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Abstract: Printed circuit boards (PCBs) are fundamental components of electronic devices,
acting as an important source of various valuable metals such as copper, gold, and silver.
Efficient recycling methods that offer high recovery rates are essential to the full reutilization
of these materials. Hydrometallurgical leaching is a prominent technique for metal recovery,
but its efficiency can be significantly enhanced through solvent pre-treatment. In this study,
an experimental analysis of the material composition of different categories of PCBs is
presented. In addition, the study evaluates the influence of particle size on the subsequent
copper leaching process and the efficiency of copper recovery. These investigations aim to
better understand the material composition of PCBs and propose an optimized material
recovery technique. The study finds that there are significant variances among the different
categories of PCBs investigated, allowing a more informed handling process of WEEE. This
research suggests that solvent pretreatment using DMSO for PCB particle sizes between
5.6 mm and 2 mm would be a good optimization technique, mitigating the drawbacks of
treating fine particles while maintaining appealing recovery efficiency.

Keywords: WEEE; waste management; PCB; solvent pretreatment; circular economy

1. Introduction

Printed circuit boards (PCBs) lie at the heart of modern electronic devices, working as
connecting paths between electronic components and as a skeletal support. Estimates of the
economic value of materials found in Waste Electrical and Electronic Equipment (WEEE)
are almost €48 billion, with PCBs containing 40% of these materials [1]. Found in every
electronic device, a PCB is a multilayer substrate with copper layers in addition to solder
masks and silkscreens. Fiberglass-reinforced epoxy resin (FR4) is typically used for the
fabrication of the substrate, offering mechanical strength and insulation. Moreover, phenolic
resin and polyimide are also used depending on the application’s requirements [2,3]. The
traces, which are the conductive pathways, are made of copper due to its high conductivity.

A high-efficiency material recovery process is crucial from both an economic perspec-
tive and a legislative one, especially in the EU, where many of the materials found within
WEEE are on the list of critical raw materials, which recently added copper and nickel
among them [4-6].
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The complex composition of PCBs, combining metals, resins, and other materials,
makes the recycling process complicated. To mitigate the effect of this complex composition,
PCBs are usually size-reduced (typically by shredding or milling) to enable higher-efficiency
metal extraction [7]. The efficiency of the subsequent treatment processes is highly depen-
dent on the particle size after size reduction [4-7].

One of the most common treatment methods for waste PCBs is hydrometallurgical
leaching [8], a process that dissolves metals from solid matrices using aqueous solutions to
recover them. This method allows high selectivity to extract valuable metals from complex
mixtures, making it highly suitable for recycling PCBs with their complex structures. To
perform the leaching process, first, the waste PCBs are crushed and ground to reduce
their size, increasing the exposed surface area available for chemical reactions during
leaching [2]. Acids, alkalis, and complexing agents are then used for the chemical attack.
Common leaching agents used for copper recovery processes are sulfuric acid, nitric acid,
and ammonia [9-11]. The efficiency of the extraction process depends, among other factors, on
the temperature, pH, and concentration of the leaching agent, as well as the agitation [12-14].

A recent approach to improving the efficiency of hydrometallurgical treatment is
adding a chemical pretreatment phase using a solvent after the mechanical reduction of
the size of the waste PCBs [15]. The process aims to swell or decompose the resin matrix
in PCBs, depending on the organic solvent used, exposing the embedded metal layers,
which increases the surface area of metals, consequently improving the efficiency of the
leaching process [16]. Moreover, solvent pretreatment was reported as a method for the
debromination of plastics found in waste PCBs, as well as other WEEE types [17-21].

Numerous studies have investigated the use of different organic solvents for PCB
pretreatment, including but not limited to the use of N-methyl-2-pyrrolidone (NMP) [22],
Dimethylformamide (DMF) [23], dimethylacetamide (DMA) [24], and dimethyl sulfoxide
(DMSO) [20]. These studies evaluate the factors affecting the efficiency of the pretreatment
process, such as the operating temperature, duration of exposure, solvent concentration,
and treated particle size. The different pretreatment methods, as well as the optimized
conditions for each method, are summarized in Table 1.

DMSO has demonstrated the effective delamination of PCB fragments under specific
conditions, such as controlled temperatures (60-170 °C) and solid-to-liquid ratios, with
optimal results achieved for smaller particle sizes [22,25,26]. However, in all attempts, the
experiments were conducted on relatively large particle sizes rather than powdered PCBs.
Furthermore, DMSO presents significant health risks due to its ability to penetrate the skin
and the toxicity of its vapors [23].

DMA and DMF have shown promise in treating larger PCB fragments, avoiding the
fine crushing process that often leads to metal loss in smaller fractions [24,27]. However,
another challenge faced when handling such large pieces of PCBs is the presence of through
holes and pins on the PCB, which hinder the swelling process. DMF stands out for its low
health risks, ease of regeneration, and compatibility with brominated resins, making it a
safer alternative to some solvents [23].

NMP is a strong solvent for PCB treatment, achieving effective resin removal in com-
parative studies; however, its carcinogenic and reproductive health risks pose significant
drawbacks [22,23].
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Table 1. Summary of the solvent pretreatment methods for waste PCBs.
. . . Solid-To-
Method Used  Type of WEEE Particle Size = Temperature = Duration A . Reference
Liquid Ratio
DMSO PC-Motherboard 16 mm? 145 °C 60 min 1.7 Zhu et al. [20]
DMSO PC-Motherboard 1-1.5 cm? 90 °C 60 min 1:2 Zhu et al. [25]
DMSO PC-Motherboard 1-1.5 cm? 135 °C 10 min 1:2 Zhu et al. [25]
DMSO PC-Motherboard 2-3 cm? 90 °C 90 min 1:2 Zhu et al. [25]
DMSO PC-Motherboard 2-3 cm? 135 °C 20 min 1:2 Zhu et al. [25]
DMSO PC-Motherboard 15-20 mm? 170 °C 30 min 1:2 Zhu et al. [26]
DMSO PC motherboard 6 mm 90 °C 90 min 1:2 Watgzﬁt al.
DMA PC-Motherboard 1 cm? 160 °C 75 min 1:10 Dean Kang
etal. [27]
DMA PC-Motherboard 1 cm? 160 °C 150 min 3:10 Ve“[‘;‘}]et al
DMA PC-Motherboard 16 cm? 160 °C 420 min 3:10 Ve“[réift al.
DMF Mix PCBs 1 cm? 135°C 240 min 300 g/L Ve”[‘;]et al.
NMP PC motherboard 8 mm sieve 100 °C 90 min 1:5 Watkzlze]t al.
Supercritical RAM PCB 10-20 mm 300 °C 60 min 120 Preetam et al.
ethanol [28]

Other techniques also include the use of supercritical fluids, which are considered
more eco-friendly and have been effective in removing the organic materials from crushed
RAM PCBs at around 300 °C [28-31]. However, the stability of brominated epoxy resins
above 250 °C remains a concern due to potential pollutant emissions [23].

In addition to environmental and efficiency considerations, several patents have
proposed innovative approaches, such as multistage treatment processes involving combi-
nations of oxidizing agents, leaching agents, and organic solvents [32-35].

The advantages of using different pretreatment techniques are the optimization of
recovery rates and the mitigation of the challenges posed by varying PCB compositions.
In addition, solvent pretreatment reduces the energy used during the treatment process
by eliminating the need for extensive mechanical pretreatment, as well as favoring the
environmental aspect of the PCB waste handling process.

A more profound inspection of the reported studies shows the lack of information
on the effect of solvent pretreatment on the leaching process at fine particle sizes in the
micron grade. Such understanding of the impact of solvent pretreatment on small particle
sizes is important since most studies on the hydrometallurgical treatment of PCBs had
favorable results at particle sizes in micron grade [8,36-39]. However, PCB treatment using
fine particles comes with dust-generation hazards and particle loss [27].

Another gap was also highlighted by [40], which reported that studies focus mainly
on the analysis of the dissolved brominated epoxy resin and the regeneration techniques
and seldom investigate the effects of swelling on metal leaching and the change in the
properties of the treated PCB.

Moreover, an in-depth understanding of PCBs and their material composition is
essential for an informed approach to PCB treatment. One recent study investigated the
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PCB extracted from computers, laptops, and TVs and compared their material content [41].
Furthermore, they compared the different particle size groups and the prevalence of the
materials within these groups based on their liberation after grinding, allowing for targeted
material recovery with higher efficiency. As a result, they reported that general metals such
as copper, zinc, and aluminum are found in coarse fractions between 0.18 and 0.25 mm,
while precious metals and rare earth metals (REM) are present in finer sizes. The results
complement those from another study, which also studied the metal content of PCBs from
computers, laptops, mobile phones, and TVs [42]. It also investigated the best-performing
digestion methods for sample preparation and analysis, concluding that the use of strong
acids such as hydrogen fluoride (HF) specified in the USEPA 3052 method ensures the
effective dissolution of metals embedded within a silica matrix, as in the case of PCBs.
These studies, although insightful, leave a gap regarding our knowledge of the material
variation among the PCBs extracted from the same WEEE type, such as personal computers.

Based on the identified gaps in the literature, this study aims to investigate the effect of
solvent pretreatment on the efficiency of the subsequent leaching process, evaluating how
particle size influences recovery rates to optimize the process conditions. Additionally, the
study seeks to address the critical question of material variation across different categories
and models of PCBs, offering new insights into a largely underexplored area. The research
follows an experimental approach to investigate the research questions and evaluate the
optimized particle size for solvent pretreatment on a lab scale.

The novelty of this research lies in exploring the swelling of intermediate particle
sizes during the solvent pretreatment of motherboard PCBs using DMSO to optimize
the conditions, thus mitigating the risks of handling finer particles as well as increasing
the copper recovery efficiency to exceed that reached when treating larger particle sizes.
Another contribution of this research is that the information obtained from the analysis of
the material composition of the different categories of PCBs would allow a more informed
decision on whether the separation of PCBs when treating them is justifiable or whether
the material variation among the different categories and models is insignificant. The
data can also be used to promote more precise calculations in the case of being inserted
in calculation models. These areas of novelty fulfill the study objectives to develop an
in-depth understanding of PCBs of different categories and find the optimized treatment
conditions using the solvent pretreatment method.

The subsequent section reports the results obtained from the analysis of the samples
and outlines important relations and comparisons among the different samples analyzed
and treated. In Section 3, the paper discusses the materials analyzed and the preparation
of the samples for both the analytical analysis of the component material, as well as the
investigation of the effect of solvent pretreatment on the selected particle sizes. Finally,
Section 4 concludes the key outcomes of this study.

2. Results and Discussion
2.1. Characterization of the Various Categories of PCBs

The data obtained from the investigation of the three different types of PCBs bridge
the gap in our knowledge about the differences in the composition between the various
types of PCBs. To ensure the data is valuable, it is essential to compare the average content
of materials that are economically important or present in large quantities. The average
material composition of the three PCB types, based on the XRF analysis data, shows that
all three types primarily contain the same materials: copper, silicon, tin, calcium, and
aluminum, as shown in Figure la.

For these dominant materials, ANOVA tests were carried out. The tests reveal that
both copper and silicon are statistically representative and that there is no difference
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among the three PCB categories, i.e., F < Ftica;. As for tin, aluminum, and calcium, the
ANOVA tests have opposite results, meaning that they are not statistically representative, with
F > Fitical- This is especially interesting since the pretreatment and leaching section of this
study is focused on copper, thus confirming the representativeness of the results obtained
hereafter.

Regarding the presence of copper, which is the most prevalent material in all three
analyzed types, CPUs and chipsets are the richest in copper with an average percentage of
20.8%, followed by RAMs at 17.8%, with motherboards showing the lowest amount at only
14.5%, as shown in Figure 1b.

Silicon is most abundant in motherboards, accounting for 13%, although it is present in
similar quantities in both RAMs and CPUs, as shown in Figure 1c. In contrast, motherboards
are a significant source of aluminum and tin. As shown in Figure 1d, the average aluminum
content in motherboards is nearly double that of CPUs and 1.5 times greater than in RAMs.
For tin, as depicted in Figure 1e, motherboards are particularly rich, followed by CPUs,
which contain approximately half the tin content of motherboards, and RAM, which has a
relatively low tin content.

A detailed analysis of the average individual material compositions reveals that CPUs
and chipsets are particularly enriched in copper, gold, and silver, while also exhibiting
elevated levels of lead. As shown in Figure 1f, the gold content in CPUs and chipsets
is approximately twice the average amount found in RAMs, and the silver content is
nearly three times higher than that in motherboards, with an even greater disparity when
compared to RAMs. The presence of titanium in RAMs and motherboards is worth noting
given the importance of titanium as a critical raw material within the EU, as shown in
Figure 1g, especially in the case of motherboards, which although contain less than that of
the RAMs in terms of quantity, are actually higher since motherboards are usually heavier
in weight than RAMs.

Finally, the average lead content in CPUs and chipsets is eightfold that in RAMs
and sixfold the average found in motherboards, as shown in Figure 1h. This underlines
the importance of correctly treating CPUs and chipsets and employing extra protective
procedures to safeguard both the workers and the environment, especially since such
elevated levels also surpass those allowed by European regulations. A detailed analysis of
each category of the PCBs studied is provided in the supplementary material [43,44].

Average material composition of the different PCB types
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Figure 1. Comparison of the average content of some of the principal materials in different PCB types
(Motherboards, CPUs, and RAMs): (a) the overall average composition of three types of PCBs; (b) the
average content of copper in different PCB types; (c) the average content of silicon in different PCB
types; (d) the average content of aluminum in different PCB types; (e) the average content of tin in
different PCB types; (f) the average content of silver and gold in different PCB types; (g) the average
content of titanium in different PCB types; and (h) the average content of lead in different PCB types.

2.2. Effect of Solvent Pretreatment of Waste PCBs Using DMSO

Waste PCBS were first analyzed to determine their material composition and allow for
a better understanding of the effect of the subsequent pretreatment and leaching process.
The composition of the waste motherboard PCB mixture goes hand in hand with the
discussed results in the previous section. The detailed characterization is shown in Table 2.

Table 2. The detailed material composition of the waste motherboard PCB mixture used for the
pretreatment and leaching tests.

Material

Al

Ba

Br Ca Cu Fe Mg Na Pb S Si Sn Sr Ti Zn Zr

Weight %

4.6

0.6

0.1 95 127 01 02 02 05 02 133 32 01 02 003 001

2.2.1. Effect of Pretreatment on the Organic Element

The inspection of the pretreated motherboard PCBs using DMSO showed that the
organic part, made of resin and glass fibers, is separated from the metals. This swelling
effect is seen in both Group 1 with particle sizes between 8 mm and 5.6 mm and Group 2
with particle sizes between 5.6 mm and 2 mm. However, for Group 3 with particle sizes of
less than 400 um, the swelling effect is not visually detectable by eye inspection. Images
of the pretreated samples from Group 2 before and after are shown in Figure 2a and
b, respectively, and those of Group 3 before and after are shown in Figure 2c and d,
respectively.

Further analysis of the treated sample groups was carried out to assess the effect of
DMSO on the organic. The calcination process is performed under the conditions mentioned
in Section 3.3 as part of the sample preparation process for the chemical analysis.
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Figure 2. Images of the solvent-pretreated PCB samples: (a) Group 2 with particle size between
5.6 mm and 2 mm before solvent pretreatment; (b) Group 2 with particle size between 5.6 mm and
2 mm after solvent pretreatment; (c) Group 3 with particle size less than 400 um before solvent
pretreatment; and (d) Group 3 with particle size less than 400 pm after solvent pretreatment.

The analysis of all three category groups showed limited to no change in the organic
content loss before and after the solvent treatment, as expected from the solvent pretreat-
ment phase using DMSO. For instance, Group 1 had a weight loss percentage representing
the organic content equal to 26.7% and 28% before and after treatment, respectively. Similar
behavior was exhibited by both Groups 2 and 3, where Group 2 had an organic content
of 26.8% and 27% before and after solvent treatment, respectively, while Group 3 had an
organic content of 21.8%, which remained constant during the solvent treatment process.
This confirmed the results seen visually in Figure 2, which shows that the resin is swollen,
liberating the metal particles; however, the resin is not removed. The swelling of the
material during the solvent pretreatment phase, along with the release of metal particles,
improves the leaching efficiency, as discussed in the following section.

Similarly, the analysis of the inorganic components in the samples, before and after
solvent pretreatment, exhibits negligible changes. This stability can be attributed to the
heterogeneous nature of the samples.

2.2.2. Effect of Pretreatment on Copper Extraction Efficiency During Leaching

During the preparation of the experiment, different agitation speeds were tested.
Agitation between 400 and 510 rpm was empirically found to be best and was subsequently
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used to carry out leaching experiments. This optimized agitation speed was based on the
speed that allowed constant and smooth spinning of the magnetic stirring anchor without
any disturbances to the flow. Regarding the copper recovery efficiency for the three sample
groups, a significant improvement was noted in the case of solvent-treated samples. For
instance, in the case of Group 1, the extraction efficiency rises from 45.5% without solvent
treatment to 72.4% after being subjected to solvent treatment. In the case of Group 2, the
copper recovery efficiency improved from 47.3% to 87.65% after the sample was treated
with DMSO before the leaching process. Finally, for Group 3, the improvement in copper
recovery efficiency during the leaching process is less staggering, yet it rises from 93.24%
to a 100% copper recovery.

The results obtained go hand in hand with the literature regarding the hypothesis that
pretreatment using DMSO as a solvent improves the copper recovery efficiency during
leaching. Moreover, they provide a deeper understanding of the relationship between
particle size and solvent treatment. In that case, the effect of solvent treatment is more
visible on larger particle sizes than on fine grains, which can be seen from the almost 30%
increase in efficiency in the case of larger particles (Group 1 and Group 2) compared to the
7% increase in case of fine grains (Group 3), in which case the additional use of resources
might not be fully justifiable.

The ICP analysis also showed an increase in the efficiency of recovery of other metals
present during the leaching process using nitric acid. The increase also followed the same
trend as copper, where the effect of solvent treatment was more evident in larger-sized
particles (Group 1 and Group 2) than in finer-sized particles (Group 3). The results are
shown in Figure 3. In Figure 3a, the recovery efficiency is almost doubled in the case of
magnesium, aluminum, calcium, and barium. For tin, the efficiency increases 40-fold. For
Group 2, the efficiency doubles for zinc and triples for magnesium, aluminum, calcium, and
barium, with tin experiencing a dramatic 40-fold increase, as shown in Figure 3b. Finally,
for Group 3, with its finer particle size, as shown in Figure 3¢, the trend is less drastic, with
efficiencies improving slightly, showing the limited impact of solvent treatment on the
leaching process.

Group 1

90.00%
80.00%
70.00%

60.00%
50.00%
40.00%
30.00%

20.00%

10.00% I I I l

0.00%

Mg Al Ca Cu Sn Ba

m efficiency of recovery after pretreatment %

efficiency of recovery without pretreatment %

(@)

Figure 3. Cont.
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Figure 3. The effect of solvent treatment on the metal recovery efficiency for different particle sizes:
(a) Group 1 with particle size between 8 mm and 5.6 mm; (b) Group 2 with particle size between
5.6 mm and 2 mm; and (c) Group 3 with particle size less than 400 pm.

3. Materials and Methods
3.1. Materials Collection and Preparation

Waste PCBs were obtained from personal computers used at the Politecnico di Torino,
Italy. The retrieved PCBs were 9 motherboards, 10 Random Access Memories (RAMs), and
11 Central Processing Units (CPUs) and chipsets. The PCBs were mostly produced between
2001 and 2011.

The electronic components mounted on the PCBs were desoldered and removed
manually via the indirect heating of the PCBs to fuse the soldering and ease the dismounting
of the components, leaving the stripped PCB base, which is a substrate sandwich of glass
fibers, metals, and resin. The CPU and RAM were cut manually into 1 cm wide strips and
then reduced in size using a universal mill in preparation for their analysis. As for the
motherboards, a counter-rotating blade mill was first used to reduce the size of the particles
to 5.6 mm. Then, further pulverization of the motherboard PCBs was carried out following
the same procedure for the CPU and RAM. At each stage, the particle size was checked
using sieves to ensure a homogeneous particle size among the samples. The sieves used
were 8§ mm, 5.6 mm, and 2 mm. In Figure 4, the samples of the different analyzed PCBs are
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shown. Each sampled PCB was categorized into one of three categories in the scope of this
study. Then, the weight of the stripped PCB was measured and the year of production was
researched in the cases where it could be identified. To evaluate the effect of pretreatment
on copper leaching, the sourced motherboards were all mixed during the shredding process
to guarantee a good blend together and were then used for pretreatment and leaching.
The material composition was characterized both before and after the treatment processes,
identifying the materials contained in each sample and at each change, which allowed us

to compare the effect of the pretreatment on leaching.

(b) ()
Figure 4. Samples of the different types of PCBs analyzed: (a) Motherboard PCB; (b) CPU; (c) RAM.

3.2. Pre-Treatment and Leaching Method

The pretreatment phase was applied with the aim of swelling the resin and liberating
the metals for the subsequent leaching phase. The optimized pretreatment conditions were
those reported by [25] for a particle size of 1-1.5 cm?, which uses DMSO, 1:2 (w/v) at 90 °C
for 60 min under constant N, flow. Those conditions were chosen as they do not require a
long heating time at elevated temperatures. The agitation for the process was established
at 400—460 rpm using a heating magnetic stirrer. After the pretreatment, the sample was
left to dry overnight in a vacuum furnace at 35 °C. Then, part of the sample was taken for
analysis following the previously elaborated process for the ICP and XRF and the rest of
the sample was used for leaching.

The leaching process, as established by [36], uses nitric acid (HNO3) with a concen-
tration of 3 M and 75 g/L pulp density at 75 °C for 120 min. The chemicals used for the
solvent pretreatment and the leaching process were all of lab grade.

The experimental setup for both the solvent pretreatment and the leaching process
can be seen in Figure 5a, and Figure 5b, respectively. For the solvent pretreatment process,
a double-necked round bottom flask was connected to the top of the cooling system using
running water and the N; flow in an open system setup. The flask was immersed in a
hot oil bath with temperature control. Regarding the leaching process, a triple-necked
round bottom flask of 250 mL was connected to the top of the cooling system using running
water in an open system setup. One of the side openings was fitted with a thermometer
for temperature control and the other was used to add the sample. The flask was also
immersed in a hot oil bath, like the setup of the solvent pretreatment.
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Figure 5. Experimental setups for the (a) solvent pretreatment process and (b) leaching process.

oil bath

The investigation of the effect of solvent pretreatment on the efficiency of leaching
was carried out on 3 different particle size ranges; the first group (hereafter referred to
as Group 1) had a particle size between 8 mm and 5.6 mm, the second group (hereafter
referred to as Group 2) had a particle size between 5.6 mm and 2 mm, and the final group
(hereafter referred to as Group 3) contained fine particles with sizes of less than 400 pm.
These size groups were chosen based on the gap identified in the literature where the finest
particle size of PCBs to be studied for pretreatment was 6 mm [22]. Thus, the first group
was large and covered what has been performed in the literature. Group 2 was chosen as it
is an intermediate between the fine particle size and the large size reported in the literature.
Group 3 was chosen to compare the difference between a powder state and a coarser
particle size, which does not suffer from the hazards of handling fine powders. For each
group, a sample was prepared and then a part was analyzed to obtain the material content
of the untreated sample. Next, the part was pretreated with a subsequent analysis of part
of the sample to study the effect of solvent pretreatment. Finally, the pretreated sample
underwent leaching and was then analyzed. To study the effect of solvent pretreatment,
a part of the originally prepared untreated sample for each group was taken and directly
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treated by the established leaching process, allowing a comparison of the results with
those that underwent pretreatment. A visual representation of the experiments can be seen

in Figure 6.
VRS
PCB mix
<>8mm-5.6mm <>5.6mm-2mm <400 um
Leaching HNO3 DMSO Leaching HNO3 DMSO Leaching HNO3 DMSO
I T N
HNO3 HNO3 HNO3
N— N— N—

Figure 6. A diagram of the experiments carried out to assess the impact of the solvent pretreatment
process.

3.3. Analytical Methods

The sampled PCBs were analyzed using Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES), Inductively Coupled Plasma Mass Spectrometry (ICP-MS), and
X-ray fluorescence spectroscopy (XRF- Axion, Panalytical). For the analysis, the samples
were prepared using the previously mentioned process until a fine powder was obtained.

In addition, statistical analysis of the different PCB categories was carried out using
the data analysis extension of Excel V.16.89.1, and ANOVA (Analysis-Of-Variance) tests
were performed to evaluate the linear correlations among the materials found in the
different categories of PCBs, considering only the ones with values F greater than Fica1 as
significant.

4. Conclusions

The objectives established for this study were to investigate the effect of solvent
pretreatment on the efficiency of the subsequent leaching process, optimizing the process
conditions. This study offers a better understanding of the role that particle size plays
in the efficiency of material recovery using DMSO as a solvent pretreatment, bridging
the gap in the literature. Although fine particle sizes such as in Group 3 have higher
copper recovery efficiency even without the pretreatment step, this method continues
to demonstrate favorable results, especially with larger particle sizes, which may help
eliminate the need for pulverization and lower the amount of material lost during the
pulverizing and transportation process. However, there remains a set of challenges that
require further improvements, such as solvent recovery and reuse and the scaling of the
current solvent treatment method from the lab scale to an industrial scale. Finally, although
DMSO is considered a green solvent, it is not completely eco-friendly. Ongoing research is
investigating the use of other green solvents, such as ionic liquids, as alternatives.

This study also investigates the different categories of PCBs and the extent of variation
in the material composition among the different categories and models, which helps to
better target the extraction of those materials and improve the material recovery rates.
The results obtained also show through the ANOVA tests carried out that the different
categories are statistically representative when it comes to copper and silicon; however,
this is not valid for aluminum, tin, and calcium. The study is in line with the goals of a
green circular economy, encouraging urban mining and supporting the recent EU Critical
Raw Materials act. The results show that silicon, copper, calcium, and aluminum have an
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overall dominance in the composition of the different categories and models, despite being
present in various percentages.

For future work, we aim to deepen the understanding of the changes undergone by
raw materials during the pretreatment and leaching phases by studying the microstructure
of the PCBs at each phase. Further scaling up of the study from the lab scale to bench and
pilot scales is also planned so as to continue assessing the feasibility of this method on an
industrial scale.
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/ /www.mdpi.com/article/10.3390/recycling10030080/s1, Figure S1. The relation between the moth-
erboard weight in grams and the present unit market price in Euros of the motherboards was analyzed.
The code of each PCB includes its year of production; Figure S2. The relation between copper content
in % and the present unit market price in Euros of the motherboards was analyzed. The code of
each PCB includes its year of production; Figure S3. The relation between silver content in % and
the unit price of the motherboards in Euros; Figure S4. The material composition of the 9 analyzed
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thickness of size of the bars represent the amount of material percentage in the sample; Figure S5.
Material composition of the 10 analyzed RAM and the average material content. The year of pro-
duction of each analyzed RAM is shown between parenthesis and the size of the bar represents the
material presence within the sample; Figure S6. Visualization of the impact of gold and silver content
on the current unit price of the RAM in Euros; Figure S7. Visualization of the relation between the tin
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composition of the 11 analyzed CPUs and chipsets using XRF.
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Abbreviations

CPU Central Processing Unit
DMA Dimethylacetamide
DMF Dimethylformamide

DMSO Dimethyl sulfoxide
ICP-MS  Inductively Coupled Plasma Mass Spectrometry
ICP-OES  Inductively Coupled Plasma Optical Emission Spectrometry

NMP N-methyl-2-pyrrolidone
PBDE Polybromodiphenylethers
PC Personal computer

PCB Printed circuit Boards
RAM Random Access Memory
REM Rare-earth metals

TBBPA Tetrabromobisphenol A
WEEE Waste Electrical and Electronic Equipment

XRF X-ray fluorescence spectroscopy
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