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DISCLAIMER OF WARRANTIES 
This document has been prepared by TREASURE project partners as an account of work carried 

out within the framework of the EC-GA contract no 101003587. Neither Project Coordinator, 

nor any signatory party of TREASURE Project Consortium Agreement, nor any person acting on 

behalf of any of them:  

a. makes any warranty or representation whatsoever, express or implied,  

i. with respect to the use of any information, apparatus, method, process, or 

similar item disclosed in this document, including merchantability and fitness 

for a particular purpose, or  

ii. that such use does not infringe on or interfere with privately owned rights, 

including any party's intellectual property, or  

iii. that this document is suitable to any particular user's circumstance; or  

b. assumes responsibility for any damages or other liability whatsoever (including any 

consequential damages, even if Project Coordinator or any representative of a signatory 

party of the TREASURE Project Consortium Agreement, has been advised of the 

possibility of such damages) resulting from your selection or use of this document or 

any information, apparatus, method, process, or similar item disclosed in this document. 

 

EXECUTIVE SUMMARY 
The TREASURE project aims to offer an opportunity to make the automotive sector more 

circular. This objective is pursued with the realization of tools that support the development of 

a circular supply chain with the possibility of testing different technologies. As already identified 

in the precursor FENIX project, the Key Enabling Technologies (KETs) can be integrated into 

various processes to obtain real benefits and to improve the efficient recovery of secondary 

resources.  

The focus of D5.4, given the decision to reuse the existing FENIX hydrometallurgical pilot plant, 

is to carry out an overall reconfiguration to practical demonstrate innovative automotive supply 

chains. The pilot plant was reconfigured according to the TREASURE requirements. The present 

deliverable has also described the studies related to an optimization of the hydrometallurgical 

recycling processes developed in the ambit of the TREASURE materials by continuing in Task 5.4 

the activities of Task 5.3. 

D5.4 is composed of four annexes. The first is on the pilot scale reconfiguration activities, while 

the other annexes are on the recycling process optimization for different materials from the 

automotive sector. 

In ANNEX 1, it is first described the pre-existent hydrometallurgical pilot plant. Then, the main 

objectives to be achieved are explained; they are related to the critical issues resulting from 

previous experience in the use of the pilot plant, to make the plant suitable for the treatment of 

TREASURE materials, and to automate it so that it can be completely governed by the PLC 

software. All the added equipment to achieve these objectives is fully described by explaining 

their specific added value. Then, the process and instrument diagram (P&ID) (ANNEX 1A), overall 

plant layout, and all detailed engineering documents will be produced during this phase. In the 

end, some pictures of the start-up test aimed at checking the correct working of all the 

equipment of the reconfigured pilot plant are shown. 
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ANNEX 2, ANNEX 3, and ANNEX 4 are related to the optimization of the recycling processes on 

in-mold structural electronics, liquid crystal displays, and printed circuit boards, respectively. A 

detailed characterization of the materials to be recycled using different analytical techniques is 

reported for each ANNEX. Then, hydrometallurgical optimization studies were described; the 

main aim was to increase the recoveries of the base, critical and precious metals by reducing 

the chemical consumption and the production of wastewater according to an MLD approach. 

Each output of the optimized process was characterized to understand how to manage them 

and to define the main elements' flow material. Balance materials, flowsheets’ process, and 

economic and environmental evaluations were conducted. 
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1. Pilot-scale reconfiguration 
The reconfiguration of the hydrometallurgical pilot plant, built under a previous European 

project – H2020 FENIX, grant agreement No. 760792, was carried out. The main aim of FENIX 

was the development of new business models and industrial strategies for different novel supply 

chains to enable value-added product-services. To this aim, the hydrometallurgical pilot plant 

had the objective to produce 3D printing metal powders through the treatment of WEEE. This 

way, secondary raw materials could be obtained using a circular economy approach. 

The pre-existent mobile pilot plant was realized in a 40 feet container. It was intended for the 

treatment of ground electronic board powders with a maximum size of 2 mm. 

A detailed study was done to identify the pilot plant's possible implementations, starting from 

some critical issues shown during the experimental activities carried out as part of the FENIX 

project. One of the scopes of the reconfiguration was to modify and implement the plant in 

order that can process the materials of interest in the TREASURE project. More generally, the 

aim was also to make the plant more flexible for the treatment of different types of materials, 

not only powders. Therefore, more chemical reactors and filtration systems with different 

characteristics compared to those already present were added. Finally, all the valves were 

automated according to Industry 4.0.  

The company engaged in carrying out the pilot plant reconfiguration was B.F.C. Sistemi S.r.l., the 

same company that built the plant in June 2019, so it was selected for economic and logical 

reasons. 

Moreover, after the pilot plant's reconfiguration, start-up tests with water and a powder of 

printed circuit boards were done to check the equipment’s correct working. 

 

The full details are reported in ANNEX 1, and the P&ID of the reconfigured hydrometallurgical 

pilot plant is shown in ANNEX 1A. 

 

2. Recycling process optimization of in-mold structural electronics 
The optimization of the hydrometallurgical process for the recycling of silver from IMSE samples, 

whereby silver is directly exposed on the surface, was performed. Moreover, a detailed 

characterization of the input and all the process outputs has been performed using different 

analytical techniques such as ICP-OES, XRD, FTIR, and XRF. The characterization and the 

hydrometallurgical process were investigated on different types of IMSEs like thermoformed, 

full silver area, elongated, and a mixture of all the samples provided by TNO Holst Centre. In 

addition, the characterization was also performed on different SMDs located on the surface of 

some samples. Based on the hydrometallurgical process optimization results, process analysis 

was made to propose a silver recycling process to reduce chemical consumption and wastewater 

production according to the MLD approach. Economic assessments have highlighted how the 

developed process can generate a high profit. 

The full details are reported in ANNEX 2. 

 

3. Recycling process optimization of printed circuit boards 
Printed circuit boards (PCBs) are essential to any electronic waste. In automotive manufacturing 

industries, the use of PCBs inside a car is necessary for managing almost all the functionalities 

of a vehicle, and the trend has drastically increased in the last decades.  
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Various processes are used for PCB metallic content recoveries, using physical, 

pyrometallurgical, hydrometallurgical, and combined technologies. Pre-treatments and 

dismantling of the components play a significant role in the upgradation and efficient metal 

extraction from PCBs. Therefore, dismantling can be considered a necessary step before any 

other chemical treatment. 

Deliverable 5.3, “Simulation and lab-scale testing of materials recovery processes”, provided 

some information relating to the laboratory-scale treatments of numerous materials in the 

automotive sector using hydrometallurgical processes. The activities carried out in the ambit of 

Task 5.3 firstly involved a chemical characterization, also specific for each SMD of PCBs. Based 

on the obtained results, mainly in terms of gold and copper content but also regarding the 

different shapes of each component, different recycling routes are defined. Then, some 

components that need to be removed from the boards have been identified as they inhibit 

dissolution yields. Other components with high content of gold, superficially exposed, can be 

treated by a hydrometallurgical process to recover the metal values. The rest of the board can 

be subjected to another hydrometallurgical process after preliminary physical treatment of 

particle size reduction. 

Related to the activities on Task 5.4, Annex 3 presents a detailed analysis of the characterization 

of PCBs and their components, especially in dashboards, and provides process optimization for 

selective recovery of precious and base metal contents using two patented processes of GOLD-

REC 1 (GDR1) and GOLD-REC 2 (GDR2). Process optimization was studied by factorial 

experimentations and adopting an MLD approach to reduce wastewater production. Finally, 

mass and energy balance are described, each output was characterized, and the economic 

sustainability was evaluated. 

The full details are reported in ANNEX 3. 

 

4. Recycling process optimization of Indium-Tin Oxide glass from 

Liquid Crystal Displays 
The optimization of the hydrometallurgical process for the ITO glass recycling was performed 
with two kinds of samples containing 0.071 kg/t and 1.186 kg/t of Indium. 
Detailed characterization of the input and all the process outputs has been performed using 
different analytical techniques such as ICP-OES, XRD, and XRF.  
The waste processing process was divided into two main steps: extraction of Indium from glass 
and its subsequent extraction from leaching solution as a finished product. 
The first part of the study consisted of three sets of experiments: pre-treatment (neutral 
leaching) and acid leaching (direct leaching, cross-current leaching with acid recycling, and 
counter-current leaching process). The main goal was to find optimal conditions and modes for 
the leaching process (solid-liquid ratio, the concentration of sulfuric acid, and organizing of the 
leaching process) to have maximum indium recovery from ITO glass at minimum reagent 
consumption. 
The second part of the study was to find the best method for indium recovery from the leaching 
solution. The following methods were studied: precipitation with NaOH, electrowinning, and ion 
exchange. 
Based on the hydrometallurgical process optimization results, process analysis was made to 
propose an Indium recycling process to reduce chemical consumption and wastewater 
production. Economic assessments have highlighted how the developed technique can generate 
a high profit. 
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Annex 4 presents a detailed analysis of the characterization of the studied ITO glass and provides 
process optimization for indium recovery. Finally, mass and energy balance are described, each 
output was characterized, and the economic sustainability was evaluated.  

The full details are reported in ANNEX 4. 

 

Abbreviations 

FTIR Fourier Transform Infrared 

GDR1 Gold-REC 1 patent 

GDR2 Gold-REC 2 patent 

ICP-OES Inductively Coupled Plasma Optical Emission Spectroscopy 

IMSE In-Mold Structural Electronics 

ITO Indium Tin Oxide 

KETs Key Enable Technologies 

MLD Minimum Liquid Discharge 

P&ID Process and Instrument Diagram 

PCBs Printed Circuit Boards 

SMDs Surface-Mount Devices 

XRD X-Ray Diffraction  

XRF X-Ray Fluorescence  
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1. Introduction 
The reconfiguration of the hydrometallurgical pilot plant, built under a previous European 

project – H2020 FENIX, grant agreement No. 760792, was carried out. The main aim of FENIX 

was the development of new business models and industrial strategies for different novel supply 

chains to enable value-added product-services. To this aim, the hydrometallurgical pilot plant 

had the objective to produce 3D printing metal powders through the treatment of WEEE. In this 

way secondary raw materials could be obtained according to a circular economy approach. 

The pre-existent mobile pilot plant was realized in a 40 feet container. It was intended for the 

treatment of ground electronic board powders with a maximum size of 2 mm. 

A detailed study was done to identify the pilot plant's possible implementations, starting from 

some critical issues shown during the experimental activities carried out as part of the FENIX 

project. One of the scopes of the reconfiguration was to modify and implement the plant in 

order that can process the materials of interest in the TREASURE project. More generally, the 

aim was also to make the plant more flexible for the treatment of different types of materials, 

not only powders. Therefore, more chemical reactors and filtration systems with different 

characteristics compared to those already present were added. Finally, all the valves were 

automated according to Industry 4.0.  

The company engaged in carrying out the pilot plant reconfiguration was B.F.C. Sistemi S.r.l., the 

same company that built the plant in June 2019, so it was selected for economic and logical 

reasons. 

Moreover, after the pilot plant's reconfiguration, start-up tests with water and a powder of 

printed circuit boards were done to check the correct working of all the equipment. 

2. Pre-existent hydrometallurgical pilot plant 
The pre-existent hydrometallurgical pilot plant was in an industrial site (Lorusso Estrazione S.r.l.) 

in Avezzano, about 50 km far from the University of L’Aquila. The pilot plant has been realized 

inside a mobile container that could be moved to several SMEs to test and demonstrate the 

technical feasibility of the hydrometallurgical processes.  

The P&ID of the pilot plant is shown in Figure 1. 

 

Figure 1: P&ID of the FENIX pre-existent hydrometallurgical pilot plant 
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The 40 ft container is composed of three different areas: 

a. Storage area 

b. Operating process area 

c. Control panel area 

Figure 2 report the layout of the hydrometallurgical pilot plant. 

 

Figure 2: Layout 3D image of the FENIX hydrometallurgical pilot plant 

Figure 3 shows a picture of the pilot plant in the industrial shed of Lorusso Estrazione S.r.l. 

company to the left side, while to the right side the elevation and the plan views are showed. 

  

Figure 3: Picture of the hydrometallurgical pilot plant to the left side and the elevation and 

plan views to the right side 

 

2.1 Storage area 
The storage area consists of 12 tanks with a capacity of 200 litres with a total of 8 centrifugal 

pumps for solution transfer. In this area occurs both the storage of chemicals and the temporary 

storage of the processing solutions. The tank of each chemical had a specific pump, while for the 

tanks of the processing solutions, there was a pump in service of three tanks since the leaching 

solutions were mainly of two types. Chemicals were fed into the tanks via a mobile pump, but 

without fixed piping, as the 1 m3 caged IBC of the chemicals were placed outside the container. 

In Figure 4 is shown the storage area, the tanks for the processing solutions are located on the 

left side, while the tanks for the chemicals are on the right side. 
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Figure 4: Storage area of processing solutions and chemicals 

Chemical tanks are named TK101-TK106. To transfer chemicals in reactor or in other external 

tanks, each tank is equipped with a centrifugal pump (PC101-PC106), launched via software, 

making sure that all the valves along the pipes are open. Manual valves (VP101A-VP106A) and 

(VP101B-VP106B) are installed on suction and delivery pipe, this last allows to adjust the flow 

rate. In addition, each tank installs a manual valve (VT101-VT106), and another manual valve 

(VL101-VL106) allows the chemicals to transfer to other tanks outside the plant.  

 

Processing solutions storage tanks are named TK107- TK112. Processing solutions can be 

transferred with the use of two different centrifugal pumps controlled via software. Pump PC107 

is connected to TK107, TK108, and TK109, which only transfers copper solutions. Instead, pump 

PC108 is connected to TK110, TK11, and TK112 to manage the gold solution. The flow rate in 

delivery pipes is regulated by VP107B and VP108B, while in the suction pipes, there are two 

manual valves, VP107A and VP108A. At the bottom of each tank, a manual valve transfers the 

flow in the pipes (VT107B-VT112B), while VL107 and VL108 allow the solution to transfer to 

other external tanks. 

2.2 Operating process area 
In this area, the chemical operations necessary for the execution of hydrometallurgical 

processes take place. A list and a brief description of the main equipment are below reported: 

a. SCRUBBER: equipment for gaseous emissions abatement. All the equipment in the 

operating process area, such as all the storage area, are under suction. It is necessary 

to add soda solution for neutralization and verify the liquid level before each launch of 

the plant. It is constituted by a filling bath of 556 litres equipped with a float with an 

emergency drain. In case of overflow, discharge the solution in an emergency drain. 

Fan and recirculation pumps are launched via software. Failure to start this equipment 

blocks any other operation. 

 

b. CHEMICAL REACTOR (R101): is the only chemical reactor of the plant. It is used to carry 

out solid-liquid extraction. Its useful volume is 200 litres, it is internally coated in 
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ebonite for acid resistance. Equipped with an agitator (M101) that allows the mixing of 

solutions (maximum speed 250 rpm). Solid feed is manual, while water and chemicals 

are loaded by opening manual valves and automatic pumps. Reactor discharge is 

controlled by a solenoid valve (VR101) managed via software. In addition, a weight cell 

allows to show the weight in the reactor through a display. 

 

c. PLATE&FRAME FILTER (FP101): equipment used for liquid and solid separation from 

suspension obtained by leaching treatments. Once the correct number of plates is 

selected based on the solid of the suspension, you can manage the filter press by 

electrical cabinet QE1, the pump (PC112) will be automatically started, and the filter 

press closing cycle will be completed.  

 

d. COPPER ELECTROLYTIC CELL (CE101): it is used for the copper electrowinning process. 

The cell is constituted by a bath of 178 litres and equipped with 10 copper cathodes 

and 10 titanium coated by mixed oxides anodes alternately arranged. Three-phase 

rectifier display (QE3) can regulate current up to a maximum of 350 A, while the voltage 

can be measured during the operation. Solution rich in copper can be loaded by TK107, 

TK108, and TK109. Recirculation of the solution occurs through pump PC109, controlled 

by the rectifier. The discharge occurs with pump PC112 (controlled by software) 

opening the valves along the pipe that return to TK109.  

 

e. PRECIOUS METALS ELECTROLYTIC CELL (CE102): it is used for the gold and silver 

electrowinning process. The cell is constituted by a bath of 20 litres and equipped with 

one copper cathode and two titanium coated by mixed oxides anodes. Three-phase 

rectifier display (QE3) can regulate current, while the voltage can be measured during 

the operation. Solutions rich in gold and silver can be loaded by TK110, TK111, and 

TK112. Recirculation of the solution occurs through pump PC110, controlled by the 

rectifier. The discharge occurs with pump PC113 (controlled by software) opening the 

valves along the pipe that return to TK112. 

Figure 5 shows some pictures of the main equipment of the operating process area. 

 

(a) 

 

(b) 
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(c) 

Figure 5: Pictures of the main equipment. a) chemical reactor; b) copper electrolysis cell; c) 

plate & frame filter 

2.3 Control panel area 
The plant is controlled by PLC (Programmable Logic Controller), but you can work in semi-

automatic mode, in fact only the pumps are launched via software, but almost all the valves 

must be manually opened/closed, except of the VR101 valve that manage the discharge of the 

chemical reactor. In the control panel area, there are: 

a. ELECTRICAL CABINET: the plant’s main switch is equipped with manual selector 

switches that allow managing different equipment in manual or automatic mode.  

 

b. COMPUTER WORKSTATION: software that manages the control of scrubber, automatic 

valves, and pumps. You can also insert different procedures of hydrometallurgical 

treatment by adding quantities of chemicals, water, and solids. If the total volume 

exceeds the useful volume of the reactor, the software prevents you from starting the 

treatment. During a test, a series of messages appear on the screen indicating which 

valves to open or close during each operation.  

 

In Figure 6, the electrical cabinet and the computer workstation are shown. 

  

Figure 6: Pictures of the control panel area. 
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3. Main objectives of the reconfiguration 
The reconfiguration of the hydrometallurgical pilot plant aims at solving the main issues that 

emerged during the experience of the FENIX project in the use of the pilot plant, at making the 

plant more flexible for the treatment of different types of materials, and more specifically at 

adapting to the materials of interest for the TREASURE project. 

The experimental pilot-scale activities carried out during the FENIX project were mainly related 

to the treatment of printed circuit boards’ powders with a particle size below 2 mm. These tests 

showed the following critical points to be solved during the reconfiguration: 

a. Clogging of the suction pipes during the chemical reactor discharge upstream of the 

plate & frame filter.  

b. The plant's only filtration system, the plate & frame filter, was unsuitable for retaining 

small quantities of solid and, specifically, particles with small particle sizes, such as gold 

particles and generally all the metals recovered by precipitation. 

c. From the point of view of operations carried out by the operators, the use of an external 

mobile pump to transfer chemicals from the caged IBC to the corresponding tank 

(TK101-TK106) was not a good safety practice.  

In Figure 7 the clogging of the suction pipes and of the pneumatic diaphragm pump located in 

the line were shown.  

  

Figure 7: Clogging of the pipeline and pump during the discharge of the chemical reactor. 

It depended on the long horizontal path of the suction pipes and on the chemical reactor 

position not high enough, so that the suspension remained clogged even inside the reactor on 

the bottom at the discharge. An attempt to resolve has been carried out by adding a small tube 

that guaranteed a discontinuous air insufflation to slightly raise the suspension during the 

discharge and avoid clogging. This has not helped to completely solve the issue. Therefore, the 

problem of clogging remained in the case of high amounts of solid in the suspension to be 

discharged from the reactors and for materials with a high specific density as the printed circuit 

board powders. To avoid clogging, the following actions could be considered: 

a. The chemical reactor is placed on a chassis in such a way that it is raised from the ground, 

and there is also a higher force of gravity that makes the transfer in the pipes easier. 

b. The suspension was directly discharged in a vacuum filter like the bag filters. 

c. Design of a chemical reactor with different characteristics that allowed to avoid 

removing the solid from the reactor at each process operation. 
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Moreover, as mentioned earlier, the reconfiguration was focused on making the pilot plant more 

flexible to process other materials without physical size reduction pre-treatment and the 

materials of interest for the TREASURE project. The materials studied at the lab scale in the ambit 

of the present project are: 

a. In-mold structural electronics (IMSEs) 

b. ITO glass 

c. Printed circuit boards (PCBs) from the combi-instrument 

In Figure 8 are shown the IMSEs and ITO glass samples. 

  

Figure 8: Photographic aspect of IMSE and ITO glass samples. 

Based on the status of the element of interest to be recycled from these samples for their 

hydrometallurgical treatment, no preliminary grinding stage is required. IMSEs are composed of 

a silver ink layer directly on the surface of the samples so that it is already exposed to the action 

of acids to be dissolved. ITO glass samples are composed of a glass substrate coated by an ITO 

layer on both sides; compared to the initial sample, the material was supplied by EuroLCDs after 

being cut into squares of about 2 cm. From a chemical point of view, no grinding would be 

necessary to ensure the dissolution of indium and tin during the leaching phase, but only a 

reduction in sample size for easier solid handling during the hydrometallurgical process. 

Regarding the PCBs, the two developed hydrometallurgical processes require a disassembly step 

to separate some SMDs from the board. Some residual components, such as ICC, remain on the 

board, which is subjected to a grinding step until a particle size of less than 2 mm is achieved. 

Therefore, two materials of different characteristics have to be treated from the PCBs. Figure 9 

shows a mixture of SMDs and a sample of powders from PCBs. 

 
  

Figure 9: Photographic aspect of powder on the left slide, and different SMDs on the right side 

from PCBs. 



This project has received funding from the European Union's Horizon 2020 

research and innovation programme under grant agreement No 101003587 

 

 
 

10 

While the powders size particles are below to 2 mm, the SMDs from PCBs can have shapes and 

different size up to 5-10 cm. For these reasons, the treatment of SMDs can be assimilated, from 

the point of view of suitable technologies, to the previous materials as IMSE and ITO glass. For 

the treatment of the powders, instead, it is necessary to take into account the considerations to 

solve the issue of clogging during the discharge of the chemical reactor. 

4. Reconfigured TREASURE hydrometallurgical pilot plant 
In the present section the main implementations and the description of all the added equipment 

in the reconfigured hydrometallurgical pilot plant are reported. For each equipment its 

functionalities are explained, and technical data are provided as well as pictures taken within 

the reconfigured plant. Process and Instrument diagram (P&ID) displaying the equipment, the 

piping components (valves, pumps) and the controllers, was produced for the TREASURE 

reconfigured pilot plant (ANNEX 1.A). 

The Declaration CE of Conformity for the reconfigured plant (serial number 19003, year of 

construction 2019, and subsequent revamping carried out in 2022) has been issued, complying 

with provisions of European Directive 2006/42/EC.   

4.1 Main implementations 
To achieve the objectives explained in section 3, the main implementations carried out have 

been listed below: 

a. Addition of two chemical reactors with different characteristics. 

b. Addition of different filtration systems, such as cartridge and bag filters. 

c. Movement of the chemical storage tanks to an external area directly connected to the 

plant by a pipeline.  

d. Automatization of all the valves according to Industry 4.0 

e. PLC software revising with specific recipes for the materials of interest for the TREASURE 

project.  

The first two implementations are realized to the left side of the container plant by removing 

the chemical tanks. In Figure 10, on the left side, a picture taken during the works shows the 

freed space for adding chemical reactors and filtration systems in the storage area of the pre-

existent pilot plant. On the right side, a picture of the pilot plant after the reconfiguration from 

which you can observe the chemical caged IBCs directly connected to the main equipment with 

piping. 

  

Figure 10: Picture of the plant during and after the reconfiguration works.  
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4.2 New added equipment  
In this section a list of the added equipment to the existing pilot is reported, for each equipment 

dedicated details engineering documents are provided. Moreover, overall plant layout and 

process and instrumentation diagram (P&ID) are also shown. 

The layout of the reconfigured hydrometallurgical TREASURE pilot plant is shown in Figure 11. 

 

Figure 11: Layout of the reconfigured hydrometallurgical pilot plant, plan view.  

You can see on the left side the area where the major changes were made, with the addition of 

two chemical reactors and different filtration systems. However, the reconfiguration involved 

the whole plant for the connections of the pipes and the automation of all the valves. In addition, 

a filtration system has also been added for the pre-existing chemical reactor, located in the 

middle area, so that depending on the type of filtration desired, the plate & frame filtration or 

the cartridge filter can be used. 

Below is the list of the main and auxiliary equipment added to the pilot plant: 

a. Chemical Reactor (R102) 

b. Chemical Reactor (R103) 

c. Pneumatic diaphragm pumps (PP201, PP301) 

d. Bag filter (FC201) 

e. Cartridge filters (FC101, FC202, FC301) 

f. Automatic valves 

g. Level indicator transmitters (LIT101-LIT112) 

h. Level switch high (LSH101, LSH102) 

 

4.2.1 Chemical Reactor R102 

The chemical reactor R102 is like a slurry reactor intended for the treatment of ground materials 

with small particle sizes, its useful volume is 100 litres. The stirrer reaches almost the bottom of 

the reactor so that good mixing of the suspension can be guaranteed. To avoid the issues related 

to the powders clogging during discharge, filtration is ensured by a big filter, and the chemical 

reactor position is higher than the ground floor. 

This type of reactor can also be used for the chemical operations like cementation and 

precipitation to recover metals from the leach liquor solutions or for the preparation of leaching 

solutions before starting contact with the material to be treated.  
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In Figure 12, a picture of the chemical reactor as well as an extract of the P&ID, are shown. 

  

Figure 12: Picture of chemical reactor R102 and an extract of P&ID.  

From the P&ID extract it is possible to observe the presence of an insufflation line of gases that 

can be air or nitrogen depending on the reagents that are used. Then for the discharge 

operations a pneumatic diaphragm pump (PP201) allows the suspension to be transferred to 

the filtration systems. Based on the specific objectives, like the amount of expected solid to be 

recovered and particle size, can be used bag and cartridge filters with different openings and 

materials. As you can see from the P&ID, the following filtration systems are in line, you can 

work with both or decide to exclude one of the two. Regarding the controllers, the reactor is 

equipped with an instant temperature indicator (TIC102) and a weight indicator (WIC102). In 

addition, is prepared for the cooling coil installation. Then, there is also a device that sprays 

water in order to ensure proper washing of all the reactor’s internal surfaces. 

In Table 1, the design data are reported. 

Table 1: chemical reactor R102 design data 

R102 – chemical reactor design data 

Vessel construction material Polypropylene  

Cooling coil material Prepared for the installation 

Propeller construction material Polypropylene 

Useful volume  100 litres 

Design pressure ATM 

Operating pressure ATM 

Design temperature 0 - 60 °C 

Maximum operating temperature 50 °C 

Weight cell Yes 

Solid loading  Manual 

Solution loading Centrifugal pumps 

Discharge of the suspension Pneumatic diaphragm pump 

Insulation No 

Inspection Yes 
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The stirrer is with servo-ventilated electric motor for inverter and gearbox use, and the propeller 

is a rotor with 2 fixed "V" blades straight. In Figure 13, the technical drawing design of the 

chemical reactor is shown. 

 

Figure 13: Technical drawing design of chemical reactor R102. 

Then, the Declaration CE of Conformity for the chemical reactor R102 (serial number 22004, 

year of construction 2022) has been issued. 

 

4.2.2 Chemical Reactor R103 

The chemical reactor R103 is intended for the treatment of materials without any grinding or 

heavy powders that can create problems during the filtration, its useful volume is 100 litres. It is 

a reactor specially designed to prevent that the solid is removed from the reactor for each 

filtration operation. Inside the reactor, towards the bottom, is located a septum with several 

openings of 1.2 mm that allow the passage of the solution but not of the solid, so the solid 

remains inside until the end of the process. During the filtration, the septum retains most of the 

solid so that issues related to clogging pipes are avoided. The stirring, if necessary, takes place 

through air/nitrogen insufflation. Nevertheless, there is a stirrer with a servo-ventilated electric 

motor use and gearbox, but its function is exclusively related to material discharge at the end of 

all leaching operations; it is not used to mix the suspension during chemical reactions occur. A 

rotor with 2 curved fixed blades allows the solid conveying in automatic mode for the discharge 

through an inspectable side door.  

In Figure 14, a picture of the chemical reactor as well as an extract of the P&ID, are shown. 
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Figure 14: Picture of chemical reactor R103 and an extract of P&ID.  

From the picture you can see the hatch for discharge of the solid from the reactor and the slide 

to collect the material. Then, from the P&ID extract it is possible to observe the presence of an 

insufflation line of gases that can be air or nitrogen depending on the reagents that are used. 

For the discharge operations a pneumatic diaphragm pump (PP301) allows the suspension to be 

transferred to the filtration systems. In this case, since the presence of the septum only low 

amount and small particles are sent to the filters. Two cartridge filters are connected to the 

pipes. Filters with different openings and materials can be used based on the solid to be 

recovered. Regarding the controllers, the reactor is equipped with an instant temperature 

indicator (TIC103) and a weight indicator (WIC103). In addition, a Teflon cooling coil can manage 

the temperature during the reactions. In Figure 15 is shown a picture of the inside of the 

chemical reactor in order to highlight the septum and the cooling coil. 

 

Figure 15: Internal view of the chemical reactor R103. 
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The reactor is also equipped with a device that sprays water in order to ensure proper washing 

of all the reactor’s internal surfaces. In Table 2, the design data are reported. 

Table 2: Chemical reactor R103 design data 

R103 – chemical reactor design data 

Vessel construction material Polypropylene  

Cooling coil material Teflon 

Propeller construction material Polypropylene 

Useful volume  100 litres 

Design pressure ATM 

Operating pressure ATM 

Design temperature 0 - 60 °C 

Maximum operating temperature 50 °C 

Weight cell Yes 

Solid loading  Manual 

Solution loading Centrifugal pumps 

Discharge of the suspension Pneumatic diaphragm pump 

Insulation No 

Inspection Yes 

 
Technical drawing design of the chemical reactor is shown in Figure 16. 
 

 
 
Figure 16: Technical drawing design of chemical reactor R103. 

Then, the Declaration CE of Conformity for the chemical reactor R103 (serial number 22005, 

year of construction 2022) has been issued. 

  



This project has received funding from the European Union's Horizon 2020 

research and innovation programme under grant agreement No 101003587 

 

 
 

16 

4.2.3 Pneumatic diaphragm pumps  

Pneumatic diaphragm pumps (PP201 and PP301) have been added to service of the two new 

chemical reactors. They are pneumatic volumetric double diaphragm pumps, designed and built 

for pumping liquids chemically compatible with the construction materials of the pump, 

polypropylene. They are self-priming; when starting, the pipes can be empty. The pump supplier 

company was Deltagalvano and the model is Boxer 81 PP. In Figure 17 a picture of the pump and 

its technical drawing design are shown.  

  
Figure 17: Picture and technical drawing design of pneumatic diaphragm pumps. 

The pumps are directly launched by PLC software. In Figure 18, pump performance curves show 

head vs flow rate as a function of different air supply pressure. Also, the curves related to the 

air consumption are reported. 

 

Figure 18: Pump performance curves. 
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4.2.4 Bag filter  

The bag filter FC201 is in service of the chemical reactor R102. It is inserted in a basket to support 

the filter medium, and a compression ring makes the seal. The fluid flows through the bag filter 

from the inside, and the solids are retained inside. The capacity is 20 liters, both the filter and 

the basket are made of polypropylene. Based on the specific application different opening filters 

are available (ten with opening size of 200 µm and two with 5 µm). In Figure 19, a picture and 

technical drawing design are shown. 

 
 

Figure 19: Picture and technical drawing design of bag filter. 

The construction company was the Envirogen Group. The filtering surface is 0.49 m2. In Table 3 

the chemical resistance characteristics of the bag filter are reported. 

Table 3: Polypropylene bag filter resistance. 

Bag filter materials: polypropylene 

Maximum operating temperature 90 °C 

Use for aromatic solvents No 

Use for aliphatic solvents Yes 

Use for aqueous solutions Yes 

Use for acid solutions Yes 

Use for strong acid solutions Yes 

Use for alkali solutions Yes 

Use for strong alkali solutions Yes 

Use for vegetable/animal oils Yes  

 

4.2.5 Cartridge filters  

Four cartridge filters are added in the plant. The filter FC101 was added to process the 

suspension from the pre-existing chemical reactor R101 to provide an alternative to the plate & 

frame filter. The filter FC202 was installed in the discharge pipeline of chemical reactor R102, 

downstream of the bag filter, to also retain small particles, for example, from metals 

precipitation treatment. Then, FC301 is composed of two cartridge filters in such a way that 

particles of different sizes can be retained and separated from each other by selecting filters 

with specific mesh openings. 
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Filtration in cartridge filters consists of the forced passage of the solution through a porous 

medium. All the installed cartridge filters have a capacity of 1.5 liters. Filters are available in 

ceramic or polypropylene, with replaceable filters with openings of 5, 10, and 25 µm for 

polypropylene filters and 0.45 µm for ceramic filters. In Figure 20, a picture of the installed 

cartridge filtration system (FC301) and the filtering medium are shown. 

  

Figure 20: Cartridge filters FC301 on the left side and the filtering medium on the right side. 

In Table 4 the flow rate and geometric characteristics of the available filters are reported. 

Maximum operating temperature is 80 °C. 

Table 4: Cartridge filters characteristics 

                                                                                                                                    size, mm 

code model height flow rate, L/h A B C 

RA5706508 CPP 10 SX – 5 mcr 10” 2000 250 61 28 

RA5706509 CPP 10 SX – 10 mcr 10” 2000 250 61 28 

RA5706511 CPP 10 SX – 25 mcr 10” 2000 250 61 28 

RA5265102 AB10SX – 0.45 mcr 10” 300 250 70 30 

 

4.2.6 Automatic valves  

The pre-existing manual valves have been replaced with automatic valves to conduct the 

operations necessary for the process execution automatically directly from the computer 

workstation via PLC software, according to Industry 4.0.  

Regarding the working of the automated valves, a mechanical device uses a power source to 

operate a valve. In the present case, the power source is pneumatic, by compressed air. The 

two-way ball’s actuator produces the rotational motion needed to operate rotary valves. So, it 

operates by converting the linear motion of a cylinder piston into the stem drive's rotational 

motion. The boxes SB series of Aliaxis are installed in the plant, they are primarily instruments 

to indicate the position with direct viewing through an open/closed indicator and/or through 

the remote signal output from the switch inside the box. Figure 21 shows how their work and a 

picture of their installation in the pilot plant. 
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Figure 21: Pneumatically actuated 2-way ball valve working and their installation in the plant. 

In addition, for some of the installed automatic valves it is possible to partial the flow to adjust 

the flow rate in an opening between 10 and 90 degrees.  

4.2.7 Controllers 

Level indicator transmitters (LIT101-LIT112) are sensors with an electrical transmission output 

for remote indication of liquid. They were installed on the chemical caged IBC (TK101-TK106) 

and on the operating solution provisory storage tanks (TK107-TK112). The working of the LIT is 

by radar, it measures the distance from the transmitter, located on the top of the tanks, to the 

surface of the liquid located farther below in much the same way as ultrasonic transmitters by 

measuring the time of flight of a traveling wave. The signal output (4 – 20 mA) is displayed on 

the computer with the purpose of providing inputs to the PLC. More specifically, at the end of a 

chemical operation that is taking place in one of the reactors, you can directly select from the 

computer workstation the tank in which to discharge the filtered solution based on the volume 

to discharge and the free volume in the tank. In addition, if tanks with a lower free capacity than 

the volume to be discharged were chosen, the PLC would block the operation. In Figure 22, is 

shown a picture of the LIC installed on tank 107. 

 

Figure 22: Picture of the level indicator transmitter installed on TK107. 
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Then, two level switch high (LSH101 and LSH102) are added to electrolysis cells (CE101 and 

CE102) to monitor the level in the baths. A LED lights up according to the different operating 

phases of the electrodeposition. Depending on whether the cell is empty, if loading is taking 

place or if you reach the maximum fill level different colours will light up: green, yellow and red. 

In Figure 23 is shown the LSH101 installed on the CE101 electrolysis cell. 

 

Figure 23: Picture of the level switch high LSH101 installed on CE101. 

In addition to the substantial implementations just described, a complete maintenance of the 

plant was made to clean up the corroded surfaces. Moreover, the rectifiers of the electrolysis 

cells were sent to the supplier company to verify their correct functioning, and the filter press 

cake cart was replaced with a polypropylene one to prevent it from being corroded by chemicals, 

a picture is shown in Figure 24. 

 

Figure 24: Picture of the plate & frame module in which you can see the polypropylene cart. 
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4.3 Pilot plant start-up test 
Once the necessary modifications for the reconfiguration of the hydrometallurgical pilot plant 

have been completed, the plant has been again located in the industrial site of Lorusso 

Estrazione S.r.l. in Avezzano, about 50 km far from UNIVAQ.  

In December 2022, start-up tests were carried out in order to check the correct working of all 

the equipment and to also investigate the new implementations of the PLC software. Therefore, 

blank tests with the use of the water but at the same time using waste similar by type to those 

of the TREASURE project were performed. The correct working of the chemical reactor R102 was 

tested with a powder of PCBs, with the aim of evaluating one of the main critical points that 

occurred in the pilot plant before the reconfiguration, which was the clogging during the 

discharge operation for powders with a high average density. Using the bag filter and the raised 

position of the reactor allowed the suspension to be discharged and separated from the solid in 

the correct way. Figure 25 shows images during the test on reactor R102 and of the software 

while another test on reactor R101 was being carried out. 

  

Figure 25: Pictures taken during the start-up test. 
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5. Conclusions  
The reconfiguration of the pre-existent hydrometallurgical pilot plant had the following main 

objectives to be achieved: 

a. Resolution of the main issues arising from the trials conducted under the previous 

European project. 

b. Making the pilot plant more flexible for the treatment of different types of materials. 

c. Adapting the plant to the TREASURE materials according to their type and the processes 

developed at lab-scale. 

d. Fully automate the plant in such a way that it can be completely governed by PLC.   

 

With the aim of achieving these objectives, the main reconfigure plant implementations 

concerned: 

a. Addition of two chemical reactors with different characteristics. 

b. Addition of different filtration systems, such as cartridge and bag filters. 

c. Movement of the chemical storage tanks to an external area directly connected to the 

plant by a pipeline.  

d. Automatization of all the valves according to Industry 4.0 

e. PLC software revising with specific recipes for the materials of interest for the TREASURE 

project.  

 

After the works had been completed, a start-up test was performed in order to check the correct 

working of all the equipment of the reconfigured pilot plant and to explore the operation of the 

PLC software on the basis of the chemical operations to be carried out to treat the TREASURE 

materials.  

 

Abbreviations 

CE European Conformity 

IBC  Intermediate Bulk Container 

ICC Integrated Circuit Chips 

IMSE In-mold Structural Electronics 

LIT Level Indicator Transmitter 

LSH Level Switch High 

P&ID Piping and Instrumentation Diagram 

PCBs Printed Circuit Boards 

PLC Programmable Logic Controller 

SMDs Surface Mount Devices 

SME Small Medium Enterprise 
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1. Introduction 
The present Annex describes the results related to the optimization of the hydrometallurgical 

process for the recycling of silver from IMSE samples whereby silver is directly exposed on the 

surface. In addition, a detailed characterization of the input and of all the outputs of the process 

has been performed using different analytical techniques such as ICP-OES, XRD, FTIR, and XRF. 

The characterization and the hydrometallurgical process were investigated on different types of 

IMSEs like thermoformed, full silver area, elongated, and a mixture of all the samples provided 

by TNO Holst Centre. In addition, the characterization was also performed on different SMDs 

located on the surface of some samples. Process analysis was made to propose a silver recycling 

process to reduce chemical consumption and wastewater production according to the MLD 

approach. Economic assessments have highlighted how the developed process can generate a 

high profit. 

2. Materials and methods 
The TNO-Holst Center and the advisory board member Genesink provided the materials for this 

activity. Based on the results obtained by D5.3 - Simulation and lab-scaled testing of the 

materials recovery processes, samples with silver on the surface not embedded in polymer 

layers were selected. Although these samples had this common characteristic, they were 

different in terms of polymer substrate, type of ink used, and silver content. In addition, other 

investigated samples were again with silver on the surface but also with small LEDs. 

Firstly, the samples have been subjected to a semi-quantitative analysis performed by X-Ray 

Fluorescence (XRF) (Spectro Xepos); in this way a preliminary screening was obtained. 

Subsequently the samples have been also characterized, by a quantitative point of view, mainly 

to determine their silver content since hydrometallurgical processes are aimed at its recovery. 

To characterize the metal fraction samples were attacked by aqua regia, and the obtained 

solutions were analyzed by Agilent Technologies 5100 ICP-OES (Inductively Coupled Plasma 

Optical Emission Spectroscopy) to obtain the sample metal content. The quantitative ICP-OES 

analyses were also carried out on leaching solutions and solutions after the chemical attack of 

the solid residue of the process in such a way as to allow the calculation of extraction yields 

during the optimization phase of the hydrometallurgical process. In addition, ICP-OES was used 

to characterize the wastewater generated by the process and to determine the purity of the 

final product of the process after a chemical attack.  

In addition, other analyses, such as X-Ray Diffraction (XRD) and Fourier Transform Infrared 

(FTIR), were also carried out to assess the effect of the hydrometallurgical process on the 

substrate samples. XRD analysis was performed using Siemens D5000 Diffractometer, and the 

X-Ray diffraction patterns (copper anode) were acquired in the range 2-theta 10-70 degree.  

For the electrodeposition tests, a supply current (Tektronix) was used; you can set up the voltage 

in the range of 0.1 - 36 V and measure the instantaneous current in the electrolytic bath. In this 

way, note the submerged surface of the electrodes it was possible to determine the current 

density. The electrodes used were cylindrical, copper cathode [1], and graphite anode. The 

distance between the electrodes was maintained at 2 cm. 

Titration of thiourea in leaching solutions was performed by an iodometric method to reduce 

chemical consumption to optimize the hydrometallurgical recycling process. 
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3. Characterization 
This section shows some images of the samples used for the optimization of the 

hydrometallurgical process aimed at silver recovery. In particular, information on their chemical 

characterization is provided. 

3.1. IMSE samples 

3.1.1 Sample 1 – thermoformed PC 

IMSE thermoformed PC samples are composed of a polycarbonate substrate, different types of 

printed layers (black graphic ink and dielectrics) and silver ink that is bonded with a polymer 

additive. Silver is in the surface, directly accessible for the recycling operations. Figure 1 shows 

the photographic aspect of the sample. 

 

 

Figure 1: Photographic aspect of thermoformed PC - IMSE 

The weight of each sample is in the range of 30 – 35 g for a sample size of 35x26 cm. Firstly, 

qualitative XRF analysis were carried out both in the black area and in the striped area where 

there is silver ink, according to the map in Figure 2. 

 

Figure 2: Map of performed XRF analyses 
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The analyses were carried out by cutting the pieces of the sample in according to the areas 

marked on the previous figure. It was possible to obtain a semi-quantitative analysis using the 

internal data libraries in the processing software. XRF analysis allowed to detect both metal 

fraction and the other fractions (plastics, organic compounds, etc.), the results are shown in 

Table 1.  

Table 1: Semi-quantitative characterization of thermoformed-PC sample (XRF analysis) 

Black graphic ink (area 1 in Figure 2) Silver ink (area 2 in Figure 2) 

element concentration wt % element concentration wt % 

Fe 1.710 Fe 1.483 

Mn 1.144 Mn 0.959 

Si 0.522 S 0.612 

S 0.386 Si 0.478 

Ca 0.071 K 0.155 

Ti 0.031 Ag 0.069 

Cu 0.023 Cl 0.026 

K 0.029 Cu 0.019 

Cl 0.013 Ca 0.010 

Based on the XRF results, the silver was determined exclusively in the striped area rows. In 

addition, among the elements most present iron and manganese are detected in both areas 

where the analysis was carried out. A concentration of less than 0.01 % was determined for 

elements not included in the table. 

In addition, both qualitative and quantitative ICP-OES analyses were carried out. The metal 

fraction of the sample was dissolved by a double step chemical attack: firstly by nitric acid and 

then by aqua regia (HNO3 : HCl 1:3 v/v). Qualitative and quantitative analyses have been 

performed on the solutions obtained by the chemical attack with the use of ICP-OES. A screening 

allowed to identify the most present elements and then the concentration was measured in the 

leach liquor in order to calculate the sample composition. Qualitative analyses showed that the 

main elements were present in the following order from most to least present: Ag, Fe, Mn, Ca, 

and Si; traces of Cu and Pb. ICP-OES quantitative results and their standard deviations are 

reported in Table 2. 

Table 2: Quantitative characterization of thermoformed-PC sample (ICP-OES analysis) 

Thermoformed-PC sample: quantitative analysis 

element concentration wt % standard deviation wt % 

Ag 0.931 0.091 

Fe 0.865 0.012 

element concentration g/t    standard deviation g/t 

Pb 462 78 

Ca 207 27 

Mn 193 32 

Cu 170 17 

Ti 21.4 3 

Si not determined - 
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The quantitative analysis shows a silver content with an average of 0.94 wt % and a standard 

deviation of 0.09 %. Among the other elements 0.87 wt % of iron is determined. Lower 

concentrations are detected for lead, calcium, manganese, and copper. Silicon was not 

quantitatively determined by ICP-OES. 

The sample was also subjected to XRD analysis to identify the form of the previously identified 

elements and, eventually, other phases. Figure 3 shows the XRD patterns, more in detail, the 

presence of metallic silver was confirmed by the peaks identified in blue; the intensity of these 

peaks, higher than all the others, highlights how this metal is the most present in the 

investigated materials. Regarding the other elements, a manganese silicate hydrate phase and 

iron oxide were identified. Moreover, as shown by the slight hump around 15-16 degrees, there 

is an amorphous phase, probably quartz.  

 

Figure 3: XRD pattern of thermoformed PC - IMSE  
 

In addition, XRD analysis could be useful to evaluate if the hydrometallurgical treatment for the 

silver recovery can affect the polymeric substrate and the other phases. For this purpose, this 

spectrum will be compared with the one on the solid residue after the silver recycling process. 

The FTIR analysis was carried out to identify the different types of polymers on the sample. In 

Figure 4 are shown the spectra both for the black graphic area (red curve) and for the silver ink 

area (purple curve). The FTIR analysis conducted on the black part found matches with the 

following polymers: polymethylmethacrylate, polymethacrylate, calcium phosphate and 

polyethylacrylate. Regarding the silver ink area instead, in addition to the same polymers, an 

alkyd resin has also been identified.  

In any case, the values of the matches obtained by the library are low (around 35 %) because of 

the contribution of different polymer additives. The polycarbonate substrate that is present as 

a base layer, as reported by the TNO - Holst Centre, has not been identified. 
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Figure 4: FTIR analysis on thermoformed PC – IMSE. The purple curve is related to the silver 
ink area, the red curve is related to the black graphic ink area. 

 

3.1.2 Sample 2 – full silver area IMSE 

Full silver area IMSE samples are composed of a plastic substrate and silver ink. Silver is in the 

surface, directly accessible for the recycling operations. The weight of each sample is in the 

range of 30 – 35 g for a sample size of 35x26 cm. Figure 5 shows the photographic aspect of the 

sample. 

 

Figure 5: Photographic aspect of full silver area IMSE 

Qualitative and quantitative ICP-OES analyses were carried out. The metal fraction of the sample 

was dissolved by a chemical attack by nitric acid. Qualitative and quantitative analyses have 

been performed on the solutions obtained by the chemical attack with the use of ICP-OES. A 

screening allowed to identify the most present elements and then the concentration was 

measured in the leach liquor to calculate the sample composition. Qualitative analyses showed 

that the main elements were present in the following order from most to least present: Ag, Ca, 
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Pb, Fe, and Si; traces of Ba, Ti, Cu, and Mn. ICP-OES quantitative results and the standard 

deviation are reported in Table 3.  

Table 3: Quantitative characterization of full silver area IMSE (ICP-OES analysis) 

Thermoformed-PC sample: quantitative analysis 

element concentration wt % standard deviation wt % 

Ag 7.417  5.883 

Pb 0.122 0.012 

element concentration g/t standard deviation g/t 

Ca 632 59 

Fe 407 43 

Ti 128 17 

Cu 71 7 

Mn  < 5 - 

Si not determined - 

 

The concentrations are related to the sample received, also considering the transparent frame. 

In the transparent frame, only calcium was detected. The quantitative analysis shows a silver 

content with an average of 7.42 wt  % and a standard deviation of 5.88 %. The standard deviation 

is very high as there is a great variability in the percentage of silver from sample to sample. 

Among the other elements 0.12 wt % of lead was determined and relevant concentration of 

calcium and iron. In addition, low concentrations titanium and copper were detected, 128 g/t 

and 71 g/t, respectively. Silicon was not quantitatively determined by ICP-OES. 

 

3.1.3 Sample 3 – elongated IMSE 

Elongated IMSE samples are composed of a polymeric substrate, different types of printed layers 

(with and black graphic ink) and silver ink that is bonded with a polymer additive. Silver is in the 

surface, directly accessible for the recycling operations. In addition, on the surface are located 

also several small LEDs. Figure 6 shows the photographic aspect of the sample. 

 

Figure 6: Photographic aspect of elongated IME with small LEDs on the surface 

 

The weight of each sample is in the range of 7 – 8 g for a sample size of 27x10 cm. Firstly, a 

qualitative XRF analysis was carried out in the silver ink area as shown in Figure7.  
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Figure 7: Map of performed XRF analysis 

The analysis was carried out by cutting the piece of the sample according to the area marked on 

the previous figure. It was possible to obtain a semi-quantitative analysis using the internal data 

libraries in the processing software. XRF analysis allowed to detect both metal fraction and the 

other fractions (plastics, organic compounds, etc.), the results are shown in Table 4.  

Table 4: Semi-quantitative characterization of elongated IMSE (XRF analysis) 

Silver ink (area 1 in Figure 7) 

Element concentration wt % 

K 1.160 

Ag 0.622 

Ti 0.265 

Si 0.078 

Fe 0.061 

Cl 0.012 

Mn 0.010 

Based on the XRF semi-quantitative results, potassium, silver, and titanium are the element 

most present in the investigated area of the sample. A concentration of less than 0.01 % was 

determined for the elements not reported in the table. 

In addition, both qualitative and quantitative ICP-OES analyses were carried out. The metal 

fraction of the sample was dissolved by a double step chemical attack: firstly by nitric acid and 

then by aqua regia (HNO3 : HCl 1:3 v/v). Qualitative and quantitative analyses have been 

performed on the solutions obtained by the chemical attack with the use of ICP-OES. A screening 

allowed to identify the most present elements and then the concentration was measured in the 

leach liquor to calculate the sample composition. Qualitative analyses showed that the main 

element was Ag and have also been detected to a lesser extent, Fe, Mn, Ca, Cu, and Si. ICP-OES 

quantitative results and their standard deviations are reported in Table 5. 

Table 5: Quantitative characterization of elongated IMSE (ICP-OES analysis) 

Thermoformed-PC sample: quantitative analysis 

element concentration wt % standard deviation wt % 

Ag 3.021 0.205 

Fe 0.091 0.014 

element concentration g/t standard deviation g/t 

Cu 369 65 


