Open Access Article. Published on 06 april 2026. Downloaded on 9. 06. 2026 15:28:24.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC

Sustainability

I ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal

{ ") Check for updates ‘

Cite this: DOI: 10.1039/d5su00959f

Received 29th December 2025
Accepted 6th April 2026

DOI: 10.1039/d5su00959f

rsc.li/rscsus

Sustainability spotlight

Improving 3D printing sustainability in academic
research: a PLA recycling initiative

Tristan Perodeau, Nazim Boudjerada, Maxime Goulet, Stéphanie Poirier
and Audrey Laventure

Integrating sustainability into a research laboratory and expanding this integration to a campus-wide
initiative while promoting chemical education is a crucial challenge that scientists need to tackle for the
current and future generations. Herein, we present an initiative for sustainable repurposing of three-
dimensional (3D) printing waste materials made of poly(lactic acid) (PLA). First, we describe the
methodology used to prepare recycled 3D printed filaments from 3D printed waste produced in our
laboratory, from shredding to filament extrusion, including a detailed thermal and mechanical
characterization to benchmark the properties of the resulting filament against a commercial one. Once
this laboratory-scale protocol is established, we describe how we implemented a circular, campus-wide
initiative to repurpose 3D printed waste generated at the Université de Montréal (UdeM), Canada, and
how we use this initiative as an educational tool to promote responsible use of materials among the
students, researchers and members of the university. The residues are collected university-wide from
research groups and digital fabrication space communities before being processed back into filaments
suitable for 3D printing that are redistributed to the university community, providing a circular alternative
for their future 3D prints. A website dedicated to the initiative allows us to educate the university
community about PLA and to promote this initiative as an example of a solution to address global
material consumption issues. This initiative establishes a sustainable framework for the collection,
recycling, and redistribution of 3D printing filaments, promoting a circular economy model within the
university as well as contributing to educate the community on the responsible use of materials. We
believe that sharing our journey toward promoting sustainability within our research community and
beyond will inspire other researchers to promote such initiatives within their own community.

The growing accessibility and use of fused filament fabrication (FFF) three dimensional (3D) printers within academic settings generate substantial poly(lactic
acid) (PLA) waste (10 to 40% in weight) from supports and failed prints. Yet, PLA rarely degrades naturally, and its up/recycling options are scarce, especially for

universities. Addressing this waste stream is critical for 3D printing sustainability. Herein, we present a 3D printing sustainability initiative suggesting some
pathways to transform a laboratory-based effort to a campus-wide adaptable framework. Our work aligns with the UN SDG 12 - Responsible consumption and
production. In the case study we present, we aim to reduce the 3D printed waste by repurposing PLA, while taking the opportunity to build awareness within the

research community around this issue.

Introduction

equipment, to name a few.'” However, this democratization
also generates a significant amount of waste, mostly made of

Given the growing accessibility of 3D printing, whether through
the decreasing cost of printers and materials and even the
availability of online design models, additive manufacturing is
becoming increasingly popular in academic research settings,
including university research laboratories and digital fabrica-
tion spaces. In chemistry research specifically, fused filament
fabrication (FFF) is now commonly used to print sample
holders, molecular models and missing parts of research
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poly(lactic acid), PLA.*** Indeed, in FFF 3D printing, residual
materials come from support structures required to hold prin-
ted parts, as well as from failed prints. According to well-known
FFF 3D printer manufacturers, between 10 and 40% (by weight)
of filaments used in FFF are discarded.

Despite these large quantities of waste, very few solutions
exist to recycle and upcycle these residues produced by non-
industrial users, and they typically end up in garbage bins
and landfills." PLA is a biodegradable polymer under industrial
composting conditions, synthesized from biomass containing
2-hydroxypropanoic acid, such as starch-based materials' (see
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Fig. 1 Principal synthesis pathways to poly(lactic acid).

Fig. 1 for additional details). Biodegradation only occurs at high
temperatures, not under regular environmental conditions,
meaning that in soil, only about 1% of PLA decomposes after
100 years.'* Therefore, industrial composting facilities are
required to process PLA. Yet, such facilities are limited and not
easily accessible in Québec, Canada. Compared to the rest of the
world, PLA is often disregarded by recycling facilities due to the
complexity of material separation. In the United Kingdom, PLA
is only recycled by specialized private entities like Fila-
mentive.'*"> A great example of progress in the recycling of PLA
is demonstrated by South Korea, where a partnership between
the South Korean government and TotalEnergies-Corbion has
led to the development of special recycling programs for PLA-
based materials.'®"

In terms of recycling, PLA generally cannot be recycled in
municipal facilities across Québec. This is the case in Mon-
tréal:biodegradable plastics, which include PLA 3D printed
waste, are not accepted in recycling bins. While a few compa-
nies offer recycling services, these are often paid services, or
they restrict the type of wastes accepted to those made from the
company's own filament products, in order to maintain the
quality of the recycled filament. As a result, such services are not
generally suited to the needs of research settings such as the
Université de Montréal.

To fill this gap in 3D printing sustainability in an academic
research setting, we established and operationalized a full
framework for collection, recycling, and redistribution of recy-
cled PLA filaments university-wide, including research labs and
digital fabrication spaces. Our initiative stands as a free service
for all the academic community, in an effort to reduce plastic
waste and promote a cradle-to-cradle approach for the life-cycle
of PLA.*® This is well aligned with the United Nations (UN)
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Sustainable Development Goals (SDGs), specifically Goal 12,
which aims for responsible consumption of materials. Although
some digital fabrication spaces offer recycling options and life
cycle assessment (LCA) studies have been conducted from an
engineering perspective on PLA recycling, we believe it is
important to integrate all aspects under a single umbrella of 3D
printing sustainability for our community and to link this effort
to the UN SDGs.”? Our initiative leads as an example of
a tangible effort towards sustainability for students, researchers
and members of our university community, raising awareness
on the issue of responsible consumption and providing
a simple solution to make change in their consumer behavior.
Exposure of information about the initiative on a website also
allows us to provide education for the university community on
the environmental impacts of using PLA, focusing on the
importance of finding new solutions to plastic waste in accor-
dance with the cradle-to-cradle philosophy. It is also used to
promote the initiative, ensuring that the sustainable solution
we developed benefits the wider research community who are
using 3D printing in their research.

Herein, we present our journey that encompasses the
development of a methodology to repurpose PLA waste from our
research laboratory to its campus-wide integration, leveraging
this initiative, named FilUM, as a chemistry education tool. Our
team developed a robust protocol to transform our 3D printed
residues into recycled printable filaments. This in-house recy-
cling process covers everything from PLA-based 3D printing
waste material collection to the distribution of recycled PLA
filaments to the university community. First, the experimental
work linked to the recycling of the PLA-based 3D printed waste
material is discussed, highlighting the multistep process based
on desktop extrusion technology. Furthermore, the challenges

© 2026 The Author(s). Published by the Royal Society of Chemistry
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associated with material collection and outreach on a campus-
wide scale are discussed. Finally, a case study where the recycled
filaments are benchmarked against a commercial counterpart
enables us to confirm the viability of the recycling process to
obtain print quality recycled filaments that can be confidently
redistributed to the university research community.

Materials and methods
Material preparation

PLA 3D printed waste was collected from our research labora-
tory, other university research laboratories and the digital
fabrication spaces across the Université de Montréal. The
materials were separated according to their color. The material
was then shredded 3 times to obtain particles with a diameter
less than 2.5 mm using a FelFil Shredder+. Larger discarded
materials were pre-treated by breaking it apart into pieces of
less than 50 mm length. The shredded material was then sieved
using a 3D printed multi-stage sieve (Fig. S3 in the SI), to limit
the distribution of the dimensions of the shredded granulate.
Finally, the granulate was dried overnight at 100 °C before
extrusion. As a control, a white PLA filament spool (1 kg) of
1.75 mm diameter from Econofil™ was employed.

Extrusion (spooling)

Extrusion of the recycled material was carried out using a 3devo
Filament Maker ONE desktop extruder. The extrusion zone is
composed of 4 controllable heater elements set at 180 °C. The
extruder speed was set at 5 rpm and the fan speed at 40%. The
diameter of the filament was monitored using the DevoVision
software from 3devo which is connected to an optical sensor
placed before the filament puller. Around 30 g of the pre-
processed material is deposited in the entry hopper. Once
extrusion starts, 5 to 10 min of stabilization are required to
obtain a proper filament diameter of ca. 1.75 mm. At this point,
more material can be added to the extruder, and the extrusion
can be completed once enough filament has been spooled.

Thermal analysis

Thermogravimetric analysis (TGA) was employed to evaluate the
thermal stability of the samples using a TA instruments TGA
5500 apparatus. Approximately 8 mg of the sample was placed
in an aluminum crucible and subjected to a heating ramp from
25 °C to 600 °C with a heating rate of 10 °C min~ . The furnace
was purged with dry N, with a flow rate of 25 mL min .
Differential scanning calorimetry (DSC) was employed to
determine the transition temperatures and crystallinity of the
prepared samples using a TA instruments DSC X3. Approxi-
mately 4 mg of the sample was loaded in a TA Tzero aluminum
pan and subjected to two analysis cycles between 0 °C and 200 °

C at a heating rate of 10 °C min™".

Mechanical analysis

The mechanical properties of the prepared samples were eval-
uated using an Instron 5565 universal testing machine. Samples
approximately 25 mm in length were analyzed with a strain

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

ramp of 10% deformation per min. Geometric parameters
(length and diameter) were adjusted for each sample analyzed.

Spectroscopic analysis

Fourier-transform infrared spectroscopy (FT-IR) was employed
to verify the chemical nature of the recyclable material using
a Thermo Fisher Scientific Nicolet 4700 FT-IR spectrometer with
an attenuated total reflectance (ATR) accessory equipped with
a diamond crystal. A total of 16 background scans and 16
sample scans with a resolution of 4 cm™ "' were averaged to

obtain the IR spectra between 4000 cm™ ' and 600 cm™".

3D printing (fused filament fabrication)

3D printing of a standard 3DBenchy was conducted using
a Prusa MK3S+. 3DBenchy is an open-source model serving as
an industry standard for benchmarking and stress testing in
FFF. The design used can be found at https://3dbenchy.com. It
features complex geometries that are difficult to print with
perfect dimensional accuracy. It was selected to facilitate
a direct visual and structural comparison between the print
quality of the commercial and recycled filaments. Standard
PLA printing parameters were used. Nozzle and bed
temperatures were set at 210 °C and 60 °C respectively. The
printing speed was set at 50 mm s ' and a layer height of 200
um was employed.

Results and discussion
Repurposing PLA 3D printed waste: method development

The pre-processing of a raw material is a common occurrence
for most processing methods. For most mechanical recycling
methods of polymers, a multi-step process is needed to obtain
a proper starting material. The first step is material sorting. In
large scale applications, the recycled material is often sorted by
spectroscopic identification through NIR reflectance or X-ray
screening.*»* Unwanted materials can then be removed by
blowing air jets on the conveyed sections. After sorting, the
material is dried and conveyed further to the shredding pre-
processing unit.”® Shredding is often used to obtain flakes of
recycled material which can then be washed and returned to the
market or processed into recycled objects through extrusion,
molding or blowing.*”

In the case of recycling 3D printed objects prepared through
an extrusion process on the lab scale, four key pre-processing
steps can be identified as follows: sorting, shredding, sieving
and drying. The recycling process employed here is based upon
different studies of lab scale recycling processes.?*** We modi-
fied our process to perform it adequately with our equipment by
using additional steps like granulate sieving with 3D printed
sieves. The recycling process is schematized in Fig. 2. The raw
material is manually sorted based on color and identified with
FT-IR spectroscopy (Fig. S1 in the SI). After this identification
step, the material is shredded to obtain a granulate of appro-
priate size for extrusion (2.5-4 mm). During the development of
this method, we found that for PLA, three cycles of shredding
were necessary to ensure an appropriate size of the granulate
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Fig. 2 Holistic view of the PLA recycling process of the FilUM initiative.

(Fig. S2 in the SI shows the evolution of the granulate with
shredding cycles). However, disparities in the granulate size
could prohibit thermal transfer inside the extrusion barrel and
lead to inhomogeneity in the extruded filament. Lingauer et al.
showed that for single screw extrusion processes, the influence
of pellet shape can lead to overpressure and melt temperature
overshoots which in turn can lead to material degradation.****
To avoid this problem, we 3D printed a multi-stage sieve (800
pm, 500 pm) to allow the preparation of a homogenous gran-
ulate size distribution. Photographs of the multi-stage sieve are
shown in Fig. S3 in the SI. Following this process, we calculate
that there is a material loss of ca. 5% (calculated on a 20 g scale).
The resulting granulates were then dried overnight at 100 °C to
remove moisture. Water is a well-known hindrance for extru-
sion processes, especially for materials that can be hydrolyzed
such as poly(esters) like PLA.*** This effect is even more rele-
vant for modern extrusion methods such as FFF 3D printing.*
However, the main drawback of the proposed method is the
wide variety of raw materials. Differences in color, molecular
weight and additives entering the composition of the filaments
cannot be accounted for with our pre-processing method.
Indeed, the identification of these parameters would be trou-
blesome in the campus-wide initiative context. For these
reasons, our PLA granulates are a blend of different starting
filaments of similar color that can contain various additives or
display discrepancies in molecular weight. 3D printing PLA
based filaments are already produced by a large number of
manufacturers which do not necessarily disclose the nature of
the additives present to give their filaments properties or colors.
Our initiative is based upon sorting PLA materials through color
only. However, additives can impact mechanical and optical
properties of the samples especially when considering the
impact on crystallinity.***

The extrusion of the pre-processed material with a desktop
extruder is a relatively straightforward process. The pre-
processed granulate is deposited in the entry hopper and the
extrusion flow and diameter are monitored to identify stabili-
zation. Once the filament has reached a stable diameter, the
puller speed can be adjusted automatically through the extruder
software to ensure adequate filament diameter. For both
collected materials (white and blue PLA), a temperature of 180 °©
C on the full barrel length together with an extruder screw speed
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of 5 rpm was deemed adequate to obtain print quality filaments.
Fig. 3 presents the diameter as a function of time for the pre-
processed blue PLA granulate. In this figure, an initial stabili-
zation time of around 200 s can be observed, followed by
a stable extrusion in the filament diameter printability zone for
the remainder of the extrusion. This tool allows a quick deter-
mination of filament printability and could facilitate extruder
tuning for diverse materials.

Once the filament is pulled, the spooling speed is automat-
ically determined from the puller and extrusion speed to ensure
proper spooling of the extruded filament. This method allowed
us to obtain recycled filaments of white and blue PLA granulate
ready to be used for 3D printing applications. Photographs of
the recycled filaments are shown in Fig. S4 in the SI.

Implementation of a 3D printing sustainability initiative
across campus

Once the method to prepare print quality filaments from PLA
3D printed waste is established, we wanted to implement it into
a campus-wide framework to operationalize our initiative for
sustainable repurposing of printing waste materials made of
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Fig. 3 Filament diameter as a function of time for the blue recycled
PLA extruded at 180 °C with a screw speed of 5 rpm. The dotted black
lines represent the upper and lower acceptable limits of print quality
filament diameter.
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Fig. 4 Framework of the FilUM initiative showing the different steps
and entities at play from waste material collection to distribution.

PLA. The framework is divided into three main components:
a collection service, a recycling service and a distribution
service, as illustrated in Fig. 4. In the discussion below, we
present some possible pathways to implement, operationalize
and promote 3D printing sustainability in a university setting,
while highlighting how such initiatives can be leveraged as
a tool for chemistry education, more specifically in the context
of the UN SDGs. It is important to emphasize the fact that this
framework stands as a case study that would need to be adapted
to the realities of each setting and we hope that these general
guidelines will inspire the community to develop a sustainable
approach that best fits their needs.

Collecting the 3D printed PLA waste. In our academic
context, printing waste materials made of PLA originated from
two major sources: digital fabrication spaces and research
laboratories. In our specific case, most of the digital fabrication
spaces are located across libraries (there are twelve libraries at
the Université de Montréal, six of them offering a digital fabri-
cation space). Using the library network, we were also able to
reach two other fabrication spaces across campus, one from the
Optometry School, and the other from the Architecture School.
The second source of failed prints are participating research
labs, which are from various departments, such as Medicine,
Computer Science and Operation Research, as well as Chem-
istry. The diversity of the disciplines participating in this
initiative highlights to which extent FFF 3D printing is democ-
ratized, as well as to which extent a 3D printing sustainability
initiative can reach out to community members beyond those in
the chemistry community. It further shows that such initiative
can be leveraged as a tool to familiarize the community with the
UN SDGs and their importance.

All the printing waste materials made of PLA were shipped
using internal mailing in boxes, which is accessible to any
employee across campus, and then centralized in the Hubert-
Reeve's library located in the same building as our research
laboratory. Having the possibility to centralize the collected
waste near the location of the recycling step is an important
aspect to consider when such an initiative is deployed. A storage

© 2026 The Author(s). Published by the Royal Society of Chemistry
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room was also dedicated to this initiative in our laboratory
space, where the boxes are stored on a shelf in a controlled
temperature room. So far, after 6 months of collecting PLA
failed print, we gathered approximately 30 kg of material. As
a side note, used spools from the digital fabrication spaces are
also kept in that storage room, so they can be reused for
spooling the recycled PLA filaments. Another path to explore for
the collection of the 3D printed waste is to establish a collabo-
ration with the Occupational Health and Safety (OHS) Team in
the research setting. This collection pathway would be an
interesting avenue in the case of a laboratory generating a high-
volume of PLA waste, since the OHS Team can offer regular and/
or on-demand pickups as they are used to doing with chemical
waste.

Recycling the 3D printed PLA waste. The method developed
and discussed in the previous section is conducted in our
research group by members of the group, allowing the trans-
formation of PLA printing waste materials back into filaments
suitable for 3D printing. Once the recycled filament is
produced, a rewinder is used to transfer the recycled PLA fila-
ments onto a used spool provided by the digital fabrication
spaces, in agreement with a circular approach for the use of
materials.

Redistribution of the recycled PLA. The recycled PLA spools
are redistributed to the research community and users of the
university teaching, research and digital fabrication space
communities. There are few possible avenues to realize this
redistribution: one is by working with a (chemistry) store or
bookstore within the university. In that case, recycled PLA
spools can be bought at a nominal price via either the website,
or directly on the store website, and be retrieved in the
participating store. Another avenue would be giving the spools
back to selected candidates from the groups or associations
based proportionally on their participation in the initiative.
However, it is important to note that it takes a significant
quantity of failed prints to produce a recycled PLA filament
spool. Thus, the delay before delivery can be variable according
to production of failed prints and/or waste from the partici-
pants. Another factor that must be taken into account is the
quality of the recycled PLA filaments produced. Indeed, since
there is a certain heterogeneity in the printing waste materials,
the diameter of the recycled filaments produced can vary more
than for a commercially available filament (even though it falls
within the printability zone of the filament diameter, as di-
scussed in the previous section) and the mechanical properties
could be impacted by the recycling process (vide infra). There-
fore, the quality of prints made from the recycled filaments can
differ from a commercially available PLA filament. It is impor-
tant to inform the possible users of those differences before
redistribution.®® For users that are more sensitive about the
diameter variation, a solution within the 3D printing commu-
nity is the installation of a filament width sensor on the user's
3D printer, which allows the adjustment of the extrusion coef-
ficient throughout a print to reduce the effect of the variable
diameter from recycled filaments. It is also interesting to note
that the failed prints from the PLA recycled filaments can be
recycled again if mixed with regular PLA to yield sufficient
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mechanical properties for applications.*® This way, users of the
recycled filaments can participate in the initiative without
additional sorting.

Outreach. Moreover, the outreach aspect of the initiative is
an important part of the process for two main reasons: gath-
ering more participants and educating the community on
responsible consumption of materials, while taking this
opportunity to familiarize them with the UN SDGs, more
specifically with the SDG12. A key tool to cover this aspect was to
create a website dedicated to the initiative. On the website,
practical information can be found, such as a map showing the
bin locations across the campus or statistics on the quantity of
material collected and recycled. On the website, we also offer
education on PLA from a chemistry perspective, explaining its
origin, methods of disposal, services available for composting
or recycling, etc. The goal is to offer a realistic picture of the
lifecycle of this material, educate the community about its
current use, and offer a few solutions for a more responsible way
of using the material. We also developed a video explaining the
initiative in collaboration with the digital fabrication spaces,
where the recycling process of the PLA failed prints is detailed
with footage within the laboratories. A QR code linked to this
video can be found on every recycling bin for failed prints in the
various digital fabrication spaces across campus, as well as in
Fig. S5 in the SI. This QR code leads to the website dedicated to
this initiative, where a survey can be found for the participants
(this survey is also presented in Fig. S6 in the SI). Apart from the
website dedicated to the initiative, affiliated websites, such as
those of the libraries and the Vice-Rectorate of Research and
Innovation, highlight the initiative on their page. An article in
the university newspaper can also be prepared to promote the
initiative. These ideas related to outreach are only a few of the
many possibilities that can be explored to reach the broadest
possible community within a setting where such an initiative is
implemented. We believe that this promotion should be lever-
aged into an occasion to help the community discover the UN
SDGs.

Case study: using a recycled PLA filament to 3D print

Having established an integrated recycling solution for the
university community for 3D printed PLA waste, our next goal
was to demonstrate that this recycled filament can be used to
successfully 3D print samples. To do so, we have put together
a case study where we first conduct a series of thermal and
mechanical analyses to help benchmark the recycled filament to
a non-recycled, commercial one before comparing the 3D
printed parts prepared with recycled and non-recycled
filaments.

Thermal properties. The thermal properties of the recycled
PLA filaments were analyzed with the help of two techniques.
The decomposition profiles of a commercial filament, and
a blue (B) and a white (W) recycled filament are shown in Fig. 5a.
The thermogravimetric analysis (TGA) shows a sharp decom-
position at 365 °C for the commercial filament. The recycled
white and blue filaments present a decomposition temperature
of 363 °C. This small difference in decomposition temperature
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Fig. 5 (a) Thermogravimetric analysis of the prepared recycled fila-
ments showing the weight % as a function of temperature. (b) First
heating curve of a DSC experiment of the prepared recycled filaments
showing the heat flow as a function of temperature. W and B stand for
the white and the blue recycled filament, respectively.

and appearance of the curve suggests that minimal material
degradation occurred during the recycling process. Further-
more, this TGA analysis reveals that the thermal stability of the
recycled filaments is not affected by the recycling process
employed here. Table S1 in the SI shows the decomposition
temperatures for all analyzed samples.

Subsequently, differential scanning calorimetry (DSC) was
employed to observe the thermal transitions of the filaments, as
shown in Fig. 5b. The first thermal event discernible on the DSC
thermograms of the samples is the glass transition temperature
(Tg). This transition is identified at 66 °C for both the
commercial white and recycled white filaments. However, the T,
of the recycled blue filament is at a lower temperature of ca. 60 °
C. This difference could be explained simply by the nature of the
additives or pigments added to the various filaments to give

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the commercial and recycled filaments. This region was used to
determine the Young's modulus of the materials. W and B stand for the
white and the blue recycled filament, respectively.

them their color. When heating the materials further, we notice
the occurrence of a small cold-crystallization (T..) for the recy-
cled blue filament at around 100 °C which concurs with what is
commonly reported for PLA-based materials.">**** This
phenomenon is only visible in the recycled blue filament and
could once again be due to slower crystallization kinetics (upon
cooling) in the presence of additives. Commercial PLA also
exhibits cold-crystallization just before the melting temperature
(Tm) which is commonly referred to as a remelting process in
the literature. This process includes a reorganization of the
crystalline phase to a more stable state just before the melting
temperature.*

The melt transitions of both commercial PLA and recycled
white PLA are respectively at 176 °C and 178 °C. For the recycled
white PLA, we observe a small shoulder towards the low
temperature of the melting peak, indicating a distribution of
crystal size in the system.*** In the case of the recycled blue
filament, two melting events are discernible, the first at 156 °C
and the second at 168 °C. We believe that these two melting
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events correspond to different structures formed during the
extrusion process; since the recycled blue polymer is composed
of multiple starting material, this phenomenon could be due to
molecular weight discrepancies between the starting material,
where the lower Ty, corresponds to crystals formed by chains of
lower molecular weight. Further characterization beyond the
scope of this project could be performed to identify the nature
of these two peaks. Finally, the crystallinity of the filaments was
evaluated by integrating the melting peaks of the samples. The
commercial filament showed a crystallinity of 34% while the
recycled white filament was higher at 38% and the recycled blue
lower at 30%. These calculated crystallinity values are higher
than what are observed for pure PLA but expected for composite
based materials due to the nucleation promotion character of
the various additives in filament formulations.**** All reported
thermal transitions and crystallinity values are available in
Table S2 in the SI. The combination of TGA and DSC thermal
analyses shows that our recycled material exhibits similar
properties to commercially available PLA filaments even after
the recycling process.

Mechanical properties. To compare the mechanical proper-
ties of the recycled filaments with the commercially available
one, a standard tensile test on the length of the filaments was
applied, as shown in Fig. 6. The evolution of tensile stress with
strain is particularly linear for the commercial filament. Both
recycled filaments show deviation from linearity beyond 3%
strain; however, we notice that the slope differs for the recycled
filaments. This change in slope leads to a higher modulus. The
Young's modulus (E) of the materials was evaluated in the linear
region for the commercial, recycled white and recycled blue
filaments. The modulus E was calculated to be 1.0, 1.7 and
1.6 GPa respectively. Once again, the comparison of the
mechanical properties for polymers of unknown molecular
weight can be challenging. However, the objective here is to
demonstrate that the recycled filaments are comparable to their
commercially available counterparts. Aly et al. investigated the
mechanical properties of pure PLA mixed with its recycled
equivalent and showed a similar trend where recycled PLA
exhibits a higher modulus than its virgin counterpart.*

3D printed results. To complete this case study, we
compared the FFF 3D printing of a 3DBenchy using a commer-
cial and a recycled filament. Fig. 7 presents the final printed

-

/-
Recycled

/

Commercial

Fig. 7 3D printed 3DBenchys of 6.0 cm length, 3.1 cm width and 4.8 cm height from the (a) recycled white filament and (b) recycled blue
filament. (c) Comparison of commercial and recycled filaments on a final 3D printed object.
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object with (a) the white recycled filament, (b) the blue recycled
filament and (c) a direct comparison between a print with
a commercial blue filament and our recycled blue filament.

The prints obtained with the recycled filaments are of good
quality for the average 3D printing user in the context of
community accessible additive manufacturing. Further assess-
ment of print fidelity and quality could be conducted to quantify
the quality of prints; however, this is beyond the scope of our
initiative since most users in the community use the service for
personal use, research equipment prototyping or even 3D
models for architecture studies. This case study allows us to
compare the properties of our recycled filament with commer-
cially available printing materials. In all aspects, it demon-
strates that the recycled filament prepared thanks to the FilUM
initiative is adequate for the scope of its use for the members of
the university community. Furthermore, the materials science
and sustainability principles behind the FilUM initiative could
be integrated as part of a polymer chemistry or physical
chemistry laboratory course. Multiple educational pathways for
sustainable polymer chemistry experiments have already been
proposed; however, none have been presented within the
context of 3D printing.**->*

Conclusion

We developed a 3D printing sustainability initiative from the
ground up, starting in our research laboratory before expanding
to the wider academic community of our university. This
example of a chemistry initiative integrated into the operations
of the university is an example of a successful multidisciplinary
collaboration through a simple framework that could be easily
adapted to be implemented in other institutions. The core
objective of the FilUM initiative is based on the effort to reduce
plastic waste and promote a responsible consumption of
materials which aligns with the 12th goal of the UN SDGs. The
implementation of this initiative from the lab scale to a campus
wide service enables responsible use of resources through
outreach video demonstrations of the process and a webpage
explaining the end-of-life options regarding degradability
nature of PLA and required conditions. Now, we strive to
continue our outreach activities to attract more users to take
part in this recycling initiative. Education on the responsible
use of materials and life cycle analysis are intrinsically linked to
the initiative as a way to raise awareness among the university
community. The equipment required to conduct this initiative
is readily available, including desktop shredding and extrusion
instruments. The accessibility of this instrumentation remains
a key parameter to the applicability of such an initiative in
different institutions, and we recognize that financial support is
required for their acquisition. However, the value of educating
students and community members about the material
consumption taking part in this recycling process cannot be
understated. Moreover, a case study was conducted to demon-
strate that the recycled filament can be as good as commercially
available printing material for the intended use herein. We
found that the thermal stability of our recycled PLA filaments
was identical to that of their commercially available
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counterparts. Thermal transitions and mechanical properties
can vary a lot based on molecular weight and additive compo-
sition; however, for the applications targeted by the FilUM
initiative, the properties exhibited by the recycled filaments are
adequate. Finally, the printing of a 3DBenchy from our recycled
filament compared to a commercially available one revealed no
discernible qualitative differences, indicating that our recycled
material can easily fulfill the needs of our community. FilUM is
now growing as a part of the UdeM community to enlarge its
outreach and enhance its impact on the students, researchers
and members of our community and we sincerely hope that it
will inspire other institutions to adapt it to their realities.

Conflicts of interest

There are no conflicts to declare.

Data availability

We confirm that the data supporting the submitted manuscript
to RSC Sustainability entitled “Improving 3D printing sustain-
ability in academic research: a PLA recycling initiative” have
been included as part of the submitted manuscript and the
supplementary information (SI). Supplementary information:
TGA, DSC, FT-IR characterization, additional details on the
recycling process and outreach. See DOI: https://doi.org/
10.1039/d5s5u00959f.

Acknowledgements

MG thanks the Fonds de Recherche du Québec, Secteur Nature
et Technologie, for a doctoral scholarship. AL acknowledges the
financial support from the Canada Research Chair program, the
Natural Sciences and Engineering Research Council of Canada
(NSERC) and from the Canada Foundation for Innovation (CFI).
All authors would like to acknowledge the Fondation Courtois
for its support for the research installations. We thank Mélanie
Lachapelle, Emir Chouchane and Guillaume Viart from the
digital fabrication spaces at the Universit¢é de Montréal and
Normand Cyr from the Faculty of medicine of the Université de
Montréal for 3D printing waste. We also thank the Vice-
rectorate of research and innovation at the Université de Mon-
tréal, who supported, via the Ecoresponsabilité en recherche
program, the purchase of a shredder and a filament maker to
put in place this initiative.

References

1 E. Da Veiga Beltrame, ]J. Tyrwhitt-Drake, I. Roy, R. Shalaby,
J. Suckale and D. Pomeranz Krummel, 3D Printing of
Biomolecular Models for Research and Pedagogy, JoVE,
2017, 121, €55427.

2 G. N. Meloni and M. Bertotti, 3D printing scanning electron
microscopy sample holders: A quick and cost effective
alternative for custom holder fabrication, PloS one, 2017,
12(7), €0182000.

© 2026 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1039/d5su00959f
https://doi.org/10.1039/d5su00959f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00959f

Open Access Article. Published on 06 april 2026. Downloaded on 9. 06. 2026 15:28:24.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

3 T. Baden, A. M. Chagas, G. Gage, T. Marzullo, L. L. Prieto-
Godino and T. Euler, Open Labware: 3-D printing your own
lab equipment, PLoS Biol., 2015, 13(3), €1002086.

4 Y. Zhou, C. Duan, I.-J. Doh and E. Bae, Exploring the utility of
3-D-printed laboratory equipment, Appl. Sci., 2019, 9(5), 937.

5 P. Lolur and R. Dawes, 3D Printing of Molecular Potential
Energy Surface Models, J. Chem. Educ., 2014, 91(8), 1181-
1184.

6 1. Singhal and B. S. Balaji, Open-Source, Tactile 3D Printed
Interlockable Tiles Incorporating Valency, Bonding, and
Hybridization for Molecular Representation for Sighted
and Visually Impaired Students, J. Chem. Educ., 2022, 99(4),
1708-1714.

7 O. A. H. Jones, P. G. Stevenson, S. C. Hameka, D. A. Osborne,
P. D. Taylor and M. J. S. Spencer, Using 3D Printing to
Visualize 2D Chromatograms and NMR Spectra for the
Classroom, J. Chem. Educ., 2021, 98(3), 1024-1030.

8 T. M. Joseph, A. Kallingal, A. M. Suresh, D. K. Mahapatra,
M. S. Hasanin, J. Haponiuk and S. Thomas, 3D printing of
polylactic acid: recent advances and opportunities, Int. J.
Adv. Des. Manuf. Technol., 2023, 125(3), 1015-1035.

9 D. Fico, D. Rizzo, R. Casciaro and C. Esposito Corcione, A
Review of Polymer-Based Materials for Fused Filament
Fabrication (FFF): Focus on Sustainability and Recycled
Materials, Polymers, 2022, 14, 465.

10 A. J. Arockiam, K. Subramanian, R. Padmanabhan,
R. Selvaraj, D. K. Bagal and S. Rajesh, A review on PLA
with different fillers used as a filament in 3D printing,
Mater. Today: Proc., 2022, 50, 2057-2064.

11 E. Rezvani Ghomi, F. Khosravi, A. Saedi Ardahaei, Y. Dai,
R. E. Neisiany, F. Foroughi, M. Wu, O. Das and
S. Ramakrishna, The Life Cycle Assessment for Polylactic
Acid (PLA) to Make It a Low-Carbon Material, Polymers,
2021, 13(11), 1854.

12 M. L. Di Lorenzo and R. Androsch, Synthesis Structure and
Properties of Poly (Lactic Acid), Springer, 2018.

13 V. Rossi, N. Cleeve-Edwards, L. Lundquist, U. Schenker,
C. Dubois, S. Humbert and O. Jolliet, Life cycle assessment
of end-of-life options for two biodegradable packaging
materials: sound application of the European waste
hierarchy, J. Cleaner Prod., 2015, 86, 132-145.

14 D. Fico, D. Rizzo, R. Casciaro and C. Esposito Corcione, A
review of polymer-based materials for fused filament
fabrication (FFF): focus on sustainability and recycled
materials, Polymers, 2022, 14(3), 465.

15 J. M. Payne, M. Kamran, M. G. Davidson and M. D. Jones,
Versatile chemical recycling strategies: value-added
chemicals from polyester and polycarbonate waste,
ChemSusChem, 2022, 15(8), €202200255.

16 Y.-C. Jang, G. Lee, Y. Kwon, J.-h. Lim and ].-h. Jeong,
Recycling and management practices of plastic packaging
waste towards a circular economy in South Korea, Resour.,
Conserv. Recycl., 2020, 158, 104798.

17 U. Song and H. Park, Plastic recycling in South Korea:
problems, challenges, and policy recommendations in the
endemic era, J. Ecol. Environ., 2024, 48, 1-11.

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

18 E. F. de Waard, G. T. Prins and W. R. van Joolingen,
Engaging Preuniversity Students in Sustainability and Life
Cycle Assessment in  Upper-Secondary Chemistry
Education: The Case of Polylactic Acid (PLA), J. Chem.
Educ., 2022, 99(8), 2991-2998.

19 N. Korner, Introduction of Polylactic Acid Recycling in the 3D
Printing Laboratory at Lapland UAS, 2021.

20 R. Aly, O. Olalere, A. Ryder, M. Alyammahi and W. A. Samad,
Mechanical Property Characterization of Virgin and
Recycled PLA Blends in Single-Screw Filament Extrusion
for 3D Printing, Polymers, 2024, 16(24), 3569.

21 S. Walker and R. Rothman, Life cycle assessment of bio-
based and fossil-based plastic: A review, J. Cleaner Prod.,
2020, 261, 121158.

22 F. Cerdas, M. Juraschek, S. Thiede and C. Herrmann, Life
cycle assessment of 3D printed products in a distributed
manufacturing system, J. Ind. Ecol., 2017, 21(S1), S80-S93.

23 M. A. Kreiger, M. Mulder, A. G. Glover and J. M. Pearce, Life
cycle analysis of distributed recycling of post-consumer high
density polyethylene for 3-D printing filament, J. Cleaner
Prod., 2014, 70, 90-96.

24 T. Langle and G. Maier, Sensor-Based Sorting for Waste
Plastics Recycling, in Springer Handbook of Circular Plastics
Economy, ed. Buettner, A. and Weidner, E., Springer Nature
Switzerland, 2025, pp. 375-390.

25 D. M. Scott, A two-colour near-infrared sensor for sorting
recycled plastic waste, Meas. Sci. Technol., 1995, 6(2), 156.

26 V. Martinez Sanz, A. Morales Serrano and M. Schlummer, A
mini-review of the physical recycling methods for plastic
parts in end-of-life vehicles, Waste Manage. Res., 2022,
40(12), 1757-1765.

27 L. Shen and E. Worrell, Chapter 31 - Plastic recycling, in
Handbook of Recycling, ed. C. Meskers, E. Worrell and M. A.
Reuter, Elsevier, 2nd edn, 2024, pp. 497-510.

28 T. K. Ong, H. L. Choo, W. J. Choo, S. C. Koay and M. M. Pang,
Recycling of polylactic acid (PLA) wastes from 3D printing
laboratory, in Advances in Manufacturing Engineering:
Selected Articles from ICMMPE 2019, Springer, 2020, pp.
725-732.

29 D. Hidalgo-Carvajal, A. H. Mufioz, J. J. Garrido-Gonzalez,
R. Carrasco-Gallego and V. Alcazar Montero, Recycled PLA
for 3D Printing: A Comparison of Recycled PLA Filaments
from Waste of Different Origins after Repeated Cycles of
Extrusion, Polymers, 2023, 15(17), 3651.

30 S. Bergaliyeva, D. L. Sales, F. J. Delgado, S. Bolegenova and
S. 1. Molina, Manufacture and characterization of
polylactic acid filaments recycled from real waste for 3D
printing, Polymers, 2023, 15(9), 2165.

31 M. Langauer, K. Liu, C. Kneidinger, G. Schaffler,
B. Purgleitner and G. Zitzenbacher, Experimental analysis
of the influence of pellet shape on single screw extrusion,
J. Appl. Polym. Sci., 2015, 132, 41716.

32 C. Capone, L. Di Landro, F. Inzoli, M. Penco and L. Sartore,
Thermal and mechanical degradation during polymer
extrusion processing, Polym. Eng. Sci., 2007, 47(11), 1813-
18109.

RSC Sustainability


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00959f

Open Access Article. Published on 06 april 2026. Downloaded on 9. 06. 2026 15:28:24.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Sustainability

33 V. Taubner and R. Shishoo, Influence of processing
parameters on the degradation of poly(L-lactide) during
extrusion, J. Appl. Polym. Sci., 2001, 79(12), 2128-2135.

34 R. W. Coughlin and G. P. Canevari, Drying polymers during
screw extrusion, AICKE J., 1969, 15(4), 560-564.

35 V. M. Bruere, A. Lion, J. Holtmannspétter and M. Johlitz,
Under-extrusion challenges for elastic filaments: the
influence of moisture on additive manufacturing, Prog.
Addit. Manuf., 2022, 7(3), 445-452.

36 B. Wittbrodt and J. M. Pearce, The effects of PLA color on
material properties of 3-D printed components, Addit.
Manuf., 2015, 8, 110-116.

37 B. D. M. Matos, V. Rocha, E. J. da Silva, F. H. Moro,
A. C. Bottene, C. A. Ribeiro, D. dos Santos Dias,
S. G. Antonio, A. C. do Amaral and S. A. Cruz, Evaluation
of commercially available polylactic acid (PLA) filaments
for 3D printing applications: BDM Matos et al, J. Therm.
Anal. Calorim., 2019, 137(2), 555-562.

38]. J. Schwartz, J. Hamel, T. Ekstrom, L. Ndagang and
A. ]J. Boydston, Not all PLA filaments are created equal: an
experimental investigation, Rapid Prototyp. J., 2020, 26(7),
1263-1276.

39 T. K. Ong, H. L. Choo, W.]. Choo, S. C. Koay and M. M. Pang,
Recycling of Polylactic Acid (PLA) Wastes from 3D Printing
Laboratory, in Advances in Manufacturing Engineering, ed.
Emamian, S. S., Awang, M. and Yusof, F., Springer,
Singapore, 2020, pp. 725-732.

40 K. Babagowda, R. S. Math, R. Goutham and K. R. Srinivas
Prasad, Study of Effects on Mechanical Properties of PLA
Filament which is blended with Recycled PLA Materials,
IOP Conf. Ser.: Mater. Sci. Eng., 2018, 310(1), 012103.

41 L. Yu, H. Liu, K. Dean and L. Chen, Cold crystallization and
postmelting crystallization of PLA plasticized by compressed
carbon dioxide, J. Polym. Sci., Part B, 2008, 46(23), 2630-
2636.

42 M. L. Di Lorenzo and R. Androsch, Crystallization of
Poly(lactic acid), in Biodegradable Polyesters, 2015, pp. 109-
130.

43 T. Ke and X. Sun, Melting behavior and crystallization
kinetics of starch and poly(lactic acid) composites, J. Appl.
Polym. Sci., 2003, 89(5), 1203-1210.

RSC Sustainability

View Article Online

Paper

44 M. Yasuniwa, K. Sakamo, Y. Ono and W. Kawahara, Melting
behavior of poly (i-lactic acid): X-ray and DSC analyses of the
melting process, Polymer, 2008, 49(7), 1943-1951.

45 L. Feng and M. R. Kamal, Distributions of Crystal Size from
DSC Melting Traces for Polyethylenes, Can. J. Chem. Eng.,
2004, 82(6), 1239-1251.

46 L. Aliotta, P. Cinelli M. B. Coltelli, M. C. Righetti,
M. Gazzano and A. Lazzeri, Effect of nucleating agents on
crystallinity and properties of poly (lactic acid) (PLA), Eur.
Polym. J., 2017, 93, 822-832.

47 H. Simmons, P. Tiwary, J. E. Colwell and M. Kontopoulou,
Improvements in the crystallinity and mechanical
properties of PLA by nucleation and annealing, Polym.
Degrad. Stab., 2019, 166, 248-257.

48 Y. Liao, C. Liu, B. Coppola, G. Barra, L. Di Maio, L. Incarnato
and K. Lafdi, Effect of Porosity and Crystallinity on 3D
Printed PLA Properties, Polymers, 2019, 11(9), 1487.

49 D. E. Fagnani, A. O. Hall, D. M. Zurcher, K. N. Sekoni,
B. N. Barbu and A. J. McNeil, Short Course on Sustainable
Polymers for High School Students, J. Chem. Educ., 2020,
97(8), 2160-2168.

50 K. D. Knight, Z. A. Wood and M. E. Fieser, Preparing
Students for Careers in Sustainable Polymeric Materials
with an Advanced Polymer Lab Course, J. Chem. Educ.,
2025, 102(10), 4441-4448.

51 N. Fontanals, X. Lopez, M. C. Pujol and N. Ruiz-Morillas,
Empowering Students for a Sustainable World through the
Green Chemistry Working Sessions: A Case of Success in
Academia, J. Chem. Educ., 2024, 101(11), 4729-4737.

52 M. Renner and A. Griesbeck, Think and Print: 3D Printing of
Chemical Experiments, J. Chem. Educ., 2020, 97(10), 3683
3689.

53 E.]J. Davis, S. Hill and L. Hast, Green Calorimetry through 3D
Printing—Coffee Cup Calorimetry, J. Chem. Educ., 2025,
102(3), 1281-1284, DOI: 10.1021/acs.jchemed.4c01511.

54 M. T. Vangunten, U. ]J. Walker, H. G. Do and K. N. Knust, 3D-
Printed Microfluidics for Hands-On Undergraduate
Laboratory Experiments, J. Chem. Educ., 2020, 97(1), 178-
183.

55 D. J. Bischoff, M. E. Mackay and S. A. Hewlett, Relating
Polymer Reptation to Material Extrusion 3D Printing:
Mechanical Testing and Mathematical Modeling, J. Chem.
Educ., 2024, 101(4), 1665-1672.

© 2026 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1021/acs.jchemed.4c01511
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00959f

	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative

	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative

	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative
	Improving 3D printing sustainability in academic research: a PLA recycling initiative


