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strategy for PLA/PLA+ 3D-printing waste, converting it into high-performance,

styrene-free polyester resins without extensive purification. The process tolerates

complex waste streams and enables room-temperature curing, contributing to circular
polymer use and more sustainable materials design.
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This study focusses on the valorization of polylactic acid (PLA) waste, including additive-containing materials (PLA+),

DOI: 10.1039/x0xx00000x

generated by fused deposition modeling (FDM) 3D printing, which represents a growing environmental concern driven by

the increasing adoption of FDM technologies. An efficient chemical upcycling strategy is presenting, enabling the direct

transformation of 3D printing waste into value-added, styrene-free unsaturated polyester resins. Thermal depolymerization

of PLA using diethylene glycol affords a low-viscosity intermediate, facilitating the efficient removal of fillers and pigments

by simple centrifugation or filtration. The generality of the approach was demonstrated across a series of commercial PLA

and PLA+ samples. The resulting glycolysate was successfully utilized as a renewable feedstock for the synthesis of itaconate-

based polyester with tunable degree of unsaturation. Subsequent formulation with dimethyl itaconate enabled the

preparation of room-temperature-curing resins. The optimized system exhibited a high glass transition temperature, good

thermal stability, and favorable mechanical performance, including flexural strength of up to 74.9 MPa and a Young’s

modulus of 2.32 GPa, highlighting the potential of this strategy for the development of sustainable polymer material.

Introduction

Polylactic acid (PLA) is an industrially relevant biobased
polyester. Its building block, lactic acid (LA), is produced by
fermentation of hexose sugars and oligosaccharides derived
from renewable resources such as corn starch, sugarcane,
cassava and sugar beet.! Although PLA can be synthesized by
direct condensation polymerization of LA, it is predominantly
produced via ring-opening polymerization of its cyclic diester,
known as lactide.?3

PLA is the most widely used bioplastics due to its favorable
balance of performance and processability, with an estimated
global production capacity estimated to reach ~610 kt in
2025.3% PLA is transparent, food-contact safe, and
biodegradable, which supports its widespread use in food
packaging and single-use consumer products.® It can be
processed by conventional techniques such as extrusion,
thermoforming, and injection molding and can also be melt-
spun into fibers.® In addition, PLA is utilized in biomedical
applications owing to its biocompatibility and resorbability,”:2
while its biodegradability is exploited in agricultural and
horticultural products.® Furthermore, PLA has been explored for
separation applications in the development of porous
membrane materials.2?
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In recent years, PLA has emerged as a key material for the
production of filaments for fused deposition modeling (FDM)
3D printing due to its relatively low melting temperature (T, =
159-178 °C),'! ease of processing, low warping tendency, and
good dimensional stability. Its limited emission of volatile
degradation products, together with broad commercial
availability, further contributes to its widespread use in additive
manufacturing, particularly in educational, design, and
prototyping applications.!2 Despite these advantages, the
intrinsic brittleness, relatively low heat resistance, and
moderate toughness of neat PLA can limit its performance in
functional 3D-printed parts. Consequently, modified PLA
grades, commonly referred to as PLA+, as well as PLA-based
composites, have been developed to tailor mechanical,
thermal, and processing properties. These materials typically
incorporate plasticizers, impact modifiers, chain extenders, or
reinforcing fillers to address these limitations.1314

As the life cycle of thermoplastic polymers has become a global
issue of increasing importance, the end-of-life management of
PLA has attracted growing attention.'>16 Mechanical recycling
of PLA has been explored as a resource-efficient option.'”
However, it is most efficient for well-sorted PLA streams with
minimal external contamination.!® In practice, it is primarily
applied to postindustrial PLA waste by filament manufacturers,
who reprocess off-speciation filaments that do not meet strict
quality control standards.!® The resulting material is commonly
referred to as RePLA or RePLA+. Nevertheless, repeated
thermal processing can induce chain scission, leading to a
reduction in molecular mass and deterioration of mechanical
properties.2%21 These effects are particularly pronounced for
filled or blended PLA grades, which exhibit increased sensitivity
to thermal degradation.??
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As an alternative, chemical recycling and upcycling strategies
enable the depolymerization of PLA to recover its monomer
(i.e., lactide) 2326 or its precursors, such as lactic acid and methyl
lactate.?’30 These processes typically rely on catalyzed
hydrolysis or alcoholysis. Enzymatic hydrolysis of PLA has also
been investigated.3133 However, such approaches generally
suffer from low reaction rates, limited achievable
concentrations, and energetically demanding product isolation.
Beyond monomer recovery, alternative depolymerization
pathways, including alcoholysis,3438 aminolysis,3*4' and
reductive depolymerization,*? enable upcycling PLA waste into
higher-value chemicals and functional materials. These
strategies offer opportunities to retain or enhance material
value and support circular economy concepts for biobased
polymers. Nevertheless, their practical implementation is often
limited by multistep protocols, tedious purification processes,
high energy consumption, the need for expansive catalysts, or
low overall yields, which may lead to additional waste
generation. Moreover, the range of applications for
depolymerization products remains relatively limited, including
poly(ester-amide)s 3° and polyurethanes,*® methacrylate
resins,*® and fumarate-based polyester resins.**

In this context, we present a straightforward and efficient
upcycling strategy for PLA/PLA+ 3D-printing waste that
overcomes these limitations. The process enables direct
conversion into a sustainable, styrene-free unsaturated
polyester resin without the need for extensive purification. The
resulting material performs as a thermosetting resin and
constitutes a viable, renewable alternative to conventional
general-purpose unsaturated polyester resins derived from
fossil feedstocks.

Results and discussion
Characterization of PLA filaments

Eleven PLA samples, including PLA powder (sample 1) and 3D-
printed objects (samples 2—11) manufactured from commercial
PLA/PLA+ filaments of different origins, were selected for
depolymerization experiment. All samples were characterized
by size-exclusion chromatography (SEC) prior to use.

SEC coupled with multi-angle light scattering (SEC-MALS)
confirmed that sample 1 is a high-molar-mass PLA with a
unimodal molar mass distribution (M, = 109 100 g/mol, D =
1.42), suitable for industrial applications.?> Comparative
analysis using the more commonly used SEC with a refractive
index detector (SEC-RI), calibrated against polystyrene
standards, yielded significantly higher values of apparent molar
mass values for PLA. In this case, M\, and D were overestimated
by factors of 1.75 and 1.6, respectively, relative to the absolute
values obtained by SEC-MALS (Table 1).

Filament-derived samples (2-11) were analyzed by SEC-RI.
Although less informative, this method allows comparison with
sample 1 under the assumption of similar chemical composition
and macromolecule architecture.

Samples 2, 3, 10 and 11 exhibited unimodal molar mass
distributions comparable to that of sample 1, with similar M,
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and D values (Table 1). In contrast, samples 439, displayed
broader molar mass distributions, Gefléete€dd/GRSUMighert
dispersities and lower M, values. This behavior suggests the
presence of blended systems comprising high- and medium-
molar-mass PLA fractions, likely introduced to achieve a
targeted viscosity window and ensure consistent processing
performance. This interpretation is further supported by the
SEC traces, which show either a second maximum or a
pronounced shoulder at higher elution times (see Figures S4-S9
in the Supporting Information).

Table 1. Molar mass distribution of PLA/PLA+ samples determined by SEC

Sample Method M, My, be
(g/mol)2  (g/mol) ®
1 SEC-MALS 77 000 109 100 1.42
1 SEC-RI 84 000 190 700 2.27
2 SEC-RI 80 300 186 700 2.33
3 SEC-RI 85400 202 300 2.37
4 SEC-RI 41300 166 600 4.03
5 SEC-RI 40 400 165 500 4.10
6 SEC-RI 23200 134 200 5.78
7 SEC-RI 29 700 145 200 4.88
8 SEC-RI 33 000 142 000 431
9 SEC-RI 36 600 162 500 4.44
10 SEC-RI 64 400 171900 2.67
11 SEC-RI 70 100 163 400 2.33

a Number-average molar mass. ® Weight-average molar mass. ¢ Dispersity.

Glycolysis of PLA samples

Thermal depolymerization of PLA powder (sample 1) in the
presence of one molar equivalent of diethylene glycol (DEG;
calculated on repeating unit of PLA; M, = 72.06 g/mol) at 240°C
for 2h afforded a pale yellow solution containing a minor
amount of white wax (0.41 wt.% based in PLA). The solid
impurity was removed by centrifugation and identified by IR
spectroscopy as a mixture of a polyester resin and a polyamide
(see Figure 26 in the Supporting Information).

Preliminary optimization experiments revealed that reaction
times shorter than 30 min resulted in incomplete
depolymerization. The process was intentionally performed
under catalyst-free conditions to simplify the overall upcycling
protocol. As glycolysis reactions of polyesters can be efficiently
catalyzed by zinc acetate %¢ and metal-containing ionic liquids,*’
further optimization through catalyst-assisted
depolymerization represents a promising route toward
reducing the energy demand of the process.

The 'H NMR spectrum of the crude product revealed diethylene
glycol monolactate (LA-DEG) as the major component (65%),
accompanied with DEG (25%) and minor byproducts, including
lactide (5%) and diethylene glycol dilactate (LA-DEG-LA; 5%);
see Figure 1. Pure LA-DEG was subsequently isolated by vacuum
distillation and characterized by 'H and 3C-APT NMR spectra
(Figures 14 and 15 in the Supporting information).

The high selectivity toward LA-DEG formation, achieved without
the use of excess DEG, is ascribed to the lower thermodynamic
stability of ester linkages involving secondary hydroxyl group.
This behavior contrasts with that of poly(ethylene

This journal is © The Royal Society of Chemistry 20xx
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terephthalate) (PET) “® and poly(ethylene-2,5-furanoate)
(PEF),*® for which more complex product mixtures containing
higher oligomers are typically formed under comparable
conditions.

Depolymerization of PLA objects (samples 2—11), printed from
commercial PLA/PLA+ filaments using the same PLA-
sample/DEG ratio as in the case of sample 1 (w/w), resulted in
suspensions of varying appearance (Figure 2) due to presence
of colorants, pigments, fillers, and other additives.
Nevertheless, in all cases, the liquid phase obtained after
centrifugation exhibited similar composition, as confirmed by
1H NMR spectroscopy.

HO (0]
HO O OH___ 5 ,
a N/ o) o OH
n N of \_/
PLA DEG LA-DEG (65 %) @
byproducts: HO\ jo ;OH
DEG (25%) @ HO @] (@) OH
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Figure 1. Glycolysis of PLA by one equivalent of DEG with assignment of the H
NMR spectrum of the reaction product.

The main variation was observed for samples 4-10, which
displayed minor signals at 8.04 and 2.28 ppm in the 'H NMR
spectra, indicating the presence of glycolyzed poly(butylene
adipate-co-terephthalate) (PBAT), a common additive in
commercial PLA filament formulations. Its content was
established to be in the range of 3-5 wt.% (relative to PLA
polymer) for samples 4, 5, 7-9, while higher amounts were
detected in sample 6 (8 wt.%) and sample 10 (12 wt.%).

The amount of solid residues in the glycolyzed samples 2-11
varied from 0.04 to 9.15 wt.% (Figure 2). Their composition was
qualitatively analyzed by infrared spectroscopy. In sample 2, the
solid fraction (upper phase) consisted of an acrylic resin. A
broad absorption band below 600 cm™ observed in samples 3—
6 and 8, indicates the presence of inorganic pigments.
Characteristic bands at 3299, 2915, 2848, 1634, and 1554 cm™!
reveal the presence of polyamide 66 in the samples 3—6 and 9.
In sample 7, the solid fraction (upper phase) was identified as a
polystyrene-based masterbatch. Samples 10 and 11 contained
carbon black in combination with carbonates (1417 cm™) and
silicates (1003 and 3676 cm™).

For a more detailed investigation, sample 10 was selected as a
representative of objects printed from a filled PLA+ filament,

This journal is © The Royal Society of Chemistry 20xx

declared by the supplier to be recycled from technelogical
waste (RePLA+). The glycolysis proced¥e {$d93&¢aked/0Gp°to
enable processing of 100 g of PLA objects in a single batch. Key
modifications included removal of inorganic pigments and fillers
by hot filtration using a Blichner funnel and reduction of the
DEG amount to increase the LA-DEG content in the glycolysate.
Notably, the resulting product exhibited low viscosity at room
temperature (0.11 Pa's), which facilitated handling and efficient
filtration. Using an adjusted molar ratio of PLA to DEG of 54:46
(accounting for the filler content), the glycolysate contained an
increased fraction of LA-DEG (76%) and a reduced amount of
DEG (14%). Minor byproducts, including lactide (5%) and LA-
DEG-LA (5%) were present in amounts comparable to those
observed for the sample 1. The resulting crude product was
obtained in 95% yield and was subsequently used for the
preparation of unsaturated polyester without other
purification.

(PLA waste EEEEE) Depolymerization Emmm) Purification)

(A B C SC(wt%)) B C SC(wt%) )
=
1 00 0.41° 3 B 629
= -
0.92° 8 \& 0.19f
1.30°¢ 9 a 'y - 0.04°¢
0.22¢ ||10 a & 6.80 ¢
-
0.06 ¢ a i 9.15h
hdl
68 B 0.22¢
. . sl _J _/

Fifgure 2. Depolymerization of PLA. A) Depol¥mer|zed specimen, B) crude product
glycolysis, CY product purified by centrifugation, SC) solid content in crude
product expressed relative to initial weight of PLA speC|men Appearance of solid
content after washing and drying: a) white wax, b) colorless film, c) white powder,
d) blue powder, e) blue solid, f) green solid, g) black powder, h) ‘black film.

Synthesis of itaconate-based polyesters

The depolymerized product obtained from samples 10,
containing LA-DEG as the major component, was utilized as a
feedstock for the synthesis of itaconate-based polyesters. These
binders were prepared via condensation polymerization with
itaconic anhydride (IAn) and additional DEG in toluene. Three
polyester binders with varying degrees of unsaturation were
designed by adjusting the feed composition (Table 2).

The reactions were carried out in the presence of p-
toluenesulfonic acid and dibutyltin oxide as catalysts at
temperatures not exceeding 160°C to minimize the risk of
isomerization.*® The water formed during the
reaction was continuously removed using a Dean-Stark
apparatus, and the reaction was terminated once the acid
number decreased below 30 mg KOH/g.

itaconate

J. Name., 2013, 00, 1-3 | 3
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The resulting polyester binders UPLA-1 and UPLA-2 exhibited
weight-average molar masses (M) of 2200 and 1800 g/mol and
dispersities (D) of 2.3 and 2.4, respectively, as determined by
SEC-MALS. The molar mass distributions of UPLA-3 is shifted
toward higher molar masses, as evident from the distribution
curves shown in Figure 3. The higher My, value (5 900 g/mol) is
likely associated with the lower content of secondary hydroxyl
functionalities in the feed (Table 2), which favors the chain
growth. The markedly higher value of M, value (288 000 g/mol)
for UPLA 3 corresponds to the presence of a small fraction with
molar mass up to ~ 108 g/mol.

1.0
0.9
Sos
0.7
50.6-
[
= 0.5
g
E 0.4+
20.3
o §
Op.2

—— UPLA-
—— UPLA-2
—— UPLA-3

0.1

0.0 T T
10° 10° 10° 10°
Molar Mass (g/mol)
Figure 3. Cumulative molar mass distribution of PLA polyesters.

Infrared spectra of the neat binders confirmed the presence of
unsaturated itaconate segments (vc=c = 1638 cm™) 0 and the
polyester backbone (vc=o0 = 1718 cm™), as shown in Figures S40—
S43 in the Supporting Information.

IH NMR spectroscopy confirmed the incorporation of the
expected building blocks and enabled their quantification. The
overall content of LA segments was consistent with the feed
compositions across the series, as indicated by the integral
intensities of the LA methyl signals observed at 1.38-1.53 ppm
(Figure 4). The chemical shift of the methine (CH) group allowed

ainability: /=111

Journal Name

differentiation between LA units incorporated,, intQ othe
polyester backbone (8 = 5.12 ppm)PAND 18RYSESHER NG
unesterified hydroxyl groups at the chain termini (6 = 3.56
ppm). The higher fraction of terminal LA units (69.0-77.6 %) is
attributed to the lower reactivity of the secondary hydroxyl
group of LA compared to the primary hydroxyl group of DEG.

Table 2. Properties of synthesized UPLA polyesters.

Polyester UPLA-1 UPLA-2 UPLA-3
Feed composition (mol. %)
LA-DEG @ 31.0/26.5 24.1/20.7 19.8/16.9
1A 28.3 331 36.2
DEG 14.2 22.1 27.1
Actual composition (mol. %) ®
LA 30.3(20.9) 22.7(16.6) 18.2(14.1)
1A 27.4 32.9 34.6
MES 0.4 0.5 0.6
TPA 0.6 0.5 0.4
ADA 0.8 0.7 0.4
DEG 36.3 39.9 41.7
TTEG 4.2 2.8 4.2
Polyester properties
AV 28 27 7
(mg KOH/g)
M, 900 800 1300
(g/mol) <4
My 2200 1800 5900
(8/mol) ¢=
M, 15 000 9 000 288 000
(8/mol)
pde 2.4 2.3 4.6
Viscosity 14.1 16.1 42.1
(Pa-s)

2 LA segments / DEG segments in glycolyzed sample 10.° Determined by H NMR
spectroscopy. ¢ Number-average molar mass. ¢ Determined by SEC-MALS. ©
Weight-average molar mass. f Z-average molar mass. & Dispersity.
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Figure 4. Synthesis of UPLA polyesters and assignment of their H NMR spectra to the main building blocks.
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The NMR data further confirmed that itaconic anhydride
predominantly forms itaconate (IA) segments with minimal
isomerization to mesaconate (MES), with less than 2%
conversion observed. DEG-derived segments exhibited signals
at 4.19-4.33 and 3.62—-3.74 ppm, corresponding to methylene
groups adjacent to ester and ether functionalities, respectively.
The higher intensity of the later signal indicates partial
dimerization of DEG to tetraethylene glycol (TTEG) during the
synthesis. Integration of these signals revealed that 18.7%,
12.3%, and 16.8% of DEG was converted to TTEG units in binders
UPLA-1, UPLA-2 and UPLA-3, respectively. Additionally, minor
terephthalate (TPA) and adipate (ADA) units were detected by
NMR spectroscopy, originating from glycolyzed PBAT additives
present in the sample 10.

The prepared binders were liquid at room temperature, with
dynamic viscosity of 14.1 and 16.1 Pa-s for UPLA-1 and UPLA-2,
respectively. A significantly higher viscosity was observed for
UPLA-3 (42.1 Pa-s), which is attributed to its higher molar mass.
To meet the requirements for general-purpose,
temperature-curing resins, the formulations were diluted with
dimethyl itaconate (DMI), selected for its low volatility and
accessibility from renewable resources. In addition, DMI is
expected to introduce rigid segments into the cured polyester
network, thereby contributing to an increase in the glass
transition temperature (Tg).

room-

100 g
E —0— UPLA-1
—0—UPLA-2
1 —O0—UPLA-3
104
a ]
0.14
0.01-4 T T T
0 10 40 50

T T
20 30
DMI content (wt. %)
Figure 5. Effect of DMI content on dynamic viscosity of UPLA formulations.

The data presented in Figure 5 illustrate the effect of reactive
diluent content on the viscosity, which decreases with
increasing DMI concentration. A content of 40 wt.% was
selected for further experiments, as it reduced viscosity of all
binders below 1 Pa-s. To further investigate the influence of
reactive diluent concentration in a system with a high degree of
unsaturation, an additional formulation of UPLA-3 containing
20 wt.% DMI (UPLA-3_DMI20) was prepared.

The polyester resins were cured at room temperature using a
redox initiation system consisting of butanone peroxide (MEKP)
as the initiator and oxidovanadium(1V) dibutylphosphate as the

View Article Online
DOI: 10.1039/D6SU00297H

accelerator.’! After 24 h, the resulting hard, rigid specimens
were post-cured at 50, 100 and 150 °C. Infrared spectroscopy
indicated ~90% conversion of the C=C double bonds, as
evidenced by the decrease in the intensity of the characteristic
band at 1638 cm™ (vc=c).

The gel content of the final materials was determined by
extraction with THF (Table 3). A relatively low gel content
obtained for formulation UPLA-1_DMI40 (92.1%) indicates a
presence of a significant fraction of uncrosslinked polymer. This
behavior is attributed to an insufficient concentration of IA
segments bearing polymerizable double bonds in the polyester
backbone. As the molar mass of UPLA-1 did not reach the values
previously obtained for FDCA-based polyesters,>> a higher
content of IA is required to achieve satisfactory crosslinking.
Consequently, formulations based on UPLA-2 and UPLA-3
exhibited gel contents above 98%, which are typical for
itaconate-based resins 2 and indicate the formation of a well-
crosslinked polymer network.

Dynamic mechanical analysis (DMA) revealed that increasing
the content of itaconate (IA) and DEG segments in the polyester
backbone leads to an increase in the glass transition
temperature (Tg). The T values increased in the order: UPLA-
1_DMI40 < UPLA-2_DMI40 < UPLA-3_DMI40, in parallel with
the increasing crosslink density (ve) calculated from the storage
modulus in the rubbery region (G’o); see Figure 6 and Table 3.
This trend indicates that the effect of increased crosslink density
outweighs the plasticizing influence of the flexible DEG units
incorporated into the polymer backbone. In addition, the higher
molar mass of UPLA-3, discussed above, further contributes to
the increased T and ve values observed for its formulation.

For the formulation with lower DMI content (UPLA-3_20DMl),
the material lost its mechanical integrity at elevated
temperatures, with sample rupture occurring at ~95 °C.
Consequently, the determination of G’g, required for the
calculation of ve, was not feasible. Nevertheless, the lower
maximum on the loss factor (tan &) curve indicates reduced
energy dissipation and a more elastic network response. This
behavior is commonly associated with a higher network density
and is consistent with the higher concentration of C=C double
bonds in the polyester backbone relative to DMI. The lower Tg
value (79.5°C) is therefore attributed to the reduced content of
rigid DMI segments in the cured network.
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Figure 6. DMA curves of cured UPLA formulations.

Thermogravimetric analysis (TGA) demonstrated that all cured
UPLA resins are thermally stable above 200 °C. The temperature
corresponding to 5% weight loss (Ts%) increased in the order:
UPLA-1_DMI40 < UPLA-2_DMI40 < UPLA-3_DMI40 < UPLA-
3_DMI20, reflecting the increasing crosslink density of the

Table 3. Mechanical properties of cured UPLA resins.

RSC Sustainability,

polymeric network. All formulations exhibited ,similar. JGA
profiles, characterized by a single major dé€gragation3tapitrthd
temperature range of approximately 300-450 °C. The residual
mass at the end of the experiment (Char) ranged from 14.6 to
17.1%, indicating comparable char vyields among the
investigated (Figures S48-51 in the Supporting
Information).

Mechanical properties of the cured resins were evaluated by
flexural testing, with representative stress-strain curves shown
in Figure 7. The ultimate flexural stress (ormax) and Young’s
modulus (Ef) increased in the order: UPLA-1_DMI40 < UPLA-
2_DMI40 < UPLA-3_DMI40, consistent with the higher IA
content corresponding increase in crosslink density, as
evidenced by DMA. This enhancement in stiffness and strength
was accompanied by reduced flexibility, as indicated by a
decrease in strain at break (&sfailure) and increasing brittleness.
In contrast, the formulation with lower DMI content (UPLA-
3_DMI20) exhibited inferior mechanical performance, with
reduced flexural strength, modulus, and flexibility compared to
UPLA-3_DMI40.

resins

Gel? Tgb Ve O-f,maxd Ee €f,fai|uref Tse, & Char"

(wt.%) (°C) (mmol/cm3) (MPa) (GPa) (%) (°C) (%)

UPLA-1_DMI40 92.1 65.3 5.82 38.0+19 1.21+0.07 5.2+0.8 235.6 15.6
UPLA-2_DMI40 98.2 74.2 6.60 66.1+4.5 1.91+0.11 46103 254.2 17.1
UPLA-3_DMI20 98.3 79.5 - 57.1+7.4 2.02+0.20 35+0.7 284.0 16.1
UPLA-3_DMI40 98.9 90.1 13.68 749+6.6 2.32+£0.13 3.8+0.7 271.2 14.6

a Gel content. P Temperature of glass transition determined by DMA analysis as maximum of the tan 6 peak. ¢ Cross-link density. ¢ Ultimate flexural strength. © Flexural
modulus. f Flexural strain at break. 8 Temperature at 5% mass loss in the nitrogen atmosphere from TGA. " Char yield from TGA.

The most promising material, UPLA-3_DMI40, exhibited a high
ultimate flexural stress (74.9 + 6.6 MPa) and a Young’s modulus
of 2.32 + 0.13 GPa. Notably, these properties are achieved
despite absence of rigid aromatic segments in the polyester

backbone, which are typically associated with enhance
mechanical performance through intermolecular
interactions.48:51,52
80
70+
60
g
350'
© 40-
w
&
= 304
w
20 —— UPLA-1_DMI40
——UPLA-2_DMI40
104 ——UPLA-3_DMI20
——UPLA-3_DMI40
0 T T T T T
0 1 2 3 4 5 6

Strain, £ (%)
Figure 7. Stress-strain curves of UPLA formulations.

Conclusions

6 | J. Name., 2012, 00, 1-3

This study presents an effective strategy for the valorization of
waste derived from 3D-printed PLA/PLA+ filaments, with an
emphasis on minimizing reaction and purification steps.
Glycolysis using DEG affords a low-viscosity product containing
LA-DEG as the main component, enabling efficient removal of
fillers and additives by simple filtration. The robustness and
generality of this approach were demonstrated across ten
samples of 3D-printed objects originating from diverse PLA
sources.

On a representative PLA+ sample, the glycolysis process was
successfully scaled up and optimized, and its applicability was
demonstrated through the synthesis of unsaturated polyester
resin suitable for styrene-free formulations. The optimized
system, comprising a polyester with ~34.6 % itaconate
segments in the backbone and 40 wt. % of an itaconate-based
reactive diluent, exhibited a high glass transition temperature,
good thermal stability, and favorable mechanical properties
(Figure 8). Overall, this approach establishes a practical and
efficient upcycling strategy for the transformation of PLA/PLA+
waste into room-temperature-curing resin systems, providing
viable pathway toward transition to a circular economy.

This journal is © The Royal Society of Chemistry 20xx
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Figure 8. Overview of mechanical properties of cured UPLA resins.

Experimental Section

Materials

Dimethyl itaconate (DMI) and itaconic anhydride (IAn) were
supplied from BLDPharmatech. Hydroquinone and p-
toluenesulfonic acid monohydrate (TsOH) were obtained from
Thermo Fisher Scientific. Diethylene glycol (DEG), and
tetrahydrofuran (THF) were purchased from Penta and toluene
from Lach-Ner. Dibutyltin oxide (DBTO) was obtained from PMC
Group. Butanone peroxide (MEKP; 32% in a mixture of dimethyl
phthalate and dicetone alcohol) was supplied from Stachema.
Oxidovanadium(lV) dibutylphosphate (10.6% V) was
synthesized according to previously reported procedure.>!

PLA materials were obtained from various commercial sources.
PLA powder (sample 1) was supplied by Suntechem. Filament
samples (2-11, diameter 1.75 mm) included: natural
transparent filament (2, Verbatim), traffic white Extrafill
filament (3, Fillamentum), gold (4), green (8), and purple (9)
filaments (C-TECH), red (5), sky blue (6), and green (7) filaments
(Gembird), RePLA+ recycled filament (10, Filament PM), and
black filament (11, Elegoo).

3D printing of the PLA objects

Printing was performed on an FDM Centauri Carbon 3D printer
(Shenzhen Elegoo Technology). Prints were prepared using the
ElegooSlicer software with the following parameters: nozzle
temperature 210°C; bed temperature 60°C; default printing
speed for generic PLA and a layer height of 0.2 mm. The infill
pattern was set to gyroid with a density of 70%, resulting in
printed objects with a mass of ~2g.

Glycolysis of PLA samples

A mixture of three PLA (6.0 g) and DEG (8.8 g) was heated to 240
°C and stirred (300 rpm, PTFE-coated magnetic stirring bar) for
2 h under a nitrogen atmosphere. After cooling to room
temperature, the resulting suspension was centrifugated to
separate a clear liquid phase. The content of the solid fraction
was determined after washing with acetone and vacuum drying.
This procedure was applied to each PLA sample.

This journal is © The Royal Society of Chemistry 20xx

For scale-up, a modified procedure was employed.for;semple
10. A mixture of PLA (100.0 g) and DEG (P£7.6%)0WH 5 e il to
240 °C and stirred (300 rpm) for 2 h under a nitrogen
atmosphere. The resulting suspension was filtered while hot
under reduced pressure using a Blchner funnel to remove
insoluble components. The obtained homogenous glycolysate
was used directly for polyester synthesis without further
purification.

Synthesis of polyester UPLA-1

PLA glycolysate (30.0 g), IAn (18.9 g), DEG (9.0 g), TsOH (0.12 g),
hydroquinone (25 mg) and DBTO (0.49 g) were charged into a
reaction vessel and heated to 160°C under a nitrogen
atmosphere. Toluene was added to enable azeotropic removal
of water while maintaining the temperature below 160 °C. The
water formed during the polyesterification was continuously
removed using a Dean-Stark apparatus. The reaction progress
was monitored by acid value determination and terminated
when the acid value decreased below 30 mg KOH/g. Toluene
was subsequently removed under reduced pressure at 160 °C.
The resulting orange liquid was then discharged and stored at
low temperature.

Synthesis of polyester UPLA-2

The reaction was carried out as described for UPLA-1 using PLA
glycolysate (30.0 g), I1An (28.3 g), DEG (18.0 g), TsOH (0.19 g),
hydroquinone (38 mg) and DBTO (0.76 g).

Synthesis of polyester UPLA-3

The reaction was carried out as described for UPLA-1 using with
PLA glycolysate (30.0 g), IAn (37.8 g), DEG (26.8 g), TsOH (0.20
g), hydroquinone (40 mg) and DBTO (0.80 g).

Preparation of test specimens

A mixture of UPLA polyester and DMI (total mass 13 g) was
combined with oxidovanadium(lV) dibutylphosphate (50 mg)
and stirred until a homogenous formulation was obtained.
MEKP (55 pL) was then added, and the mixture was briefly
stirred and then centrifuged (6000 rpm, 2 min) to remove
entrapped air. The formulation was subsequently poured into
silicone molds and allowed to cure at room temperature
overnight. Post-curing was carried out in an oven at 50°C for 1
h, 100°C for 1 h, and 150°C for 1 h, followed by colling to room
temperature in the closed oven. The resulting specimens were
cuboids with dimensions of 50 x 6 x 3 mm3.

Gel content

Cured specimens of respective resin were ground in an impact mill
IKA A10 Basic under liquid nitrogen cooling. The resultim powder (~1
g) was accurately weighted (m3), suspended in THF (30 mL) and
stirred in a sealed Erlenmeyer flask overnight. The insoluble fraction
was then collected by filtration, dried in an oven at 50 °C overnight,
and weighted (m3). The gel content (%) was calculated according to
Eq. 1:

m,
GEL = —x 100
my (1)
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NMR spectroscopy

1H NMR and 13C APT spectra were recorded on Bruker Avance 400
and 500 MHz spectrometers at room temperature using CDClz or
DMSO-d® as solvents. Chemical shifts (8) are reported in ppm relative
to tetramethylsilane (6 = 0), with calibration performed using the
residual signals of the undeuterated solvents.

Infrared spectroscopy

Infrared spectra were recorded on a Nicolet iS50 FTIR
spectrometer (Thermo Fisher Scientific) equipped with a
diamond ATR crystal over the range of 4000-400 cm™! with a
data spacing of 0.5 cm~1. The conversion of UPLA formulations
was determined by integrations of the C=C stretching band at
1638 cm™ using a fixed two-point baseline (1620-1655 cm™).
The spectra were normalized to the C=0O stretching band

integrated over the range 1660-1800 cm™.

Size exclusion chromatography

Molar mass distributions of PLA filaments were determined using a
Waters Alliance e2695 system equipped with a refractive index
detector 2414 and two Agilent Mixed-C columns (300 x 7.5 mm?)
using chloroform as the mobile phase (1 mL/min). Samples were
dissolved in chloroform (c = 3 mg/mL), filtered through 0.45 pm
filters and analyze using an injected volume of 100 pL. Calibration
was performed using polystyrene standards covering a molar mass
range of 162 to 6 x 10° g/mol. Absolute molar mass distributions
were determined by SEC coupled with multi-angle light scattering
(SEC-MALS) using an Agilent 1200 Series system equipped with an
isocratic pump and an autosampler, coupled with a Wyatt HELEOS
MALS detector and Optilab T-reX
Separation was caried out on two Agilent Mixed-C columns (300 x
7.5 mm?) using tetrahydrofuran (THF) as the mobile phase at a flow

refractive index detector.

rate of 1 mL/min. Samples were prepared in THF at a concentration
of ~15 mg/mL and filtered prior use; the injected volume was 100 pL.
PLA sample 1 was additionally analyses under SEC-MALS conditions
in chloroform using the same setup.

Dynamic Mechanical Analysis

Measurements were performed using a DMA303 Eplexor instrument
(Netzsch) in single-cantilever configuration (clamp span 11 mm,
displacement amplitude %0.15 mm, frequency 1 Hz). The
temperature range was -60 to 160 °C at a heating rate of 3°C/min.
The glass transition temperature (Tg) was determined from the
maximum on the loss factor (tan 8) curve. The crosslink density (ve)
was calculated using Eq. 2:

j— GIO
T RXT (2)

where G’y is the storage modulus in the rubbery plateau (taken at T

Ve
= Ty + 50 K), R is the universal gas constant, and T is the absolute
temperature in kelvin.

Thermogravimetric analysis
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TGA analyses were carried out using a STA 449 F5 Jupiter jnstrument
(Netzsch) equipped with a TG holder. AnGlyse®.WépPeDperfoi?Aéd
under a nitrogen atmosphere over the temperature range of 30-550
°C at a heat rate of 10 °C/min and a nitrogen flow rate of 50 mL/min.
Samples (~¥10 mg) were analyzed in the form of compact specimens.

Viscosity

Dynamic viscosities (1) were measured using a Malvern Kinexus
rotational rheometer equipped with a Peltier plate geometry (gap
0.2 mm). Measurements were performed at 25 °C with the shear rate
increased stepwise from 0.1 to 100 s in 16 increments to assess
potential non-Newtonian behavior.

Mechanical testing

Flexural properties were evaluated using a universal testing
machine Autograph AGS-X 50kN (Shimadzu) in a three-point
bending configuration with a support span of 40 mm at a
crosshead speed of 1 mm/min. The test was terminated upon
specimen rupture or when the applied force dropped below 10
N.
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