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Abstract: With the aim of promoting sustainable technologies within conventional electronics and mitigating
the environmental impact of electronic devices, technologies for chemical recycling of polymeric substrates of
these devices have been developed. The initiative stems from the need for a paradigm shift in electronic design
and manufacturing processes to reduce the environmental footprint of electronic products.

In order to evaluate recyclability of polymeric substrates two methodologies were tested: alkaline hydrolysis and
catalyzed glycolysis. The hydrolysis process has been performed with the aim of recovering Ag-ink while
achieving PET substrate recycling towards terephthalic acid (TPA) in the same process step. Analogously,
catalyzed glycolysis processes have been investigated with the aim of recovering Ag-ink and simultaneously PET
substrate recycling towards bis (2-hidroxyethyl) terephthalate (BHET). Ag-ink can be easily recovered during a
first filtration step, while all the other reactants and products remain on the liquid phase if 100% PET substrate
conversion is achieved.

In this study we have first analyzed the chemical recycling processes of PET substrates by means of energy and
environmentally friendly technologies, with special focus on the recovery of Ag-inks. Specifically, we began by
evaluating alkaline hydrolysis using water and NaOH as the reaction medium (with good ink separation), although
we had to be applied by more intensive technologies to obtain good conversions of the PET substrate and high-
value products for the industry (BHET). Moreover, glycolysis reaction parameters were optimized with
commercial catalysts and different inks and polymeric substrates to evaluate and define the best strategies for the
glycolysis process. Characterization of all fractions produced was carried out to check the efficiency of the
separation process of the metallic inks, the depolymerization of the PET substrate and the purity of the BHET
obtained.
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1 Introduction

Polyethylene terephthalate (PET) is a thermoplastic polyester renowned for its excellent barrier properties against
moisture, high optical clarity, and superior mechanical performance. It is synthesized through a step-growth
polycondensation reaction between terephthalic acid (or its dimethyl ester) and ethylene glycol (1). Due to its
favourable physicochemical properties, low production cost, and ease of processing, PET has become one of the
most widely used polymers in modern societies. However, its high durability, large-scale manufacturing, and
inadequate end-of-life waste management have contributed significantly to a growing global environmental
challenge (2).

The vast majority of post-consumer PET waste accumulates in landfills or is released into the natural environment.
Due to its high chemical stability and resistance to biodegradation, PET undergoes extremely slow decomposition,
often persisting for decades. During this prolonged degradation process, it can break down into low-molecular-
weight oligomers and microplastics, which pose potential risks to human health through bioaccumulation in the
food chain, particularly via the consumption of marine organisms (3). To address this issue and mitigate the
greenhouse gas emissions associated with PET production -predominantly derived from fossil resources- the
development and implementation of advanced recycling technologies capable of reintegrating PET waste into the
production cycle is strongly recommended.

Chemical recycling through solvolysis represents an alternative and complementary pathway to conventional
mechanical recycling, offering solutions to several inherent limitations of traditional PET recycling process. This
approach enables the depolymerization of PET into its monomeric or oligomeric constituents, thereby facilitating
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the recovery and reuse of materials from complex waste streams, such as printed electronics that incorporate PET
substrates and are often difficult to recycle due to their intricate designs, conductive inks, and electronic
components. As a result, solvolysis holds promise for improving the recycling rates of PET-based complex waste
that would otherwise be challenging to process using traditional mechanical methods (4,5).

The depolymerization of PET is essentially the reverse of the polycondensation reaction used to synthesize PET
from terephthalic acid (TPA) and ethylene glycol (EG), or from bis(hydroxyethyl) terephthalate (BHET).
Depending on the extent of the depolymerization, this process yields either the original of the depolymerization,
this process yields either the original monomers or oligomers as products, with complete depolymerization
resulting in the recovery of monomers, and partial depolymerization yielding oligomers (6). After purification,
these monomers can be reintroduced into the production cycle without compromising the final material”s quality,
similar to virgin PET. This is possible because the process involves a chemical attack, where specific polymer
bonds are substituted in the presence of a solvent (7).

The nucleophilic reagent (solvent) targets the ester bond (R-CO-OR"), leading to the cleavage of the polymer chain
and the formation of monomers and/or oligomers that constitute the polymer (8). Solvolysis depolymerization
process can be categorized based on the solvent used, including hydrolysis, alcoholysis, aminolysis, and glycolysis

Q).

Hydrolysis can be performed under various conditions, with alkaline and acidic hydrolysis being the most
extensively studied methods. In these processes, a water molecule attacks the ester bond in the PET chain, resulting
in the cleavage of the chain and the production of TPA and EG (10). The main drawbacks of these methods are
the need for highly corrosive chemicals and the requirement for extreme operating conditions.

Alcoholysis uses short-chain alcohols like methanol to produce dimethyl terephthalate (DMT) and EG, which can
be reused to obtain recycled PET (r-PET). The main drawbacks are the use of flammable and toxic substances
under harsh conditions, as well as the need for two reaction steps to produce PET from DMT and EG (11).

Aminolysis uses various amines and nitrogen compounds (such as ethanolamine or hydrazine) to chemically
recycle PET. While this process can produce valuable nitrogen compounds, it requires the use of carcinogenic
substances and severe operating conditions (12).

Glycolysis processes are the most extensively studied, as they use glycols (e.g., EG) to depolymerize PET waste.
The resulting products are monomers, dimers, trimers, and other oligomers of BHET, depending on whether the
depolymerization process is complete or partial (13).

The main advantage of glycolysis is that it operates under moderate conditions (atmospheric pressure and
temperatures around 200 °C), significantly lower than those required by other thermochemical recycling methods
like gasification or pyrolysis, which operate at temperatures between 450-600 °C. Additionally, the key benefit is
the ability to achieve complete depolymerization to obtain the BHET monomer, which can be directly used to
produce r-PET, eliminating the need for an extra reaction step (14).

It is important to note that, due to the nature of the solvolysis process, which yields the original monomers or
oligomers, and the subsequent purification steps, the resulting building blocks have a low level of impurities. These
monomers/oligomers are chemically identical to those derived from petroleum sources.

For these reasons, this study focuses on the development of evaluation of glycolysis processes for the chemical
depolymerization of PET substrates in printed electronics.

2 Experimental

2.1 Description of materials

Firstly, an initial identification and classification of the printed electronic containing PET substrate covered by the
project was carried out.

Work was performed using various types of printed electronics, primarily ITENE samples composed of a PET
substrate, a dielectric layer, and silver-based conducive inks (Figure 1). Some other configurations provided by
collaborators are made of: (1) PET substrate: two metal layers and one dielectric on one side (Figure 2), and (2)
PET substrate: Ag-based ink sample / White cover layer / transparent PET (Figure 3).
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Figure 1. ITENE Printed electronic with PET substrate (base material), dielectric (green) and silver ink (grey)

On the one hand, the printed electronics manufactured by ITENE were characterized using FTIR, ICP-MS, and
DSC analyses. In addition, the most representative samples, along with those specifically manufactured by ITENE
for these studies, were characterized by DSC and FTIR.

Figure 2. Printed electronic with PET substrate: two metal layers and one dielectric on one side

Figure 3. Printed electronic with PET substrate: Ag-based ink sample / White cover layer / transparent PET

Preliminary conditioning and pretreatment studies were carried out on the printed electronic samples received to
determine the optimal processing conditions for obtaining a sufficiently reduced, compact material with an
adequate PET content to enable effective depolymerization. The process was primarily relied on a shredding unit,
whose operating conditions were previously analysed.

2.2 Characterization methods

FTIR analysis was employed to qualitatively assess the molecular structure of the printed electronic substrates
materials. The technique requires only a few milligrams of sample and operates in the infrared range of 4000 cm-
! to 400 cm™* under nitrogen atmosphere. The structural composition of the analysed material is represented by
distinct peaks corresponding to its functional groups and bonding patterns. Spectral interpretation is carried out by
comparison with reference spectra from established databases.
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Figure 4. Fourier transform infrared spectroscopy equipment.

Differential scanning calorimetry (DSC) is used to determine the temperature at which the polymer chains in
amorphous or semi-crystalline materials begin to exhibit segmental mobility — referred to as the glass transition
temperature — resulting in an increase in free volume within the polymer matrix. The analysis is conducted under
nitrogen atmosphere, following a predefined thermal program. This technique also enables the identification of
the melting points of BHET monomers, dimers, and oligomers formed during the PET depolymerization process.

The quantification of metallic elements such a silver (Ag), sodium (Na), potassium (K), and zinc (Zn) was carried
out using Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Approximately 0.1 g of the sample was
accurately weighed and subjected to acid digestion using a mixture of ultrapure nitric acid (HNO3) and hydrogen
peroxide (H202) under controlled temperature and pressure in a microwave digestion system. The resulting
solution was diluted with deionized water to a final volume of 50 MI. Calibration curves were prepared using
certified multi-element standard solutions. The samples were introduced into the ICP-MS system, and detection
was performed under optimized operating conditions. Quantification was achieved by comparing the measured
intensities with the calibration curves, ensuring detection limits in the low ppb range.

To assess the purity of TPA and BHET obtained following the depolymerization process, ultra-high-performance
liquid chromatography (U-HPLC) was performed using a Waters UPLC-Qtof quadrupole time-of-flight system
(EQ182/ITN) equipped with a C19 column (Figure 5). Initially, a commercial BHET standard (98% purity) was
used for calibration. Approximately 10 mg of the standard were weighed and dissolved in methanol to prepare a
stock solution, from which calibrations standards at concentrations of 50, 100, 200, 400, 600, 800, and 1000 pg/L
were prepared.

Xevo' (245 Uk

Figure 5. Water UPLC-Qtof quadrupole time-of-flight system (EQ182/ITN) equipped with a C19 column.

For the analysis of TPA samples, 10-15 mg of each sample were weighed and dissolved in 10 mL of a 1:1 (v/v)
methanol-water mixture to enhance solubility. The solution was subjected to ultrasound for 15-20 minutes, with
gentle heating if necessary, to ensure complete dissolution, and subsequently diluted (1:10 to 1:100) with the same
solvent mixture. Chromatographic separation was performed using a reverse-phase C18 column with a mobile
phase composed of water and methanol containing 0.1% formic acid, at a flow rate of 0.3 mL/min.

For the analysis of BHET samples obtained post-depolymerization, 10-15 mg of each sample were weighed and
dissolved in 10 mL methanol. The solution was subjected to ultrasound for 15 minutes to ensure complete
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dissolution, and subsequently diluted (1:10 to 1:100) with methanol. Chromatographic separation was carried out
using a mobile phase composed of water and methanol containing 0.1% formic acid, at a flow rate of 0.3 mL/min.

After the run time, the exact mass of the analyte was extracted by processing the signal obtained from the detector.
The signals were compared against the previously established calibration curve, enabling quantification of TPA
and BHET concentration in the solution. From this data, the percentage purity of the samples was determined.

2.3 Experimental methodology

Initial experiments involving printed electronics materials were conducted using ITENE-prepared samples and
hydrolysis-based depolymerization. Alkaline hydrolysis was selected as the first route to recover terephthalic acid
(TPA) and ethylene glycol (EG), effectively reversing the conventional PET synthesis process. During the
reaction, silver oxide precipitates as a non-photosensitive black solid. In cases where precipitation does not occur,
residual silver is neutralized with sulfuric acid, forming silver sulphate —an off-white compound with low solubility
and minimal likelihood of remaining in the recovered TPA.

Following the alkaline hydrolysis reaction, the reaction mixture undergoes an initial filtration step to separate
unreacted Ag/PET, silver oxides and hydroxides, along with other insoluble components. The resulting filtrate is
then neutralized with sulfuric acid to facilitate the recovery of high purity terephthalic acid (TPA). The neutralized
solution is subsequently cooled at 4 °C for 24 hours to promote TPA crystallization. A second filtration step is
then performed to isolate the solid TPA from the remaining solution. Figure 6 illustrates the material flow and unit
process operations involved in the hydrolysis stage.

Hydrolysis experiments were conducted using of ITENE PET printed electronic samples containing Ag-ink,
dispersed in 40 mL of reaction solution. The study focused on evaluating the influence of key process variables,
including the ethanol-to-water ratio in the reaction medium, sodium hydroxide concentration, reaction
temperature, and reaction time.

Initial mixture Ag/PET (non reacted)
H,0-EtOH Ag(OH)/Ag,0
Ag/PET Alkaline 2 Recovery g(OH)/Ag,
H,0-EtOH > Filtration 1 Non-reacted Ag/PET
2 hydrolysis NaTPA g
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Figure 6. One-pot Hydrolysis process of PET-based supports.

Concerning glycolysis experiments using printed electronics materials, these processes were performed in parallel
with hydrolysis, employing ITENE-prepared samples and Na,COs as catalyst initially, although it was studied
either zin acetate, potassium hydroxide, sodium hydroxide and potassium carbonate. This depolymerization
pathway leads to the formation of bis(2-hydroxyethyl) terephthalate (BHET) as the primary product. During the
process, silver remains unaltered in its metallic form, facilitating its subsequent recovery.

Following the glycolysis reaction, the reaction mixture undergoes an initial filtration step to separate unreacted
AQ/PET and other insoluble residues such as dielectric, including metallic silver. The resulting liquid phase,
containing bis(2-hydroxyethyl) terephthalate (BHET), is then cooled to 4 °C for 24 hours to promote BHET
crystallization. A second filtration step is subsequently performed to isolate the solid BHET from the remaining
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solution. Figure 7 shows the process flow diagram of glycolysis using printed electronics with Na,COs as a
catalyst.

The process parameters evaluated included reaction temperature, reaction time, type of homogeneous catalyst,
catalyst-to-PET ratio, and ethylene glycol-to-PET (EG/PET) solvent ratio.

L= 0
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. EG :
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Figure 7. One-Pot Glycolysis of PET-based supports using Na2CO3 as catalyst.

In these studies, three key performance indicators were evaluated: (X) the depolymerization conversion rate,
defined as the ratio of reacted PET to the initial PET input; () the solid yield, assuming complete conversion of
the product to TPA or BHET; and (Z) the TPA or BHET vyield, adjusted based on the purity of the recovered TPA
or BHET crystals. These parameters were quantified using Equation (1), Equation (2), Equation (3), Equation (4),
and Equation (5), respectively.

. Winitial pET—W. .
Conversion of PET (X) = —RtalPET_ —unreacted PET Equation (1)
Winitial PET

w:
™y MWrpa _ WTPA/ 166

Yield to solids (Y) = Weer), Weer/,
PET

Equation (2)

Yield to TPA (Z) = Yield to solids (Y) - TPA purity Equation (3)

w w
BHET [ WBHET _ BHET/ 254
w - w
PET /MWPET PET /192

Yield to solids (Y) = Equation (4)

Yield to BHET (Z) = Yield to solids (Y) - BHET purity Equation (5)

Following the definition of initial operating parameters, and due to better results in preliminary experience with
ITENE printed electronic samples, the glycolysis-based depolymerization process was systematically investigated
and optimized. An initial series of experiments was conducted to determine the optimal conditions for maximizing
PET conversion, reaction selectivity, and product yield, with the objective of obtaining high-purity BHET crystals.

3 Results and discussion

The primary objective of this study was the recovery of silver from printed electronic materials, along with the
simultaneous recovery of valuable compounds through chemical recycling of the PET substrate (TPA and BHET
monomers than can be repolymerize to r-PET). To achieve this, efforts were focused on adapting the process and
optimizing operational conditions to enable the effective depolymerization of PET embedded in multilayer
structures and/or complex waste streams that are not suitable for mechanical recycling.
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3.1 Characteristics of printed electronic materials

The different printed electronic samples from the project collaborators and ITENE-prepared samples were
analysed by FTIR and DSC.
In this spectrum example (Figure 8), it can be seen how there is an overlap between the reference spectra of PET

with the spectrum of the sample, this indicates that the sample is composed by PET in high extension. To confirm
if the sample has more materials in the intermediate layers, DSC is used as a characterization technique to provide

this information.
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Figure 8. Example of FTIR spectrogram obtained on sample with PET in layer tray of printed electronics.

The DSC analysis (Figure 9) performed on the samples indicates that the material is predominantly composed of
PET, thereby refuting the FTIR surface analysis results. Working with clean materials and products of know
composition allows for depolymerization with minimal risk of interference. Nevertheless, these preliminary
analyses are essential to ensure absence of surface coatings on the PET substrates of printed electronics and to
verify that no reaction-interfering substances are present within the material”s internal structure.
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Figure 9. Example of calorimetric curves obtained in DSC of sample of PET substrate in printed electronics.

Regarding ICP-MS analysis, these were performed in samples received at ITENE. The objective was calculated
how many silver ink had the materials to recalculate the efficiency of the recovery. In all cases the percentage of
silver were variable, but it was situated around 5% in weight, so we chose this amount of silver as representative
to recalculate the initial of PET in the samples and perform the PET conversion and monomer selectivity

calculations.
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3.2 Conditioning and pretreatment methods

The pretreatment of PET-based laminates containing printed electronic components for one-pot chemical recycling
requires a precise and controlled mechanical and manual conditioning process. This step is essential to ensure
optimal depolymerization efficiency and high product purity. Initially, the laminated substrates are manually cut
using precision scissors to obtain a particle size distribution that facilitates effective processing. This also increases
the surface area available for the subsequent chemical reaction, ensuring that the PET matrix is adequately exposed
to the depolymerizing agents.

During this phase, non-PET materials, such as metallic conductors, encapsulated microelectronic components, and
other heterogeneous substances, are carefully removed. This selective extraction is crucial to minimize the
presence of inorganic impurities and catalytic contaminants, which could otherwise interfere with the glycolysis
process. Properly executed, this preprocessing step maintains the integrity of the chemical reaction, reduces the
formation of side products, and enhances the recovery rates of monomers in the recycling pathway, ultimately
improving the efficiency of the overall recycling process.

3.3 Selection of high PET content waste materials

Regarding the selection of the most suitable candidates for the depolymerization of printed electronics on PET
substrates, an initial screening was carried out using reference samples provided by ITENE. This preliminary stage
aimed to gain a better understanding of the materials’ behavior under chemical recycling conditions, particularly
hydrolysis and glycolysis. The selected samples included a variety of PET-based laminates with different types of
conductive inks and printed circuitry. Through these initial trials, key parameters such as PET depolymerization,
ink detachment behaviour, and thermal response were evaluated in order to identify which samples were most
compatible with downstream depolymerization steps.

Following this assessment, the most promising candidates were selected for process optimization studies, where
specific glycolysis conditions—such as reagent ratios, temperature, and reaction time—were adjusted to maximize
PET monomer recovery and facilitate separation of the Ag-based conductive inks. These optimized processes were
then replicated to validate reproducibility and assess scalability. The final recovered materials, including
terephthalic acid (TPA) and Bis(2-hydroxyethyl) terephthalate (BHET), as well as silver inks, were thoroughly
characterized to determine purity levels and conversion efficiencies. This comprehensive evaluation enabled the
identification of the most effective pathways for both PET repolymerization and Ag-ink recovery within a circular
economy framework.

3.4 Analysis and evaluation of depolymerization of PET substrate of printed electronics

3.4.1. Hydrolysis of ITENE printed electronics

Regarding hydrolysis process, a series of alkaline experiences was conducted at laboratory scale to evaluate the
recovery of silver ink and the depolymerization efficiency of the PET substrate. The variables investigated
included reaction temperatures, sodium hydroxide concentrations, reaction time, and varying ethanol/water ratios
under atmospheric pressure. Initial trials were carried out at 70 °C with 1:1 ethanol/water mixture and low NaOH
concentrations. While silver ink recovery was successful, the incomplete solubility of NaOH in ethanol and the
formation of insoluble Na;SO4 during neutralization negatively impacted the purity of the recovered terephthalic
acid (TPA).
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Figure 10. First filter containing Ag recovered, non-reacted Ag/PET and white powder (Ag2SQa4) (above). Second
filter containing TPA monomer product (below).

To address these limitations, subsequent tests were conducted in aqueous-only media at an elevated temperature,
close to 95 °C, while maintaining other parameters constant. Under these conditions, first hydrolysis tries (Figure
11, left) with this strategy failed to depolymerize the PET or recover the silver ink. In contrast, optimizing
hydrolysis conditions (Figure 11, right) enabled effective silver ink separation through washing, and partial
depolymerization of the PET substrate was observed, with TPA yields in low range (5-10% by weight).

Figure 11. Printed electric non-reacted, no recovery Ag-ink and monomers achieved (left). Ag-ink recovered but
only 5% of TPA recovered (right).

Further experiments aimed to improve performance by increasing the NaOH concentration while reverting to
ethanol/water mixtures at 70 °C. However, neither PET depolymerization nor silver recovery was achieved under
these conditions. Final trials using moderate NaOH concentrations and similar ethanol/water ratios, also failed to
deliver significant depolymerization or ink recovery (Figure 12).

Figure 12. Non-recovered Ag-ink in no experience and no PET converted (in both images).

Due to these results, by hydrolysis it is only possible to separate silver ink and dielectric in certain scenarios, and
the extent of PET depolymerization remained low in all cases. These limitations highlighted the need to shift focus
toward an alternative solvolysis pathway—glycolysis—which was subsequently proposed and investigated as a
more effective strategy for PET depolymerization and silver recovery.
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Figure 13. Hydrolysis test under different conditions of water/ethanol ratios and NaOH concentrations

The most successful hydrolysis results are highlighted in Figure 13 within the green oval, alongside a summary
of the other trials conducted.

3.4.2. Glycolysis of ITENE printed electronics

Regarding glycolysis, the initial process conditions and parameters were established based on prior experience in
PET depolymerization via glycolysis. The studied variables included a reaction temperature of 196 °C under
atmospheric pressure, a reaction time ranging from 1 to 3 hours, the use of zinc acetate as a homogeneous catalyst
at concentrations between 1-5% by weight PET based, and ethylene glycol to PET mass ratios between 3:1 and
8:1.

Initial glycolysis trials (Figure 14) using printed electronic ITENE samples—comprising a transparent PET
substrate with Ag-ink and dielectric layer on one side—were performed to evaluate the process feasibility. The
first test, employing zinc acetate and potassium hydroxide as catalysts, resulted in high PET depolymerization
rates and BHET yields of approximately 30%. Subsequent experiments using potassium carbonate and zinc acetate
as catalysts achieved near-complete PET depolymerization and BHET purities exceeding 90%, with corresponding
BHET recoveries of 90% and 80%, respectively.

Figure 14. Solid product (two images on the left) and first filter with unreacted PET and Ag-ink (two images on the
right) in first glycolysis ITENE samples.

Subsequent glycolysis experiments were conducted using sodium carbonate as a catalyst to evaluate the influence
of reaction temperature. Under optimized conditions, complete depolymerization of the PET substrate was
achieved, resulting in a 55% yield of BHET crystals and full recovery of the Ag-ink (Figure 15). However, in a
later experiment under similar conditions, no PET degradation was observed, and consequently, silver recovery
was not possible.

10
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Figure 15. First filter with Ag-ink and unreacted ITENE’s sample (left) and BHET crystals (right).

In the subsequent glycolysis tests, the reaction temperature was kept constant while the reaction time was reduced.
Under these conditions, incomplete depolymerization of PET was observed, and the silver remained embedded
within the unreacted polymer matrix. Conversely, in a following trial with the same temperature but adjusted
conditions, complete PET depolymerization and full recovery of Ag-ink were achieved. In both cases, the BHET
crystals obtained exhibited a purity near 100%.

The last glycolysis experiments that were conducted in parallel with hydrolysis trials, involved the use of
alternative catalysts such as sodium hydroxide and potassium carbonate (Figure 16). In one case, glycolysis
resulted in nearly complete depolymerization of the PET substrate and full recovery of the Ag-ink, although the
BHET recovery was limited to approximately 20%. In a subsequent experiment, PET depolymerization was
incomplete and Ag-ink recovery was only partial; however, the BHET yield increased to around 50%.

Figure 16. Unreacted PET and Ag-ink using another catalyst in the glycolysis of ITENE samples.

Overall, the glycolysis trials using ITENE’s printed electronic samples yielded promising outcomes. In most cases,
Ag-ink was effectively separated during the initial filtration step, which is the main objective of the process in the
project, achieving recovery rates above 95%. Furthermore, the PET substrate was almost entirely depolymerized
into BHET monomer during the second filtration stage, reaching yields exceeding 90%, when using sodium
carbonate as catalyst—demonstrating an efficient recovery of both metallic and polymeric components.

3.4.3. Glycolysis of printed electronics with two metal layers and one dielectric on one side

A second series of glycolysis experiments was conducted using printed electronic samples composed of two metal
layers and one dielectric on one side. Initial BHET yields were satisfactory when zinc acetate was employed as a
catalyst; however, recrystallization of BHET was not achieved under conditions involving both a high EG/PET
mass ratio and elevated catalyst concentration. Silver ink separation was effective across all trials, with only slight
inefficiencies observed at an EG/PET ratio of 20:1, though still within acceptable performance limits. Following
process optimization, the most favourable conditions for these samples were established at 180-200 °C, a reaction
time of 1-3 hours, and an EG/PET ratio between 3:1 and 6:1, using zinc acetate as catalyst. Under these conditions,
complete Ag-ink separation was achieved along with a BHET crystal yield of approximately 80%.

11
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Figure 17. Best experience with printed electronics of two metal layers and one dielectric on one side samples
(Left: BHET crystals. Right: separated Ag-ink + dielectric)

3.4.4. Glycolysis of printed electronics with Ag-based ink sample / White cover layer / transparent PET

A third set of glycolysis experiments was carried out using printed electronics with Ag-based ink samples, white
cover layer and transparent PET. Depolymerization of PET substrate using Na,COs as a catalyst proved ineffective
in the presence of Ag-based inks, resulting in incomplete reactions and significantly low BHET crystal yields. In
contrast, optimal depolymerization was achieved using zinc acetate as the catalyst, with moderate ethylene
glycol/PET ratios and reaction times. Under these conditions, approximately 90% BHET recovery was obtained,
indicating efficient PET breakdown. Complete depolymerization and higher BHET purity (>95%) were
consistently observed with Ag-based samples under these conditions, in comparison to the results obtained from
printed electronics, which showed lower performance and impurities issues.

Figure 18. Best experience with printed electronics with Ag-based ink samples, white cover layer and transparent
PET (Left: separated Ag-ink + unreacted PET and white cover layer. Right: BHET crystals)

3.4 Characterization of BHET crystals

The BHET crystals obtained from the glycolysis reactions were subsequently characterized by Fourier Transform
Infrared Spectroscopy (FTIR) and Differential Scanning Calorimetry (DSC). Figure 19 presents the FTIR spectrum
of the BHET samples derived from the glycolysis of printed electronics from ITENE, compared against a reference
spectrum of pure PET. A notable increase in the intensity of the absorption band associated with the C-O stretching
vibration of alcohols at 1068 cm™ was observed, along with the emergence of multiple absorption bands within
the hydroxyl (-OH) region between 3500 and 3200 cm™. These spectral features confirm the presence of terminal
hydroxyl groups in the BHET product, indicating successful depolymerization. The relative intensity and
distribution of these hydroxyl-related bands varied depending on the source of the depolymerized PET material,
with characteristic peaks identified at 3525 cm™, 3430 cm™, and a broader band centered around 3260 cm™.

12
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Figure 19. Example of FTIR spectrum of BHET samples (red and green) and reference BHET standard (black)

Variations in the hydroxyl region bands have been interpreted differently in the literature, as they can be influenced
by factors such as sample concentration and the specific FTIR instrumentation used. Therefore, the significance
of the observed spectral differences remains inconclusive. Furthermore, all products analysed by HPLC showed a
purity of 100%, and the differential scanning calorimetry (DSC) profiles did not exhibit any significant deviations,
suggesting that these spectral variations may not be analytically relevant ().
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Figure 20. DSC of BHET samples (green and red) and reference BHET standard (black)

4 Conclusions
In this study, chemical recycling of complex printed electronics with PET substrate was carried out to obtain high
purity TPA and BHET crystals, at the same time as the silver ink is recovered.

Printed electronics contain various interfering materials such as metal inks, dielectrics, and other components,
which can account for up to 25% of the total mass. Additionally, some samples are multilayered and printed in
multiple steps, making the recycling process more complex. Analysis has shown that printed electronics typically
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have a high PET content, while interference from other polymers is negligible. Although the silver content in the
inks varies, its recovery presents a promising opportunity for reuse in other applications as recycled silver.

The hydrolysis process for producing TPA and recovering silver ink is only feasible under specific conditions and
typically results in low TPA yields. It operates in an alkaline medium with an optimal ethanol/water concentration.
Due to its limited efficiency, this method was discarded in favor of glycolysis, which offers higher monomer
yields.

The glycolysis process, using ethylene glycol and a catalyst, achieves a high yield of BHET monomers and has
proven effective in recovering silver ink in most cases. Preliminary trials with printed electronic samples from
ITENE yielded promising results, which led to the application of the process to commercially available printed
electronics. In these additional samples, significant amounts of silver were recovered in the first filtration step, and
BHET yields remained high. These findings support the conclusion that glycolysis is an effective method for
chemically recycling complex materials and structures, enabling the production of recycled polymers such as
recycled PET.

FTIR and DSC analyses of the obtained BHET crystals confirm almost 100% purity in all cases, attributed to the
use of highly pure PET as the starting material, with no presence of other polymers or spectral interferences.
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