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In this work, we present a sustainable one-pot two-step approach for the depolymerization and repoly-
merization of post-consumer poly(ethylene terephthalate) (PET) into high-performance photocurable
liquid polyesters suitable for vat photopolymerization (VP) additive manufacturing. By coupling PET waste
alcoholysis with biobased diols and polytransesterification with dimethyl itaconate (DMI), novel poly(diyl
itaconate-co-terephthalate) copolyesters were synthesized under solvent-free conditions using dibutyltin
dilaurate as a catalyst. The resulting polyesters were formulated with reactive diluents and photoinitiators
to yield printable resins with up to 22 wt% recycled PET. Mechanical and thermal analysis of 3D printed
parts revealed that the incorporation of PET-derived aromatic structures enhanced stiffness, strength, and
thermal stability, while the presence of itaconate units enabled high crosslink density and tunable flexi-
bility. The optimal formulation, containing 75 wt% photocurable polyester containing 15.3% recycled PET,
achieved a Young's modulus of 1.4 GPa and flexural strength of 54 MPa, representing the highest per-
formance reported to date for itaconic acid-based 3D printable resins. This integrated approach rep-
resents a significant green advance by combining solvent-free processing, renewable feedstocks, and
post-consumer PET valorisation. The sustainability of the materials was further validated using the
Sustainable Formulation Score (SFS), placing the top-performing resins in the top 10% of benchmarked
systems.

1. This work establishes a solvent-free, one-pot strategy for converting PET waste and biobased monomers into photocurable polyesters for 3D printing. It
integrates chemical recycling with sustainable formulation, enabling resource-efficient, high-value manufacturing through additive techniques with minimal

waste.

2. The process incorporates up to 22 wt% recycled PET and achieves 83.1 wt% total sustainable content. Ethylene glycol released from PET depolymerization
is reintegrated into the formulation, maximizing atom economy. The use of 3D printing adds inherent sustainability by reducing material waste and enabling
decentralized, on-demand production.

3. Further greenness could be achieved by lowering the reaction temperature and time, expanding it to different polyester wastes and increasing the recycled

polymer content in the final resins. Broadening the applicability to mixed plastic waste streams and streamlining scalability would also enhance the environ-
mental and industrial impacts of this approach.

Introduction
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microscopic and macroscopic polymeric materials that can
take over a hundred years to decompose in these environ-
ments. It is therefore crucial for researchers to lead the way in
developing innovative methods to reduce the production, con-
sumption, and dissemination of new plastic materials in the
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marine environment.' Additionally, they must delve into new
and imaginative tactics to repurpose plastic waste into raw
materials that can be converted into more sustainable and
valuable alternatives. This has been traditionally done by
mechanically recycling polymeric waste materials, but only
37.6% of the plastic waste was efficiently recycled in Europe in
2020.* Currently, the recycling industry is facing numerous
challenges regarding the cost and quality of recycled plastic
materials. Furthermore, the accessibility and affordability of
petroleum-based monomers create hurdles for recycled
materials to compete for wider utilization. Nonetheless,
polymer scientists are diligently researching novel chemical
techniques to transform plastic waste into more valuable and
practical resources.>®

Among the various processing and manufacturing tech-
niques adapted for the mechanical recycling of plastics, addi-
tive manufacturing (or 3D printing) has recently emerged as a
promising technology for reintroducing plastic waste into the
market with enhanced added value.”® To date, this approach
has primarily focused on reprocessing thermoplastic waste
into blends suitable for extrusion-based technologies, such as
fused deposition modelling (FDM).® However, mechanical re-
cycling is often limited by the presence of additives and con-
taminants, which hinder both processing and final material
performance.'® The extent of these limitations is highly depen-
dent on the specific polymer involved. For instance, poly-
olefins are notoriously difficult to chemically recycle due to
their lack of reactive functional groups.'’ In contrast, poly-
esters like poly(ethylene terephthalate) (PET) contain ester lin-
kages that can be cleaved under catalytic conditions,'
enabling efficient depolymerization into reusable mono-
mers."? Despite this, chemical recycling of PET to regenerate
virgin PET remains cost-intensive and complex, particularly
because it must compete with virgin PET made from petro-
chemical sources.™*

Notably, the production of terephthalic acid (TA) is itself a
resource- and energy-intensive process. TA is typically syn-
thesized from petroleum-derived p-xylene, which is obtained
via catalytic reforming and then oxidized in liquid-phase acetic
acid under elevated temperature (230 °C) and pressure
(350 psi) in the presence of cobalt and manganese
catalysts.”>'® This industrial route involves highly flammable
solvents, generates CO and CO, as by-products, and requires
multiple recrystallization and drying steps to yield purified TA.
These considerations highlight the environmental and safety
burdens associated with virgin TA production, reinforcing the
value of alternative strategies that recover and reuse tere-
phthalate units from post-consumer PET waste through
milder, greener chemistries.

In this context, PET depolymerization has also been
explored as a gateway to new materials with tailored function-
ality. For example, sustainable poly(butylene adipate-co-tere-
phthalate) (PBAT) can be synthesized using terephthalic acid
obtained from PET, offering improved biodegradability
through the incorporation of aliphatic units."” However, its
mechanical performance remains inferior to that of PET, limit-
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ing its economic feasibility.'"® Additionally, the synthesis of
high-performance polymers typically requires precise control
over molecular weight and distribution, necessitating indepen-
dent depolymerization and repolymerization steps."®

Itaconic acid has rapidly emerged as a naturally occurring
building block for the preparation of (meth)acrylate-free photo-
curable formulations that find applications in vat photo-
polymerization (VP), a 3D printing technique that involves the
spatially confined photopolymerization of a liquid resin onto a
build plate to create solid objects layer-by-layer.>® Industrially
produced by the fermentation of glucose-rich biomasses, itaco-
nic acid is considered the only naturally occurring compound
that possesses a photocurable acrylate moiety, but its
additional double carboxylic functionality allows for its
employment in the preparation of photocurable esters and
polyesters.”* When co-polymerized with biobased diols such as
ethylene glycol (EG), 1,4-butanediol (BDO), 1,6-hexanediol
(HDO), and 1,12-dodecanediol (DDO) by Lewis-acid catalysed
polytransesterification, it allows fully biobased liquid photo-
curable polyesters to be obtained that can be formulated with
an appropriate amount of reactive diluent and a photoinitiat-
ing system to produce sustainable liquid resins for appli-
cations in VP 3D printing.>*”** Interestingly enough, the con-
ditions required for the synthesis of such biobased polyesters
are compatible with PET depolymerization and repolymeriza-
tion, thus opening up the possibility of integrating the two
approaches.

In this work, we present the development of an optimized
one-pot two-step approach for the depolymerization-repoly-
merization of PET from water bottle waste into photocurable
formulations for VP. To minimize the environmental impact of
the approach, polymer transformation was performed in bulk
without the need for any solvent and supported by the pres-
ence of the minimum quantity of the appropriate metal cata-
lyst. The only reaction by-product was ethylene glycol, which
could be integrated into the reactive diluent employed for the
formulation of 3D printable resins. The synthesized polyesters
were formulated with the appropriate reactive diluents, radical
initiators, and stabilizers to achieve a set of photocurable
resins that could be 3D printed using VP techniques into solid
objects. The PET content and the type of diol were optimized
to improve the mechanical properties of the 3D printed
material, with the aim of maximizing: (i) the amount of PET
that could be included in the final formulation, (ii) the range
of achievable mechanical properties, to allow for the pro-
duction of rigid or flexible materials depending on the specific
requirements, and (iii) the quality of the printing process in
terms of printing resolution and resin stability. A schematic
illustration of the concepts of this work is given in Fig. 1.

Importantly, this strategy aligns closely with key principles
of Green Chemistry.>® The one-pot, solvent-free process mini-
mizes energy and material input (Principles 5 and 6), while
the use of renewable itaconic acid and biobased diols supports
the use of renewable feedstocks (Principle 7). Post-consumer
PET is chemically upcycled, contributing to waste prevention
(Principle 1) and enhancing atom economy (Principle 2).

Green Chem., 2025, 27,12830-12843 | 12831
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Fig.1 Complete schematic flowchart of this study. Post-consumer PET is depolymerised, losing the EG that has been recycled into the reactive
diluents. Thus, it copolymerises with DMI and diol to form a series of new photopolymerizable vat copolyesters.

Furthermore, the resulting high-performance materials are
designed for additive manufacturing, a digital production
technique that inherently reduces waste and enables energy-
efficient fabrication (Principle 8). Our approach recovers tere-
phthalate units directly from post-consumer PET via a mild,
solvent-free alcoholysis, eliminating hazardous solvents and
reducing energy input while valorizing waste. This offers a sig-
nificantly greener alternative by closing the loop on aromatic
monomer sourcing and avoiding de novo petrochemical
synthesis.

Experimental section

All chemicals were purchased from Sigma Aldrich (St Louis,
MO, USA) and used as received. PET waste (rPET) was obtained
by grinding bottles of mixed source into 1-3 mm sized flakes.
Prior to use, the flakes were washed by Soxhlet extraction with
acetone and dried at room temperature.

One-pot depolymerization-repolymerization of PET waste into
poly(diyl itaconate-co-terephthalate) photocurable polyesters

Different polyesters were prepared following the same
experimental procedure. Details of the amounts of each
monomer employed for the different syntheses, as well
as the corresponding polymerization yields, are given in
Table 1. In a typical process, rPET flakes and the diol(s)
were introduced into a 1 L round-bottomed flask equipped
with a magnetic stirrer and maintained under an argon
atmosphere, along with dibutyltin(iv) dilaurate (DBTDL) as
the catalyst. Alcoholysis of rPET was carried out by vigorous
stirring of the mixture at 140 °C for 1-3 hours, depending
on the proportions of PET, diols, and catalyst, until no
visible traces of insoluble PET remained. Subsequently, a
distillation setup was attached to the flask, dimethyl itaco-
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nate (DMI) was added, and the mixture was stirred at
140 °C under argon, facilitating methanol removal via distil-
lation. After 1 hour, when methanol distillation ceased, a
vacuum (10 mmHg) was applied to remove unreacted ethyl-
ene glycol, which was collected through the distillation
setup. Following an additional hour of reaction time, the
molten polyester was cooled to room temperature and dis-
solved in ethyl acetate. The polymer was purified through
repeated precipitation in methanol, followed by redis-
solution in ethyl acetate, and finally dried under reduced
pressure. Polymerization yields were calculated as reported
in eqn (1):

Mpolymer + Mmeon + MeG

Yield = 100

(1)

MpgT + Mmonomers
where m,01ymer is the mass of obtained photocurable polyester,
Myeon and mgg are the masses of methanol and ethylene
glycol separated by distillation during the synthesis, respect-
ively, mpgr is the mass of depolymerized-repolymerized rPET
used and Myonomers 1S the sum of the masses of all the other
monomers used (dimethyl itaconate, diols and eventually
dimethyl adipate).

Synthesis of poly(diyl itaconate-co-adipate) polyesters

Polymers without repolymerized rPET were synthesized by
modifying previously reported methods. In a typical procedure,
dimethyl adipate, the diol(s), and dimethyl itaconate, along
with DBTDL, were introduced into a 1 L round-bottomed flask
fitted with a large magnetic stirrer and connected to a distilla-
tion setup. The reaction was carried out at 140 °C under an
inert atmosphere for 1 hour, followed by an additional hour
under vacuum (10 mmHg). Purification was conducted using
the same procedure as described for the synthesis of poly(diyl
itaconate-co-terephthalate)s.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Amounts and nature of monomer and catalyst employed for the synthesis of the different photocurable polyesters, and the corresponding
polymerization yields. Acronyms: BDO = 1,4-butanediol; HDO = 1,6-hexanediol; DDO = 1,12-dodecanediol; DBTDL = dibutyltin(v) dilaurate; DMI =
dimethyl itaconate; DMA = dimethyl adipate; PBIT = poly(butanediyl itaconate-co-terephthalate); PDHIT = poly(hexanediyl-co-dodecanediyl itaco-
nate-co-terephthalate); PBIA = poly(butanediyl itaconate-co-adipate); PDHIA = poly(dodecanediyl-co-hexanediyl itaconate-co-adipate)

Sample rPET BDO HDO DDO DBTDL DMI DMA Yield
PBIT_0.2 0.2 mol 1.2 mol — — 0.012 mol 1 mol — 71%
PBIT_0.5 0.5 mol 1.5 mol — — 0.015 mol 1 mol — 75%
PDHIT 0.2 0.2 mol — 0.6 mol 0.6 mol 0.012 mol 1 mol — 70%
PDHIT 0.5 0.5 mol — 0.75 mol 0.75 mol 0.015 mol 1 mol — 74%
PBIA_0.2 — 1.2 mol — — 0.012 mol 1 mol 0.2 mol 58%
PDHIA_0.2 — — 0.6 mol 0.6 mol 0.012 mol 1 mol 0.2 mol 56%
PDHIA 0.5 — — 0.75 mol 0.75 mol 0.015 mol 1 mol 0.5 mol 61%

Resin formulation and 3D printing

Photocurable formulations were prepared by formulating the
prepared photocurable polyesters at 25, 50, and 75 wt% with
pre-mixed 2-hydroxyethyl methacrylate (HEMA), 1,6-hexanediol
diacrylate (HDDA), and ethylene glycol phenyl ether acrylate
(EGPEA) in a 10:7:37 weight ratio. To 100 g of such formu-
lations, 2 g of ethyl phenyl(2,4,6-trimethylbenzoyl) phosphi-
nate were added as the photopolymerization initiator, and 1 g
of 4-methoxyphenol was added as the radical stabilizer. Then,
the mixture was poured into the vat of the VP printer (Phrozen
Sonic Mini 8K) and different objects were manufactured using
a 405 nm LCD-LED screen with an XY resolution of 22 pm and
a layer height of 50 um. Computer-assisted design (CAD) files
of 1BA tensile testing specimens according to ISO 527,
bending testing specimens according to ISO 178 and complex
structures were loaded using the Chitubox v1.9.5 software. The
3D-models were converted into a GCODE file, suitable for 3D-
printing. The printed objects were then separated from the
printer platform and washed with a 1:1 isopropyl alcohol/
acetone mixture. Post-processing of the samples was carried
out for 60 min in a chamber equipped with a 405 nm light
source and a power of 1.25 mW cm > (FormCure, Formlabs),
previously heated to 60 °C.

Green metrics

The rPET content of the photocurable formulation was calcu-
lated according to eqn (2):

MWpgr
MW

rPETy, = TAs, - PPy, - (2)
where TA,, is the terephthalic acid weight content in the
photocurable polyester calculated from NMR data, PPy, is its
concentration, MWpgr is the molecular weight of the PET
monomeric unit (192 g mol™") and MW is the molecular
weight of the terephthalic acid monomer unit (148 g mol™).

The biobased carbon content was calculated according to
eqn (3). For a formulation containing components i = 1-n,
each with its own weight fraction w;:

n

. . MBCi
.Z wlc%’l nci
i=1

n
> wiCy
i=1

Total biobased carbon mass

— =

Total carbon mass

BCC
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where Co,; is the total carbon content of each component i,
npc,; is the number of biobased carbon atoms in its molecular
structure and nc; is the total number of carbon atoms in the
molecules of component i.

Finally, the Sustainable Formulation Score (SFS) was
calculated for each formulation according to its definition

(eqn (4)).*7

For a formulation containing components i = 1-n, each
with its own weight fraction w;:
n
SFS = 100 - Fgop, - Z (w; - BCC; - Foyn ;) (4)

i=1

where Fgo, is defined as the end-of-life factor, and
> (w;-BCC; - Fgyn;) is the weighted sum of the synthetic
fattors Fgn of each component multiplied by the corres-
ponding biobased carbon content, calculated for each com-
ponent according to eqn (3).

Physical-chemical characterization

"H-NMR spectra were obtained at 298 K on a Bruker (14.01 T,
600.13 MHz) NMR spectrometer. In all recorded spectra,
chemical shifts are reported in ppm of frequency relative to
the residual solvent signals (*H: 7.26 ppm for CDCl).
ATR-FTIR analyses were performed with a PerkinElmer
Spectrum Two spectrophotometer, equipped with a Universal
ATR accessory; all spectra were recorded as an average of 20
scans (range 4000-400 cm™ " with a resolution of 0.5 cm™).
Rotational viscosity measurements were performed on an
Anton Paar MCR102 modular compact rheometer with a CP50-
1 geometry, indicating a place-cone geometry with an angle of
1° and a diameter of 25 mm, and rotational frequency ranging
from 0.1 Hz to 100 Hz at 25 °C. The effect of temperature on
the rotational viscosity was evaluated at a constant shear rate
of 1 Hz.

Size exclusion chromatography (SEC)/gel permeation
chromatography (GPC) was performed on a HPLC Lab Flow
2000 apparatus, equipped with an injector Rheodyne 7725i,
a Phenomenex Phenogel 5 p MXL column and a Shodex R1-
71 refractive index detector. HPLC grade tetrahydrofuran
(THF) was used as the eluent with a flow rate of 1 mL
min~". The system was calibrated with polystyrene (PS) stan-
dards covering a molar mass range from 300 to 30000 g

Green Chem., 2025, 27,12830-12843 | 12833
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mol™" (Merck). The mechanical properties of the printed
composites were measured using a Shimadzu AGS-X univer-
sal testing machine. Tensile and bending testing of the
specimens were carried out at 1 mm min~ ", in agreement
with ISO 527 and ISO 178, respectively. Thermogravimetric
analysis (TGA) was performed using a Discovery TGA (TA
Instruments) under a N, atmosphere with a gas flow of
100 mL min~' and a heating rate of 10 °C min™' from
30 °C to 600 °C.

Results and discussion
One-pot depolymerization-repolymerization reaction

The initial phase of this study focused on identifying the
optimal conditions for the polytransesterification of rPET
using biobased aliphatic diols and dimethyl itaconate in a
single synthetic step. To this end, various Lewis-acid catalysts
known for efficiently catalysing PET alcoholysis, such as
cobalt(u) acetate, zinc stearate, dibutyl tin(iv) oxide, and
dibutyl tin(wv) dilaurate, were evaluated at different concen-
trations in a mixture containing rPET flakes, butanediol
(BDO), and dimethyl itaconate (DMI). A summary of the
tested approaches and their outcome is provided in Table S1.
While PET was partially depolymerized and dissolved in the
reaction mixture with all tested catalysts, the process required
elevated temperatures (190 °C) and extended reaction times.
Tin-based catalysts were found to actively coordinate with the
unsaturation of itaconic acid, leading to crosslinked and in-
soluble polymers, an outcome exacerbated by the prolonged
reaction times and the inherent heterogeneity of the system.
Cobalt and zinc salts failed in the repolymerization step,
leading to soluble oligomers. To address this challenge, the
depolymerization-repolymerization process was divided into
two distinct steps within the same flask (one-pot approach)
using tin-based catalysts. In the first step, rPET was treated
with the diol and the catalyst at an elevated temperature to
facilitate polyester alcoholysis. Once all rPET was fully con-
verted, dimethyl itaconate was introduced to initiate the
second step, the repolymerization process. By separating the
depolymerization and repolymerization stages, the contact
time between dimethyl itaconate and the Lewis acid catalyst
was minimized, effectively preventing undesired crosslinking
reactions. Dibutyl tin(wv) dilaurate (DBTDL) was selected as
the optimal catalyst due to its superior activity in polytranses-
terification, enabling efficient reactions at temperatures as
low as 140 °C. In contrast, dibutyl tin oxide (DBTO) required
higher temperatures (above 150-160 °C) as it is typically
employed at 180-190 °C.?® In the optimized one-pot, two-step
approach, the catalyst activated the ester linkages on the
surface of rPET flakes, facilitating their attack by the diol and
resulting in a progressive reduction of PET’s molecular
weight. Ethylene glycol (EG) was generated as a byproduct of
PET depolymerization and further participated in the reac-
tion by attacking polyester chains, thereby sustaining the
reaction rate.

12834 | Green Chem., 2025, 27,12830-12843

View Article Online

Green Chemistry

Compared to conventional chemical recycling of PET via
glycolysis®>*® and methanolysis®'** (typically 180-220 °C with
metal salts), or virgin polyester synthesis via melt polyconden-
sation (>250 °C under vacuum),®® this method represents a
milder alternative in terms of energy input and reaction con-
ditions. The use of DBTDL, a known toxic organotin catalyst, is
limited to low concentrations (1 mol%) and ensures high cata-
Iytic efficiency at reduced temperatures. After synthesis, the
crude polyesters were dissolved in an organic solvent and pre-
cipitated in methanol, a standard purification step commonly
employed in polyester chemistry to reduce the amount of
residual catalyst and low-molecular-weight byproducts.>*~°
While we did not quantify the tin content post-purification, no
inhibition of photopolymerization or degradation of mechani-
cal performance was observed in the cured materials,
suggesting that any residual catalyst is either effectively
removed or immobilized within the crosslinked matrix. Future
work will focus on identifying and optimizing greener catalytic
alternatives, such as bismuth- or zinc-based systems, which
are more compatible with sustainable polymer synthesis while
maintaining activity in the presence of unsaturated itaconate
moieties.

During the DBTDL-catalysed transesterification, which pro-
ceeded to chemical equilibrium, the depolymerization step
produced a mixture of terephthalic acid diesters with aliphatic
diols, BDO or EG, depending on their relative proportions in
the reaction mixture. The molar amount of BDO added was
carefully adjusted to equal the combined moles of terephthalic
and itaconic acids, as an excess of hydroxyl or acid groups
would hinder molecular weight growth in the targeted poly-
ester. The second step followed a mechanism similar to pre-
viously reported polytransesterifications involving dimethyl ita-
conate (DMI) to produce photocurable liquid polyesters.>” At
the elevated reaction temperatures, methanol formed via trans-
esterification of DMI evaporated from the solution and was
efficiently separated by atmospheric distillation. However, the
presence of EG disrupted the molar balance between car-
boxylic and hydroxyl groups in the reaction mixture, limiting
molecular weight growth. To address this issue, once all
methanol was removed, the system pressure was reduced to
approximately 10 mmHg, lowering EG’s boiling point from
197 °C to around 75 °C and enabling its effective removal by
distillation. This removal allowed the reaction to drive mole-
cular weight increase in the photocurable polyester, evidenced
by a significant increase in the melt viscosity. A schematic rep-
resentation of the experimental setup is shown in Fig. S1.

Following this approach, several poly(diyl itaconate-co-tere-
phthalate)s were prepared, according to the monomer quan-
tities reported in Table 1, which differed by the molar ratio
between PET and itaconic acid and by the employed aliphatic
diol. When targeting products with terephthalic-to-itaconic
molar ratios (Ny/N;) higher than 0.5, the amount of diol
present during the first step appeared to be not enough to
allow for PET’s efficient depolymerization, significantly
increasing the time required for its solubilization. Moreover,
due to the increased z-stacking interactions in the photocur-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Synthesis of PET-derived sustainable photocurable polyesters and the corresponding controls prepared with dimethyl adipate (DMA). When
BDO was employed as the diol, n = 1. When a mixture of HDO and DDO was employed, n is statistically either 2 or 5 in equal proportions.

able polyester and the rigidity of the aromatic block, the pro-
ducts obtained in these conditions were solid at room temp-
erature and insoluble in acrylate mixtures, hindering the possi-
bility of their employment in VP processes. Therefore, Ny/N;
values employed in the different syntheses were limited to 0.2
and 0.5, leading to the obtainment of poly(butanediyl itaco-
nate-co-terephthalate)s named PBIT 0.2 and PBIT_0.5. The
effect of diol chain length on polyester properties, and conse-
quently on 3D-printed materials, was also assessed by substi-
tuting BDO with an equimolar mixture of 1,6-hexanediol
(HDO) and 1,12-dodecanediol (DDO), thus producing poly
(dodecanediyl-co-hexanediyl itaconate-co-terephthalate)s
named PDHIT 0.2 and PDHIT 0.5. Finally, to evaluate the
effect of including aromatic monomers in the polyester struc-
ture, similar polyesters were prepared replacing terephthalic
groups with adipic acid, following previously reported pro-
cedures optimized for the use of DBTDL as the catalyst. This
led to the preparation of poly(butanediyl itaconate-co-adipate),
named PBIA_0.2, and poly(dodecanediyl-co-hexanediyl itaco-
nate-co-adipate)s, named PDHIA_0.2 and PDHIA 0.5. A sche-
matic overview of the synthesized polymers, their structures,
and nomenclature is shown in Fig. 2.

Characterization of photocurable polyesters

The prepared photocurable polyesters were firstly characterized
by means of "H-NMR spectroscopy (Fig. S2-S4). The analysis
confirmed the effective incorporation of PET-derived ter-
ephthalic acid into the poly(itaconate) chains, evidenced by
the characteristic aromatic peak at 8.10 ppm. The success of
the transesterification reaction was further validated by the
absence of signals corresponding to EG units and by the dis-
tinct separation between the signals of the alcoholic CH,
groups of butanediol esterified by itaconic acid
(4.05-4.25 ppm) or terephthalic acid (4.31-4.45 ppm).
Additionally, by integrating the characteristic NMR signals for
each monomer, the actual proportions of the different mono-
mers in the polyesters were determined (Table S2). The results
revealed that, in all cases, the amount of terephthalic acid

This journal is © The Royal Society of Chemistry 2025

incorporated into the photocurable polyester was 1.4-1.6 times
higher than expected from the terephthalate-to-itaconate
molar ratios. This discrepancy is likely due to the lower solubi-
lity in methanol of terephthalic acid polyesters compared to
itaconic acid ones, which led to the partial removal of itaconic
acid-rich macromolecules during the purification step.*®?°
This hypothesis is further supported by observations from
experiments using dimethyl adipate (DMA) instead of PET.
Unlike terephthalic acid, adipate esters have similar solubility
to itaconic acid esters, suggesting comparable losses during
purification. As a result, the molar ratio between the two die-
sters in the reaction mixture remained more stable. This effect
was also reflected in the polymerization yields (Table 1), which
were significantly higher when PET was included in the reac-
tion mixture. Based on the calculated molar ratios of the
monomers, the terephthalic acid content in the polyesters
(TA,) was found to range from 13.7 wt% to 30.2 wt%. The pre-
pared polymers were further characterized by means of
ATR-FTIR spectroscopy, to confirm the predicted macromol-
ecular structure (Fig. 3). As previously reported, the character-
istic vibrations of PET macromolecules are the aliphatic C-H
bond stretching at 2800-3100 cm ™" of the EG unit, the ester
carbonyl bond at 1720 ecm™, the aromatic C-H stretching at
1019 cm™', and the symmetric and asymmetric aromatic C-H
bending of the 1,4-disobstituted aromatic ring at 871 cm™"
and 731 cm™".*>*! The presence of such signals in the spectra
of PBITs and PDHITs confirms once again the effective incor-
poration of terephthalic acid in the photocurable polyester
chains, which also showed additional peaks related to the ita-
conic acid unit such as the weak acrylic C=C stretching band
at 1637 cm™' and the vinyl C=C-H bending vibration at
758 cm™'. Analogously, PBIAs and PDHIAs do not present any
of the signals related to terephthalic acid units, but they
display all the peaks related to aliphatic itaconic acid poly-
esters, as previously reported.’”

The molecular weights of the synthesized polyesters were
determined using GPC-SEC (Table 2), revealing that all PET-
containing polyesters exhibited number-average molecular

Green Chem., 2025, 27,12830-12843 | 12835
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Fig. 3 ATR-FTIR spectra of the starting rPET material and the synthetized photocurable polyesters. Dashed lines correspond in all spectra to wave-
numbers (from right to left): 731 cm™, 758 cm™, 871 cm™, 1019 cm™, 1637 cm™, 1720 cm™, and 2931 cm™.

Table 2 Molecular weight and rotational viscosity (measured at a shear
rate of 1 Hz) of the synthetized photocurable polyesters

Sample M, (kDa) M, (kDa) Polydispersity Viscosity (Pa s)
PBIT 0.2 10.0 29.2 2.9 53
PBIT_0.5 5.3 7.0 1.3 2200
PDHIT 0.2 7.7 10.5 1.4 28
PDHIT 0.5 5.6 7.3 1.3 23
PBIA 0.2 8.1 45.1 5.6 36
PDHAI 0.2 13.2 67.0 5.1 26
PDHAI 0.5 7.4 13.9 1.9 32

weights (M,) ranging from 5.3 to 10 kDa. The data indicate
that increasing the Ni/Np ratio from 0.2 to 0.5 resulted in a
decrease in the molecular weight across all cases. This
reduction is likely due to the higher melt viscosity at elevated
Nr/N; ratios, which hinders the diffusion of the catalyst and
reactive species during synthesis. Notably, this effect was sig-
nificantly less pronounced for PBIA and PDHIA polyesters.
Furthermore, the molecular weights measured by GPC align
with the integration values of the terminal monomer regions
observed in the "H-NMR spectra, which displayed a consistent
trend (Table S2). The high polydispersity indexes observed in
the preparations are consistent with previously reported tin-
catalysed transesterification methods. This characteristic is
advantageous for producing liquid copolyesters with minimal

12836 | Green Chem., 2025, 27,12830-12843

crystallinity, reduced viscosity, and enhanced processability in
VP techniques.

The rheological behaviour of the synthetized polyesters was
evaluated through their rotational viscosity at different shear
rates (Fig. 4), and the values obtained at a frequency of 1 Hz
are reported in Table 2. The measured viscosity values reflect a
complex interplay between molecular weight and chemical
structure. Generally, polymer viscosity increases with mole-
cular weight, as described by the Mark-Houwink equation,
due to greater chain entanglement and hydrodynamic
volume.** However, the data reveal notable deviations from
this trend, which can be attributed to structural differences.
For instance, polyesters containing longer-chain diols, such as
1,6-hexanediol and 1,12-dodecanediol (PDHIT and PDHIA),
exhibit lower viscosities compared to those with only butane-
diol (PBIT and PBIA), even at comparable or higher molecular
weights. This is likely due to increased chain flexibility and
reduced intermolecular interactions imparted by the longer
aliphatic segments.*®> However, the increasing diol molecular
weight necessitates a decrease in dimethyl itaconate content to
maintain stoichiometry, especially if accompanied by higher
rPET contents, which can compromise photocuring efficiency
by lowering the density of unsaturations available for cross-
linking, as previously reported.** In contrast, increasing the
proportion of rigid, aromatic terephthalic acid in PBIT
samples leads to a dramatic increase in viscosity, even when

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Rotational viscosity measurement of the synthesized photocur-
able polyesters at variable shear rates. The measurements were per-
formed at 25 °C.

molecular weight decreases, underscoring the role of backbone
rigidity and strong intermolecular interactions in restricting
chain mobility.

PBIT_0.5 demonstrates significantly higher viscosity at low
shear and the most dramatic shear-thinning behaviour, with
the viscosity decreasing by approximately three orders of mag-
nitude as the shear rate increases from 0.1 to 30 Hz, followed
by a precipitous drop at higher shear rates that suggests struc-
tural breakdown or flow instability. This extreme non-
Newtonian behaviour indicates significant entanglement and
secondary interactions between polymer chains that are pro-
gressively disrupted under increasing shear forces. The PDHIA
samples, particularly PDHIA_0.5, display the most Newtonian-
like behaviour with relatively stable viscosity across different
shear rates, suggesting that the combination of flexible adipic
acid units and longer diols creates polymer structures with
minimal entanglement and weaker intermolecular inter-
actions. The rPET-based polymers (PBIT and PDHIT) generally
show more pronounced shear-thinning than their adipic acid
counterparts (PBIA and PDHIA), reinforcing how the rigid aro-
matic structures influence not only absolute viscosity values
but also the nature of flow behaviour under applied stress.

Resin formulation

The synthesized polyesters were incorporated into photocur-
able formulations for VP at concentrations of 0 wt%, 25 wt%,
50 wt%, and 75 wt%. These formulations used a reactive
diluent mixture comprising 2-hydroxyethyl methacrylate
(HEMA), 1,6-hexanediol diacrylate (HDDA), and ethylene glycol
phenyl ether acrylate (EGPEA) in a 10:7:37 weight ratio.
HEMA and EGPEA were chosen due to their derivation from
ethylene glycol, which could potentially originate from the
same EG initially bound to terephthalic acid in the original

This journal is © The Royal Society of Chemistry 2025
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PET macromolecules, thereby increasing the nominal recycled
content in the resins. In fact, HEMA is usually produced by
monoacylation of EG using methacrylic acid or methyl
methacrylate,***® while EGPEA can be prepared by the acryla-
tion of 2-phenoxyethanol, obtained by reacting EG with
phenol, cyclohexanone, or cyclohexenone.”*® HDDA was
included as a partially biobased, low-molecular-weight cross-
linker, used in low concentrations to enhance the crosslinking
efficiency. To complete the formulation, 2 wt% ethyl phenyl
(2,4,6-trimethylbenzoyl)phosphinate was added as a photo-
initiator, and 1 wt% 4-methoxyphenol was included as a
radical stabilizer. All polymers were easily miscible with the
mixture of reactive diluents, leading to liquid resins that pos-
sessed rheological properties compatible with the 3D printing
process (Fig. S5). Details of the composition, viscosity and bio-
based content of each formulation are reported in Table 3.

As expected, thanks to the use of low-viscosity reactive dilu-
ents, all mixtures display lower viscosity when the polymer
content is decreased (Fig. S5). In most cases, viscosity did not
surpass the threshold of 10 Pa s, commonly considered the
upper limit for printability in VP.>** This was not the case for
formulations containing PBIT_0.5, which resulted in the for-
mation of opaque resins at all concentrations tested, which
gelled within a few minutes of resting. Given that PBIT_0.5
contained the highest proportion of terephthalic acid units
(30.2 wt%), the observed opacity is likely due to the limited
solubility of terephthalic acid-rich domains, stabilized colloid-
ally by polyester segments richer in itaconic acid. Once dis-
solved, the abundant aromatic units in PBIT 0.5 likely
engaged in extensive n-stacking interactions, which hindered
the fluidity of the mixture and prevented it from flowing
autonomously. This is further confirmed by the rheological
analysis of its formulations (Fig. S5), which displayed high vis-
cosity especially at low shear rates.

During the VP process, resin flow beneath the 3D printer’s
build plate is crucial to ensure a fresh supply of material for
photocuring and polymerizing subsequent layers. Resins pre-
pared with PBIT 0.5 lacked sufficient flowability, rendering
them unsuitable for VP processes and leading to their exclu-
sion from further experiments. In contrast, this issue was not
observed for PDHIT_0.5, which contained similar molar
content of terephthalic acid, but lower weight content (TAo, =
22.6 wt%) due to the higher molecular weight of the employed
diols. This suggests that the maximum permissible terephtha-
lic acid content for producing liquid resins suitable for VP
using the presented approach lies near 25 wt%.

Shelf-life monitoring over 12 months at +4 °C in the dark
showed no phase separation, gelation, or viscosity drift for
optimized resins even in the presence of the photoinitiator.
The incorporation of 1 wt% 4-methoxyphenol proved effective
in preventing premature polymerization, as previously
reported.’>*?

Sustainability of photocurable formulations

To evaluate the sustainability of each formulation, the overall
recycled PET content (rPET,,) was calculated from NMR data

Green Chem., 2025, 27,12830-12843 | 12837
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Table 3 Composition and rotational viscosity (measured at shear rate of 1 Hz) of the prepared photocurable formulations, together with their green
metrics. PPy, HEMA,, HDDAy, and EGPEAy, are the weight contents of photocurable polyesters, HEMA, HDDA and EGPEA in each formulation,
respectively. Percentages sum up to 97 wt% as the remaining 3 wt% is represented by the photoinitiator and the radical stabilizer. Based on the cal-
culated SFS values and according to its definition, the sustainability of each formulation was ranked with a colour-scale (red = poor, orange = low,

yellow = moderate, green = good)

Polyester PPy, HEMA,, EGPEA,, HDDA,, Viscosity at 25 °C (Pa s) TrPET,, BCCy, SFS
— — 18% 66% 13% 0.016 — 23.9% 7.4 [ J
PBIT 0.2 25% 13% 50% 9% 0.031 5.1% 37.2% 20.0
50% 9% 32% 6% 0.48 10.2% 51.5% 32.6
75% 4% 15% 3% 5.3 15.3% 66.3% 45.2
PDHIT 0.2 25% 13% 50% 9% 0.041 4.4% 39.5% 19.3
50% 9% 32% 6% 0.35 8.9% 55.4% 31.2
75% 4% 15% 3% 2.4 13.3% 70.9% 43.1
PDHIT 0.5 25% 13% 50% 9% 0.049 7.3% 37.5% 19.7
50% 9% 32% 6% 0.57 14.7% 51.3% 32.2
75% 4% 15% 3% 2.9 22.0% 64.7% 44.6
PBIA_0.2 25% 13% 50% 9% 0.12 — 41.0% 20.5
50% 9% 32% 6% 0.72 — 59.4% 33.6
75% 4% 15% 3% 4.2 — 78.7% 46.7
PDHIA_0.2 25% 13% 50% 9% 0.16 — 42.6% 20.2
50% 9% 32% 6% 1.26 — 61.7% 33.0
75% 4% 15% 3% 8.8 — 80.5% 45.8
PDHIA_0.5 25% 13% 50% 9% 0.21 — 42.6% 20.3
50% 9% 32% 6% 0.76 — 61.7% 334
75% 4% 15% 3% 4.0 — 80.5% 46.4

using eqn (2) for each formulation. In parallel, the biobased
carbon content (BCCy,) was determined for each formulation
based on eqn (3). This parameter reflects the fraction of
carbon atoms that potentially originate from biomass-derived
or renewable feedstocks, providing a more accurate representa-
tion of the formulation’s renewable carbon input. Finally, to
enable a semi-quantitative assessment of the sustainability of
the resins presented in this work, and to allow comparison
with previously reported systems, we evaluated them in the
Sustainable Formulation Score (SFS) framework.”” The SFS is a
recently introduced green chemistry metric designed to assess
the overall sustainability of photocurable formulations for VP,
and it has been used to describe around 160 formulations
from a sustainability perspective. Unlike traditional metrics, it
considers not only the composition and bio-based content of
the resin components but also the environmental impact of
the synthetic steps required to produce them. Specifically, the
SFS integrates parameters such as the hazard profile of the
chemicals used, the presence and nature of solvents, reaction
temperature and duration, and atom economy (eqn (4)). The
values of the calculated green metrics are reported in Table 3.
The first result is the high rPET content achieved in the
resin formulations, with a maximum of 22 wt% rPET in the
system containing 75 wt% of PDHIT 0.2, followed by 15.3 wt%
in the formulation based on 75 wt% PBIT_0.5. While these
values may seem modest when compared to other additive
manufacturing technologies, such as material extrusion, where
rPET can be directly reprocessed at up to 100 wt% without
requiring chemical modification, such comparisons do not
fully capture the added value of our approach. In vat photo-
polymerization (VP), the transformation of rPET into photocur-

12838 | Green Chem., 2025, 27,12830-12843

able, high-performance formulations enables access to entirely
new material properties and application spaces, particularly
for functional or high-resolution printed components.
Therefore, a direct comparison based solely on rPET content is
not appropriate. Nonetheless, to the best of our knowledge,
the rPET contents reported here are the highest ever achieved
in photocurable formulations designed for VP.

Regarding the biobased carbon content, since PET is not
considered as strictly “biobased” according to the definition of
BCCy,, rPET-containing formulations display lower biobased
masses, still widely surpassing 50%. However, this difference
becomes negligible when the SFS is calculated, which accounts
for the use of waste as a starting material. Hence, in terms of
the SFS, the sustainability of the formulations is strongly
driven by the presence of itaconic acid-based polyesters, which
contribute significantly thanks to their high biobased carbon
content and favourable synthetic parameters. The formu-
lations containing 75 wt% these polyesters achieved SFS values
that place them in the top 10% of reported systems, above the
average value for other itaconic acid-based resins. The values
assigned for each synthetic subfactor for the calculation of the
SFSs are provided in Table S3.

In addition, although a full life cycle assessment (LCA) of
the process is beyond the scope of the current study, existing
LCA data on PET chemical recycling and itaconic acid-based
systems suggest meaningful reductions in the environmental
burden compared to fossil-derived virgin resins.’*>* For
example, the use of itaconic acid derived from glucose-rich
biomass has been associated with a 40-60% reduction in
greenhouse gas emissions relative to petrochemical analogues.
Moreover, solvent-free bulk polymerization and the integration

This journal is © The Royal Society of Chemistry 2025
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of recovered ethylene glycol directly into the formulation can
reduce the number of processing steps and increase atom
economy (Green Chemistry Principles 2 and 6).

Mechanical and thermal properties of 3D printed materials

The photocurable formulations were then 3D printed using a
commercial VP 3D printer, leading to the obtainment of 3D
objects with high resolution and fine details (Fig. 5 and
Fig. S6). The higher viscosities of mixtures prepared with
75 wt% photocurable polyester required an adjustment in the
build plate’s movement speed between layers to allow
sufficient time for the resin to flow beneath it. While this
modification increased the total printing time by approxi-
mately 30%, it did not affect the overall irradiation time, and
therefore the total energy consumption, of the 3D printing
process.

Then, the photocurable resins were employed to 3D print
tensile and flexural test specimens, according to the ISO 527
1BA and ISO 178 specifications, respectively, in order to assess
the mechanical properties of the 3D printed materials. The
extracted mechanical properties are reported in Fig. 6 and
Table S4, while the individual stress-strain plots are available
as shown in Fig. S7 and S8. These results allowed for establish-
ing several different correlations between the macromolecular
structure of the photocurable polyester and the mechanical
properties of the 3D printed materials. By comparing the
mechanical properties of all formulations with those of the
blank material prepared by polymerizing a mixture of HEMA,
EGPEA, and HDDA, it becomes evident that incorporating
photocurable polyesters into the formulations caused a pro-
gressive decrease in the deformation at break under both

Fig. 5 A honeycomb-patterned hollow tennis ball printed with 75%
PDHIA_O.5, thus containing 22 wt% recycled PET. Object diameter is
40 mm.

This journal is © The Royal Society of Chemistry 2025
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tensile and flexural conditions. This effect was often
accompanied by an increase in the stiffness and strength. In
some instances, particularly with polyesters containing long-
chain diols at 25 wt% concentration, the 3D-printed materials
exhibited inferior mechanical properties compared to the
blank resin. However, when the polyester concentration was
raised to 75 wt%, a substantial increase in the Young’s
modulus and flexural modulus was observed across all cases,
frequently alongside improvements in tensile and flexural
strengths. As previously reported, the addition of itaconic acid-
based polyesters to low-molecular-weight acrylate mixtures
induces extensive crosslinking during 3D printing, resulting in
the observed reduction in deformability. Nevertheless, in most
instances, the pre-formed polyester linkages incorporated into
the photopolymer network during the VP process contributed
to the system’s mechanical resistance, thereby enhancing its
overall performance.

Furthermore, the use of terephthalic acid derived from
rPET yielded notable improvements in most mechanical pro-
perties compared to analogously prepared polyesters using
adipic acid. This effect became more pronounced as the poly-
ester content in the formulations increased. The improvement
can be attributed to the higher content of aromatic monomeric
groups at elevated polyester concentrations, which facilitated
extensive w-stacking interactions, thereby enhancing the
material’s mechanical resistance.>”

When BDO was replaced with HDO and DDO in the poly-
ester chains, the resulting macromolecular structures exhibi-
ted differences beyond the variation in diol chain length and
the associated increase in molecular flexibility. The replace-
ment also led to a reduction in terephthalic acid content,
caused by the significantly higher molecular weight of the
long-chain diols. This increased chain flexibility resulted in
decreased stiffness and improved deformability across all
cases, with the effect being particularly pronounced for poly-
esters derived from rPET (e.g.,, PBIT_0.2 vs. PDHIT 0.2 in
Fig. 6). In these cases, the enhanced flexibility of the polyester
chains, combined with a reduced terephthalic acid content,
diminished the extent of z-stacking interactions within the
system. However, increasing the terephthalic acid content by
employing PDHIT 0.5 did not enhance the mechanical pro-
perties of the material. Instead, the opposite effect was
observed. Increasing the terephthalic acid content requires a
reduction of itaconic acid, thereby diminishing the polyester’s
crosslinking ability and ultimately reducing its mechanical
properties. These findings indicate that the best-performing
material was not PDHIT_0.5 (the formulation with the highest
rPET content) but rather PBIT_0.2, which provided an optimal
balance between itaconic and terephthalic acid contents.
When formulated at a 75 wt% concentration, PBIT_0.2
achieved a Young’s modulus of 1.4 GPa and a flexural strength
of 54 MPa, values representing the highest performance ever
reported for itaconic acid-based resins with a total sustainable
content reaching 83 wt%.

Finally, TGA was conducted on 3D-printed samples contain-
ing the highest concentration of photocurable polyesters to

Green Chem., 2025, 27,12830-12843 | 12839
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Fig. 6 Tensile and flexural properties of 3D printed materials. Data are expressed as mean + SD of a set of n = 5 replicates. Deformation at break for
resins Blank and PDHIT_0.5 are not reported in the corresponding plot because they did not break during flexural testing.

evaluate the impact of polymer composition on the thermal
stability of the printed materials (Fig. S9). The results indicate
that the effect of photocurable polyesters on thermal stability
depending on their structure.
Specifically, the thermograms reveal that polyesters syn-
thesized with aliphatic diesters (PBIA_0.2, PDHIA_ 0.2, and
PDHIA 0.5) degrade at lower temperatures compared to the

varies macromolecular

blank resin. In contrast, formulations incorporating rPET
exhibit enhanced thermal stability relative to the reference
resin without photocurable polyesters. This improvement cor-
relates with the terephthalic acid content in each formulation,
with higher rPET concentrations leading to greater thermal
stability. This trend is further supported by the onset (Tonset)
and maximum degradation (Ty,.,) temperatures reported in
Table 4. A plausible explanation for the observed differences in
thermal stability is based on the fact that the macromolecular
structure of the photocurable polyesters plays a critical role in
their degradation behaviour. Crosslinked polyesters syn-
thesized with aliphatic diesters degrade at lower temperatures
due to their flexible chains and lower bond dissociation ener-
gies, which make them more susceptible to thermal scission.
In contrast, rPET-based polyesters incorporate aromatic rings
from terephthalic acid that offer enhanced stability through
resonance stabilization, increased chain rigidity, and the for-
mation of a protective char during decomposition.>®

12840 | Green Chem., 2025, 27,12830-12843

Table 4 Onset and maximum degradation temperatures extracted
from TGA analysis of 3D printed materials loaded with 75 wt% different
photocurable polyesters

Sample Tonset (OC) TmaX (OC)
Blank 359 400
PBIT 0.2 365 410
PDHIT 0.2 360 404
PDHIT 0.5 372 414
PBAI 0.2 353 392
PDHAI 0.2 329 366
PDHAI 0.5 347 385

Replicate batches of photocurable polyesters were syn-
thesized under identical conditions, and printed parts dis-
played consistent rheological profiles, print quality, mechani-
cal and thermal properties, confirming the reproducibility of
the one-pot protocol.

Conclusions

This work presents a solvent-free, one-pot, two-step strategy
for the upcycling of post-consumer PET waste into high-per-
formance photocurable polyesters suitable for additive manu-
facturing via vat photopolymerization (VP). The approach

This journal is © The Royal Society of Chemistry 2025
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integrates PET alcoholysis with biobased diols and sub-
sequent polytransesterification with dimethyl itaconate, yield-
ing poly(diyl itaconate-co-terephthalate) copolyesters with
tunable composition and processability. These were formu-
lated into VP-compatible resins containing up to 22 wt%
recycled PET and overall sustainable content reaching
83.1 wt%, ranking among the highest reported for photopoly-
mer systems. Structural tuning of the polyester backbone,
achieved by varying the chain length of aliphatic diols,
enabled fine control over the resulting polymer’s viscosity,
mechanical flexibility, and crosslinking density. The presence
of rigid aromatic units from recycled terephthalic acid con-
ferred enhanced stiffness and thermal stability, while unsatu-
rated itaconate moieties provided highly reactive vinyl sites
for light-activated polymerization. The resulting synergy
between molecular architecture and formulation led to a
range of printable resins optimized for different mechanical
outcomes. In particular, the formulation containing 75 wt%
PBIT_0.2 demonstrated a Young’s modulus of 1.4 GPa and a
flexural strength of 54 MPa, benchmark values for itaconic
acid-derived resins and exceeding those for many commercial
biobased alternatives. Importantly, this work exemplifies a
holistic green chemistry approach by combining waste valori-
sation, renewable feedstock use, and process intensification.
The one-pot design minimizes processing steps and elimin-
ates the need for organic solvents, aligning with principles of
energy efficiency, atom economy, and safer synthesis.
Furthermore, by incorporating ethylene glycol recovered from
PET depolymerization into the reactive diluents, the process
closes internal material loops, enhancing circularity within
the formulation itself. From a sustainability perspective, the
resins were quantitatively evaluated using three metrics:
recycled PET content (rPET,,), biobased carbon content
(BCCy,), and the Sustainable Formulation Score (SFS). The
best-performing systems ranked within the top 15% of ~160
formulations previously assessed in the SFS framework, vali-
dating the environmental relevance of the approach.

The methodology also demonstrates compatibility with
industrial VP printing processes, with most formulations exhi-
biting viscosities within optimal ranges for high-resolution
layer-by-layer fabrication. The integration of sustainable chem-
istry with advanced manufacturing not only reduces environ-
mental burden but also delivers competitive material pro-
perties without sacrificing performance. Overall, this study
underscores the feasibility of transforming persistent plastic
waste into value-added, structurally tunable materials for next-
generation applications. It offers a scalable and sustainable
route to recyclable, high-performance photopolymers, contri-
buting meaningfully to the development of circular, green
manufacturing platforms.
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