Downloaded via 195.252.220.37 on January 10, 2026 at 02:51:55 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IENAPPLIED
POLYMER MATERIALS

This article is licensed under CC-BY 4.0 @ @

pubs.acs.org/acsapm

Recycling Commodity Plastic Waste for Vat Photopolymerization 3D
Printing of High-Performance Polymeric Composites

Farzad Gholami, Mingzhe Li, Alvaro Hucker, Summer Clark, Frédéric Demoly, Kun Zhou,
and Hang Jerry Qi*

Cite This: ACS Appl. Polym. Mater. 2025, 7, 16194-16205 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information

Polymer Powder

Plastic Waste
j J ; ~50 um

ABSTRACT: Recycling plastic waste is crucial for reducing environmental harm and S

conserving resources. However, current methods face challenges, such as the need to
sort different polymers, limited compatibility across plastic types, and reliance on
hazardous chemicals in chemical recycling. This study introduces a sustainable
additive manufacturing approach by repurposing commonly discarded thermoplastics,
including polylactic acid (PLA), polyamide (PA), polypropylene (PP), polyethylene
terephthalate (PET), and 3D-printed thermosets, as feedstock for digital light
processing (DLP) 3D printing. Using cryogenic milling, these polymers are
transformed into fine powders and incorporated into a photocurable resin to create
polymeric composites. The addition of solid plastic particles presents two main e
challenges: increased resin viscosity and UV light blocking. These issues affect both Primirh/ &
printability and mechanical performance. To address viscosity, a heated vat system  of Composite Photocurable Ink
maintains the resin at ~55 °C, improving flow without compromising the process.

Additionally, UV light is blocked during photopolymerization, leading to incomplete curing and a 50% reduction in modulus
compared to neat resin. A dual-curing approach mitigates this by combining UV-curing via a photoinitiator with thermal annealing
via a thermal initiator, ensuring full polymerization and restoring mechanical strength. This strategy yields an ~250% increase in
modulus for high-loading samples, aligning with theoretical predictions. The study demonstrates broad applicability across various
powder—resin combinations, highlighting its adaptability in diverse material contexts. Overall, this work establishes a pathway for
incorporating a wide range of recycled plastics into high-performance 3D-printed composites, advancing both the sustainability and
the functional potential of additive manufacturing,

KEYWORDS: Vat photopolymerization, Cryogenic milling, Polymeric composites, Digital light processing (DLP), Dual-curing,
Recycled thermoplastics

B INTRODUCTION other production technologies, sustainability is a large concern
in 3D printing. Nowadays, polymer 3D printers are available to
purchase at a remarkably low cost (as low as several hundred
US dollars), which makes them attractive for users to be able
to print 3D objects at home for a hobby or their personal
projects. The production, usage, and disposal of these materials
contribute to the overall burden of plastic waste."' 3D printing
generates plastic waste in several channels. Failed prints,
support structures, and prototypes contribute substantially to
this waste.'”””"* It is estimated that approximately 30% of
plastic utilized in 3D printing results in waste.'* These
materials accumulate and exacerbate the already critical issue
of plastic pollution.

Globally, plastic waste has reached alarming levels, with
millions of tons being added to landfills every year.' Not only
does plastic waste occupy significant landfill space and
contaminate soil and water through the release of harmful
chemicals as it breaks down, but its production and disposal
also contribute to greenhouse gas emissions, further intensify-
ing the global climate crisis.” Addressing these issues is
imperative to mitigate the environmental impact of plastic
pollution and ensure a sustainable future.

Additive manufacturing (AM), also known as 3D printing, is
a very popular technique for the rapid creation of complex
objects in a layer-by-layer method.”™ Compared to conven-
tional manufacturing techniques, AM offers several advantages
such as flexibility and design freedom, low-cost and efficient Received:  September 11, 2025
production, and applicability to a wide range of materials Revised:  October 30, 2025
including polymers, ceramics, and metals.””® 3D printing of Accepted:  October 31, 2025
polymers, due to the ease of use and affordability, is the most Published: November 25, 2025
common and widely used in past decades at the industrial and
research level.”'" While recently becoming widespread, like
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Figure 1. Illustration of composite preparation via DLP 3D printing using plastic waste powders. (a) Schematic workflow of milling plastic waste
and incorporating the plastic powder into the DLP ink matrix for producing 3D objects. (b) Preparation of the used ink, which consists of 2-HEA,
IBOA, and AUD molecules in addition of photoinitiator, photoabsorber, thermal initiator, and different plastic powders. (c) Schematic illustration
of the chemical structure of the ink in different stages: (i) initial ink, (ii) after UV-curing, and (jii) after thermal curing. (d) Printed lattice with an
L:P of 100:25. The scale bar is S mm. (e) The printed lattice squeezed with fingers since it is soft due to partial curing, and after thermal curing, the
modulus increases significantly and can hold a significantly heavy load. (f) The compression test result of the printed lattice in as-printed and

thermally cured states.

In recent years, research has focused on sustainability in AM.
One of the primary approaches for improving sustainability in
3D printing is introducing renewable feedstocks.'*™"° Plant-
and microorganism-derived biobased small molecules and
polymers provide a viable source of precursors that can be
modified and formulated into resins and inks for sustainable
AM."” These alternative materials provide AM users with
environmentally friendly manufacturing options. These
materials include naturally occurring biopolymers (polysac-
charides, proteins, and DNA) obtained from microbes, plants,
and other organisms'®*™** and synthetic (bio)degradable
polymers (polylactic acid (PLA), polyhydroxyalkanoates
(PHAs), polycaprolactone (PCL), polybutylene succinate
(PBS), etc.).”>* The third category is synthesis of small
molecules from renewable sources as renewable resins for
resin-based 3D printing techniques.”*™*’ Among these,
itaconic acid and its derivatives have recently emerged as
versatile bio-based building blocks for vat photopolymerization
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resins. Their incorporation enables the design of photocurable
systems with high bio-based content, competitive mechanical
properties, and recyclability, highlighting their potential as
sustainable alternatives to petrochemical acrylates.’’~>* How-
ever, in these approaches, plastics should be sorted first before
they can be renewed, which is time-consuming and adds to the
cost of the overall recycling process.*>*®

Recycling and reprocessing are critical components of
sustainable AM. These approaches are particularly well-studied
in filament-based 3D printing techniques such as fused
filament fabrication (FFFE).'>”’~*' Plastic waste is ground,
melted, and extruded to produce recycled filaments, which can
then be used in the 3D printing process. This method not only
helps to reduce plastic waste but also promotes the efficient use
of materials, contributing to the overall sustainability of
manufacturing practices.”” However, it is noted that filaments
of different material types cannot be mixed together before
they can be reprocessed to form new filaments.

https://doi.org/10.1021/acsapm.5c02101
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The sustainability in the resin 3D printing process is more
complicated due to the cross-linking nature of these AM
techniques. Most materials produced via vat photopolymeriza-
tion and its underlying techniques, such as digital light
processing (DLP) or stereolithography (SLA), rely on cross-
linked thermosets, which are traditionally nonreprocessable
due to permanent covalent bonds.**~* Covalent adaptive
networks (CANs) address this issue by incorporating dynamic
bonds that can break and reconnect, enabling self-healing,
reprocessing, and recycling without degrading mechanical
properties.” ™ Yue et al. advanced this concept with &-
lactone-based polymers that depolymerize to their monomers
at ~120 °C, avoiding the chain degradation common in
conventional vitrimers.*”*® This approach offers a viable path
for reprocessable thermosets in resin-based 3D printing.
However, recycling using CANs faces the challenge of
balancing service and reprocessing temperatures. Complemen-
tary efforts have explored chemical recycling routes for vat
photopolymerization, exemplified by the one-pot depolymeri-
zation—repolymerization of PET into photocurable copolyest-
ers.”’ Such molecular-level strategies enable precise tuning of
the polymer structure and excellent compatibility with
photopolymer matrices, but they typically involve multiple
synthesis steps, catalysts, and higher energy input. In contrast,
the mechanically driven approach pursued in this work offers a
simpler and solvent-free pathway that preserves the original
polymer backbone and minimizes the processing energy.
Together, chemical and mechanical recycling represent
synergistic directions toward sustainable photopolymer sys-
tems, one emphasizing molecular design flexibility and the
other practical scalability.

As the demand for sustainable solutions in 3D printing
continues to grow, the development of innovative strategies is
critical to address the pressing environmental challenges posed
by plastic waste. In this study, we propose an approach for
repurposing common thermoplastics as feedstock in resin 3D
printing. Using cryogenic milling, the plastics are ground into
powders about 50 ym in size and incorporated into acrylate-
based inks for DLP 3D printing to create polymeric
composites. Integrating recycled plastic powders into resin
formulations is a promising yet underexplored approach in
resin-based 3D printing, with significant potential to reduce
plastic waste and resin consumption. A key advantage is its
ability to incorporate mixed plastic powders without prior
sorting, a major challenge in conventional recycling.***® This
streamlines processing and enables the use of heterogeneous
waste streams, enhancing the scalability and practicality.
Additionally, previously 3D-printed components with these
powders can be recycled, supporting circular material use.
Unlike traditional recycling, which is often limited to specific
polymers, this method accommodates thermoplastics and
thermosets, highlighting its potential for sustainable AM.
However, the incorporation of these particles also introduces
challenges, i.e., high powder concentrations increase ink
viscosity, impairing printability, while low concentrations lead
to sedimentation and uneven distribution. To address these
challenges and maximize powder loading, we adjusted the resin
composition to balance viscosity according to powder
concentration. Additionally, we use a heated vat system to
further reduce viscosity by warming the ink during DLP 3D
printing, which allows for successful high powder loading
(ink:powder (I:P) weight ratio of 100:62.5). Solid particles
also impact UV-curing, as they can block light and cause

incomplete polymerization. To resolve this, we implement a
two-stage curing process: adding a thermal initiator to the ink
and annealing samples postprinting at 80 °C. This annealing
step completes polymerization in shaded regions, enhancing
the mechanical properties of the 3D-printed composites. These
innovations demonstrate the feasibility of using commodity
plastics in resin-based AM, offering a pathway for sustainable
AM practices.

B RESULTS AND DISCUSSION

Workflow and Material Design. Figure 1a outlines the
sustainable material preparation and DLP 3D printing
workflow. The process begins with common commodity
plastic waste materials, such as polyethylene terephthalate
(PET), polypropylene (PP), polylactic acid (PLA), and
polyamide (PA), which are processed into fine powders
using cryogenic milling. These powders are then mixed with a
photocurable ink made from acrylate-based monomers, acting
as a filler. The resulting ink is used as the precursor for DLP
3D printing. Any unwanted 3D-printed objects or waste
materials produced during the process can be ground back into
powders and reused, achieving a circular manufacturing
system.

Figure 1b shows the composition of the main ink (Inkl) in
this study, which contains 45 wt % isobornyl acrylate (IBOA)
and 35 wt % 2-hydroxyethyl acrylate (2-HEA) monomers and
20 wt % aliphatic urethane diacrylate oligomer (AUD) as
cross-linker. AUD has high viscosity and serves as a viscosity
modifier by increasing the viscosity of the ink, which can
reduce the risk of sedimentation of powder in the resin,
especially at low powder concentrations. This ink also includes
1 wt % photoinitiator (PI 819), 1 wt % azobis(isobutyronitrile)
(AIBN) as a thermal initiator, and 0.0S wt % Sudan I as a
photoabsorber. The plastic powder particles are included in the
system with different ratios, and the resulting ink serves as the
feedstock for the DLP 3D printing process, enabling the
fabrication of powder-loaded composites. Postprinting, waste
materials, including failed specimens and tested samples, can
be cryogenically ground into fine powders for reuse. The
chemical structures of the printed samples in different stages
are schematically illustrated in Figure 1c. The presence of solid
particles in the ink with relatively high concentration (>~10 wt
%) causes blocking of the UV light during the DLP process,
which changes the curing state of the ink, leading to weaker
properties of the 3D-printed objects. As schematically shown
in Figure 1c(ii), the UV-curing during 3D printing is not
effective in fully curing the resin, and some uncured monomers
remain in the structure. The effect of solid particles on the
curing percentage and curing depth is evaluated. The curing
depth graph and scanning electron microscopy (SEM) images
of the different samples are illustrated in Figure Sla—e. It is
observed that as the powder weight ratio increases, the film
thickness decreases due to the blocking of UV light. To further
elucidate the light—ink interaction and rationalize the selected
exposure parameters, the curing depth as a function of incident
light dose was examined for both the neat resin and the
powder-loaded formulation (Figure S1f). The neat resin
exhibited the expected logarithmic increase in curing depth
with increasing li§ht dose, consistent with the Jacobs working-
curve behavior.”” In contrast, the powder-loaded samples
showed a nearly constant curing depth regardless of energy
input, confirming a pronounced light-blocking effect arising
from scattering and absorption by the dispersed thermoplastic

https://doi.org/10.1021/acsapm.5c02101
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Figure 2. Viscosity measurement and printability of the powder-containing ink. (a) Viscosity of Inkl with different powder contents (I:P from
100:0 to 100:35). (b) The stability evaluation of the ink/powder system in the presence of different ratios of AUD in the system after 6 months
(the I:P is 100:10). (c) Printed objects from Ink1:PA with a ratio of 100:35 (scale bar is S mm). Comparison of viscosity between Inkl and Ink2 in
(d) the neat state and (e) with an I:P of 100:3S. (f) Schematic representation of modified vat designed for heating the ink. (g) The temperature of
the ink vs time in the heated vat with different water reservoir temperatures. (h) The viscosity of the systems with an L:P of 100:62.5 at different
temperatures. (i) The printed objects from systems with an I:P of 100:62.5 at different at a vat temperature of SS °C (scale bar is 10 mm).

particles. This attenuation behavior directly explains the
reduced curing depth observed at higher powder loadings.
Consequently, portions of the resin shielded by particles
remain only partially polymerized, resulting in a lower stiffness
compared to that of the neat resin printed under identical
conditions. To address this issue, a thermal initiator is added to
the ink, as illustrated schematically in Figure 1c(iii). Then, by
annealing the printed objects for 1 h at 80 °C (at this
temperature, the AIBN half-life is ~1.2 h, ensuring efficient
radical generation and polymerization), the mechanical
properties are fully recovered. The printed object is even
stiffer than the neat sample because these fillers are stiffer than
the material from the neat resin. As shown in Figure 1d,e, the
lattice printed with an I:P of 100:25 is very soft and can be
easily squeezed by hand, while after being in 80 °C oven for 1
b, it can hold up to 1 kg of weight. Figure 1f shows the force—
displacement curve in the compression test of the lattice at
different conditions of as-printed and annealed at 80 °C for 1
h. It can be seen that the lattice immediately after printing is
very soft, while thermal curing increases the stiffness of the
sample dramatically. It is worth noting that post-thermal
treatment was performed on fully printed specimens in a
standard laboratory oven under ambient atmosphere. Because
the reaction occurs predominantly in the bulk of the printed
material, oxygen exposure is limited to the surface and has
minimal influence on polymerization, as full conversion of the
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acrylate group after thermal treatment is confirmed by FTIR
analysis. For clarity, the equivalent weight percentages of
powder corresponding to the ink-to-powder ratios used in this
study are given in Table S1.

Effects of Viscosity. The viscosity of the ink is a
determinative characteristic that affects the print quality and
properties of the final objects. Therefore, the viscosity of the
ink with different ratios of powders is measured under different
shear rates, as shown in Figure 2a. The neat ink shows
Newtonian flow behavior, i.e., the viscosity is independent of
shear rate. However, by introducing powder to the system, not
only does the viscosity increase, but the flow behavior shifts to
non-Newtonian as well, showing shear-thinning behavior,
which is a common phenomenon in inks containing solid
particles.

One of the primary challenges in formulating particle-laden
ink lies in balancing the powder concentration and viscosity. If
the viscosity of the ink is too low, powder sedimentation
becomes a significant concern, particularly at low powder
concentrations, which can lead to nonuniformity and defects in
the final object. On the other hand, at high powder
concentrations, the viscosity becomes too high, impairing the
flow and printability of the ink. Thus, optimizing the ink
formulation is crucial to achieving both suspension stability
and suitable flow properties for effective processing. It is noted
that Inkl contains 20 wt % AUD, which is an oligomer that

https://doi.org/10.1021/acsapm.5c02101
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Figure 3. Mechanical properties and evaluation of the effect of solid particles on blocking the UV light during 3D printing process. (a) Young’s
modulus and (b) elongation at break of Ink1 with different concentrations of powder in three different states of as-printed, annealed at 80 °C for 1

h, and annealed at 80 °C for 1 h in the presence of 1 wt % AIBN thermal initi

ator. (c) Schematic representation of a cured disk designed to examine

the blocking and scattering of UV light by powders in the matrix. The FTIR spectra of samples with an I:P of (d) 100:0, (e) 100:10, and (f) 100:25
in the range of 780—860 cm™ in the uncured condition and from the back and front of the cured disk in two states of as-prepared and after
annealing for 1 h at 80 °C. (g) DoC of the samples in different states obtained from FTIR spectra, specifically from monitoring the peak intensity of

the C=C bond at ~809 cm™". (h) Schematic representation of the printed

samples in different printing directions, perpendicular and parallel to

the extension force in the tensile test experiment, along with a schematic diagram of the microstructure of the samples printed in different
directions. (i) Stress—strain diagram and (h) Young’s modulus and elongation at break of the neat sample and sample with an I:P of 100:25 printed

in different directions.

elevates the ink viscosity remarkably. The content of AUD is
rationally chosen to facilitate the powder stability and
dispersion in the matrix. Increasing the viscosity of the ink
helps stabilize the powder, which due to density mismatch
tends to separate from the liquid phase. The colloidal stability
of the resin suspensions was monitored over several months,
during which no significant sedimentation or phase separation
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was observed. Minor settling that may occur over longer
storage periods can be readily mitigated by brief shaking prior
to use, consistent with a common practice for commercial
resins. Figure 2b shows the inks with an I:P ratio of 100:10 and
different AUD contents after sitting for six months. It can be
seen that no visible phase separation is observed for the ink
with 20 wt % AUD while it maintains good flowability, which is
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crucial for printability. Figure 2c shows different objects
printed with the 100:35 ink, showing good print quality.

A further increase in the powder ratio, however, causes a
significant increase in the viscosity. As a result, the ink cannot
be used due to the lack of flowability. To address this issue, a
new ink (Ink2) is formulated that only contains 7.5 wt % AUD
(IBOA:2-HEA:AUD weight ratio = 30:62.5:7.5). This ink
shows a relatively lower viscosity compared to Inkl (Figure
2d). Figure 2e shows the viscosity of Inkl and Ink2 in the
presence of PA (L:P of 100:3S5). It can be observed that the
viscosity of this system is reduced, and we are able to increase
the I:P to 100:50.

To further increase the powder ratio in Ink2, the vat design
is modified by incorporating a heating system. It consists of
tubes surrounding the vat, as illustrated in Figure 2f, through
which hot water flows, effectively raising the ink temperature
and consequently reducing its viscosity. Detailed specifications
of this heated vat system are provided in Figure S2. The ink
temperature in this setup can be regulated by controlling the
water temperature in the reservoir tank. Figure 2g displays the
temperature profile of the heated vat at various time intervals,
as measured by an infrared camera. This setup demonstrates
the capability to heat the ink rapidly, achieving the desired
temperature in less than 15 min. The maximum attainable ink
temperature is dependent on the water temperature in the
reservoir tank. The ink can be heated to 57 °C using boiling
water in the reservoir, while a reservoir temperature of 70 °C
results in a maximum ink temperature of 47 °C. It is worth
mentioning that the ink temperature can be increased even
more by using oil in the reservoir tank instead of water;
however, very high temperatures are not favorable since these
inks contain a thermal initiator (AIBN), which can be activated
at temperatures above 65 °C.”> By combining these
modifications—utilizing lower viscosity ink and elevated
temperatures—we successfully prepared inks with I:P ratios
of up to 100:62.5 (or a powder concentration of 38.5 wt % of
total ink). This improvement enabled the printing of complex
objects with high powder loading, as demonstrated in Figure
2i.

Mechanical Properties. The mechanical properties of the
printed composites are evaluated by printing dog-bone-shaped
tensile specimens and applying an extension force with a strain
rate of 0.015 s~ parallel to the printing direction. For printing
samples for mechanical property characterization, Inkl with
different PA powder concentrations is used. Figure 3a,b shows
the Young’s modulus and elongation at break for three types of
samples, i.e., as-printed, printed without AIBN and annealed
for 1 h at 80 °C, and printed with 1 wt % AIBN and then
annealed at 80 °C for 1 h. Since the addition of the solid
particles to the system creates composites, one would expect
that the modulus of the samples should be higher than that of
the neat samples. However, the samples in their as-printed
condition show the opposite behavior. The addition of powder
to the system up to an I:P of 100:15 does not change the
modulus significantly, while above this ratio, the modulus
drops remarkably. The modulus of the 100:35 sample in this
condition drops ~42% compared to that of the neat sample
(56 vs 97 MPa). The reason behind this phenomenon is the
blocking of UV light by solid particles, which prevents the full
conversion of some parts of the ink that are located behind the
particles. In order to address this issue, we used a two-stage
curing technique by adding 1 wt % AIBN to the ink and
annealing the printed samples to complete the curing process.

To have a reference for the thermal curing effect, the samples
without thermal initiator are also annealed in the same thermal
treatment. It can be observed that annealing the samples
without AIBN slightly increases the modulus compared to the
as-printed samples. The effect of annealing on the curing of the
samples in the absence of the thermal initiator is investigated
via FTIR experiments, and the results are shown in Figure S3.
The FTIR spectrum of the partially cured sample of Ink1 in the
as-printed condition is compared with the spectrum of the
same sample annealed at 80 °C for 1 h. In our previous work,
the thermal polymerization in acrylate-based monomers in the
absence of a thermal initiator starts at significantly higher
temperatures (above 150 °C)." The slight increase in the
modulus in the composite samples might be due to
improvement in the interface adhesion between the particles
and matrix due to the elimination of gaps and voids between
the particles and matrix via the diffusion of polymer chains
around particles.”*>

On the other hand, the modulus of the samples with AIBN
after thermal treatment increases significantly, approaching the
theoretical values (dashed line in Figure 3a) calculated using
the Halpin—Tsai model.’**” The 100:35 sample shows a
modulus of 203 MPa (~265% recovery vs the unannealed
sample). This demonstrates that the negative effect of solid
particles on the mechanical properties in the system can be
overcome by simple annealing of the samples with thermal
initiators. It is important to note that the Halpin—T'sai model is
based on idealized assumptions, including perfect particle—
matrix adhesion, uniform particle dispersion, and well-defined
particle geometry. Our system does not fully satisfy all of these
conditions, however; interfacial debonding is observed for
some thermoplastics (Figure SS), and the particle size
distribution is polydisperse. Accordingly, the model is applied
here as a first-order framework to qualitatively validate the
observed modulus trends rather than as a rigorous quantitative
predictor. While the Halpin—Tsai model provides a useful first-
order estimation of composite stiffness, it presumes uniform
particle geometry, perfect interfacial bonding, and homoge-
neous dispersion. In practice, the recycled polymer powders
used in this study exhibit some degree of polydispersity in both
size and shape, and SEM analysis reveals imperfect adhesion at
the matrix—particle interface. These nonidealities reduce the
efficiency of stress transfer between phases, resulting in
experimentally measured moduli lower than the idealized
predictions. Such discrepancies underscore the role of
interfacial engineering and potential surface modification in
achieving a mechanical performance closer to theoretical limits.
Figure 3b shows the elongation vs powder content in the
composite samples. It can be observed that in all samples, the
presence of powder in the system reduces the elongation at
break, which is due to the fact that the solid particles act as
stress concentration areas in the system and that cracks can
form from these areas and samples break in significantly
smaller strains. On the other hand, the addition of AIBN in all
samples (neat samples as well as composites) causes a drop in
the elongation at break, which is due to the formation of a
cross-linking structure in the samples, reducing their flexibility.

To further evaluate the influence of solid particles in the
matrix, we designed an experiment to monitor the monomer
conversion in different areas of the samples. For this purpose, 2
mL of liquid resin is applied to a glass slide and cured for 30 s
by exposure to UV light from below, as shown in Figure 3c. We
hypothesize that the presence of solid particles in the ink
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Figure 4. Expandability of this manufacturing process to different ink/powder systems. (a) The original waste materials used for fabrication of
different polymeric powders in cryogenic milling, including PLA, PET, PP, nylon, and DLP 3D printing waste material. (b) The particle size
distribution of the prepared powders from different plastic wastes. (c) Printed objects from Ink1 and different powders with an I:P of 100:2S to
demonstrate the printability of different systems. (d) The composition of two additional inks (Ink3 and Ink4) to demonstrate versatility of this
process with various ink/powder systems. (e) Printed objects from four different inks in this study including nylon powder with an I:P of 100:25.
(f) The size deviation of the printed objects with different ink/powder systems compared to the dimensions of the original models used to print

these objects.

blocks UV light, leading to lower monomer conversion behind
the particles (back of the sample). Pure inks as well as inks
with L:P ratios of 100:10 and 100:25 are used. The FTIR
spectra of these samples in their uncured state, as well as from
the front and back of the cured films, are shown in Figure 3d—
f. Monomer conversion is assessed by monitoring the peak at
~809 cm™}, corresponding to the C=C bond, whose intensity
is used to quantify monomer conversion. The carbonyl peak at
~1720 cm ™" is used as a reference for calculating the degree of
conversion (DoC). The monomer conversions at different
surfaces are plotted in Figure 3g. In all three samples, the peak
at ~809 cm™! nearly disappears on the front face, which is
most exposed to UV light, showing approximately 97% DoC.
However, on the back face, the intensity of this peak does not
drop to zero. The neat sample exhibits the smallest peak,
corresponding to 85% conversion, while the 100:25 sample
shows the largest peak, indicating only 61% DoC. The lower
conversion in the neat ink is attributed to the presence of
Sudan I, which absorbs UV light, preventing full curing of the
monomer at the back in these relatively thick samples (~0.5
mm). In contrast, samples with powder exhibit a significantly
higher difference between the front and back with the polymer
at the back being only partially cured. This is due to the
blocking eftects of the solid particles in the matrix. To address
this, another set of samples is prepared with 1 wt % AIBN,
followed by 1 h annealing at 80 °C. The FTIR spectra of these
thermally annealed samples show that the acrylate C=C bond
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has almost entirely disappeared (Figure 3d—f), and the DoC
for both the front and back of the samples is ~97% for all three
compositions (Figure 3g). This confirms that thermal
annealing effectively eliminates partial conversion in the
system and ensures a fully cured structure. It is worth
mentioning that since 80 °C is far below the melting
temperatures of PLA, PA, PP, and PET, the particulate
phase is not expected to undergo melting or phase transitions.
Near-complete consumption of residual acrylate double bonds
(confirmed by FTIR) indicates that property gains arise from
increased matrix conversion rather than particle changes.
Another experiment is designed to further evaluate this
phenomenon and its influence on the mechanical properties of
the printed samples. We used neat ink as a reference and
100:25 ink for the printing composites. Two sets of rectangular
tensile bars are printed in two different directions, horizontal
and vertical, as shown in Figure 3h. For samples printed in the
vertical direction, the applied force during the tensile test is
parallel to the printing direction, while for samples printed in
the horizontal direction, the applied force is perpendicular to
the printing direction. From Figure 3i it can be seen that in the
neat sample, the influence of the printing direction on the
mechanical properties is negligible, while in the 100:25
composite, the mechanical properties significantly depend on
the printing direction. Printing samples perpendicular to the
extension direction causes a 42% increase in Young’s modulus
and a 292% increase in elongation at break compared to
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samples printed parallel to the force direction (Figure 3j). This
dramatic difference in the mechanical properties can be
explained by using the schematic in Figure 3h. Due to the
layer-by-layer nature of DLP 3D printing, in these composite
samples, there is a layered structure of fully cured and partially
cured material due to the blocking effect of solid particles in
the structure, and the partially cured material shows weaker
mechanical properties. In the parallel configuration, the
partially cured layers expand across the cross section of the
sample; as the load is more likely to cause delamination or
failure at the interfaces between the fully and partially cured
layers, it therefore leads to a lower strength and modulus of the
sample in the tensile test.”®>” This behavior resembles the
Reuss model in composite mixture theory, where the softer
phase dominates the deformation response, reducing overall
stiffness.”” On the other hand, in the sample printed
perpendicular to the printing direction, the layers expand in
the direction of force, and there are continuous phases of cured
sample that expand from one end to the other; the load is thus
distributed along these fully cured segments of the sample,
which compensate for the weaker layers between them.®" This
behavior is more consistent with the Voigt model, where the
stiffer phase carries most of the load, resulting in higher
modulus and strength.® It should be noted that Figure 3ij is
shown before thermal curing and thus captures the presence of
partially cured regions arising from light attenuation, which
underlies the observed anisotropy.

Different Ink/Powder Systems. To validate our process
for various ink and powder systems, we utilized cryogenic
milling to produce powders from PLA, sourced from the waste
material of FFF 3D printers; PET, derived from water and soda
bottles; PP, from plastic cups; nylon powder, provided by HP,
Inc; and DLP 3D printing waste material (Figure 4a). In
addition to individually ground powders, one powder sample is
achieved by grinding all plastics (including PLA, PET, PP,
nylon, and DLP-printed sample) together as an unsorted
sample. These powders were subsequently mixed with inks
formulated from different monomer combinations. The
particle size distributions of these powders are presented in
Figure 4b. The average particle size for thermoplastic sourced
powders ranges from S58.1 to 62.5 ym, while the DLP waste
sourced powder shows a powder range of 45—50 um. All
powders showed a nearly normal distribution. Figure S4
illustrates the viscosity of samples prepared with Inkl,
containing an L:P ratio of 100:25 with different powders.
The flow behavior of these systems is similar, likely due to the
comparable particle size distributions. Figure 4c demonstrates
the printability of Inkl with different powders for printing
complex and relatively small samples. In these set experiments,
the I:P is 100:25. The distribution of these powders in the
matrix of the composite is examined via SEM analysis. The
fracture surface of the samples is analyzed, and the results are
presented in Figure SSa—f. The SEM images suggest a uniform
distribution of the powders across all samples. Compared with
other thermoplastic powders, the DLP waste particles
produced composites with smoother fracture surfaces.
Although the average particle size was ~10% smaller, we
attribute the main effect to favorable surface chemistry and
higher compatibility with the acrylate matrix, which improved
wetting and interfacial adhesion during curing. The smoother
fracture surfaces observed for the DLP waste composites
indicate improved interfacial adhesion. To validate the impact
of this particle—matrix compatibility, we compared the tensile

behavior of composites with PA and DLP waste with an I:P of
100:25 (Figure S6). The results confirm that while rigid
particle addition reduces stretchability overall, the DLP waste
composite maintains substantially higher elongation compared
to PA, supporting improved compatibility with the resin
matrix. Surface chemistry modification of the polymer particles
could further enhance particle—matrix adhesion and thereby
improve mechanical properties. Such interfacial optimization is
particularly important for mitigating the stiffness—ductility
trade-off observed in particle-filled systems. Enhanced bonding
can promote more uniform stress transfer and delay crack
initiation, improving toughness without compromising stiff-
ness. In practical terms, controlling interfacial chemistry allows
tailoring of the composite response for distinct applications,
favoring higher rigidity in structural parts or greater elasticity in
functional and energy-absorbing components.

One of the notable advantages of this approach is its ability
to incorporate mixed plastic powders without requiring prior
sorting, which is a major challenge in traditional recycling
processes due to the high cost and complexity of separation.
This feature improves both the efficiency and the scalability of
the method, allowing for the direct utilization of heterogeneous
plastic waste streams. Additionally, it enables the reuse of
previously printed components containing these powders,
further extending the material life-cycle. Unlike conventional
recycling techniques, which are often constrained to thermo-
plastics, such as mechanical recycling that depends on
remelting and reprocessing, this method offers greater
flexibility by accommodating a variety of polymer types,
including thermoplastics, thermosets, and cross-linked materi-
als. These attributes reinforce the practicality of incorporating
recycled plastic powders into resin-based systems, making this
a promising avenue for advancing sustainable additive
manufacturing.

To further evaluate the versatility of this method, along with
the two primary inks used in this study, two additional ink
formulations are developed, as shown in Figure 4d: Ink3
contains poly(ethylene glycol) diacrylate (PEGDA), glycidyl
methacrylate (GMA), and AUD with a weight ratio of
PEGDA:GMA:AUD = 40:40:20, and Ink4 contains butyl
acrylate (BA) and bisphenol A ethoxylate diacrylate
(BPAEDA) with a weight ratio of BA:BPAEDA = 80:20.
The content of other reagents (photoinitiator and photo-
absorber) in these inks is similar to that in Inkl. Figure S7
presents the viscosities of the various inks as a function of the
shear rate, indicating a wide range of viscosities across the
different formulations. Figure 4e shows the printability of
different inks (Inkl, Ink2, Ink3, and Ink4) in the presence of
PA powder with a ratio of 100:25. From these images, it could
be observed that this technique can be expanded to many
different ink/powder systems easily. The acrylate-based resins
used in this work serve as a representative system to
demonstrate the feasibility of incorporating thermoplastic
powders into DLP-printable resins. The formulation is not
tailored for a specific application but chosen to enable particle
incorporation and curing. The general approach is transferable
to resins of different chemical compositions. In order to
evaluate the accuracy of the printing process, we measure the
size of different areas and features of the printed samples,
compare them with the original slices used to print these
objects, and calculate the size deviation. It can be observed that
in all systems, deviation from the model is not significant (4—
7%). The results in this section suggest that this strategy is
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versatile and can be expanded to different polymeric particles
as well as different photopolymerizable inks and that it can
create complex structures with the DLP 3D printing technique
with high accuracy.

A potential challenge associated with this technique is the
weak adhesion of surface particles to the printed samples. A
small fraction of particles remain loosely attached, which may
detach after printing and lead to issues such as contamination,
surface defects, or inconsistencies in subsequent processing
steps. To mitigate this, a postprocessing treatment was
implemented, wherein the printed samples were exposed to
UV light under an inert nitrogen atmosphere. This exposure
facilitates surface curing, enhancing the adhesion of these
particles and reducing the risk of detachment, thereby
improving the overall reliability and consistency of the printed
structures. Moreover, in formulating particle-filled resins for
vat photopolymerization, several physicochemical parameters
should be considered. Resin viscosity affects both suspension
stability and printability. Particle—matrix compatibility influ-
ences interfacial adhesion and composite performance. Curing
kinetics can be impacted by particle-induced light scattering,
and storage stability must be ensured for practical use. These
factors are broadly applicable across different resin chemistries
and help to highlight the versatility of the approach
demonstrated here.

Beyond formulation aspects, the environmental and
energetic implications of the proposed process were also
considered to assess its potential sustainability benefits. The
Retsch CryoMill instrument employed for polymer powder
preparation operates with a nominal electrical power of 260 W
and low liquid-nitrogen (LN,) consumption according to
manufacturer data. Industrial cryogenic milling systems have
been reported to reguire approximately 0.5 kg of LN, per kg of
processed polymer,”* corresponding to an overall energy input
of 0.7—2.0 MJ kg™' when accounting for the 0.36—0.55 kWh
kg™ electricity needed for LN, production.® In this work, up
to 40 wt % of the resin formulation was composed of recycled
thermoplastic powder, effectively halving the demand for virgin
acrylate monomers, whose production typically requires 60—
80 MJ kg™' of embodied energy.64 This substitution therefore
offers an estimated 30—35 MJ kg™' reduction in material
energy demand. When considered alongside previously
reported life-cycle analyses for photopolymer systems,” these
estimations highlight that the demonstrated process provides a
quantitatively favorable sustainability profile with further
potential gains upon scale-up.

Despite the promising performance achieved, several
challenges remain before sustainable DLP can be broadly
implemented. Improving interfacial compatibility between the
dispersed recycled thermoplastic phase and the photocurable
matrix is essential to further enhance toughness and elongation
without compromising stiffness. Moreover, large-scale adop-
tion will depend on the economic viability of recycling and
formulation processes, which calls for cost—benefit and life-
cycle assessments to guide process optimization. Looking
ahead, opportunities lie in integrating hybrid recycling
approaches that combine mechanical and chemical valorization
routes, the development of reactive surface treatments to
improve phase adhesion, and the use of bio-derived or low-
energy photoinitiator systems. The convergence of sustainable
chemistry, digital process control, and data-driven resin design
may ultimately enable scalable circular DLP manufacturing.

B CONCLUSION

In this study, we propose a strategy for sustainable AM by
utilizing common plastic wastes in the form of fine powders as
feedstock for resin-based 3D printing to fabricate polymeric
composites. PET, PLA, PP, and PA separately and in mixed
conditions are cryogenically ground to powders with an
average particle size of 50—60 um. These resultant powders are
then mixed with a DLP ink, which comprises a blend of various
monomers and cross-linkers, and used as the resin to print
various objects. After printing, the resulting composites are
cryogenically ground again and reintroduced as feedstocks in
the DLP resin, establishing a circular recycling workflow. The
incorporation of solid particles into the ink significantly
elevates its viscosity, limiting the maximum powder loading to
a weight ratio of 100:35 (I:P). To address this challenge, we
employ two strategies: first, we reduce the viscosity of the ink,
which is initially increased to enhance powder stability at lower
concentrations; second, we use a heated vat system to raise the
temperature of the ink to 55 °C during printing, consequently
reducing the ink viscosity. These adjustments enabled us to
increase the powder loading to a weight ratio of 100:62.5. The
presence of solid particles in the resin during printing affects
the process by blocking UV light, leading to lower conversion
rates in areas shielded by the particles. To mitigate this issue,
we propose a two-stage curing process by incorporating 1 wt %
of a thermal initiator into the ink and annealing the samples
postprinting at 80 °C for 1 h. This thermal curing approach
proves to be a promising solution, leading to a 265% increase
in the modulus of samples with a 100:35 I:P compared to their
as-printed condition, which initially exhibits a modulus nearly
50% lower than that of the neat sample. This work establishes a
circular recycling framework for resin-based 3D printing,
offering a practical approach to reducing plastic waste in
manufacturing. Furthermore, the methodologies introduced in
this study, such as the heated vat system and two-stage curing
process to enhance mechanical properties, demonstrate broad
applicability and can be used for other ink and powder systems,
paving the way for the fabrication of diverse composite
materials in advanced resin-based additive manufacturing
techniques.

B EXPERIMENTAL SECTION

DLP Inks. In this study, different photocurable inks have been used
for the preparation of the composites that are achieved by mixing
different acrylate-based monomers and cross-linkers. Inkl includes
isobornyl acrylate (IBOA), 2-hydroxyethyl acrylate (2-HEA), and
aliphatic urethane diacrylate oligomer (AUD) with a weight ratio of
IBOA:2-HEA:AUD = 45:35:20. Ink2 contains IBOA, 2-HEA, and
AUD with a weight ratio of IBOA:2-HEA:AUD = 30:62.5:7.5. Ink3 is
a mixture of polyethylene glycol diacrylate, Mn = 250 (PEGDA),
glycidyl methacrylate (GMA), and AUD with a weight ratio of
PEGDA:GMA:AUD = 40:40:20. Ink4 includes butyl acrylate (BA)
and bisphenol A ethoxylate diacrylate, Mn = 512 (BPAEDA), with a
weight ratio of BA:BPAEDA = 80:20. All inks include 1 wt %
photoinitiator (Irgacure 819) and 0.05 wt % photoabsorber (Sudan
I). All of the above chemicals except for Ebecryl 8413, which is
provided by Allnex (Alpharetta, GA, USA), are purchased from
Sigma-Aldrich (St. Louis, MO, USA) and used as received. Isopropyl
alcohol (IPA) for cleaning of the 3D-printed samples is purchased
from VWR (Radnor, PA, USA).

Powder Preparation. The PLA, PET, and PP powders used in
this study are achieved via cryogenic milling of common plastic
materials such as water bottles, disposable plastic cups, and FFF 3D
printer waste materials. A cryomill (Retsch GmbH, Haan, Germany)
equipped with a S0 mL jar is used to grind the powders under liquid
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nitrogen. Samples are first precooled for 2 min under cryogenic
conditions, followed by grinding with a ball-to-powder ratio of
approximately 9:1 by weight. Milling is carried out in two cycles of §
min each. These parameters are selected to ensure reproducibility and
consistent particle size reduction. Nylon powder is provided by HP,
Inc. (Palo Alto, CA, USA). It is worth mentioning that thermoplastic
powders (PP, PLA, PA, and PET) are selected based on preliminary
compatibility tests, in which no significant dissolution or swelling is
observed when dispersed in the acrylate-based resin. This ensured the
formation of particulate-filled composites rather than blended
systems. In contrast, other plastic powders, such as polyethylene
(PE) and polystyrene (PS), exhibit partial dissolution or swelling and
are excluded to preserve the intended composite morphology.

Powder Characterization. A laser diffraction particle size
analyzer (Mastersizer 3000, Malvern Instruments Ltd., Worcester-
shire, UK) equipped with an Aero S dry powder dispersion
attachment is used to determine the particle size distribution of the
powders. The device’s software, utilizing Mie theory, calculates the
distribution from the light scattering pattern. The software also
automatically computes the particle size distributions at 10% (Dv10),
50% (Dv50, or median diameter), and 90% (Dv90) of the volume
distribution based on Fraunhofer theory. Each measurement is
repeated five times.

3D Printing. 3D printing is performed with a bottom-up DLP
printer that employs a 385 nm UV-LED light projector (PRO4500,
Wintech Digital Systems Technology Corp., Carlsbad, CA, USA) and
a linear translation stage (LTS150 Thorlabs, Newton, NJ, USA). A
homemade container with an oxygen-permeable window (Teflon AF-
2400, Vici Metronics Inc., Poulsbo, WA, USA) is used as the resin vat.
Samples are printed by using a DLP 3D printer with a layer thickness
of 50 ym and an exposure time of 3 s per layer. After printing, all
samples are developed with isopropyl alcohol followed by postcuring
under UV light at an intensity of ~40 mW/cm? for 1 min per side to
ensure complete surface curing. The light intensity of the printer is
calibrated with a photometer (ILT1400-A Radiometer, International
Light Technologies Inc., MA, USA) before printing. The heated vat is
also designed and manufactured in our lab. The resin in the vat is
heated by the circulation of hot water in a tube located at the inner
edges of the vat connected to a DC pump and a boiling water
reservoir.

Property Characterization. The uniaxial tension tests are
performed with a universal test machine (Insight 10, MTS Systems
Corp., Eden Prairie, MN, USA) with a cross-head speed of S mm/
min. The degree of curing is decided by the normalized FTIR
(Nicolet iSSO spectrometer, Thermo Fisher Scientific, Waltham, MA,
USA) peak intensity of the acrylate group present at 809 cm™.
Multiple tests are conducted for each sample to guarantee
reproducibility. A scanning electron microscope (SU8230, Hitachi,
Japan) is used to analyze the morphology of the samples. To assess
the particle size distribution within the matrix, the cross section of
samples fractured under liquid nitrogen is examined under SEM. For
curing depth analysis, the thickness of cured thin films on a glass slide
is measured using SEM imaging, ensuring accurate thickness
determination. The curing depth of the samples with different
powder concentrations is measured using scanning electron
microscopy (SEM) imaging. For this purpose, 2 mL of ink containing
various concentrations of PA is applied to a glass slide and cured by
shining UV light (25 mW/cm?) from the bottom for 20 s. After the
curing process, the samples are peeled off, and their thicknesses are
measured using SEM imaging.

Rheological Properties. Rheological measurements are per-
formed on a DHR-3 rheometer (TA Instruments, New Castle, DE,
USA) equipped with a double-walled concentric cylinder geometry.
The measurements are taken at 25 and 50 °C using a shear rate sweep
between 0.01 and 100 s,
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