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Abstract

The printed electronics sector is experiencing significant growth driven by societal ex-
pectations. The use of cellulosic substrates is an excellent strategy that offers interesting
research prospects, but also sets challenges in terms of management and recycling of these
new wastes to avoid their accumulation. This work investigates the recycling ability of
paper-based printed electronics (a simple RFID antenna printed on paper), containing silver
particles in the functional ink, using processes already applied in conventional paper and
board recycling lines. These operations, commonly used in the papermaking industry, are
pulping, screening, centrifugal cleaning, and flotation. The efficiency of each unit operation
was evaluated. Mass balances between the inlet and the outlet of each studied operation
have been established in order to evaluate the separation efficiency of Ag and cellulosic
fibers, the objective being to reuse the fibers to manufacture a recycled paper, and to recover
Ag in another fraction for further valorization. The results are encouraging, with more than
70% of silver and over 80% of cellulose fibers recovered, demonstrating a higher recovery
efficiency compared to typical recycling methods reported in the literature. Thus, it has
been shown that existing processes used in conventional recycling lines can be adapted to
efficiently separate functional materials from cellulosic fibers, offering an improvement in
both metal and fibers’ recovery.

Keywords: RFID antenna; paper-based printed electronic; recycling; conventional recycling
lines; cellulosic fibers; silver

1. Introduction

Today, there is a high demand for electrical and electronic equipment (EEE), which
generates a significant amount of waste at the end of its life cycle. This waste is known as
electronic waste (e-waste). E-waste includes all components, subassemblies, and consum-
ables that become part of the equipment when it is discarded, reused, recycled, recovered,
disposed of, or manufactured. According to the European Union [1,2], e-waste is a category
of waste that includes equipment that operates under the influence of electric current
or electromagnetic fields. However, their classification into precisely defined different
categories has to be considered carefully [3-5]. Considering the large amount of e-waste,
which may be due to the rapid growth of technology, consumer demand, and the rapid
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growth of Internet of Things (IoT) technology [6-9], several actions have been taken to
minimize and overcome the huge amount of electronic waste.

This strategy focuses on recent research into new technologies that can solve the emerg-
ing problem of electronic waste accumulation more effectively and efficiently [10-13]. In
this context, printed electronics (PEs) is a promising and environmentally friendly technol-
ogy that consists of printing electrical circuits on substrates of various types. This technique
makes it possible to add new features such as device flexibility, low cost, and technologically
innovative products [14-17]. Although the introduction of electronic products printed on
paper represents an interesting solution to reduce the production of conventional electrical
and electronic equipment waste, their end of life remains a key issue that requires deeper
research. Electronic devices printed on cellulosic substrates are developing rapidly. These
printed products are found on packaging, magazines, or labels, and, after their use, they
may be eliminated as part of traditional selective sorting. These electronic devices on
cellulosic supports are composed of more than 90% cellulose, a natural and renewable
bioresource that is also inexpensive and recyclable. However, PEs contain many precious
materials containing conductive noble metals (such as gold, silver, copper, and palladium),
conductive or insulating polymers, and silicon components.

These paper-based electronic components can be recycled, and the functional ma-
terials and fibers could be recovered and reused for other applications. Several recent
works [18-21] clearly show that recycling paper printed with electronic circuits is an ef-
fective method of fiber recovery [18,21]. The main challenge in recycling electronic paper
products is to sufficiently remove contaminants while obtaining clean fibers suitable for
new paper production cycles. Thus, efficient fiber—metal separation performance is neces-
sary because metals are considered impurities in the paper recycling process [22,23]. The
choices of conductive materials are strongly linked to the nature of the functional materials
to be prepared and their intrinsic characteristics (nano- and/or micro-sized metal particles,
polymers, carbon nanostructures, etc.), which can be used in ink formulations [24]. In
printed electronics, the choice of formulation is highly dependent on the nature of the mate-
rials, which can be categorized according to their function: (i) conductor; (ii) semiconductor;
(iii) dielectric/insulator. For example, in the case of conductive inks, metal-based inks have
the highest conductivity compared to other types of conductive inks. In particular, silver is
the most widely used metal for printed electronics due to its high conductivity and stability
even after oxidation [18]. To ensure an efficient recycling cycle, the separation of silver
from cellulosic fibers and their recovery and reuse is of equal importance [21,25,26]. This
approach is part of a framework of eco-design development and the circular economy. To
achieve this, the recycling process must be optimized to achieve the highest possible separa-
tion efficiency while remaining economically viable. The aim of this work is to identify and
optimize the most promising unit operations for the recycling of electronic devices printed
on cellulose substrates, the principal objective being to separate efficiently the cellulose
fibers and the silver originating from the functional ink. The operations studied are those
used for printed graphical paper recycling. This includes pulping, screening, centrifugal
cleaning, and flotation deinking, since they are classical technologies to separate ink from
cellulosic fibers. A description of these technologies is provided in Section 3.

Recent studies have highlighted the growing importance of recycling printed elec-
tronics, particularly in recovering valuable metals such as silver. Mishra et al. [27] re-
viewed hydrometallurgical methods for recovering silver from waste printed circuit boards
(WPCBs), emphasizing the significance of silver recovery in electronic waste management.
Sudheshwar [28] compared paper-based printed electronics with conventional printed cir-
cuit boards, underscoring the need for design-for-recycling approaches. Xia [29] reviewed
sustainable technologies for recycling metals from e-waste, providing insights into the
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challenges and advancements in the field. Erkmen [30] discussed novel technologies for
recycling critical metals from end-of-life materials, addressing the challenges and oppor-
tunities in e-waste recycling. Mohamed [31] analyzed the role of electronic waste as a
secondary source of critical and precious minerals, discussing the environmental, economic,
and technological aspects of e-waste recovery. These studies align with the United Nations
Sustainable Development Goals, particularly SDG 12 (Responsible Consumption and Pro-
duction) and SDG 9 (Industry, Innovation, and Infrastructure), by promoting sustainable
recycling practices and the recovery of valuable resources from electronic waste.

To assess the possibility for a paper-based electronic device to be recycled in a classical
paper and board recycling line, the recycling of a simple PE has been investigated at lab
scale, testing one by one the separation processes in a batch mode. A material balance and
a characterization of the fractions separated by each unit operation have been conducted to
evaluate the efficiency, and in the first part, the PE, supplied by an industrial papermaker,
has been characterized.

2. Results and Discussion
2.1. Paper-Based Printed Electronic (PE) Characterization

First, the industrial PE has been characterized in terms of composition and properties.

The basis weight of the paper substrate is close to 80 g-m~2. The surface of the
printed paper was analyzed, in particular at the level of the antenna, which contains silver
(5 mg £ 0.1/antenna) ink (gray) and an insulator (blue). The antenna is circular and is
printed on an area of 4 cm?. The electrical resistance is measured with an ohmmeter (50 Q).
The chemical composition of the printed electronic has been determined. The analysis
consists of calcination of a given mass of material in an oven at 525 4= 25 °C for 4 h. At this
temperature, all organic matter, including fibers, is burned, and the residue called “ash”
corresponds to the inorganic matter content (mineral fillers and other possible inorganics,
in particular silver). The studied printed electronic is made of 73.8% organic and 26.2%
inorganic matter. Then, the inorganic fraction was further calcined at 900 °C to decompose
any remaining organic matter and stabilize the mineral matrix, and the resulting residue
was acid leached to determine the Ag content using atomic absorption spectroscopy (AAS).

The morphological analysis of the fibers contained in the paper substrate of the PE was
also carried out using the Morfi to evaluate the quality of the fibers. The average arithmetic
length of the fibers, the average diameter, and the percentage of fine elements are 736 pm,
22.5 um, and 29.5%, respectively. The ratio of length to diameter (form factor) is of the
order of 33. The average arithmetic lengths of softwood and hardwood fibers are typically
2-3 mm and 1-2 mm, respectively, and the corresponding length-to-diameter ratios are
close to 100 and 60, respectively. Thus, the cellulose fibers present in the studied PE are
mainly hardwood fibers.

The mechanical properties as well as brightness of the unprinted paper substrate
(XD80 paper) were measured on laboratory sheet (handsheet) of similar basis weight (i.e.,
77 g-m~2 versus 80 g-m 2 for the paper roll), after paper disintegration in water, in order
to be compared with sheets also made at lab scale using fibers recovered after the recycling
operations. The paper was easily disintegrated, using classical pulping conditions, and
the handsheets were produced in good conditions without any problems. The results are
provided in Table 1. These values are the reference ones and will be compared to the paper
sheets issued from the recycling process.
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Table 1. Mechanical and optical properties of the unprinted XD80 industrial paper.

Handsheets Standard Methods Reference

Thickness (um) 117 +£ 6 1SO-534 [32]
Basis weight (g:m~2) 77 + 4 ISO-536 [33]
Bulk (cm?.g~1) 1.50 I1SO-534 [32]
Burst index (kPa-g~1) 2.60 + 0.30 ISO 2758 [34]
Tear index (mN-m?-g 1) 1.90 £+ 0.40 NFQO03-011 [35]
Sheet formation index 56.30 £ 0.04 - -

Brightness (457 nm) 80.80 £ 0.10 NFT.12.030 [36]
Shopper Riegler degree (°SR) 28 ISO 5267 [37]
WRYV (%) 81.7 £1.3 - [38]

To investigate in more detail the composition of the industrial paper and of the
antenna, an XRD analysis of the paper surface was carried out using the conventional
Bragg—Brentano method. Figure 1 shows the XRD results obtained after analyzing three
different areas on the PE device (paper alone, paper with silver, and paper with silver and
insulation material, see Section 3, part 1).
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Figure 1. XRD spectra of PE device, analysis made on 3 different zones (paper, paper with silver, and

paper with silver and insulation material).

From these spectra, several crystalline phases have been detected and identified:
Cellulose I beta, CaCOj (calcite form), TiO, (rutile form), AgCl (minority), and Ag (ma-
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jority). These phases are polycrystalline, since all the expected planes are found in
the spectra, regardless of their intensities. The analysis of each plane can lead to the
following conclusions:

e  The paper itself is composed of cellulose I beta and CaCOs (calcite form), which are
mainly observed. The peaks of the typical structure of cellulose I in the diffraction
pattern are detected at 16° and 22°. They correspond to the (110) and (002) planes
of the crystalline zone. The peaks associated with the amorphous part of cellulose
are observed at 34.8°, corresponding to the (004) plane. Other compounds such as
minerals, in particular CaCOj (calcite form) were observed at 29.3°, 36°, 39.5°, 47-49°,
57-58°, and 61-62°. The analysis also highlights some very low-intensity peaks, which
may be related to the presence of kaolinite-1A, traces of talc-2M, and another phase
very close to talc (Mg35i4O19(OH),,H0). These elements are fillers commonly used in
the paper industry in the bulk and/or on the surface of the paper. The layer deposited
on the surface of the paper consists essentially of a mixture of calcium carbonate
and kaolin.

e  Analysis of the “Paper_Silver zone” surface: the result is very similar to that of the
“Paper” surface. The same peaks as described above can be observed within the
diffraction pattern. In addition, silver particles can be detected clearly at 38°, 44°,
64.5°,78°,83°, and 98°.

e  Analysis of the “Paper_Insulating_Silver” reveals an additional presence of TiO, rutile
form (27°, 41°, 54°, 57°, 63°, 69.70°, 90°, 95°). On the other hand, the traces that we
had previously observed for talc and “talc hydrate” are now almost imperceptible.

From this analysis, it can be concluded that fillers mainly come from the paper sub-
strate itself, and they were identified as mainly calcium carbonate with a minor contribution
of kaolin. The functional ink contains silver, and the insulating material also provides some
minerals under TiO, form, but in a rather low quantity (traces).

Finally, the thermal stability of the PE has been analyzed, also focusing on the three
aforementioned zones. The corresponding TGA/TDA thermograms are presented in
Figure 2.
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Figure 2. TGA spectra of PE device, analysis made on 3 different zones (paper alone, paper with
silver, and paper with silver and insulation material).

The three surface analyzed zones show a similar thermal degradation with three
distinct stages of weight loss: (i) between 25 °C and 150 °C, a loss of mass of about 3% is
observed, corresponding to the removal of moisture since the paper substrate is not fully
dry; (ii) then, between 200 °C and 525 °C, a second loss of mass of about 70% is proceeding,
attributed to the thermal degradation of various organic components present in the paper
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formulation, i.e., mainly hemicelluloses and cellulose; (iii) finally, a third loss of mass, not
exceeding 10% appears between 525 °C and 900 °C, which coincides with the thermal
decomposition of CaCOj into calcium oxide, CaO, and carbon dioxide, CO,.

The water and ash (and/or organic matter) contents were respectively determined
from TGA curves presented in Figure 2, at the temperatures of 150 °C and 525 °C. The
percentage of organic matter was evaluated by subtracting the percentage of water and the
percentage of inorganic matter. Table 2 shows the water and ash contents of the different
surfaces tested. The ash content logically increases when the surface analyzed contains
silver and the insulator.

Table 2. Water, ash, and organic matter content of the PE device determined by TGA.

Paper Paper_Insulating_Silver Paper_Silver
Water content (%) (measured at T = 150 °C) 2.7 2.5 2.5
Ash content (%) (measured at T = 525 °C) 26.2 30.4 28.7
Organic matter content (%) 73.8 67.1 68.8

The ash content of the air-dried PE measured by TGA (30.4%) is in agreement with the
value determined by calcination at 525 °C on a dry matter (26.2%).

To conclude, the PE is mainly composed of organic matter (more than 70% of the
dry matter content) corresponding to cellulose and hemicelluloses coming from the paper
substrate, and to a lesser extent of mineral materials, but it also contains traces of water
(less than 3%). The mineral part is mainly composed of calcium carbonate originating
from the paper substrate, whereas the silver content in the antenna represents only a very
minor part.

2.2. Recycling Line Study

The very first step typically carried out in a paper recycling line consists of the pulping
operation, whose objective is to disintegrate the paper into individualized fibers, also pro-
voking the detachment of inks and fillers. The pulping should be seen as a homogenization
operation that is then followed by proper separations.

After the disintegration of the PE by the action of both water and mechanical mixing
in the pulper, the pulp containing both the individualized fibers and the detached contami-
nants is sent to the screening, to the centrifugal cleaning, or to the flotation cell to separate
the fibers and the silver. After the separation step, two fractions are obtained:

1.  Theaccepts: an aqueous suspension, rich in fibrous material with minor contamination
by Ag and other minerals and substances coming from the paper substrate.

2. Therejects: an aqueous suspension poor in fibrous material, where silver concentrates.
This fraction also contains part of the minerals.

The accepted fraction corresponds to the separated fibers, which will be recovered
to manufacture a recycled paper, while the rejected fraction corresponds to the fraction
that is classically removed from the recycling circuit after the separation process and is not
valorized. In our case, this fraction will be treated to recover silver.

To assess the separation efficiency of the investigated unit operations (Figure 3),
cellulose fibers and silver have been tracked throughout the recycling process [39] by the
analysis of the chemical composition of the reject and accept fractions.

The PE pulping conditions were carried out as described in Section 3, using 1 kg of PE,
corresponding to 200 antennas.

The studied sample does not contain any hydrophobic elements, such as resin coatings
or encapsulations, which can interfere with the pulping process [40]. This results in
good individualization of the fibers, with few fiber aggregates. After pulping, the fiber
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operations, i.e., screening, centrifugal cleaning, and flotation.

For screening, the chosen operating conditions were adapted both from the existing lit-
erature and from the ATICELCA standard used for the recycling of cellulosic materials [41].
A 150 um slotted sieve was used. The accepts correspond to the fraction that passes through
the screen, and the rejects are aggregates that are retained on the screen due to their high
size. The PE pulp quantity introduced at the entrance of the screen was 50 g (counted in
dry matter).

The centrifugal cleaning conditions have also been chosen according to the literature
and previous results of our research team [42]. The main process parameter, the solid
concentration, has been fixed at 0.5% (expressed again in dry matter content) to favor
the sedimentation of dense particles such as silver. Beyond this value, the efficiency of
density separation is minimal. The centrifugal cleaning separation rate is quite fast, and
generally, a few minutes are sufficient to separate the dense elements from the fibers. The
PE pulp quantity introduced at the entrance of the cleaner was again 50 g (counted in dry
matter content).

Finally, flotation conditions were chosen based on industrial practice, where it was
observed that the optimal flotation efficiency is usually achieved when the solid dry matter
concentration is approximately 1% [43]. Indeed, if the concentration of the solid material
in the suspension is beyond this threshold, the fibers can be brought to the surface of the
flotation equipment by air bubbles, resulting in a loss of material. The PE pulp quantity
introduced at the entrance of the flotation cell was 220 g (counted in dry matter)

The chemical composition of the recycled pulp at the entrance of the three different
separation operations is summarized in Table 3.

Table 3. Chemical composition of the recycled pulp to be treated at the entrance of the 3 separation
processes (the Ag quantity is part of the inorganic quantity).

Organic Fraction (g) Inorganic Fraction (g) Ag (mg)
Screening (50 g input) 36.9 13.1 43
Flotation (220 g input) 162.4 57.6 189.2

Centrifugal Cleaning (50 g input) 36.9 13.1 43
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The screening efficiency has been analyzed first since this operation is usually imple-
mented just after pulping in a classical recycling line to remove non-individualized fibers
and high-size contaminants. As the studied PE was easily disintegrated, no matter was
retained on the screen. All the PE components are in the accepted fraction, meaning that
silver is not separated and goes with the fibers in the same fraction. Screening is thus not a
suitable operation to separate silver from the cellulosic fibers.

The second investigated operation is flotation. Contrary to screening, two fractions
were obtained at the exit of the flotation cell. The mass balance made on this operation is
presented in Figure 4.

1624¢g+ 576¢

Organic  Inorganic

136.5 g organic
(73.8%/accepts)

Inlet=220g Accepts=185g .
84.1%/inlet
=85 48.5 g inorganic

(26.2%/accepts)

including 135 g Ag

Rejects=35g \
15.9%/inlet S———

25.9 g organic
(74.0%/accepts)

+
9.1 g inorganic

(26.0%/accepts)

including 54 mg Ag

Figure 4. Mass balance of the flotation operation.

Interestingly, flotation shows a poor ability to separate silver from the fibers, with only
28.5% of Ag (54.0 mg/189.2 mg) recovered in the rejected fraction, which is unsatisfactory.
A total of 71.5% of the silver remains in the accepted fraction mixed with the fibers. This
can be explained by the fact that this operation is efficient only if the ink particles to be
separated are hydrophobic, such as graphic inks [44,45]. The separation of hydrophilic
particles from the fibers by flotation is known to be difficult [40]. Hydrophilic particles
do not allow a stable bubble/particle contact, and they quickly detach from the bubble.
However, these hydrophilic particles can be transferred to the flotation cell surface by a
secondary mechanism: air bubbles smaller than one millimeter create symmetrical vortices
in their wake; these vortices create streamlines that can carry the hydrophilic particles
to the collecting foam. In particular, CaCO3 mineral filler particles (within a 20-25 pm
range) have been shown to be entrained by this mechanism. However, this entrainment
effect of the particles depends on their size and density. A high density or size increases
the sedimentation phenomenon and the compressive forces acting on their surface, which
affects the entrainment effect [46]. In this study, a low recovery rate of silver indicates
that the separation conditions are not ideal. It can then be assumed that the metallic ink
particles are not suitable for flotation separation from the fibers. However, the recovery rate
of the fibers, i.e., organic matter used to make recycled paper, is important in the accepted
fraction with 84.0% (136.5 g organic/162.4 g organic).
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Finally, the most promising separation operation appears to be the centrifugal cleaning.
The achieved mass balance is presented in Figure 5.

369g + 13.1g
Organic  Inorganic

29.5 g organic
(73.7%/accepts)

Inlet=50
MeL=0k Accepts=40g *
80%/inlet |
— 10.5 g inorganic

(26.2%/accepts)

including 10 mg Ag

\ /

Rejects=10g
20%/inlet

7.4 g organic
(74.4%/accepts)

B
2.6 g inorganic

(25.6%/accepts)

including 33 mg Ag

Figure 5. Mass balance of the centrifugal cleaning operation.

Centrifugal cleaning is able to concentrate 33 mg Ag (of 43 mg present in the inlet
flow) in the rejected stream, resulting in more than 76% of the silver efficiently separated
from the fibers, while only 23% remains in the accepted fraction. In the paper industry,
centrifugal cleaning is able to separate sand particles from the pulp and, more broadly,
elements ranging from 10 pm to 70 um if they exhibit a different density from that of the
fiber suspension (either lower or higher than the cellulosic fibers) [40]. As metallic silver
has a high density (10.49 g/cm?) compared to that of the fiber suspension (close to 1 g/cm?),
Ag is easily separated.

Regarding the fibers, 80% (29.5 g/36.9 g) of the organic matter has been recovered in
the accepted fraction. The fiber separation yield of the recycling process is within the range
of that which is classically obtained for conventional graphic paper recycling.

Among all the investigated separation techniques, the centrifugal cleaning appears to
be the most efficient operation for the separation of metallic particles from the fibers. In our
work, the accepted fractions will be tested for their ability to produce recycled paper, and
the rejected fraction will be used for silver recovery.

In conclusion, the two key operations for recycling simple electronic devices printed
on cellulosic substrates are pulping and centrifugal cleaning. The excellent recovery rate
after recycling the PE device also confirms that the centrifugal cleaning operation is very
promising and allows a good separation of silver particles from the fibrous fraction, with a
separation rate of 76.7% silver in the tested conditions.

2.3. Characterization of the Recycled Fibers for Reuse

The accepted fraction obtained after PE disintegration and centrifugal cleaning has
been recovered to make handsheets (laboratory sheet) for mechanical properties testing in
order to assess the recyclability of the recycled fibers. Handsheets were prepared as the
control handsheet made of the unprinted paper roll, using the same basis weight. Thickness,
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tear strength, burst strength, and brightness were determined. The results are provided in
Table 4 and compared to those of the control (non-recycled paper).

Table 4. Mechanical and optical properties of the recycled fibers.

Handsheets Standard Methods Reference

Thickness (um) 118 £ 3 I1SO-534 [32]
Basis weight (g-m~2) 78£2 ISO-536 [33]
Bulk (cm3-g~1) 1.5 ISO-534 [32]
Burst index (kPa-g~1) 28402 ISO 2758 [34]
Tear index (mN.m?.g~1) 1.7 £0.8 NFQO03-011 [35]
Sheet formation index 54.3 + 0.1 -

Brightness (457 nm) 794+ 04 NFT.12.030 [36]

A comparison of the results obtained with the original substrate (see Table 1) shows
that the fibers maintained their mechanical properties throughout the recycling process.
This suggests, as expected, that the fibers were not damaged by the unit operations. For this
particular paper, the fibers are not used to produce a paper with high mechanical properties.
Consequently, these characteristics do not drop drastically for the recycled paper. Indeed,
with these initially short fibers, the effect of successive recycling is less measurable than
with virgin high-quality fibers. As a result, key properties such as burst index and tear
strength remain largely unchanged despite repeated processing.

Mineral fillers such as calcium carbonate or kaolin can be partially or completely
lost during the recycling steps because they exhibit a very low size, generally close to the
micrometers [47]. Even during the sheet formation, fillers may be lost in the white waters
originating from the fiber suspension filtration on the paper machine. This is the case in
this study, and this slightly affects the surface properties and opacity of the recycled paper,
but most importantly, it does not directly affect the fibers” properties mentioned above.
This study demonstrates that cellulose fibers undergo very limited mechanical modification
during the first recycling cycles under industrial conditions. These results are in perfect
agreement with the work of Hubbe et al. [47], who, in their review of cellulosic fibers such as
bleached kraft pulps and mechanical pulps, observed that more than 90% of the structural
properties of fibers remain unchanged after several processing cycles, particularly when
fibers have not been subjected to excessive drying or severe pre-treatment.

In conclusion, the proposed recycling cycle does not affect the strength proper-
ties of the fibers themselves, which remain almost the same in well-established paper
recycling processes.

3. Materials and Methods
3.1. Printed Electronic Device (PE)

An industrial roll of XD80 paper free of charge, industrially printed with an RFID
antenna, has been provided by Fedrigoni (https:/ /specialpapers.fedrigoni.com, accessed on
14 September 2024). The antennas were printed using the flexographic printing technology
with a silver-based functional ink. The pattern of the antenna is shown in Figure 6. The
amount of ink (silver particles) deposited per antenna was estimated to be approximately
5mg £ 0.1, as determined from the analysis of the silver content in the printed electronic
device according to the method developed by Conceigao et al. [21]. The composition of this
printed electronic device has been further characterized (Section 2.1).
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Figure 6. Industrial PE device printed with a roll-to-roll flexographic press.

3.2. Chemical Reagent

Various chemical reagents were used in the recycling process, including nitric acid
(CAS N°: 7697-37-2, Sigma Aldrich, Singapore), sodium silicate (338443, Sigma Aldrich),
sodium hydroxide (CAS N°: 1310-73-2, Sigma Aldrich), and surfactant (Brij® 5100, CASN®:
466387, Sigma Aldrich). The reagents were used without any purification step.

3.3. Process Recycling of the Printed Electronic Device

Figure 7 illustrates the recycling line that was investigated in this study. This line starts
with the disintegration of the PE in water. This operation takes place in a laboratory pulper
of 36 L capacity, running in batch mode, using the following operating conditions: 1 kg of
PE (counted as dry matter), 20 min of pulping, helical rotor with 1300 rpm speed and 10% of
dry mass concentration (1 kg of dry matter PE and 9 kg of water containing the chemicals) at
a water temperature of 65 °C. Chemicals were added, namely NaOH = 0.7%, NaySiO3 = 1%
and surfactant (Brij® $100) = 0.075%. For chemicals, all the % are expressed as the weight of
the chemical/weight of PE counted as dry matter. At the end of the disintegration operation,
a fibrous suspension, i.e., the recycled pulp, containing separated fibers and detached
contaminants, was obtained. After pulping, three unit operations, conventionally used
to separate contaminants from fibers during paper recycling, are investigated separately:
screening, centrifugal cleaning, and flotation. The screening principle is based on the
recycled pulp filtration on a screen with slots or holes of a calibrated size. In this study,
fiber screening was carried out using a laboratory Somerville screen equipped with 150 um
slots, in accordance with standard screening procedures. A suspension containing 50 g of
dry matter was diluted with water and screened at a flow rate of 8 L.min! for 3 min. The
coarse fraction retained on the screen, commonly referred to in the paper industry as the
“rejects,” contained few fibers and a high proportion of non-fibrous elements. In contrast,
the material that passed through the screen (the “accepts”) was enriched in fibers along
with small contaminants.

The second operation is centrifugal cleaning, which usually completes the screening in
conventional recycling lines by eliminating very small contaminant particles (<10 um) by
separating the suspension flow into two flows of different densities. Laboratory equipment
has also been used. The density separation conditions are the following. Input: 50 g of PE
(counted as dry matter) in suspension, recovered at the exit of the pulper (10% material
concentration), diluted with a water flow rate of 40 L.min~! for 5 min. Two fractions are
recovered at the exit of the operation, one containing dense material and the other light
material, both in diluted aqueous suspension.
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Figure 7. Experimental conditions of unit operations studied for the recycling of paper-based
electronic devices.

Finally, the last operation tested is flotation by air flow. This is a physico-chemical
operation that allows the removal of particles between 50 and 250 pm from the fiber
suspension, provided that these particles have a hydrophobic character. Since conventional
printing inks are hydrophobic particles, this operation is commonly used for deinking.
A Voith laboratory flotation cell running in batch mode has been used in our study. Air
bubbles injected on the bottom of the cell collect hydrophobic ink particles and rise to the
top of the cell, forming foam. The foam, removed from the equipment, is the reject fraction
since it concentrates ink particles. The suspension that stays in the cell is the accept fraction
with fibers free of ink.

3.4. Characterization

Many tools were used to measure morphological, thermal, and mechanical properties
in order to characterize the PE (e-waste substrate) and the fractions obtained after each unit
operation. A brief description is provided below.

3.4.1. Morphological Properties

The morphological properties of the recycled fibers were evaluated using a Morfi
analyzer (LB-01) developed by Techpap (Toulouse, France). Fiber length, width, and fine
element content were measured using an image processing technique. In this method,
a diluted pulp suspension (0.3 g of pulp in 8 L of water) flowing in a transparent flat
channel was observed by a measuring cell that ensures image capture, recording, and data
processing. The Morfi software (version 2015) distinguishes these three elements according
to size criteria (length, width). The morphology of the PE was observed using a scanning
electron microscope (SEM) using an ESEM Quanta 200 microscope (FEI) (FEI Company,
Hillsboro, OR, USA) with an acceleration voltage of 10 kV. Dry, non-conducting samples
were pre-coated with a thin layer (6 nm) of a gold/palladium mixture prior to analysis.

3.4.2. Structure Properties: XRD

X-ray diffraction was used to determine the crystallinity of the samples. The XRD
analyses were carried out at the CMTC (Consortium des Moyens Technique Commun)
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platform using X-ray diffractometry. The tests were carried out under vacuum using a
Philips X'Pert X-ray generator (Malvern Panalytical, Palaiseau, France) with a voltage of
40 kV and an intensity of 40 mA. The diffracted intensity of CuK« radiation (wavelength
0.1542 nm) was recorded between 26 = 5° and 50°.

3.4.3. Thermal Properties

Thermal properties were determined by TGA analysis using a Mettler Toledo
TGA/DSC 3+ (Mettler Toledo, Greifensee, Switzerland) equipped with a single differential
thermal analysis (SDTA) sensor under air and nitrogen conditions. The test was carried out
between 25 °C and 900 °C at a heating rate of 5 °C per minute. Two measurements were
taken per sample.

3.4.4. The Schopper—-Riegler Degree, WRV, and Physical Properties of Paper Sheets

The Schopper—Riegler degree is a method used to evaluate the drainage capacity
of a fiber suspension under specified experimental conditions. It is based on measuring
the volume of water (V) overflowing as a result of filtering 1 L of a fiber suspension at
2 g-L ! through a wire mesh. The Water Retention Value (WRV) was determined on fiber
suspension samples collected before or after disintegration. Laboratory handsheets were
prepared using a British sheet mold from 1 L of fiber suspension at a concentration of
1 g-L’l. Each handsheet was divided into several sectors, and one sector (1/6 of the sheet
area) was sampled and centrifuged at 3000x g for 15 min in specialized tubes [27]. The
wet centrifuged sample was weighed and then dried in an oven at 105 °C until a constant
mass was reached. The Sheet Formation Index (Epair) measures the uniformity of fiber
distribution in a paper sheet, with higher values indicating more homogeneous formation.
Brightness (457 nm) is the reflectance of the sheet at 457 nm, representing its whiteness
and optical quality. Both parameters are commonly used to assess the physical and optical
properties of paper.

During recycling, laboratory sheets were prepared using recycled fiber fractions on a
“Rapid Khoten” apparatus according to standard methods (ISO 5269-2) [48]. The recycled
fiber suspension was diluted in water to 2 g-L~!. One liter of this fiber suspension was
placed in the vessel of the “Rapid Khoten” apparatus, and this volume was then diluted
with 5 to 7 L of water. After a stirring and calming phase, the suspension was filtered
through a metallic wire where fibers were deposited. After pressing, the wet sheet was
collected on blotting paper, protected between two sheets, and dried under vacuum at 80 °C
for 10 min. Ten standard laboratory handsheets were prepared. The obtained sheets were
conditioned at 23 °C and 50% relative humidity for 48 h prior to testing, as recommended
by the ISO 187 standard method [49]. Grammage (ISO 536), thickness (ISO 534), tensile
strength (NF Q 03-002) [50], tear strength (NF Q 03-011), burst strength (NF Q 03-053) [51],
and brightness (TAPPI method, T 452) [52] were measured.

3.4.5. Ash Content

Ash content was determined according to the TAPPI T211 om-07 standard method [53].
Calcination has been carried out at 525 4= 25 °C for at least 4 h, to determine the organic
fraction (disappearing material), since the residue is the mineral material containing car-
bonates. To remove carbonates and concentrate silver in the ash, a further calcination is
made at 900 °C £ 25 °C.

3.4.6. Silver Content

The silver amount in the different produced separated fractions was evaluated using
the procedure described and developed previously by our team [21]. The procedure consists
of an initial calcination step followed by a leaching phase. In more detail, the investigated
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fractions were first dehydrated on a sand bath and then calcinated at 900 °C for 2 h.
Subsequently, the calcined samples were leached with 40 mL of HNOj at a concentration of
approximately 3.1 mol-L ™}, at 25 °C for 24 h. The obtained leachate was analyzed by atomic
absorption spectroscopy (AAS) at a wavelength of 328.07 nm. The test was performed in
triplicate. Two indicators were used to assess the efficiency of the recycling operations.

1.  The organic matter recovery rate is defined as the amount of organic matter in the
accepted fraction relative to the initial amount of organic matter introduced at the
inlet of the studied operation:

%TRorg = 100 x (Organic mass in the accepted fraction/Initial organic mass at the inlet)

2. Thesilver (Ag) separation rate measures the amount of silver that concentrates in the
rejects, relative to the total amount of silver measured at the outlet (accept + rejects) of
the studied operation:

7SEAg, rejects = 100 X (Mass of Ag in the rejects/Mass of Ag at the outlet)

4. Conclusions

Preliminary recycling trials involving pulping, screening, flotation, and centrifugal
cleaning were conducted on an industrial paper-based printed electronic device (PE) to de-
velop an efficient, water-based process for separating silver from cellulosic fibers. The aim
was to recover usable fibers for recycled paper production and to reuse the extracted silver.

Under standard graphic paper recycling conditions, pulping effectively disintegrated
the PE, producing a fibrous suspension containing individualized fibers and efficiently
detached fillers and contaminants, including silver. Among the tested separation operations,
screening and flotation proved to be of limited efficiency, while centrifugal cleaning was the
most efficient method, efficiently separating the silver (concentrated in the reject fraction)
from the fibers (collected in the accept fraction) due to the significant difference in density
between the silver particles and cellulosic fibers.

Although the tested PE contained a low silver concentration (approximately 1 g of sil-
ver per kg of PE), the study demonstrated the technical feasibility of fiber-silver separation.
Future work will focus on optimizing the pulping process and centrifugal cleaning using
PEs with a higher silver content to enhance recovery efficiency and process scalability.
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