subsequent recovery of the precious metals. Thus, it also adversely 
affects operating costs and environmental impact. This is the case for components such as 
electromagnets that have a copper coil. In addition, the presence of steel and aluminum 
negatively affects the dissolution of metals as they are reducing agents; this is the case for 
capacitors and transducers. These kinds of components are not suitable for hydrometallurgical 
treatments, but some metals could probably be recycled by heat treatment. 
In addition, it was deducted that is recommended to remove components that contain high 
amounts of gold and have gold on their surface, such as connectors with gold pins, golden wires, 
and small PCBs with gold contacts. This will maximize the recovery yields as a specific 
hydrometallurgical treatment has been identified for these gold-plated components. Generally, 
the percentage by weight of these components is around 5% depending on the type of PCB. 
After carrying out a preliminary crushing operation to obtain a particle size of 1 cm, the recovery 
of precious and base metals from these components can be done through the 
hydrometallurgical process that has been validated within the project resulting from the Gold-
REC 2 patent. 
As shown in Figure 17, the dismantling of electronic components can be accomplished while 
reducing manual labour for operators using COBOT technology. This method has been 
thoroughly tested by POLIMI and the results are documented in D6.1. 
After removing the components from the electronic board, the remaining board with some 
residual components is cut down to a particle size of less than 2mm using a cutting mill. 
Generally, this fraction is about 80% by weight of the whole PCB. The resulting PCB powder 
contains precious and base metals that can be extracted using the validated hydrometallurgical 
process. This process is based on the Gold-REC 1 patent and has been tested on a pilot scale to 
ensure its efficiency. 
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w/v which is then subjected to a thermal treatment (650 °C per 1 hour) to obtain tin oxide. Then 
the residual solution is sent to the recovery of the metallic copper by electrodeposition. Instead, 
the solution in which precious metals have been dissolved is sent to electrodeposition, which 
simultaneously recovers gold and silver. The recovered product is called dorè, which is then 
refined to selectively extract silver and gold. For this purpose, a nitric acid leaching solution (1 
mol/L) is used to dissolve the silver in the form of nitrate. The final product is a solid with a high 
purity of gold, that is further refined by a thermal treatment at 1065°C. The silver is also 
recovered from the solution in which it was dissolved, by adding sodium chloride (40 g/L) to 
form silver chloride. 

The two solutions generated during the process, wastewater1 and wastewater2, can be recycled 
up to 80% in the preparation of the leaching solutions for dissolving base and precious metals. 
This recycling significantly reduces the amount of freshwater used during the process and 
consequently, minimizes the amount of wastewater generated, following the MLD approach. 
The reason for this recycling is that the process of electrodeposition allows partial regeneration 
of some reagents, such as increasing free acidity and partially regenerating thiourea. Specifically, 
after electrodeposition wastewater1 has a sulfuric acid concentration of 1.51 mol/L, while 
wastewater2 has a thiourea concentration of about 18 g/L. Therefore, this approach also results 
in considerable savings in the reagents needed for the leaching operations. 
In addition, to further increase the environmental sustainability of the process from a water use 
perspective, two specific sections have been defined for the treatment of the remaining 20% of 
the two wastewaters. These sections allow the obtaining of treated water with quality 
characteristics such as to be used for other purposes as service water. Figure 30 shows the two 
sections for the wastewater treatment. 

 
a) 

 
b) 

Figure 30. Wastewater treatment sections. a) wastewater 1; b) wastewater 2.  
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This hydrometallurgical process was tested on PCB powders from different car models at a pilot 
scale. The process resulted in metal recoveries of 78.5% Au, 67.7% Ag, 97.3% Cu, and 91.6% Sn. 

Table 36 outlines a comprehensive mass balance that considers all the inputs and outputs of the 
hydrometallurgical process and wastewater treatment sections. This mass balance has been 
formulated based on the outcomes of the pilot tests, and it pertains to the treatment of 1 ton 
of PCBs. 

Table 36: Mass balance for the treatment of 1 ton PCBs powder by adopting Gold-REC 1 
process at pilot scale. 

Input kg Output kg 

Solid  1000.0 Dry solid residue 781.0 
H2SO4 (50 % w/v) 767.1 Treated water 1  2194.8 
H2O2 (30 % w/v) 1771.2 Treated water 2 1736.4 
Thiourea  40.7 Wet sludge 1 255.7 
Ferric sulphate 181.9 Wet sludge 2 364.1 
Polyamine (10 % w/v)  19.1 Tin oxide 11.85 
Water for 1st leaching stage 281.5 Copper 1 187.0 
Water for 2nd leaching stage 1390.1 Gold  0.075 
Water for Au-Ag refining 2.4 Silver chloride 0.245 
Iron metallic powder 0.7 Humidity 755.3 
HNO3 (65 % w/v) 0.2 Copper 2 from the WW section 0.7 
NaCl 0.1 Wastewater from the refining 2.7 
Lime (10% w/v) 1054.3   
Ferrous sulphate 13.2   
Total input  6522.5 Total output 6289.9 

Experimental error 3.6% 
 
It's worth noting that by reusing solutions, freshwater consumption can be decreased by over 
85% (1674 kg of this scenario compared to 12045 kg of the previous scenario reported in D5.4 - 
ANNEX 3). Another important benefit of this process is that it doesn't generate wastewater, as 
it is sent to specific sections and purified for reuse within the plant. The only wastewater 
generated is from gold and silver refining treatment, but this amount is very low - only 2.7 kg 
per ton of processed PCB powders. 
This process allows the recovery of 0.075 kg of gold, 0.245 kg of silver chloride, 11.85 kg of tin 
oxide, and about 187 kg of copper from treating one ton of PCB powders. The purity of the 
obtained products is shown in the next tables. All other outputs, including their characterization, 
are given below. 

Table 37 clearly presents the purity levels of high-value products that can generate substantial 
revenue. Quantities based on 1 ton of processed PCB powders, their form, and impurities are 
reported. 
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hydrochloric acid in preparing the leaching solution, reducing its consumption and simplifying 
wastewater management. The only outputs that require expensive disposal now are the solid 
leaching residue and the residual evaporative sludge concentrate containing zinc chloride. 

 

 

Figure 32. Gold-REC 2 hydrometallurgical process flowsheet for the treatment of electronic 
components of PCBs. 

The process for treating gold-plated electronic components of PCBs (as shown in Figure 18) 
allows for the recovery of gold, silver in the form of chloride, palladium, copper, and tin through 
a series of hydrometallurgical treatments. Generally, these fractions correspond to 5% by weight 
of all the PCB.  
The process involves leaching both base and precious metals using a leaching system with the 
following reagents: HCl 3.5 mol/L, C2H4O2 (99%) 10% v/v, H2O2 (30% w/v) 20% v/v. After 
dissolving the metals, a series of operations are performed to selectively recover them. Adding 
5 g/L ascorbic acid allows for the recovery of gold ascorbate, which is then thermally refined for 
high-purity gold production. Cooling the solution to 5°C precipitates silver as silver chloride due 
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to its low solubility at low temperatures. Palladium, copper, and tin are recovered through 
chemical cementation by adding copper, tin, and zinc metal powders, respectively. It's important 
to accurately define the dosage of these metal powders to maintain product purity. For example, 
the copper dosage for palladium recovery was 6 g/L, tin for copper recovery was 28 g/L (60% 
compared to stoichiometric conditions), and the zinc powder dosage for tin recovery was 1 g/L 
(70% compared to stoichiometric conditions). The dosages for chemical cementation depend on 
the chemical composition of the processed electronic components. 
The solution containing the metals is sent to a rotary evaporator to recover hydrochloric acid 
for reuse in the recycling process. Three consecutive stages of operation have been studied to 
obtain the first two condensates, which together have a concentration of hydrochloric acid of 
almost 14% by weight. The third step produces a liquid stream with a concentration of 1% HCl 
by weight that can still be reused in the plant for specific applications or for washing. Finally, 
zinc and nickel chloride concentrate is produced and must be disposed of appropriately. 

The process analysis referred to a mixture of electronic components such as connectors of 
different sizes, golden wires, and small PCBs (supplied by SEAT and POLLINI). The fraction 
corresponds to the 4.4% by weight of a combi meter PCB. Table 42 shows the chemical 
composition of the mixture. 

Table 42: Chemical composition of the main elements in the mixture of electronic 
components.  

 Au, g/t Ag, g/t Pd, g/t Cu, % Sn, % 

average 253 574 28 17.9 2.16 

std dev 16 68 7.0 0.65 0.42 

Table 43 shows the results obtained in terms of dissolution efficiencies and selective recovery 
of different metals from the solution, which then allowed us to determine the overall recovery 
of each metal. 

Table 43: Gold-REC 2 hydrometallurgical process efficiencies in terms of metals recovery based 
on the results obtained by the prototypal plant. 

stage 
Recovery % 

Au  Ag Pd Cu Sn 

Leaching stage 95.1 85.3 47.8 92.8 85.0 

Au recovery 98.5 3.5 2.4 0.0 0.4 

Ag recovery 0.5 85.3 3.1 0.0 0.0 

Pd recovery 0.0 0.0 79.5 0.0 0.0 

Cu recovery 0.0 10.3 3.7 95.3 0.3 

Sn recovery 0.7 0.3 6.1 3.5 89.4 

Residual solution 0.3 0.6 5.2 1.1 9.9 

overall 93.7 72.8 38.0 88.4 76.0 
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The process resulted in metal recoveries of 93.7% Au, 72.8% Ag, 38.0% Pd, 88.4% Cu and 76.0% 
Sn. The recovery rates achieved are remarkably satisfactory, except for palladium. A low 
dissolution of palladium was observed during leaching of about 48%; this may be due to the fact 
that the content of palladium in the initial material is very low (28 g/t), which could influence its 
efficiency. In fact, hydrometallurgical processes for the treatment of PCBs, given their high 
heterogeneity, have a certain limit in recovering metals from the solid, always remaining a 
certain amount that they are not able to bring into solution. 

Table 44 outlines a comprehensive mass balance that considers all the inputs and outputs of the 
hydrometallurgical process and hydrochloric acid recovery section. This mass balance has been 
formulated based on the outcomes of the prototypal tests for the hydrometallurgical section 
and based on the lab-test for the evaporation section. 

Table 44: Mass balance for the treatment of 1 ton of electronic components by the Gold-REC 
2 process based on the results of the prototypal plant. 

Input kg Output kg 

Solid  1000.0 Dry solid residue 641.0 
HCl (32 % w/v) 1257.1 Gold 0.239 
H2O2 (30 % w/v) 1480.0 Silver chloride 0.584 
C2H4O2 (80% w/v) 890.8 Palladium 0.0125 
Water 390.6 Copper 172.1 
Ascorbic acid  33.3 Tin 17.1 
Copper metallic powder 40.0 HCl (1% w/v) 2857.0 
Tin metallic powder 186.7 Sludge  1237.0 
Zinc metallic powder 6.7 Humidity 185.2 
Total input  5285.1 Total output 5110.2 

Experimental error 3.3% 
 
The introduction of the evaporation section has made it possible to reduce the consumption of 
freshwater by allowing the reuse of the solutions. In fact, the consumption of fresh water is only 
390.6 kg per ton of electronic components to be treated. For every ton of processed material, 
the following products are obtained: 239 g of gold, 584 g of silver chloride, 12.5 g of palladium, 
172 kg of copper, and 17 kg of tin. 

Below are the outputs of the process obtained with the aim of highlighting mainly the purity of 
the products obtained and the chemical composition of the other outputs to define proper 
management.  
Firstly, Table 45 shows the purity of the obtained products, their form, and the main detected 
impurities. Analyses have been performed by ICP-OES analysis after specific chemical attacks. 
Reported quantities referred to 1 ton of processed electronic components. 
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Moreover, they are used in the automotive, consisting of printed pathways connecting multiple 
electronic components. PCBs are adopted in several automotive applications, such as 
entertainment and navigation systems, brake systems, combimeters, exterior mirrors, rain 
sensors, speed sensors, and air quality sensors. 
A vehicle requires more than 50 metals, including precious, critical, and rare earth metals. Due 
to a complex set of barriers, such as the disassembly of car parts and the lack of regulations in 
the sector, the recycling of these metals, which is so crucial for the circular economy, has always 
been neglected. Remarkable is the lack of interest of car manufacturers that have historically 
had towards recovering these valuable components from ELVs. 

The ongoing shift towards BEVs necessitates an assessment of the impact on mineral usage. BEV 
sales worldwide increased by 40% in 2020, counting around 3 million vehicles and capturing a 
market share of over 4%. This has led to a global fleet of over 10 million BEVs. According to the 
sustainable development scenario, electric car sales are projected to surpass 70 million by 2040 
(Figure 33), accompanied by the rapid electrification of light commercial vehicles, buses, and 
freight trucks. 

 

 

Figure 33. Annual electric car sales in the sustainable development scenario 2020-2040 [14].  

Figure 34 shows minerals used in electric cars (BEV) compared to conventional cars (IEV). 

 

 

Figure 34. Mineral usage in electric and conventional cars [15].  
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Based on the findings in Figure 34, it's clear that BEVs require a greater amount of minerals. The 
amount of metals required is reported regardless of the compound in which they are used. 
Specifically, the demand for minerals used in batteries, such as copper, nickel, manganese, 
cobalt, and graphite, is expected to increase significantly. Currently, copper is recovered through 
hydrometallurgical processes developed under the EU Treasure project, while research projects 
are underway at UNIVAQ for the development of a hydrometallurgical process aimed at 
recovering lithium. The hydrometallurgical route is the only option for lithium recovery, as the 
lithium content in the electrolyte solution needs to be volatilized through heat treatments. 
Additionally, UNIVAQ is involved in the EU Life Graphirec project for the recovery of graphite 
from the battery anode. It is crucial to promote the recycling of these metals to reduce the 
economic dependence of Europe on other countries. 

Gold's role in BEVs may not be as significant as that of lithium or copper, but it is noteworthy. 
Due to its excellent conductivity and resistance to corrosion, gold is used in small quantities in 
specific electronic components. In BEVs, gold can be found in high-reliability connectors, 
switches, and even in some airbag deployment systems. It is also used in the control units that 
manage the battery system and other advanced functions. Gold is also used in the sensors 
deployed in BEVs, particularly in highly sensitive or critical applications where reliability is 
paramount. In conclusion, while the spotlight often falls on lithium, cobalt, and nickel, it's clear 
that a diverse cast of precious metals works together to power electric vehicles. From the power-
dense lithium-ion batteries to the advanced electronics and powerful motors, these metals are 
the unsung heroes of the EV revolution, propelling us toward a cleaner, greener future. 
The global demand for gold reached 4,448.3 metric tons in 2023, showing a 6% increase from 
2010 to 2023. Gold trading is a complex and constantly evolving process that allows for 
continuous trading across different time zones. Major gold trading centers include the London 
OTC market, the US futures market, and the Shanghai Gold Exchange (SGE), which collectively 
account for over 90% of global trade volumes [16]. While China is the largest producer of refined 
gold, its production is not significantly higher than that of other producers. Australia holds the 
most significant gold deposits, contributing to around 20% of the global total. 

 

2.3 Recycling of indium-tin oxide glass from liquid crystal displays   
The following paragraph summarizes the results of tests conducted on the hydrometallurgical 
recycling of indium from ITO glass of LCDs. The tests were carried out using the reconfigured 
pilot plant with the main objectives being to identify any potential issues during the scale-up 
process and to validate a more sustainable process, mainly from a water use perspective, 
compared to the one described in D5.4 (ANNEX4).  

LCDs and ITO glass are extensively used in the automotive industry. They are integrated into 
various components of modern cars to enhance functionality, safety, and the overall driving 
experience. LCDs are used in infotainment systems, instrument clusters (such as digital 
dashboards), head-up displays, climate control panels, rear-seat entertainment systems, side 
mirror displays, navigation systems, control interfaces, and smart rearview mirrors. All of these 
components use indium, which was removed by the European Commission from the list of 
critical raw materials in 2023 [17]. However, it is still essential to recover it because mineral 
resources are limited. Therefore, adopting an economically circular approach in the automotive 
sector, the recycling of LCDs is of fundamental importance. 
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2.3.1 Pilot tests  
Pilot scale tests were carried out using ITO glass samples provided by EUROLCDs. Specifically, 
UNIVAQ received approximately 15-20 kg of material, cut into 2 cm pieces per side. This material 
comprised a glass substrate coated with indium and tin oxide layer of 350±30nm thick on both 
sides. The layer of indium oxide and tin is contaminated by liquid crystals. The sample used for 
testing is from a supplier (EUROLCDs) and is not actually an end-of-life product. However, the 
hydrometallurgical process is also suitable for treating ITO glass from ELVs.  
The sample underwent characterization to determine the indium and tin content. The results of 
the sample used for the laboratory tests were almost confirmed on this sample for pilot tests, 
with a concentration of 1324 g/t of indium and 186 g/t of tin. 

The following are the operating conditions reported from tests conducted on a pilot scale. The 
initial operation involves washing ITO glass to remove liquid crystals. As discussed in D5.4 - 
ANNEX 4, this washing operation is necessary to prevent the liquid crystals from impeding the 
recovery of indium from the acid solution in which it was dissolved. The washing operation was 
carried out under the following conditions: solid concentration of 30% wt./v, room temperature, 
and a contact time of 1 hour. Acid leaching for selective indium dissolution was then carried out 
under the following conditions: solid concentration of 15% wt./v, H2SO4 0.1 mol/L, reaction 
temperature 60°C, and reaction time 1 hour. The leaching operation was tested using a 
multistage counter-current leaching process. Electrodeposition was then performed for the 
recovery of indium from the leach liquor solution at the following conditions: voltage 2.5 V, 
current density 50 A/m2, graphite as cathode, and titanium coated by a mixture of oxides as 
anode. The solution from which the indium was recovered was tested for 80% reuse within the 
leaching process at the pilot scale. Additionally, a sample of the remaining solution was used for 
the laboratory-scale study of wastewater treatment. 

The equipment used in the pilot plant for the tests is described briefly below. The chemical 
reactor used for washing and leaching operations was called R103, selected based on the type 
of material. This reactor is built in polypropylene, equipped with a septum to retain the ITO glass 
pieces and prevent their discharge during the separation of the leach liquor rich in indium 
obtained from the chemical reaction. Filtration of small particles that could be detached was 
performed using cartridge filters with a 10 µm porous nylon filter. Additionally, during the 
leaching process, hot water is sent to the reactor via a boiler, and the solution is heated to 60°C 
using a coil placed inside the reactor. The reactor has a capacity of 100 liters. The chemical 
reactor R102 was used for the preparation of the leaching solution as it is equipped with a stirrer 
to ensure good mixing. To recover indium from the leach liquor, the electrolytic cell (CE102) was 
used. Samples of both solutions and solids were taken during the operations for careful analysis 
of the process efficiency. 

The test consisted of the following operations: 

1. Load of ITO glass samples into the chemical reactor R103. 
2. Add water into chemical reactor R102 for the washing. 
3. Filter and discharge the washing water into a tank. 
4. Prepare the leaching system in the chemical reactor R102. 
5. Load the solution in contact with the solid into the chemical reactor R103. 
6. Allow for the chemical reaction to occur in R103. 
7. Filter and discharge the leach liquor into R102. 
8. Repeat steps from 4 to 7 per three times. 
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9. Filter and discharge the final leach liquor into a tank. 
10. Load the leach liquor solution into the electrolytic cell CE 102. 
11. Set the rectifier voltage. 
12. Begin the electrodeposition stage. 
13. Discharge the solution into a tank and recover the cathode with the indium deposit. 

Figure 35 shows the counter-current leaching scheme used in the leaching operations. The 
process involves three stages of leaching, with the reuse of solutions to increase the 
concentration of indium. This makes its recovery easier and reduces the consumption of 
freshwater and reagents. This method, based on lab-scale results, has also allowed for 
maximizing indium extraction and reducing tin extraction. 

 

Figure 35. Multistage counter-current leaching scheme for selective dissolution of indium from 
ITO glass, tested at pilot scale.  

Table 49 presents the results for each step and cycle, including the concentration and total 
recovery of indium and tin per cycle. To conduct each cycle, 6 kg of ITO glass was used, and after 
each cycle, a portion of the remaining solid was chemically analyzed to determine the remaining 
amounts of indium and tin. This analysis was used to calculate the yields of extraction and the 
reconstituted feed. 

Table 49: Counter current leaching process results at pilot scale. 

cycle  1st step 2nd step 3rd step Total recovery 

1st 
In, mg/L 105.0 68.0 24.8 In 99.8% 

Sn, mg/L 3.9 1.6 0.6 Sn 20.5% 

2nd 
In, mg/L 140.3 81.6 65.9 In 99.4% 

Sn, mg/L 3.4 1.9 1.6 Sn 19.1% 

3rd 
In, mg/L 145.4 124.5 74.0 In 99.5% 

Sn, mg/L 3.6 2.9 2.0 Sn 18.3% 
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The first cycle involves using 0.1 mol/L sulfuric acid solutions in each of the three steps. In the 
second and third cycles, solutions from the previous cycles are reused, while in the third step, a 
fresh leaching solution is used. The solution in the first step becomes increasingly enriched in 
indium as a function of the cycle, making it easier to recover from the solution. In the third cycle, 
the indium concentration in the first step achieved 145 mg/L, and it is likely that this 
concentration could increase in the fourth cycle. The recovery of indium in the third cycle was 
found to be 99.5%, while the tin recovery was 18.3%. The laboratory scale results demonstrated 
that the process allows for almost selective recovery of indium, and these results were now 
confirmed on a pilot scale. Additionally, the concentration gap between indium and tin in the 
solution sent for electrodeposition (In 145.4 mg/L and Sn 3.6 mg/L) is facilitated by the fact that 
the tin content in ITO glass samples is considerably lower than the indium content. This testing 
process also enabled the determination of tin and indium content for each 6 kg batch. In detail, 
an ITO glass sample with an indium concentration of 1321 g/t and tin of 198 g/t was processed 
in the first cycle, in the second cycle indium was 1335 g/t and tin 177 g/t, while for the third 
cycle indium 1316 g/t and tin 183 g/t. 

Figure 36 shows a picture of the test carried out in the chemical reactor R103. 

 

Figure 36. Image of pilot plant test for the dissolution of indium from ITO glass in reactor R103.  

The solution obtained from the first step of the third cycle was used for electrodeposition testing 
using cell CE102 to selectively recover indium. Figure 37 shows the indium recovery and current 
efficiency over time. The test was carried out at 2.5 V with a current density of approximately 
50 A/m2. 
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Figure 37. Indium electrodeposition at pilot scale, indium recovery vs current efficiency as a 
function of time. 

Based on the results, it is evident that the best conditions by considering both indium recovery 
and current efficiency are obtained at approximately 2 hours. Electrodeposition for up to 2 hours 
yields an indium recovery slightly above 80% while maintaining a current efficiency not lower 
than 17-18%. It is advisable to stop the electrodeposition at 2 hours as the solution is 
recirculated for 80% in the counter-current leaching operation, allowing for the recovery of most 
of the indium not retrieved during this test at a later stage. Although it requires greater energy 
consumption, at 4 hours, 99.2% of indium was recovered from the solution. Therefore, for the 
overall estimate of indium recovery, it has been decided to consider the recovery obtained at 4 
hours. Energy consumption at this condition is 18 kWh per kilogram of recovered indium. 

The indium powder deposited on the graphite cathode was carefully collected manually and 
then analyzed using XRD to confirm the presence of metallic indium. A portion of the collected 
powder was then subjected to acid chemical analysis using ICP-OES to determine the purity of 
the indium and to identify any impurities. Figure 38 shows the spectrum of indium obtained by 
XRD analysis. 

 

Figure 38. XRD analysis on the indium powder obtained by the pilot plant. 

From the spectrum, we can observe the main peaks of metallic indium, confirming the presence 
of indium in metallic form in the powder recovered by electrodeposition.  
Quantitative analysis using ICP-OES revealed a 99.3% purity of indium. The main impurity is 
approximately 0.5-0.6% tin, with traces of calcium sulfate also detected. 

The residual solution after indium recovery was reused for 80% to perform a leaching test on a 
new ITO glass sample. Titration confirmed a slight increase in free acidity, which helped reduce 
the consumption of sulfuric acid even further. The results of the leaching test aligned with the 
findings from previous tests shown in Table 49. 

As regards wastewater treatment, a sample was taken from the effluent produced after washing 
the ITO glass with water to remove liquid crystals, as well as a sample of the acid solution 
obtained after recovering indium by electrodeposition. These two solutions were combined in 
defined ratios to test the treatment of this wastewater on a laboratory scale. 
The effluent from the washing of the ITO glass, after being reused 5 times, has accumulated 
liquid crystals, resulting in a COD value of 1467 mg/L. The wastewater from the 
electrodeposition process has a sulfuric acid concentration of 0.05 mol/L, tin concentration of 
2.7 mg/L, and indium concentration of 1.3 mg/L. No trace of other metals has been detected. It 
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is important to note that only 20% of this wastewater is purged and then sent to the wastewater 
treatment section. Referring to one ton of ITO glass to be treated corresponds to a quantity of 
wastewater equal to 1335.9 kg, while the washing water amounts to 671.1 kg. Mixing these 
wastes in a 2:1 ratio resulted in the solution for the tests.  
The test consisted of treating the wastewater with lime until it reached a neutral pH level to 
remove contaminants and obtain reusable water. The consumption of lime (10% wt./v) was 56.2 
kg/m3 to reach a pH of 7.5. The test was conducted with agitation at room temperature, and the 
suspension was filtered using a 5-micron nitrocellulose filter. The results for the water quality 
and sludge characteristics are provided in Table 50. 

Table 50: Outputs obtained by the wastewater treatment. 

Treated water Wet sludge (180 kg/m3) 
                          pH 7.5 

COD 257 mg/L 
                          In 0.5 mg/L 
                          Sn < 0.1 mg/L 
                          sulphates 

calcium sulphates 
calcium hydroxide 

 
This process has allowed a significant reduction of the organic load, and the qualitative 
characteristics of the water are therefore suitable for reuse in the plant as water for washing or 
other applications. If there are no uses and you want to discharge, it is possible to have a direct 
discharge in sewage systems at a low cost since the parameters allow it. As for the sludge, it is 
necessary to dispose of it through specialized external companies, but in any case, being made 
up almost entirely of calcium sulphates with few pollutants, the disposal costs will not be high. 

Furthermore, additional assessments were conducted on the solid residue resulting from the 
leaching process to obtain a secondary product that can be reused. UNIVAQ has reached out to 
several organizations and companies to explore the potential for reusing glass after the removal 
of liquid crystals and indium. 

 

2.3.2 Process analysis 

This paragraph illustrates the process flow diagram and provides a full description of the various 
operations, based on the validation tests conducted at the pilot scale. Additionally, the 
description of the mass and energy balances, as well as the main results in terms of indium 
recovery and the purity of the obtained powder are provided. 

The flowsheet of the developed process is shown in Figure 39. The hydrometallurgical process, 
validated on samples supplied by EUROLCDs, aimed at selectively recovering indium from ITO 
glass of LCDs according to an MLD approach.  
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concentration of 0.1 mol/L sulfuric acid, but leaching must be carried out at 60°C to 
allow for the selective recovery of indium. 

o Indium is then recovered by electroplating under the following operating 
conditions: voltage 2.5 V, current density 50 A/m2, graphite cathode. 80% of the 
exhausted solution can be reused in the leaching stage. 

o A wastewater treatment section receives both the washing solution that has gone 
through five treatment cycles and 20% of the solution from which indium has been 
discharged. The treated water has appropriate quality characteristics to be used 
again or as a service water in the plant. 

o The overall indium recovery is 98.7%, and the purity of the product obtained is 
99.3%. The use of freshwater is 1960.3 kg per ton of ITO glass processed. 

o The widespread use of LCD displays, especially in the automotive sector, has 
increased the demand for indium, highlighting the need for its recovery at industrial 
level. This is due to the growing use of technologies that rely on indium, not only in 
infotainment systems but also in various other applications in the car. Recognizing 
the importance of recycling these materials and leveraging developed technology, 
UNIVAQ has incorporated this recycling process into the patent proposal for in-
mold electronics. 

It is essential to acknowledge and highlight any potential limitations and conduct further 
investigations when necessary. These investigations are already underway as part of the project 
to manage the solid residue generated by the hydrometallurgical processes, constituting a 
significant amount of the total material processed. Specifically, it is important to recover 
secondary products, such as plastic sheets from the in-mold electronics process, through 
which the polycarbonate can be recycled after extracting the silver. Additionally, efforts are 
needed to reuse the solid residue of the recycling process of indium from ITO glass to produce 
glass. Proper management of these solid residues is crucial to ensure the overall sustainability 
of the hydrometallurgical processes that have been validated on a pilot scale. 
As for the recycling of PCBs, the criticalities in terms of disassembly of the PCBs from different 
critical car components are to be stressed. This is certainly a limiting aspect, especially because 
it requires manual efforts on the part of the operators, and the defined disassembly times can 
increase considerably in case of crashed vehicles. Moreover, the electronic components used in 
cars vary greatly from model to model, even within the same company. As a result, the metal 
content in the PCBs also varies significantly. This variability poses a challenge for the 
sustainability of the recycling process, as it depends on the specific materials present in the car 
model being recycled. To address this issue, UNI has developed a CEN Workshop Agreement for 
standardization aimed at tracking electronic components from their manufacturers to the 
automotive sector. The traceability would simplify the identification of car models that should 
be the focus of recycling efforts. 
Other limitations could arise from the purity of the final products, which should be further 
increased through specific refining treatments to be carried out on an industrial scale. 
UNIZAR assessed the circularity performance of hydrometallurgical processes in D6.4. They 
considered the adoption of a thermodynamic rarity indicator, and UNIVAQ implemented the 
recovery of the intrinsic economic value of each material as a further indicator. 
Finally, the training for using the hydrometallurgical pilot plant and ILSSA's approach, as a 
potential end-user, to these technologies have highlighted the benefits that hydrometallurgical 
recycling could bring to the automotive sector at industrial level. This approach is increasingly in 
line with the principles of the circular economy. 
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Abbreviations 

ANOVA Analysis of Variance 
BEV Battery Electric Vehicle 
COBOT Collaborative Robot 
COD Chemical Oxygen Demand 
CRM Critical Raw Materials 
ELVs End-of-Life Vehicles 
FTIR Fourier Transform Infrared 
GDR1 Gold-REC 1 patent 
GDR2 Gold-REC 2 patent 
ICC Integrated Circuit Chips 
ICE Internal Combustion Engine 
ICP-OES Inductively Coupled Plasma Optical Emission Spectroscopy 
IEV Intrinsic Economic Value 
IMEs In-mold electronics 
ITO Indium Tin Oxide 
KETs Key Enable Technologies 
LED Light Emitting Diodes 
MLD Minimal Liquid Discharge 
OPEX Operating Expense 
P&ID Process and Instrument Diagram 
PCBs Printed Circuit Boards 
SMDs Surface-Mount Devices 
WEEE Waste from Electrical and Electronic Equipment 
XRD X-Ray Diffraction  
XRF X-Ray Fluorescence  
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1. Introduction 
The purpose of this ANNEX is to present an updated analysis of the recycling performance for 
processing various car electronics. This will involve comparing a wide simulation of existing 
metallurgical recycling processes investigated by MARAS with the bio-hydrometallurgical 
processes validated on a pilot scale by UNIVAQ that have been tested experimentally on 
materials provided by project partners such as TNO, ILSSA, SEAT, POLLINI and EUROLCDs. 
In D5.5, a comprehensive study was conducted to compare existing metallurgical processes with 
bio-hydrometallurgical processes with the results of the experiments carried out on a laboratory 
scale by UNIVAQ (D5.4), which identified the need for some optimizations. Based on the 
outcomes described by UNIVAQ in D6.2 on the pilot plant tests, the results of bio-
hydrometallurgical processes have been refined, particularly concerning mass balances, 
recovery rates of various metals, and the purity achieved in the final products. 
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only two acid leaching stages. UNIVAQ's approach aims to identify the optimal conditions to 
maximize the recovery of the material's economic value while minimizing wastewater 
production, one of the most significant limitations of hydrometallurgical processes. Comparing 
the recovery of silver between the two processes shows how 98.4% of Ag can be recovered 
through existing metallurgical processes compared to 82.9% in the hydrometallurgical process 
developed by UNIVAQ and experimentally tested at a pilot scale.  

Table 2, however, displays the achievable purity of silver and copper for existing metallurgical 
processes and the purity of silver achieved by the pilot-scale UNIVAQ bio-hydrometallurgical 
process. 

Table 2 Purity of recovered metals for the recycling of IME as achieved by existing processing 
and by the UNIVAQ bio-hydrometallurgical processes tested at pilot scale.  

Recovered metals 
Existing processing options UNIVAQ bio-hydrometallurgical 

process (pilot scale) 
Purity % Purity % 

Ag 99.999 (electrolytic) 98.57 
Cu 99.999 (electrolytic) * 

*Not investigated, given the low intrinsic economic value 

As for the products obtained from the recycling process, the existing metallurgical processes can 
obtain 99.999% grade, while UNIVAQ, through experimentation on a pilot scale of the developed 
hydrometallurgical process, has achieved a purity of 98.57% through a recovery of silver from 
the leach liquor solution by electrodeposition. Possible increases in purity should be investigated 
on an industrial scale by introducing dedicated thermal refining treatments. It should be 
considered that the hydrometallurgical pilot plant reconfigured as part of the Treasure project 
is an experimental plant suitable for testing and validating the recycling of different types of 
materials in the automotive sector. If an industrial plant is built, it is clear that it would be 
necessary to select more specific equipment to improve both the recovery and purity of the 
metals. 
Based on the current comparison, the UNIVAQ process has produced encouraging results, 
considering the improvements seen during the scale-up from laboratory to pilot scale. Anyway, 
existing metallurgical processes based on conducted simulations allow for a higher recovery and 
purity and recovery of additional elements. 

Table 3 presents the products that can be obtained and the energy recovery from the recycling 
process of in-mold electronics. The process was simulated and carried out on a larger scale (20 
tph). 

Table 3 Products from IME recycling processing in energy recovery processing (note that the 
processing has been simulated and is performed at a larger scale of 20 tph) 

Mass balance/products from IME 
recycling in energy recovery processing 
per 1000 kg of IMSE feed 

Composition Amount Unit 

Total part feed tph  100 kg 
Metal phase (recycled to other units in 
flowsheet) 

98.2 % Cu  
and 1.8% Ag  0.5 kg 

Flue dust phase (recycled to other units in 
flowsheet) Ag2O 0.21  kg 
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of this scenario compared to 12045 kg of the previous scenario reported in D5.5). Another 
important aspect of this process is that it doesn't generate wastewater, as it is sent to specific 
sections and purified for reuse within the plant. The only wastewater generated is from gold and 
silver refining treatment, which is very low - only 2.7 kg per ton of processed PCB powders. 
This process allows the recovery of 0.075 kg of gold, 0.245 kg of silver chloride, 11.85 kg of tin 
oxide, and about 187 kg of copper from treating one ton of PCB powders. The purity of the 
obtained products is shown in the next tables. All other outputs, including their characterization, 
are given below. 

Table 8 Mass balances for treating 1 ton of PCBs powders (GDR1 process), tested at pilot scale. 

Input kg Output kg 

Solid  1000.0 Dry solid residue 781.0 

H2SO4 (50 % w/v) 767.1 Treated water 1  2194.8 

H2O2 (30 % w/v) 1771.2 Treated water 2 1736.4 

Thiourea  40.7 Wet sludge 1 255.7 

Ferric sulphate 181.9 Wet sludge 2 364.1 

Polyamine (10 % w/v)  19.1 Tin oxide 11.85 

Water for 1st leaching stage 281.5 Copper 1 187.0 

Water for 2nd leaching stage 1390.1 Gold  0.075 

Water for Au-Ag refining 2.4 Silver chloride 0.245 

Iron metallic powder 0.7 Humidity 755.3 

HNO3 (65 % w/v) 0.2 Copper 2 from the WW section 0.7 

NaCl 0.1 Wastewater from the refining 2.7 

Lime (10% w/v) 1054.3   

Ferrous sulphate 13.2   

Total input  6522.5 Total output 6289.9 

Experimental error 3.6% 

Table 9 shows the mass balance of the GDR2 process for the specific treatment of some 
electronic components, especially the gold-plated ones, that have been previously removed 
from the board. It has been described based on the outcomes of the prototypal tests for the 
hydrometallurgical section and based on the lab test for the evaporation section. 

Table 9 Mass balances for the treatment of 1 ton of mixed gold-plated components in the 
UNIVAQ GDR2 process, tested at the prototype plant. 

Input kg Output kg 

Solid  1000.0 Dry solid residue 641.0 
HCl (32 % w/v) 1257.1 Gold 0.239 
H2O2 (30 % w/v) 1480.0 Silver chloride 0.584 
C2H4O2 (80% w/v) 890.8 Palladium 0.0125 




